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Chapter 1

Abstract and Motivation

1.1 German version

Der Zerfallskanal 7 — 777~ erlaubt Einblicke in den anomalen Sektor der Quanten
Chromodynamik, da die Zerfallsstirke dieses Kanals sensitiv zur sogenannten Box
Anomalie ist. Diese Anomalie ist Bestandteil des Wess-Zumino-Witten Lagrangians,
welcher Mesonenzerfélle im chiralen Grenzfall (d.h. vernachléssigbare Quarkmassen)
beschreibt. Allerdings ist dieser chirale Grenzfall im Experiment nicht realisiert und
damit ist die Grundvoraussetzung fiir die Sensitivitit von n — 777~y zur Box
Anomalie nicht mehr gegeben. Ferner wird die Anomalie von Wechselwirkung zwis-
chen den beiden geladenen Pionen dominiert. Diese Wechselwirkungen miissen in der
Beschreibung des Zerfalls n — 7+ 7~ beriicksichtigt werden, was durch mehrere the-
oretische Vorhersagen bewerkstelligt wird [1,2,3,4]. Diese Modelle kénnen im Exper-
iment durch Messung des relativen Verzweigungsverhiltnisses zwischen n — w7~y
und n — 777 sowie der Energieverteilung des Photons aus n — 77~ unter-
sucht bzw. iiberpriift werden.

Zur Bestimmung dieser beiden Grofen gab es verschiedene experimentelle Ansétze
(z.B. Messungen der [CLEQ| [5], [KLOE]| [6] und der [WASA}at-COSY Kollabora-
tion [7]). Um beide Observablen simultan mit ausreichend statistischer Signifikanz
zu bestimmen, wurde der Kanal » — 7777~ in der Proton-Proton induzierten
Reaktion pp — ppn[n — 777~ ~] am WASA-at-COSY Experiment gemessen. Der
[WASA| Detektor deckt nahezu den gesamten Raumwinkel ab und erlaubt es alle an
der Reaktion beteiligten Teilchen inklusive ihrer Energien und Winkel zu rekonstru-
ieren.

Die Hauptaufgabe bei der Analyse von Proton-Proton induzierten n Zerfallen besteht
in der Differenzierung zwischen dem eigentlichen 7 Signal und den Untergrundsig-
nalen aus Multi-Pion Produktionsmechanismen, welche mit der Produktion der 7
Mesonen einhergehen. Fiir den vorliegenden Zerfallskanal kommen noch erschw-
erend Untergrundbeitrige des Referenzkanals n — 7t7~7® hinzu. Dies erfordert
eine detaillierte Analyse, in der das n — 77—+ Signal aus dem oben genannten
Untergrund heraus gefiltert werden kann.

Die vorliegende Arbeit befasst sich mit der Analyse des pp — ppn Datensatz, welcher
im Jahr 2010 am WASA-at-COSY Experiment gemessen wurde. Neben der Rekon-
struktion des Zerfalls  — 77~ ~, die den Hauptanteil dieser Arbeit stellen wird,
werden die mit der Analyse einhergehenden systematischen Effekte untersucht und
diskutiert. Die in dieser Arbeit erzielten Ergebnisse werden im Rahmen der sys-
tematischen Unsicherheiten bewertet und mit bereits existierenden Daten wie auch
vorhandenen theoretischen Modellen verglichen.




CHAPTER 1. ABSTRACT AND MOTIVATION

1.2 English version

The radiative decay n — w7~ provides the opportunity to investigate anomalies
in Quantum Chromo Dynamics as well as pion final state interactions.

In the limit of vanishing quark masses the decay amplitude of this reaction is solely
driven by the box anomaly term which is part of the Wess-Zumino-Witten La-
grangian. However, when going to physical quark masses, the decay amplitude is
dominated by pion-pion final state interactions which are described by several theo-
retical models [1,2,3./4]. The experimental observables to characterise this decay and
to test the theoretical models are the relative branching ratio between n — w7~
and n — 777~ 7" as well as the photon energy distribution of the single photon in
n— ata .

Several experimental efforts have been made (e.g. by the 5], [6]
and [WASA}at-COSY collaboration [7]) in order to determine one of those quanti-
ties. In order to measure both observables simultaneously within one data set with
high statistics, the reaction pp — ppn[n — 77~ +] has been investigated with the
WASA-at-COSY facility. The measurement represents a large statistics data set
and provides the possibility to determine the relative branching ratio and the pho-
ton energy distribution simultaneously. The [WASA| detector covers nearly the full
solid angle and is able to measure all final state particles with their corresponding
momenta as well as their angular distributions.

The essential challenge of measuring the decay n — 77~ in proton-proton reac-
tions, is to disentangle between: (i) contributions related to this decay, (ii) events
stemming from multi-pion-production reactions,which come along with the produc-
tion of 1 mesons, and (iii) events related to the decay n — wtnx 7. Thus, a
dedicated analysis is needed where the 7 — 77~ signal is filtered out of the back-
ground reactions (ii) and (iii).

This work deals with the analysis of the pp — ppn data set which has been ac-
quired in 2010 with the WASA-at-COSY experiment. Besides the reconstruction of
n — wtn 7y events (which will be the major part within this work), systematical
errors that come along with the analysis are investigated and discussed. Finally, the
achieved results will be interpreted within those errors and compared to previously
acquired experimental results and theoretical predictions.



Chapter 2

The decay n — w7~

The n-meson is a suitable tool to study symmetry violation processes and to test
the standard model on an energy scale of several GeV. Furthermore the decay
n — wtw v allows to explore the chiral limit of and investigate final state
interactions between the two charged pions. This chapter will focus on that specific
decay in the framework of and chiral pertubation theory.

2.1 The Standard Model

The Standard Model of particle physics is a fundamental tool to describe particle
interactions on a microscopic scale. Phenomena or reactions which are correlated
to the electromagnetic, weak or strong interaction (or force) are explained by this
model.

mass > =2.3 MeV/c? =1.275 GeV/c? =173.07 GeV/c? 0 =126 GeVic?

charge - 2/3 u 23 C 2/3 t 0 g 0

spin = 1/2 172 172

up charm top gluon Higgs

boson
~4.8 MeV/c? =95 MeV/c? ~4.18 GeV/c? 0
-3 d -3 -1/3 b 0 -y
1/2 1/2 S 12 1
down strange bottom photon

0.511 MeVi/c? 105.7 MeV/c? 1.777 GeVic? 91.2 GeVic?
-1 -1 -1 0 Z
1/2 e 112 -I']- 1/2 T 1

electron muon tau Z boson

<2.2eVic? <0.17 MeV/c? <15.5 MeV/c? 80.4 GeVic?

0 0 0 +1
12 ])e 112 -I)u 1/2 -I)T W

1

electron muon tau
neutrino neutrino neutrino W boson

Figure 2.1: Fundamental particles and force carriers of the Standard Model of particle
physics |[§].

The underlying principle of that model is that every fundamental interaction/force
between particles is described by the exchange of a boson between them. The elec-
tromagnetic interaction between two charged particles, for example, is explained
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by the exchange of a neutral photon. This (well-known) theory is called Quan-
tum Electrodynamics . The same principle is applied for the weak interac-
tion, where W and Z-bosons are the force carriers. The interaction between quarks
(strong interaction) is described by which will be discussed in the next section.

2.2 The QCD Lagrangian

The behaviour of quarks is described by the Lagrangian .Z;cp which is derived
from the Lagrangian .Z,.. of free quarks including the gauge principle with respect
to the SU(3) colour group. This introduces interactions between quarks and gluons
and interactions between gluons as well. The Lagrangian £5cp reads as [9):

_ L .
Zocp =Y, (" Dy —mp)as =G, G (2.1)
f=u,d,s,c,b,t e ——
) o7

where f refers to the quark flavours: up, down, strange, charme, bottom and top
(see Fig. . For each flavour a colour triplet is introduced which leads to the
quark field gy:

gy

ar = | 4r2 (2.2)

af.3
The propagation of the quark fields and their interaction with the gluonic fields
are summarised in part (I) of Equation , where D, = (0, + @'ggAZ%) is the
covariant derivative. The partial derivative 0, corresponds to the propagation of
the quarks. The interaction of the vector potentials Afj results from the applied
gauge principle and can be identified with the quark-gluon-interaction. The strong
coupling constant is given by g3 and A%, represent the Gell-Mann matrices for the
colour.
G is the field-strength tensor: G, = 0,Aq, — OvAau — 93 favcApuAe, With the
SU(3) structure constant fu. [} The pure gluonic part (i.e. the propagation of
gluons and their self-interaction) is described by part (II) respectively. The main
difference between this Lagrangian and the [QED] one is related to the non-abelian
term: —gs3 fopeApuAcy, which describes the interaction between gluons. Since photons
do not interact with each other, this term is missing in the Lagrangian.

2.2.1 Quark masses and chiral symmetry

The six quark flavours u, d, s, ¢, b, t might be divided by their masses which is shown
in Table 211
Strongly interacting particles observed in the energy regime of ~ 1 GeV are hadrons
(e.g. protons, neutrons), having the light quarks as constituents. Trying to explain
the masses of hadrons by the quark masses leads to a surprising result: The difference
between the proton mass and the current quark masses (of the proton), for example,
1s:

my, = 100 - (2m,, + mg) (2.3)

One important question that arises from Eq. is, how this large mass difference
can be explained. This question is one of the main topics investigated in hadron

2The values of this constant can be found in [9).

4
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light quarks | mass [GeV] || heavy quarks | mass [GeV]
up (2.3797)-1073 charm 1.275 £ 0.025
down (4.8102)-1073 bottom 4.18 4 0.03 (MS scheme)
strange (95+5)-1073 top 173.21 £0.51 £ 0.71

Table 2.1: The six quark flavours and their corresponding current masses [10] are divided
into light and heavy particles with respect to the energy of 1 GeV.

physics. Eq. motivates the assumption that phenomena at ~ 1GeV can
be described by neglecting the light quark masses: m,,, mgy, ms; — 0, which is called
the chiral limit. In that limit the mass and properties of a hadron are described by
the interaction of point-like quarks (and gluons).

A vanishing mass my in the [QCD]| Lagrangian leads to a decoupling of quarks with a
left-handed chira]ﬂ component ¢y, and a right-handed component gy g, respectively.
Thus the Lagrangian has global U(3), x U(3)g symmetry [9] which can be

written in:
U(S)L><U(B)R:SU<3)LXSU(S)RXU<1)VXU(l)A (24)

The invariance of ZHep under SU(3), x SU(3)g in the chiral limit is then called
chiral symmetry.

2.2.2 The Goldstone Theorem and

Generally speaking the Goldstone Theorem describes the appearance of massless
bosons, if a continuous (and global) symmetry is spontaneously broken. This shall
be explained in the following example: Consider a rotational invariant system with
a potential V(z,y) as shown in Fig. . The energy of that system shall be bound
from below, that means the ground state corresponds to the minima of V(x,y).
All minima are located at the radius Ry, of the so-called Mexican hat in Fig[2.2]
Thus, all ground states are degenerated. The rotational invariance of this system
holds as long as the potential is at the maximum: V(z = 0,y = 0). Decreasing
the energy until one particular ground state of the system is reached (see minimum
of the Mexican hat in Fig. 2.2), leads to a breaking of the rotational symmetry.
At that point, the Goldstone Theorem states that the spontaneous breakdown of
a symmetry in the ground state leads to bosons which are massless in addition to
the usual bosons with a mass depending on the quantitative details of the potential.
The former are called Goldstone bosons. Looking at Fig. again, it is shown that
the Goldstone bosons can be interpreted as excitations along the minimum which
demand no additional energy. In contrast, excitations perpendicular to the mini-
mum demand energy, which manifests in massive bosons.

According to Noether’s Theorem, each symmetry is connected to a conserved cur-
rent. In a quantum field theory picture this corresponds to a charge operator Q,
which either creates or annihilates states and commutes with the Hamiltonian H.
Thus, each symmetry operation U is connected to a set of those operators:

U= exp{i Z Oék@k} (2.5)

PFor massless particles, chirality might be interpreted as helicity. Particles with a spin
parallel /anti-parallel to their momentum are called right/left-handed.
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Figure 2.2: Plot of a Mexican hat potential: V(z,y) = % (22 +y?)? +m? - (22 + y?), with

m? < 0. The minima of V are located at the radius Rin = _2;”2.

and fulfills the conditions (according to [Qy, H] = 0):

A

UHUT = H (2.6)

out = 1 (2.7)

Two states A and B which are connected by such a transformation: U|A) = |B)
have the energies:

Ej = (A|H|A) = (AlUTUAU'U|A) = (B|H|B) = Ej (2.8)

Every state that can be reached from A by a symmetry transformation U has the
same energy. If A is now identified with the vacuum ground state |0), Eq. 2.8 shows
that all states B are degenerate with the vacuum. In case of spontaneous symmetry
breaking the ground state is no longer invariant under a symmetry transformation
which means that there is at least one operator Q; with: Qk|0) # 0. The vacuum
state is said to be broken. Every operator, that breaks the vacuum, leads to a
massless Goldstone boson. The global symmetry of the Lagrangian in the
chiral limit is chiral symmetry. The corresponding symmetry operation U /R On
left-handed (L) and right handed (R) quark fields is given by [9]:

8

X \@ .

Ur/r = exp ( — - Z OL/Ra ;Ol) e Or/r (2.9)
a=1

where A% represent the Gell-Mann matrices and O/, , denotes a smooth real func-

tion in Minkowski space. If this symmetry would hold for ground states, one should
observe parity doubles which are characterised by particles with same quantum num-
bers, same mass but opposite parity. Table shows two examples of such parity
pairs observed in nature.
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Particle | Parity P | Momentum / | Mass [MeV]
P + 1/2 038.27
N(1535) | — 1/2 1,535
a(1260) | + 1 1,230
p - 1 775.26

Table 2.2: Parity doubles of observed/measured nucleons and mesons |[10].

If chiral symmetry would be present, all pairs should have the same mass, which
is not the case. This is an indication that the chiral symmetry is spontaneously
broken and there must be a certain number of Goldstone bosons. According to
Eq. , there are 16 generators (2 x 8 Gell-Mann-matrices) of the chiral symme-
try group: SU(3)r x SU(3)g. Due to the spontaneous symmetry breaking the
ground state is still invariant under S(3).+r = SU(3)y. This group has 8 generators
which leave the vacuum invariant. This implies that there are 16 — 8 = 8 massless
Goldstone bosons. They are identified as the 8 lightest pseudoscalar mesons [9):
ot 70, Kt, K, K° and K°.

In reality those mesons are not massless at all, because quarks do have a (small)
mass which leads to an explicit symmetry breaking. And yet the Goldstone theo-
rem still applies, with the difference, that the Goldstone bosons have a small mass
and interact with each other. This will be of importance when discussing the decay
dynamics of n — 777,

The spontaneous breaking of the chiral symmetry leads to the abundance of light
mesons (baryons) and thus explains part of the hadron spectrum observed in nature.

2.3 The n-meson

It has been shown in the last section, that the lightest mesons can be identified with
the Goldstone bosons which occur due to the spontaneous break down of the chiral
symmetry. In this picture they are related to the quark condensate (0|gq|0). Follow-
ing the SU(3) flavour symmetry of which has been discussed in Section ,
the three lightest quarks (u,d, s) allow for nine combinations and are grouped into
an octet and a singlet: 3@ 3 =81 (see Fig. [2.3).

The n-meson observed in nature is a linear combination of the octet and singlet
states [10]:

1 _
octe = = ua+dd—25’§ 2.10
Toctet 7 ( ) (2.10)
1 _
singlet — T = utl + dd + ss 2.11
Tsinglet 7 ( ) (2.11)
n = ¢os(0) - Noctet — SIN(0) - Nsingle (2.12)
(2.13)

The mixing angle  between the two states is experimentally given by: § = (—15.5+
1.3)° |12]. The n-meson has a mass of (547.862+0.018)MeV [10] and a mean lifetime
of &~ 5-107"s (corresponding to the decay width of ', = (1.31 & 0.05) keV [10]).

7
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K° Kt
sd su

-1 -172 UU —
“lud A Wgg 2 Gy L

Figure 2.3: The arrangement of the eight mesons with respect to the z-component of
the isospin I3 (x-axis), the charge @) (y-axis) and strangeness S (z-axis) form the SU(3)

octet [11]. The axes are related by the Gell-Mann-Nishijam-Relation [10]: Q) = e- [Ig +1.
(B+ S+ C)} where B is the baryon number and C the charm number.

2.3.1 Quantum numbers

The parity P of a two particle system is given by: P(1,2) = pipy - (—1)" where p;,p»
are the eigen-parities of particle 1,2 and ¢ is the relative momentum [13|. According
to Dirac, fermions and anti-fermions have an opposite parity. This leads to the total
parity of a meson:

P(q,q) = pgpq - (1) = =1+ (=1)" = (=) (2.14)

The spins of the two quarks can be aligned parallel or antiparallel. Thus the relative
spin s of the two quarks can only take the value 0 or 1. The charge conjugation C'
of a meson is then given by [13]:

C = (—1)* (2.15)
The total spin J of the meson is defined by the following limitations:
[0—s| < J< |0+ 5] (2.16)
Including the total isospin I, the G-parity of a meson reads as [13]:
G = (—1)t=H (2.17)

Using Equations to and the limitation for s helps to calculate all possible
meson states which are denoted by J¥¢. For example all states with P = +1
and C' = —1 have to have ¢ = 1,3,5,... and s = 0. According to Equation [2.16|
the total spin is given by: J = ¢ = 1,3,5,... This leads to the meson states:
177,3%7, etc.. Other meson multiplets which are in accordance with the quark

8
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’ P ‘ C ‘ Restriction on ¢ ‘ Restriction on s ‘ Jre ‘
—1 | +1 0,2,4,... 0 0~ *t, 27,47+, .
-1] -1 0,2,4,... 1 [+ 1 .. =1
+1 ] -1 1,3,5, ... 0 1t=,3%, 5T, .
+1 | +1 1,3,5, ... 1 |04+ 1], [0 — 17

Table 2.3: Possible quantum numbers for a qG-system. The limitations of the relative /
total spin s / J, lead to a restriction on the allowed J'¢ meson-multiplets.

model mentioned above, are listed in Table 2.3] According to that table the meson
states JP¢ = 07—, 17+,37F,57F,07,2%~, 47 etc. are forbidden as ¢g states and
this leads to a limitation of allowed particle decays, if C' or C'P-invariance is realised.
The n-meson has ¢ = s = 0 and is therefore called a pseudoscalar with J7¢ = 0=+,
An alignment of the quark spins to s = 1 would cost more energy. This increases
the mass of the gg-system and leads to a particle with J©¢ = 17~ which is the
p(770)-meson. Particles with JF¢ = 17~ are called vector mesons.

2.3.2 mn-decays

The n-meson is a C', P, G and CP eigenstate with eigenvalues: C'(n) = +1, P(n) =
—1, G(n) =1 and CP(n) = —1. The lifetime of the n-meson is quite long compared
to other mesons, like the w-meson with a life time of (7.754+0.07)-10"23s. This is due
to the fact that all electromagnetic and strong decays are forbidden or suppressed
in lowest order by C-, P-; G- or CP-violation. In this context some decays will be
discussed briefly:

e All electromagnetic decays with an odd number of decay photons, like  — v~
or n — 7V, are forbidden by conservation of C-parity, because C(n) = 1, but

Clm) = (-1)".

e All strong decays, such as n — 77—, are forbidden to first order. The 7-
meson has an orbital angular momentum ¢ = 0 which leads to a parity —1.
The two pion-system has a parity: P(nt77) = pripe - (=1)* = (=1)%. In
order to conserve parity, the relative angular momentum of the two pions has
to be odd which is in contrast to momentum conservation of ¢ = 0. Thus the
decay n — 77~ is suppressed because of P-violation (and also CP-violation).

e The charged decay  — w* 77 is forbidden in first order because it violates
G-Parity. However, this decay is observed in nature because its decay ampli-
tude is proportional to the non-zero quark mass difference (m, — my) |1}/14].

e The radiative decay n — 77~ is C-conserving [10]: The n-meson has the C-
eigenvalue: C'(n) = 1 and the C-eigenvalue for the single photon is C'(y) = —1.
The two-pion system has: C'(77~) = (=1)¢. According to that, C-invariance
is only given for odd ¢-values] However, states with ¢ > 1 are suppressed
with respect to £ = 1. The CP-eigenvalue of n is —1. The two pions have
CP(rt7m~) = (=1)%. As shown before, the relative momentum ¢ is odd, which
leads to CP(r"7~) = 1. The photon has P-eigenvalues which are either (—1)
for electric E; or (—1)7™! for magnetic M; transitions. According to that,

°There might be a relative momentum between the photon and the 77~ system. Therefore
¢ =3,5,.. could also be realised.
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the reaction n — 77w~ is CP-conserving for M; and E, transitions and
CP-violating for F; transitions respectively. All those processes contribute to
the decay mechanism, which leads to the comparable low branching ratio (see
Table , because some of the transitions are suppressed by CP-violation. On
the other hand this decay could be a suitable tool to investigate CP-violation
in case of an E; transition. But the information about the transition and thus
about the CP-violation, is hidden in the polarisation of the single photon.
This observable is difficult to measure within an experiment. However there
is the possibility, that the single photon is virtual and decays into a dilepton-
pair: v* — ete”. This leads to a different n-decay: n — w7 ete™ which
is experimentally accessible. The observable in that case would be the angle
between the 777~ and e*e™ planes [10].

A collection of charged n-decays is summarised in Table 2.4l The gap between the
first and last groups of rows separates common from rare decay modes (according
to the branching ratio). Since most 7-decays are forbidden/suppressed in lowest

| Decay mode | Ratio I'(n — ...)/T, | Issue |
n— wta 7Y (22.92 +0.28)% Dalitz plot parameter, quark masses
n—mtr Yy (4.22 +0.08)% Box anomaly, 717~ -interaction
n—etey (0.69 £ 0.04)% Single-off-shell transition form factor
n—mtrete” | (268 £0.11)-107% CP-violation
n—eteete” | (2.40+0.22)-107° | Double-off-shell transition form factor
n—ete m <4-107° C-violation
n—ete” <5.6-107° Physics beyond the standard model

Table 2.4: Summary of a fraction of charged n-decay modes with related physics issues.
The decays are ordered according to their branching ratio [10)].

order it is possible to investigate higher order processes (e.g. the triangle anomaly).
Furthermore it is possible to examine C-, or CP-violation phenomena (see Table[2.4).
This makes the n-meson a suitable tool to investigate symmetry breaking phenomena
as well as quantum anomalies in a low energy regime ~ 1GeV. The issues related
to the decay n — ntn~ (highlighted in red in Table [2.4)) will be discussed in the
following section.

2.4 The anomalous sector of

As explained in Section [2.2.1] the quark fields can be separated into right- and left-
handed fields, if quark masses are neglected. According to Noether’s Theorem, each
symmetry is associated with a conserved current. In case of the chiral symmetry,
two currents are present. The first one is called vector current:

V=R, +1L, (2.18)

where all left-handed and all right-handed quarks are transformed by the same phase.
This current is conserved, which leads to conservation of the baryon number B [9).
The second current is called axial current:

A, =R, —L, (2.19)

10
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where all left-handed quark fields are transformed with the same phase opposite to
all right-handed quark fields. On a classical level, this current would be conserved,
which is not the case when going to quantum fields. Those non-zero terms are so
called quantum anomalies, because they occur due to the quantisation of a classical
theory. The charge operators of the vector currents leave the[QCD]vacuum invariant,
whereas the corresponding operators for the axial current do not. These are exactly
those eight (spontaneously broken) generators which are responsible for the eight
Goldstone bosons / light mesons [9].

2.4.1 [ChPT] and the effective Lagrangian

The most general Lagrangian, discussed in Section describes the interac-
tion between quarks and gluons. In a low energy regime < 1GeV, only light quarks
with vanishing masses are present (compare Table. Left- and right-handed quark
fields are decoupled and the Lagrangian underlies the global SU(3)., x SU(3)g chiral
symmetry. This symmetry is broken in the ground state by axial transformations
which lead to 8 massless Goldstone bosons: (w, K,n). Hence for low energies, the
whole system can be described by the light mesons and their interactions instead
of the more fundamental quarks and gluons. This is done by Chiral Pertubation
Theory which is in fact, the effective low-energy theory of including
the chiral symmetry properties of [9]. Effective Field Theories are used
to describe a physical system at low energies (low compared to a certain scale) in-
cluding the underlying fundamental theory. Consequently, instead of applying the
full theory (valid for all energy scales) on that system, the theory is restricted to
the low-energy domain of interest. Thus at low-energies, a detailed understanding
/ description of the theory at large energies is not necessary.

This leads to an effective Lagrangian, using different degrees of freedom than the
underlying ones, but having the same symmetry properties. In case of low-energy
[QCD)], the effective low-energy degrees of freedom are not the fundamental quarks
and gluons anymore but the lightest pseudoscalar mesons:

Zacp(,q,9) — Legp(m, K. n) = Za%N(U) (2.20)

The effective (and most general) Lagrangian shown in Equation is written in
terms of increasing derivatives of U. Their number has to be even, because of parity
conservation [9]. The matrix U is given by [9]:

A

U(®) = exp (Z—) (2.21)
Fr

F; is the pion-decay constant and the matrix ® includes exactly the eight Goldstone

bosons [9):

7T0+\/Lg77 \/§7r+ \/§K+

$ = Vorm a4 gen V2K° (2.22)
- 70 2
V2K V2K — 5

By definition of U(®), the Lagrangian shown in Equation is consistent with the
chiral symmetry.

2.4.2 The box anomaly

Looking at the decay n — 77, shows that there are three light mesons (n, 7,
7n~) and one photon involved. By partial conservation of the axial current, the

11
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pseudoscalar mesons can be related to axial currents. The divergence of the latter
might be affected by the chiral anomaly. The photon on the other hand is correlated
to a vector current and couples to the light mesons. Within the framework of current
algebra, the coupling of (axial/vector) currents has been investigated by J. Wess, B.
Zumino and E. Witten and are summarised in the Wess-Zumino-Witten Lagrangian
Lwzw |15,16]. This Lagrangian incorporates all interactions of dimension four
between axial currents and vector currents and thus all anomalies of QCD. Taking
Eq. into account leads to the effective Lagrangian [15,|16]:

=Lwzw
F? 4 r 1
=_7. T .
<z 16 /d «TrD,UD, U |4+n-[ T +\Fﬁj (2.23)
~ (v) 4 (In  (n
I

The features of Eq. shall be discussed in the following [9,/15}/16]:

(I) This is the lowest order effective Lagrangian as shown in Eq. with only
two derivatives of U. The photon introduces a field A, which couples to
the mesons. In order to keep the Lagrangian invariant under global charge
rotations, the derivative d,U has to be changed to; D,U = 9,U —ieA5[Q, U],
where () represents the quark charge matrix. In principle, this term describes
the propagation of the Goldstone bosons through space.

(IT) T refers to the Wess-Zumino-Witten Lagrangian (in the absence of external
fields) and is given by [15]/16] :

1

= =T /d%e““aﬂTr[@8#61381,@8&(1)85(1)] + higher orders  (2.24)

® is the matrix from Eq. 2.22] T contains five fields of ® and describes the
coupling of five axial currents / light mesons. In the chiral limit, this term
is related to the process: K™K~ — wtn~ 7%, also known as the quintangle
anomaly.

(III) In the presence of an electromagnetic field, the term I' is extended by the final
term I'4 [16], which reads as:

1
FA — ME#V‘IB . /d4l' [eA“ . TT(Q(RVRQRQ + LyLaL,B)

—ieX(9,A,) Au - 2T <Q2(R5 +Lg) + % (QU'QUR, + QUQUTLﬁ))} (2.25)

With the electromagnetic field: A,, the quark charge matrix ) and:
R, = (0, U)U', L, =U',U.

The third term of Eq. describes the coupling between the mesons, which are
represented by U, and the photon, represented by A. Because of the existence of
an electromagnetic field, the quark charges have to be taken in to account. This is
done by including the quark charge matrix (). The number n is an integer, which
can be identified with the number of quark colours ., when matching these terms
to the anomalies calculated in terms of quarks and gluons. The corresponding
anomalies, that are described by I'4 are presented in Fig. and will be
discussed in the following. It should be mentioned, that also the coupling to external
fields different to electromagnetism can be (with restrictions) included [9,/16]. From

12
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triangle anomaly box anomaly

T

Figure 2.4: Schematic description of the anomalous part of the Wess-Zumino-Witten
Lagrangian Ly zw by showing Feynman diagrams for the triangle and box anomaly. The
triangle anomaly is responsible for decays: (7%, n,1') — 7. The box anomaly describes
(in the chiral limit) the decays: (n,1) — ©tm 7.

Eq. [2.23]several Lagrangians dedicated to certain decays can now be calculated. For
example the decay: 7° — v is described by [9]:

n e? 70

FC327]’2 EuupUFw/FpaF_z (226)

Lo = —

Eq. contains only the electromagnetic field strength tensor, because all decay
particles are photons. 7 denotes the neutral pion from Eq. [2.22, N, denotes the
number of quark colours. The Lagrangian for 7 — 7" 7~ has the form [9]:

en

Tavmmars O AndmOym o (2.27)
™ s

Lo =

Again, the coupling between the photon (A,) and the three mesons: n, 7, 7~ can
instantly be recognised. The corresponding Feynman diagrams to Eq. and
are shown in Fig. 2.4l Due to the shape, the Feynman diagram for (7% n,7) — v
is called the triangle anomaly. The corresponding diagram for (n,7') — 777 7 is
called the box anomaly.

The decay amplitude A, +,-~(0,0,0) of the decay mode n — nt7~~ is (in the
chiral limit) solely determined by the box anomaly term and thus directly correlated

to Eq. [2.27) [1):

eN, E;
A (0,0,0) = —— = (TE cos§ = V2T sin0) 7 eplp, Ky (2.28
n—mt v( ) 12\/§7r2F7§ e Cos \/_ 7 sinf |e Mpypp ( )
p+ are the momenta of the two charged pions and k7 denotes the photon momentum,
which has the polarisation €*. The n-meson is described by the decay constants Fj
and Fy for the single and octet 7 states, which are coupled by the mixing angle 6.

2.4.3 Final state interactions

When going to physical meson masses, i.e. leaving the chiral limit, the Goldstone
bosons gain a finite mass and may also interact with each other. This introduces
final state interactions between the two pions in the decay n — 77 7.

On the other hand, the interaction between two charged pions can be described by
the exchange of vector mesons V/, which have the same quantum numbers J7¢ as

13



CHAPTER 2. THE DECAY n — ntn

photons (see Tab.[2.3). According to that, the real photon is replaced by a (virtual)
vector meson, which directly decays into hadrons (e.g. the two pions). This effect is
described by the Vector Meson Dominance model [17]: A photon couples to
hadrons via an intermediate vector meson. By taking this into account, the triangle
anomaly might be rewritten as: n — V[V — w7x~] with V being the vector
meson. Thus, a decay which was originally driven by the triangle anomaly ends up
with the same final state particles (see Fig. , as the decay n — w7, which is
driven by the box anomaly. Hence, contributions coming from the triangle or box
anomaly are indistinguishable. It turns out, that for physical meson masses the box
anomaly is dominated by the triangle anomaly because of final state interactions
between the two pions. Besides the scenario shown in Fig. [2.5] the two pions of the

+

Tt

T

Figure 2.5: Same schematic representation as shown in Fig. . In this scenario, one
photon stemming from the triangle anomaly is replaced by a virtual p-meson, which decays
into two charged pions [18].

box anomaly term might rescatter and thus contribute to final state interactions of
the pions. A first indication for the presence of pion interactions can be seen by
comparing the calculated decay width: '*°(n — 7tr7) = 35.7eV |1] with the
experimental width: I'**P(n — 777~ v) = (55 £ 2) eV [10].

In order to overcome this discrepancy, the Lagrangian Ly 7y has to be extended by
including those final state interactions. For that purpose, several theoretical models
are at hand. Three of them shall be described briefly in the following.

a) The pion final state interactions are taken into account within this approach
by considering contributions from vector meson dominance as well as one-loop
chiral corrections |1]. This leads to a modification of Eq. by a form factor

having an N /D structure [1]: (1 —c+c: %) . This factor comprises P-wave

7w scattering phase shifts, which are incorporated via the Omnes function
D1(8yr) (this expression might be identified with the pion loop correction).
The parameters c,a are set to be ¢ = 1 and a = Qm% [1]. The variable s,
denotes the dipion invariant mass squared, which would be zero in the chiral
limit (where both the 7 and the pion masses vanish). The modified decay
width using this approach reads as: I'N/P(n — ntn~v) = 65.7eV.

b) Another approach is given by using the Hidden Local Symmetries (HLS|) model
[2], which basically describes y—V transitions. Within this model, the effective
Lagrangian incorporates Ly zy and additional vector meson dominance terms.
For instance, one of those terms describes the coupling of two vector mesons

14
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with one pseudoscalar meson (e.g. 1 — VV). The resulting decay width is
given by: THLY(n — nrr=v) = (56.3 + 1.7) eV.

¢) The third and last model discussed here comprises pion loop corrections and
higher order momenta O(p°®) [3] (the box anomaly term is of the order O(p*))
in order to correct Eq. This leads to the decay width [O@")+1-leop(p _,
ntnTy) = 4TeV.

All theoretical approaches presented above result in a modification of the decay
amplitude by multiplying it with a form factor, which depends on the underlying
model.

A different approach to describe final state interactions, without using an explicit
model, has been developed recently |4]. Basically, the decay amplitude in Eq. is
multiplied by the pion vector form factor Fpy (s,,) and a polynomial in the squared
invariant mass s., of the two pion system [4]:

|Ayrtry (Sa) 2 = [ (14 0) Ay rtn=(0,0,0) - Fpy(Spr) - (1 + - 800)> (2.29)
=f
=Js

The pion vector form factor describes the interaction between two (final state) pions,
independent of the underlying reaction mechanism. Hence, this factor is applicable
for any reaction, including pions. The linear term (1 + as,,) on the contrary, is
reaction specific and has to be determined for each decay individually. The param-
eter a indicates how large the contribution from final state interactions (i.e. S,r) is
and can be obtained from fitting Eq. to experimental data. The constant ¢ is
chosen such, that the partial decay width fits the PDG value [4]. By comparing this
equation with different theoretical models (e.g. pion loop correction, etc.),
different a- and - parameters can be found and compared to the a- / §- parameter
found in data. This might point out which model is, to some extent, suitable for

including final state interactions for the reaction n — w77 7.
The scaling factor (1 + 0) in Eq. will be called fs in the following.

2.5 Experimental observables and recent measure-
ments

An experimental access to test the validity of the models explained in the previous
section, is given by measuring the observables of n — 7wt7 =, which are: (i) The rel-

I(n—ntr—y)

ative branching ratio Y C— and (ii) The energy distribution £, of the photon

in the n-rest frame. Observable (ii) is correlated to the Dalitz plot E] of n = wtn,
which represents the decay dynamics (see Fig. .

2.5.1 Relative branching ratio

The recent measurements of the relative branching ratio as well as the theoreti-
cal predicted values, according to the models discussed above, are summarised in
Table 2.5 The errors of the ratio quoted for the [KLOE] and [CLEQ] collaboration

dThe Dalitz plot variables are given by any two combinations of the two invariant mass squared
of 7% and 7.
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represent the sum of the statistical and systematical error. The theoretical values
for the relative branching ratio have been determined according to:

Ftheor (n N 7T+7T_’}/)
—utg— 0
r,(PDG) - =10 (PDG)

I'(n—7mrr ) (2.30)

N Epp=m— (theor) =

['theer(n — wtmn~v) corresponds to the predicted decay widths, which have been
presented in items a) to c¢) in Section 2.4.3] The remaining values refer to the

actual values given in [10]. The errors of the theoretical ratios have been
calculated accordingly. According to Table [2.5] the experimental results for the

] Experiment / Theory H Relative branching ratio ‘

Gormley et al. [19] 0.202 =+ 0.006
Thaler et al. [20] 0.209 £ 0.004
CLEOQ| |5] 0.175+0.013

KLOE] [6] 0.1856 4 0.003

| PDG] [10] [ 0.1847 £ 0.003

N/D [1] 0.2188 + 0.0088

IHLS| [2] 0.1875 4 0.0094

O(p°) + 1 — loop [3] 0.1565 4 0.0063
Box anomaly only [1] 0.119 £ 0.0048

Table 2.5: Summary of measured and predicted values for the relative branching ratio
%m. The red highlighted row presents the current |PDG| value for the relative

branching ratio. The last row represents the ratio based on ILq. |2.28 without any final
State interactions.

relative branching ratio might be split into two groups. The first group refers to the
results of Gormley and Thaler et al. [19,20], with ratios 2 0.2. The second group,
based on the results from the [CLEO] and [KLOE] collaboration [5/6], is in favour of
ratios < 0.19. The results of the latter group define the actual PDG] value. From a
theoretical point of view, the [HLS model would describe the recent results, whereas
the N/D model would confirm the observation made by Gormley and Thaler.

2.5.2 The photon energy distribution E,

The two pion invariant mass squared distribution s,, is sensitive to contributions
from final state interactions. Thus, it allows a more detailed investigation of the
problem. The dynamic range of this distribution is (outside the chiral limit) given
by [7]:

AmZi < Spp < mj (2.31)
where m,+ and m,, are the masses of the charged pions and the 7-meson respec-
tively. The photon energy E, (in the 7 rest frame) is related to s, by the following
equation |7]:

1 T
By = (my =) (2.32)
This makes the distribution of the single photon energy suitable for studying con-

tributions from final state interactions. According to Eq. the £, -distribution
is kinematically limited by:

(2.33)
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Figure 2.6: Measured photon energy distribution E, in the 0 rest frame (data points
and a-values taken from [7]). The measurement was done for the reaction pd — 3Hen[n —
ntr~ ] at the WASA-at-COSY-facility. The black points represent the measured data
with error bars indicating the statistical uncertainties. The blue solid curve corresponds
to the calculated E.-distribution using Eq.[2.2§ only. The black dashed curve is obtained
by using Eq. with o = 0 and is shown for comparison. The fit of Eq. to the
experimental distribution of E, is shown by the red solid curve. In that case a was found
to be: a = (1.89 % 0.2544¢ & 0.595ys £ 0.024,60) GeV 2.

Several experimental efforts have been made to measure this distribution. One of the
latest results is shown in Fig. [7]. The measured data (black points) is compared
to the calculated single photon energy distribution using: Eq. (blue solid curve),
Eq. with a = 0 (black, dashed curve) and fitting Eq. to data (red solid
curve). As discussed in the previous section, the o parameter determines reaction
specific contributions from pion-pion-interactions. According to that, o = 0 corre-
sponds to a scenario, where the pion final state interactions are purely described by
the pion vector form factor (see Eq. . This value is independent of any reaction
dynamics. Any « value different from zero is related to decay dependent final state
interactions. The a-parameter obtained from fitting the data points in Fig. 2.6] is
a = (1.89 £ 0.254¢ £ 0.59,,5 £ 0.024,) GeV 2 [7].

However, the distribution presented in Fig. might to some extend be described
by the black dashed curve which is related to a = 0.

Further measurements as well as theoretical predictions related to the photon en-
ergy distribution are listed in Table The « values for all measurements where
calculated in [4]. The theoretical predicted values can be found in [7]. Since the data
points in Fig. [2.6] are given in arbitrary units, the fitted curves imply the scaling
factor fs presented in Eq.[2.29

The values of the GAMS-200 and CRYSTAL BARREL collaboration are not consid-
ered in the following discussion, because the a-value for ' — 777~ is expected to
differ from the one corresponding to 7 — 77~ 7. The measured « values presented
in Table show a clear tendency towards values > 1 GeV 2 (except the result ob-
tained from Layter et al.). In contrast, the three models presented in Section m
predict values < 0.7 GeV 2.
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| Experiment / Theory || o [GeV 7] |

Gormley et al. [19,4] 1.8+04
Layter et al. [214] —0.9+0.1
GAMS-200 [224] 27401
CRYSTAL BARREL [23/4] | 1.8+0.53
IKLOE] [614] 1.3240.2

IWASAfat-COSY [7] 1.89 + 0.86

N/D [1[7 0.64 £ 0.02

HLS| 2.7 0.23 £0.01

O(p®) +1 —loop [3./7] —0.7+0.1

Table 2.6: Summary of the measured and predicted values for a. The results of the
GAMS-200 and CRYSTAL BARREL collaboration where obtained from measuring n' —
7T n~. The errors for a obtained from the KLOE and WASA-at-COSY collaboration

represent the linear sum of all errors.

2.5.3 The pion-photon opening angle

The left side of Fig. shows the Dalitz plot (squared invariant mass of 7~ and ~y as
a function of the squared invariant mass of 7 and ) for the decay n — 77~ ~. The
black dashed line indicates the symmetry line. Any deviation from a uniform yield,
when reflecting about this diagonal would give hint to a C-violating process, because
the distribution of positive and negative charged pion momenta would be unequal
and allow for even relative momenta ¢ = 2,4, .... This would be in contradiction to
C-symmetry, which strictly demands odd relative momenta (see also discussion in
Section. One observable connected to testing of the C-violation is the opening

2]
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Figure 2.7: Left: Dalitz plot of the decay n — w+n~ . The black dashed line represents
the symmetry line. Right: Cosine of the opening angle between the charged pion and the
photon in the dipion rest frame. The red line represents a fit of Eq.[2.34. Both distributions
shown here are obtained from an event generator called Pluto, which will be presented in
Chapter @

angle between the positive pion and the photon measured in the (77, 77 )-rest frame
(see right side of Fig.[2.7)). This differential distribution is obtained by a projection
perpendicular to the symmetry line shown in the left frame of Fig.[2.7] The angular
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distribution might be parameterised by the following equation [24]:
Fleos[Z(m*,7)]) = A= sin?[L(n*, )] - (1 + B cos? [ £(w+, 7)) (2.34)

The angle /(7" v) denotes the opening angle between the positively charged pion
and the photon in the dipion rest frame. The parameter A is a scaling parameter,
whereas (3 is a measure for the strength of D-wave (¢ = 2) contributions, which
imply C-violation. The value = 0 is given in case of no C-violation (see red

’ Experiment H I} ‘
Gormley et al. [19] || —0.06 £ 0.065
Thaler et. al. [24] | 0.1240.06
Jane et al. |25] 0.11 £0.11
IPDG] [10] —0.02 +0.07
PhD CFR [26] 0.236 £ 0.430

Table 2.7: Summary of the measured 3 parameters. The observed value from Thaler et
al. is not considered within the recent value (highlighted in red).

curve in the right frame of Fig. . Recent measurements of the J-parameter are
presented in Table . All results shown there (except the observation from Thaler
et al.) confirm contributions from P-waves (¢ = 1) only, which is in agreement with
C-symmetry. The g-parameter will also be investigated to a certain extent within
this thesis. The main aspects of this work are sumarised in the following section.

2.6 Aim of this work

. : ) . . . T _
The aim of this work is to measure the relative branching ratio F”*"ﬁ and the
n—r T T

photon energy E, within one experiment with high statistics, using the reaction
pp — ppn[n — w7~ v]. The basic questions addressed to this measurement are:

i) Will the measured relative branching ratio confirm the Gormley / Thaler re-
sults [19/20] or the latest measurements of the[CLEO} and [KLOELcollaborations [5),
6)?

ii) Can the a-parameter of the previous WASAlresult |7] be confirmed and will
the E,-distribution measured in this experiment allow a clearer distinction

between av = 0 and « # 07

iii) Will this experiment give insight into the significant deviation between the
theoretical and experimental values of a7
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Chapter 3

The WASA-at-COSY Experiment

The experimental tool for measuring and determining the observables of the anoma-
lous decay n — w7~ is the WASA-at-COSY facility, located at the research center
Jiilich, Germany. The main feature of this experiment is, that all particle momenta
in the final state of every eta decay can be reconstructed. The n production can
be operated at high luminosities so that rare decays like the double Dalitz decay
n — ete"ete” or n — ete” can be measured. Fig. shows a drawing of
the WASA-at-COSY experiment representing the WASA detector, the[COSY|beam-
line and the pellet target station, which is mounted on top of WASA] These three
components are discussed in detail in the following sections.

Figure 3.1: drawing of the|WASA| detector inside the ring.

3.1 The l[COSY] accelerator

The 1 mesons are produced in the reaction pp — ppn. The beam protons used in
this experiment are provided by the [COSY] accelerator and have a kinetic energy of
1.4 GeV. The COoler SYnchrotron accelerator is a storage ring (see Fig.|3.2
left) with a circumference of 184 m. It provides (polarised/unpolarised) proton or
deuteron beams in the momentum range 0.3 GeV /c to 3.7 GeV /c [2728]. The proton
(deuterium) beam is produced by H~ (D7) ions which are preaccelerated up to
45MeV (76 MeV) by a cyclotron and injected into the ring. The electrons are
stripped by a ~ 20 — 25 ug/cm? thick carbon foil . One unique feature of
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is the beam cooling which leads to a beam momentum resolution of % ~1-107%
Two cooling techniques are used: The first one is electron cooling. This technique
is applied at injection energies in order to prepare a low-emittance beam. For beam
energies larger than 1.5 GeV, stochastic cooling is used instead ,.

For the WASA}at-COSY experiment none of those techniques was applied, because
they are insufficient to correct for the energy loss after the beam interacted with the
pellet target. This effect is compensated by running the accelerator in the barrier
bucket mode. In this mode beam particles are grouped into single bunches and
the mean energy loss after interacting with the target is compensated by a radio-

frequency cavity [29].

WASA o -coer ANKE

Stochastic  cooling W Polarimeter ’
Foor  PAX H ooy /;// = Ty
*_‘ !
4
@ 400 mbar
| Cold head
| Liquid jet nozzle
T=14.1 K

20 mbar
& — Droplet chamber

Vacuum injection

110° @4

7ix—1— Skimmer
1110° &=+

Ion beam

Figure 3.2: Left: Floor plan of the accelerator, showing the beam line and internal
experiments like[WASA| [ANKEF] and[PAX]| Right: Schematic drawing of the[WASA| pellet

target station.

3.2 The pellet target

[WASA|is built as an internal experiment thus the target has been designed in a way
that background reactions stemming from secondary beam target interactions are
suppressed. Otherwise a clean detection of the eta decay products would not be pos-
sible. Additionally, a thick target would lead to large energy losses of the incoming
proton beam. A thin target on the other hand is also not applicable, since the lumi-
nosity would be too low to be able to collect sufficient statistics. Furthermore, rare

eta decays could not be measured. In order to meet those requirements a high den-
sity pellet target (see Fig. right) has been developed for the WASA| experiment.
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Hydrogen (or helium) gas is liquified by passing a cold head where it is cooled down.
Afterwards it passes a vibrating nozzle into the droplet chamber. The vibrating
nozzle is a key element of that target, because it breaks up the continuous stream of
liquid into droplets. Those droplets enter the vacuum chamber through a capillary.
Due to the pressure gradient between the droplet chamber and the vacuum chamber
the droplets will cool further to frozen pellets. The final pellets have a diameter of
~ 35 pum [30]. A 2m long tube with a diameter of 7mm (skimmer) guides the pellet
stream into the scattering chamber where they interact with the proton (deuterium)
beam. The pellets inside the stream have a mean velocity of ~ 80 = and the pellet
stream diameter at the interaction point is between 2 mm and 4 mm. After crossing
the beam line, the pellets are collected in the pellet dump. In summary the pellet
stream corresponds to an effective target thickness > 10'® atoms/cm?.

The achievable luminosities using this target are of the order of 1032 cm=2s~! and
the beam life time is about several minutes. Furthermore, the interaction vertex
is well defined in space. However, this device also has disadvantages. The pellets
might evaporate further in the beam pipe, which leads to rest gas and might interact
outside the primary interaction region with beam protons. This influences the reso-
lution of the primary vertex and has to be taken into account for the analysis [1§].
Another aspect of this target is, that the luminosity is directly correlated to the
pellet rate. A higher pellet rate increases the interaction rate between beam protons
and pellets and therefore might lead to systematic effects. For further information
see [31].

3.3 Wide Angle Shower Apparatus (WASA

All final particles of the reaction pp — ppnln — 77~ 7] are measured with the
Wide Angle Shower Apparatus which is designed as a 47 detector (see
Fig. [3.3). The protons are reconstructed in the forward part of which con-
sists of tracking detectors and a range hodoscope with a maximum proton stopping
power of ~ 360 MeV. The decay products (pions and photons) are reconstructed in
the central part which has an onion-like structure. The inner most part contains
a tracking detector which reconstructs the particle momenta. This detector is sur-
rounded by a plastic scintillator delivering energy and time information. Further
outside a superconducting solenoid is implemented, providing a magnetic field used
for momentum reconstruction. The most outer part of the Central Detector is a
calorimeter, mainly used for reconstructing photons and electrons. The following
sections will not focus on all detector parts of WASA] but on those which are rele-
vant for the decay channel of this analysis.

The momenta of all particles are described in a right handed (cartesian/spherical)
coordinate system. The origin of that system is defined by the mean interaction
point between the proton and pellet beam (see Fig. . The Z-axis of that system
is aligned parallel to the proton beam, the Y-axis is aligned antiparallel to the pellet
beam. The X-axis points outside of the [COSY}ring.

All particle momenta are expressed in spherical coordinates (p,, ¢), where p is the
momentum, # the polar and ¢ the azimuthal angle.
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Figure 3.3: Schematic drawing of the |WASA| detector. The proton beam provided by
[COSY) is coming from the left hand side and enters the Central Detector first. The various
labels are assigned to different detector parts and are explained in the text below.

3.4 The Forward Detector (FDJ

The scattered or recoil protons are reconstructed in the forward part of [WASA|
It basically consists of a range hodoscope (see green bars in right part of Fig. |3.3)),
which is used for energy reconstruction. Angular information is provided by tracking
detectors (see Fig.|3.3]). Besides protons, it is also possible to detect pions, deuterons,
alpha partilces and neutrons inside the Forward Detector.

3.4.1 Forward Range Hodoscope (FRH)|

A particle interacts with matter by ionising or scattering the valence electrons of
the atoms inside that matter. This leads to an energy loss of the incoming particle.
The correlation between this energy loss and the initial kinetic energy of the particle
is given by the Bethe-Bloch-Formular [13]:

1 dE A 1 2m.c* By (E)v(E)
—;'E—K'M'ZQ'(W(Eyln[ 2 [-1) e
with:
M2\ 2 1 2F?
FE)=1- () O = gy "B = g riE G

K is a constant, Z the charge number of the interacting matter, M, is the atomic
mass and p is the density. [ is the average ionisation energy of all electrons (with
mass m.) within an atom of the interacting matter. z is the charge number and
M the mass of the incoming particle. Every particle passing through the [FRH]
will deposit energy in some of the plastic scintillators (see Fig. [3.4). By measuring
this energy deposit and using Eq. [3.I] with the appropriate constants, it is possible
to calculate the initial kinetic energy of that particle (see top picture of Fig. [3.4)).
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Figure 3.4: Top: Schematic drawing of the Forward Range Hodoscope @ It
consists of five layers with 24 wedge-shaped plastic scintillators each. In addition, two
incoming protons are drawn (red and orange arrows). One proton (red arrow) passes
through the whole hodoscope and deposits energy in all layers, while the other one (orange
arrow) is stopped in the fourth layer. Centre: Reconstructed kinetic energy of a proton
hitting the[FRH module shown as function of the deposited energy in all layers of the[FRH|
There are five structures visible, each corresponding to a layer that was hit by the proton.
The second structure for example (labeled with L1+L2) corresponds to a proton which is
stopped in the second layer of the [FRH Bottom: Deposited energy of a proton in the
first layer of the[FRH| plotted as function of the deposited energy in the second layer. The
“banana” like shape of the energy loss pattern is characteristic for protons.
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Another feature of this detector device is its ability to identify particles. According
to Eq. 3.1} the deposited energy of a particle depends on its kinetic energy and
its mass. That is why particles with different masses (and kinetic energies) cause
different energy loss patterns. The bottom picture of Fig. [3.4] shows the energy loss
pattern in the first two layers of (simulated) single protons hitting the .
The most prominent structure is a “banana” shaped band which is characteristic for
protons. Other structures in that plot are related to nuclear interactions between
the protons and the detector material. One way of selecting proton candidates would

be the rejection of all entries which are not lying (within some boundary) on the
band. This will be discussed in Chapter

3.4.2 Tracking detectors and track reconstruction

The two main detectors, which are used for reconstructing the angles of the particle
are the Forward Proportional Chamber and the Forward Trigger Hodoscope
(FTH) (see corresponding labels in Fig. . The consists of three layers with
a total of 96 plastic scintillators. Each of them has a thickness of 5mm and 48
of those scintillators are wedge shaped and built in the first layer of the (see
Fig.|3.5)). The second and third layer contain the remaining 48 elements shaped in
oppositely-orientated Archimedian spirals. A particle passing the [F'TH| module will

o SOSN

IS
MO

g
4

Y
< N Tavavav
\A‘s‘:‘ ‘ —
SN Az

Figure 3.5: Drawing of all three layers. A combination of the signals left in each
layer allow for a reconstruction of the azimuthal and polar angle of a particle hitting this
detector. In the scenario drawn above, the reconstruction of two particles (black curves)
is shown. The outer radius of each layer is (with respect to the beam line) ~ 1.1 m

leave a signal in each of the three layers. Due to the different geometry of each layer,
a combination of all three signals leads to a unique pixel. The line connecting the
interaction point to this pixel defines a direction vector which should have the same
azimuthal and polar angle as the measured particle. If at least two layers of the
are hit (within a certain time window), the angular information and average
time of the [F'TH] hits are assigned to the particle track. Further information from
other detector parts (e.g. the energy information from the are added to the
track, if a geometrical and time overlap between hits in the [F'TH| and hits of the
corresponding detector is found [32].

In addition to the [FTH] the Forward Proportional Chamber (FPC) (see Fig. [3.6
right) is used for the angular reconstruction as well. The consists of 122 straw
tubes, which are divided onto four modules, where each module has four layers of
those straws.
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Figure 3.6: Left: Schematic drawing of a single straw tube (2D front view). A particle
(blue) hits the tube and ionises the gas inside (red points). The electrons travel towards
the anode (indicated by black arrows) and ionise the gas further in the region close to the
anode, where the electrical field strength has its maximum. Right: 3D drawing of the
module (left) and front view (right) of the|FFP(}, where not all straws are shown.

The modules are aligned such that the first and second module are rotated by 445°
with respect to the X-axis. The third and fourth modules are aligned parallel to the
X- and Y-axis, respectively .

Each straw (see Fig. left) consists of a stainless steel wire (anode) which is
surrounded by a 8 mm thin aluminised mylar foil tube (cathode) and set under high
voltage. The tube is filled with a gas mixture of 80% argon and 20% ethane. Particles
that hit the straw will ionise the gas and the resulting electrons get accelerated
towards the anode due to the electrical field. The field strength of that field increases
with decreasing distance to the wire [13] and the primary electrons can ionise the
gas further in the region close to the wire. This leads to an electron cascade. Argon
is used as drift gas and ensures that the electrons do not recombine with positive
ions on their way to the anode. A small amount of ethane is mixed to the drift gas
in order to adjust the drift velocity.

The distance between a particle hitting a straw tube and the central cathode of
this straw is directly correlated to the measured drift time for the electron cloud
to travel to the anode (see Fig. left). This allows for an accurate position
determination. The same technique is used for reconstructing charged particles in
the Central Detector which will be discussed in the next section.

The angular information of a particle track is refined by the information of the [FPC|
if a geometrical overlap between this detector and the [F'TH| exists. This procedure
improves the polar as well as azimuthal angular resolution by a factor of two [26].

3.5 The Central Detector (|CD

N

The decay particles, such as pions or photons are reconstructed in the Central
Detector of . Charged particles (e.g. pions and electrons) are mainly re-
constructed by the [MDC] (see orange bars in Fig. [3.3). Further information, that
can be used for particle identification, is obtained from the m (see blue lines in
Fig. and the (see green bars in left part of Fig.|3.3). Neutral particles are
reconstructed in the [SEC]| only.
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3.5.1 The Mini Drift Chamber (MDC))

One feature of [WASA]is the ability to reconstruct the momentum and direction
of charged particles. For that purpose a superconducting solenoid is used which
provides a nearly homogeneous magnetic field E, which was set to 1T for this
experiment. Charged particles with velocity ¢ entering that field, will be affected
by the Lorentz force EI: Fy, = q- [(# x B)] which leads to helix like trajectory (see
Fig. right). The handiness of that helix depends on the sign of the measured
particle charge Q).

Figure 3.7: Left: Photograph of the back part of the Mini Drift Chamber . The
drift wires are arranged in layers around the beam pipe. Right: Schematic drawing of a
particle traveling along the beam direction (z-axis) with a helix like trajectory due to the
magnetic field ,@] The blue line indicates the radius R of the helix and the green arrow
the transverse momentum p,, of the particle (in the xy-plane) respectively. The polar
angle between the helix centre and the origin of the coordinate system is denoted by ®.
Depending on U, the helix could also be tilted by 6 with respect to the z-axis. It is the
major task of the[MD( to reconstruct and determine those parameters. The helix shown
here does not represent a realistic event, since the proportions are chosen arbitrary.

The magnetic field Bis aligned parallel to the z-axis. That is why only the transverse
part ¥, of ¥ has to be taken into account and the Lorentz-force is restricted to the

’02 m .
xy-plane and thus equal to the centripetal force: Fj, = qu, B = 2l Z—. R is the
radius of the helix (see Fig. right), m the particle mass and ~ the relativistic
factor. This leads to:

Pzy = MUgy = g -R-B (33)
Y

Further parameters which can be deduced from the reconstructed helix, are the polar
angle @y and the azimuthal angle 6 (see Fig.|3.7)). Using those additional parameters
and p,, lead to the reconstructed momentum vector p’of the measured particle [1§]:

cos(Py)
ﬁ: Pzy - Siﬂ(q)o) (34)
cot(0)

The @ is composed of 1738 straw tubes working as described in Sec-
tion @ The straws are arranged in 17 layers (see Fig. left) surrounding the
beam pipe in radii between 41 mm and 203 mm . Nine of those layers are paral-
lel to the beam axis, as the remaining eight layers are skewed by ~ 9° in order to

aContributions from electrical fields can be neglected.
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reconstruct the z—component of a track. A particle detected within the MDC will
cause a certain hit-pattern, due to the responding straws. Those hits define a group
called a tracklet. Assuming a homogeneous magnetic field, the tracklet is fit by a
helix. The fit provides the parameters mentioned above: R, ®g,6 plus the charge
@, the z-component z; of the closest approach from the helix center to the origin
in the XY-plane and Ry, the helix axis coordinate in the XY-plane . Those
parameters are assigned to a single particle track. In a second step, the track values
are refined using a final fit where the track is traced back from the outer layers of
the towards the beam target interaction region, using a Kalman filter [35].
The initial values of the final fit are given by the helix parameters found in the
pattern recognition. One important feature of that final fit is that effects like mul-
tiple Coulomb scattering and energy loss within the detector itself are taken into
account. Furthermore, the assumption of a homogeneous magnetic field is corrected
by including a map of the actual solenoid field [35]. A more detailed description
of the track reconstruction within the and the drift time calibration can be

found in , )

3.5.2 The Plastic Scintillator Barrel (PSB]
The is surrounded by 146, 8mm [30,[36] thick BC408 plastic scintillators [26],

which are arranged as a barrel (see Fig. [3.8]). Each of the detecting elements is read
out by a photomultiplier tube. This barrel consists of three main parts: [30,/36] 1)
The forward part (containing 48 scintillators and an outer diameter of ~ 51 cm),
ii) The central part (containing 50 scintillators) and iii) The backward part (also
containing 48 scintillators and an outer diameter of ~ 42 cm) .

Figure 3.8: 3D drawing of the central part of the (blue) surrounding the
(brown).

The forward part of the [PSB|is flat shaped and perpendicular to the beam axis and
the backward part has a conical surface. Each scintillator element of the central
part has small overlap (~ 6mm ) with its neighbour, in order to avoid particles
passing the detector without being registered.

The [PSB| provides fast signals resulting in a good time resolution for charged par-
ticles. Furthermore, the [PSB|signal can be used as a first level trigger for selecting
charged decays [30].

Hits detected in the [PSB|are grouped by a clustering routine and used later on for
track assignment.
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3.5.3 The Scintillator Electromagnetic Calorimeter (SEC)

Neutral particles (in this case photons) are detected by the [WASA| calorimeter (see
Fig. [3.9)). Electrons, positrons and pions with an energy up to 800 MeV can also
be reconstructed with this detector as well. The calorimeter is composed of 1020

Figure 3.9: Schematic drawing of the calorimeter. It consists of three parts: The
front part (yellow), central part (white) and the backward part (red). The 1020 crystals
are arranged in 24 polar angle dependant rings. The crystal length varies from 25cm in
the forward part, to 30 cm in the central part and 20 cm in the backward part [30]. The

calorimeter surrounds the solenoid, the and the[MD(

sodium doped Csl scintillators which are shaped as truncated pyramids. Each of
those scintillators is connected to a photomultiplier tube. The photomultipliers are
protected from the magnetic field by a return iron yoke (red circle in Fig.|3.3). The
polar angular acceptance of the calorimeter is between 20° and 170°. As indicated in
Fig. the scintillators are arranged in rings which are labelled from 151 (backward
part) to 174 (front part).

High energy particles hitting the calorimeter cause a particle shower. The two main
mechanisms for creating such showers at large energies are pair creation (in case
of photons) and bremsstrahlung (in case of electrons). If a photon with energy
E > 2m, hits the calorimeter, it will create an electron positron pair with energy
about E//2 after a typical radiation depth d. Those particles emit two photons with
energy about E/4 after 2d which again create electron positron pairs and so on.
After Nd radiation depths 2V particles with an average energy 2£N each have been
created. The whole process stops when the average energy falls below the critical
energy F..;. Thus, the maximum depth of the shower (expressed in N) is given by:
Nz < % [13]. The lateral expansion of the shower inside the calorimeter is
expressed by the Moliere radius: Ry = % [13] which comprises the two main
characteristics of a shower: d and E..;. The relative energy resolution o(FE) for
photons of the calorimeter is parameterised to be [36]:

@ ~ % (3.5)

Charged pions deposit their energy via ionisation or cause a delayed shower by de-
caying into: 7% — p*v,(v,) with: u* — e*+ v, () +v,. The corresponding energy
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resolution FWHM is of the order of ~ 3% [36]. Figure shows a very simplified
scheme of the track reconstruction within the calorimeter. For simplicity, detector
elements are drawn as rectangles. If a photon hits the calorimeter a shower spreads
over several elements. The particles within such a shower interact with the valence
shell electrons of the crystal which results in an electron-hole pair. This pair re-
combines again to a photon which is detected by the corresponding photomultiplier.
Since the crystals are doped, the effect of recombination is amplified. The coloured
rectangles in Fig. |3.10] represent elements which have interacted with the shower
caused by an incoming photon. The track reconstruction is performed by a cluster-
finding-algorithm [37]: Detector elements with an energy deposit > 5MeV are taken
as the central cluster (dark red rectangles in Fig.|3.10). Neighbouring elements with
a minimum energy of 2MeV (red and light red rectangles in Fig. and a time
difference smaller than 50ns (with respect to the central cluster) are assigned to that
cluster.

dE = 5MeV > dE > > 2MeV

Clusfer 1 Clusker 2

/
/

J1 / Y2

Figure 3.10: Simplified schematic representation of the cluster finding procedure: De-
tector elements of the calorimeter are drawn as white/red rectangles. All elements with
an energy deposit smaller than 2MeV are coloured white and elements with an energy
larger than 2MeV are coloured red. In this scenario two photons hit the calorimeter and
are reconstructed as two different clusters (blue lines represent the borders of one cluster)
with a minimum distance of four elements from each other.

The procedure stops if at least one non-hit element is found on each side of the
cluster (see blue lines in Fig. [3.10]). This final cluster is assigned to a track. The
cluster-finding-algorithm is applied again on all remaining hits which have not been
grouped to a cluster. The whole procedure ends, if all hits are assigned to clusters
(see Fig. . The position X of a cluster is defined by the individual position
Z; of each crystal belonging to the cluster and its weighted energy FE; :

E W, T
Xy = — .

w = MAX[O, 5+ In (ZEE)] (3.7)
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The properties of a (neutral) track (i.e. position) are defined by Xu.

3.5.4 Calibration of the [SECI

In order to be sensitive to the single photon energy distribution E., of n — nt7 =7, a
good calibration of the calorimeter is necessary. The following section will describe
briefly the energy and time calibration of this detector [38] with a main focus on the
energy calibration.

3.5.4.1 Energy calibration

In order to calibrate the , the reaction: pp — ppr°[7® — 7] has been measured
with a kinetic beam energy ~ 500 MeV. The 7° has a mass of 0.135GeV/c? and
decays into two photons. Both of them are used to calibrate the calorimeter because
their invariant mass has to be at the 7 mass. The invariant mass of two photons is
given by:

Invariant mass (y1,72) = \/2E71 E., - (1 —cos[Z(71,72)]) (3.8)

where E. , E,, are the energies of the two photons and Z(v;,72) is the opening
angle (in the laboratory system) between them. The invariant mass is not a discrete
value but rather a distribution, because the detector has a finite resolution. If the
calibration is done properly, the maximum of this distribution should be located at
myo = 0.135GeV /c?. Fig. shows the invariant mass distribution dedicated to
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Figure 3.11: Invariant mass distributions obtained from a fraction of data taken from
the measurement of: pp — ppr®. The dashed lines indicate the peak position of that
distribution before (black) and after (red) the calibration. Both distributions are obtained
by requesting exactly two reconstructed neutral clusters in the calorimeter.

the measurement of: pp — ppr®. The black curve shows the distribution before
calibration and the red curve after calibration. The enhancement at low invariant
masses ~ 0.01 — 0.02GeV/c? is mainly related to incorrectly reconstructed, low
energy photons which will be discussed later. Even though the m°-signal is quite
dominamﬂ there is still a smooth background related to combinatorics (i.e. com-
bination of (incorrectly) reconstructed photons which do not belong to the same

PDue to the request of exactly two reconstructed clusters in the calorimeter within one event.

32



CHAPTER 3. THE WASA-AT-COSY EXPERIMENT

70 — ~7 event). The peak position of the invariant mass distribution (before and

after calibration) is denoted by my. Before calibration, the peak position is at
my = 0.131%\7. Thus, the detector has to be calibrated in order to have my at
the correct value. The calibration procedure is based on the assumption, that the
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Figure 3.12: Top: Invariant mass of two photons as function of the individual crystal
that was hit by one of the two photons. The red dashed line indicates the projection of
the invariant mass on a specific crystal number (600 in this case). Bottom: Projection of
the invariant mass for crystal 600. The background is fit by a third order polynomial (red
line). The total signal is fit by a Novosibirsk function (see Fig. and a third order
polynomial (green line). The position m; of the invariant mass distribution for that crystal
is (before calibration) at 0.131 GeV /c?.

energy of each detected photon is mainly described by the deposited energy in the
central crystal of the corresponding cluster. The invariant mass m;; of two central
crystals ¢ and j is approximated by [39)]:

Taking one particular (central) crystal ¢ which is hit by a photon and assuming that
the contribution of the remaining 1019 crystals to the invariant mass of that crystal
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i and every other crystal j averages out [39|, leads to:
1

where k is a (global) calibration correction factor. The obvious choice for k is:
Tn’fo, such that the final invariant mass distribution is shifted to the 7’-mass.
Additionally, the individual contribution of each element i to the global invariant
mass shown in Fig. has to be taken into account. This can be done by intro-
ducing the factor: Z;—f Using this and Eq. leads to an energy correction per

element [38,39):

K =

2
mz) Mt (3.11)

i my

In order to calculate m; for each detector element, the invariant mass before cal-
ibration (black distribution shown in Fig. is plotted as a function of the
individual crystal number (see top of Fig. [3.12)). After that, the projection of
Invariant mass (71,72) is done for every crystal number and the peak position is
determined (see bottom of Fig. . This peak position can be directly identified
with m; shown in Eq. [3.11]

Fig. shows the procedure described above for crystal 600. As already explained
for the distributions shown in Fig. [3.11] the distribution here does not only contain
7% — 47 events but also a smooth combinatorial background. There is still a small
enhancement at small invariant masses, due to incorrectly reconstructed photons.
In order to obtain m;, the whole invariant mass distribution has been fit. The
smooth background is described by a third order polynomial (red curve in Fig. [3.12
bottom). The signal part which is related to 7° — 7~ events, is described by the

Novosibirsk function [40]:

fla)=A-exp [— 0.5 - (log(l +A-(z- xO))>2 + 72} (3.12)

T

with:
_ sinh(7 - y/log(4))

o - /log(4)

This function basically describes an asymmetric Gaussian distribution with resolu-
tion o, peak position zy and scaling factor A. The asymmetry can be adjusted by
the parameter 7. Fig. shows several plots of Eq. for different asymmetry
parameters. The black dashed line indicates the symmetry line (considering the
Gaussian distribution represented by the blue curve) located at the peak position
zo = 0.135. Plotting Eq. [3.12 with negative 7-values leads to a Gaussian-like dis-
tribution with a tail on the left side (green curve in Fig. [3.13]). Positive 7-values
cause a tail on the right side (red curve in Fig. [3.13]). For vanishing 7-values, the
distribution converges to a Gaussian distribution (blue, dashed curve in Fig. [3.13]).
This function was chosen, because the response function of the calorimeter (encoded
in the 7°-signal) represents itself as a Gaussian-like distribution with a tail towards
smaller invariant masses. Thus, Eq. using negative T-values is fit to the 7°-
peak in Fig. . The resulting peak position from that fit is m; = 0.131 GeV /c%.
Knowing that mys = 0.131 GeV/c? and using Eq. leads to a calibration (cor-
rection) factor of 1.035 for crystal 600. This procedure is done for all 1020 crystals
belonging to the calorimeter. Afterwards, the analysis of the pp — ppn® data is
redone with the updated calibration constants. The overall invariant mass peak

(3.13)
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12

>0

00 e
0.00 0.05 0.10 0.15 0.20

Figure 3.13: Plot of Eq. for different values of the T-parameter. All other parameters
are fixed to: xy = 0.135 (black, dashed line), o0 = 0.015 and A = 1. The green curve
corresponds to: T = —0.3 and the red curve to: T = 0.3. The Novosibirsk distribution
converges to a Gauss distribution if 7 — 0 (blue dashed curve). The black dashed line
indicates the symmetry line of the Gaussian distribution.
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Figure 3.14: Left: Schematic representation of the calorimeter calibration procedure.
Right: Plot of m; versus the corresponding crystal number after the third iteration of the
procedure shown in the left frame. The vertical lines indicate defect elements.

position my, and the individual energies m; of the crystals are checked again. The
calibration procedure is finished, if my is at the 7 mass and the corresponding
FWHM does not change significantly after further iteration steps and is < 40 MeV.
Otherwise, it has to be repeated (see left hand side of Fig. until my, = m o and
FWHM = const < 40 MeV. The right side of Fig. shows the energy m; of each
crystal as function of the crystals number after iterating the calibration procedure
three times. All crystals (which are not broken or defect) have nearly the same
energy around 0.135GeV/c?. The final overall invariant mass spectrum after cali-
bration has already been shown and discussed in Fig. [3.11] The energy resolution o
of the calorimeter obtained for the current 7° — ~~ calibration runs is ~ 14 MeV.

3.5.4.2 Time calibration

The procedure for calibrating the time for each element is very similar to the one for
the energy calibration. Fig. shows the time measured in the [SEC|as function of
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the individual crystal number. By taking the projection for each crystal number i,
the individual time distribution x., (i) (see Fig. left) given in [SQDC| channels
can be obtained. This spectrum is fit with a Gaussian function (see red curve in
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Figure 3.15: Measured time in the |SEC (in |SQD(| channels and relative to the main
trigger) as function of the individual crystal number before the time calibration. The
black dashed line indicates the projection of the time on crystal number 600.
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Figure 3.16: Left: Time spectrum for crystal 600, obtained from the projection shown on
Fig. The peak position xpeqr(600) (black dashed line) found after fitting a Gaussian
function (red curve) to that spectrum is at 249.9 channels. Right: Time distribution of
crystal 600 after calibration according to Eq. . The peak centre is at 2002 ns.

Fig. left) and the peak z,cq (i) position is determined. After that, the [SQDC

time information x.,(7) of crystal 7 is transformed by the function:

12.5
Time (i) = === s [Xen(1) = Xpea(i)] + 2000 ms (3.14)
which results in a time distribution x,.(i) given in ns with a maximum at 2000 ns
(see right side of Fig. [3.16)). This procedure is done, in most cases, once for each
crystal in the calorimeter. The time resolution ¢ for each element is about ~ 7ns.
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3.5.5 Track assignment and particle identification

The decision whether a detected particle is neutral or charged depends on which
detector elements fired. Table [3.1] shows all combinations of the Central Detector
components which might be assigned to a track. The hits in each detector that has

Scenario H Responding detectors H charged /neutral
a) Particle stopped in MDC MDC charged
b) Particle stopped in [PSB] MDC, |PSB| charged
or solenoid
c) Particle punching through |SEC| | [MDC] [PSB| |SEC| charged
d) Particle punching through [SEC| | [MDC}| |SEC charged
but undetected in |PSB|
e) Particle punching through |SEC|, |PSBL |SEC| charged
but undetected in MDC
f)  Particle stopped i, PSB charged
or solenoid, but
undetected in [MDC

2)

Particle detected in |SEC| only H |SEC| H neutral

Table 3.1: Different scenarios for the detection of a (neutral/charged) particle in the
Central Detector |26].

fired within one event, are grouped into clusters (PSB} [SEC) or tracklets (MDC]).

The clusters of one detector are checked for geometrical and time overlap with the
clusters of the remaining detectors. The parameters for checking the overlap can be
adjusted in the software, which will be discussed later.

The track assignment algorithm works basically in three steps [26] by propagating
a particle track from the beam-target interaction point (inside the to the
outside of the Central Detector (SEC):

Step 1:

Step 2:

Step 3:

The procedures done in this step refer to scenarios a) - d) in Tab. and are
shown in Fig. B.I7 At first, all tracklets found in the [MDC]| are checked for
geometrical/time overlap with clusters found in the[PSB| For each match that
is found, all clusters from the are checked for a geometrical /time overlap
with the tracklet. A check between calorimeter and [PSB| clusters in this
case is optional. If no overlap between [MDC| and [PSB|is found, clusters of
[SEC] and tracklets of [MDC] are checked for overlap. Finally, the information
provided by the and every other detector which has a geometrical /time
overlap with the MDC] are assigned to the charged particle track. If no match
between [MDC| and the other detectors is found, the particle track is defined

by the information only.

If all tracklets and the matching clusters from [PSB are assigned to
tracks, the remaining clusters from [PSB| which have no overlap with[MDC] are

checked for overlap with clusters from the calorimeter. Afterwards the particle
track is updated with information from the [PSB| and [SEC] if an overlap is
found. Otherwise the track contains [PSB|information only. All particle tracks
reconstructed in this step correspond to scenarios e) - f) in Tab.

The final step deals with tracks which are supposed to be caused by neutral
particles (scenario g) in Tab. [3.1): All remaining cluster which have no
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geometrical /time overlap either with the or with the are identified
as neutral particle tracks.

A more detailed description of the track assignment done in the Central Detector
can be found in [18,26]. Anyhow, one aspect of checking the overlap between
tracklets and [SEC]| clusters shall be discussed briefly because it is an important step
in the analysis of n — 77~ .

Yes Track assignment
| No
Overlap with Add information from
SEC cluster?
A optional
| | y Track with information |
MDC tracklet e ack with information
! from MDC G
No Start Yes
" v
Overlap with — —
PSB cluster? Add information from
PSB to track
| No Db to track
Yes :

Figure 3.17: Schematic flow diagram of the track assignment in the Central Detector of
[WASA| The procedure shown here is done if a particle is registered by the[MDC and thus
refer to the scenarios a) - d) listed in Tab. . Procedures shown on the left hand side of
the blue box deal with checking geometrical/time overlap between the detectors. The final
track assignment is shown inside the blue box respectively.

3.5.5.1 Propagating [MDC| tracklets into the calorimeter

A charged particle inside the Central Detector is bent to a helix-like curve due to
the magnetic field of the solenoid (see red curve in inset to Fig. . If the particle
is not stopped in the [MDC] [PSB] or solenoid, it will travel towards the calorimeter.
However, after leaving the solenoid, the particle is not affected by the magnetic field
anymore. Thus it will have a linear trajectory which is tangential to the end of its
previous helix curvature. If the particle is finally detected in the calorimeter, it will
be reconstructed as a cluster according to the procedure described in the previous
section. This cluster is defined by a vector pointing straight from the origin to the
central crystal. The method to assign this particular cluster to the charged track
is shown in Fig. [3.18] In addition to the particle momentum, its charge and helix
parameters, the Mini Drift Chamber also provides information about the exit point
vgp where the particle leaves the and its direction vgp pointing towards the
calorimeter. The vector vgp is normalised to its length. If a cluster vgg originally
belongs to a charged particle with given vgp and vgp, then the relation (see Fig.[3.18
insert):

|USE| = |S'UED+UEP| (315)

has to be fulfilled for a given scaling factor s. This equation is applied to all combi-
nations of MDC]| tracklets and [SEC] clusters. For each combination the scaling factor
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s is calculated and inserted in Eq. again. Finally the opening angle between
vsg and $ - vgp + vpp is calculated (see insert in Fig. [3.18)). Depending on that
angle, the calorimeter cluster is assigned to the charged particle track. The default
maximum angle for matching clusters and tracklets is 20° (see red dashed
line in Fig. . That means all clusters and tracklets with a larger opening angle
are expected to have no geometrical overlap. This procedure also plays an impor-

1600 :
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B O R

" . - | - A " el el L
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Opening angle between MDC tracklet and calorimeter cluster [deg]

Figure 3.18: Plot of the opening between the vector of the calorimeter cluster (purple
arrow in the insert) and the reconstructed particle track without magnetic field (black,
dashed arrow in the insert). The opening angle has been calculated for simulated 7™ -
tracks. The red dashed line indicates the selection criteria for assigning a calorimeter
cluster to a charged track. Inset: Schematic drawing of a charged particle leaving the
Mini Drift Chamber and flying towards the calorimeter crystals (red curve) [26]. The
purple arrow indicates a vector reconstructed from a calorimeter cluster. The point, where
the charged particle leaves the is denoted by the vector vgp (black arrow). The
green arrow represents the direction vector vgp which is parallel to the flight direction of
the particle when leaving the[MDC, By using the two vectors vgp and vgp it is possible
to reconstruct the direction the charged particle should have without the solenoid field
(black, dashed arrow).

tant part in the determination of 7 — 77~ v events and will be discussed again in
Chapter [3]

Finally, after assigning all detector information to tracks, particle identification can
be done.

3.5.5.2 Particle identification

Fig. [3.19 shows two particle identification plots for 42% of the 2010 pp — ppn data.
Electrons and pions have a different energy loss pattern due to their mass difference,
which results in different bands separated by the red lines in Fig. 3.19] A particle
identification can be performed by selecting one particular band. Furthermore, these
particle identification plots can be used to optimise the analysis for a certain particle

type.
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Figure 3.19: Plot of the deposited energy in the (left) and the (right) as
function of the momentum reconstructed in the [MD( times the particle charge. The red

lines are drawn for visualising the different bands caused by pions and electrons/positrons.
[SEq] clusters with an energy smaller than 20 MeV are rejected.

3.6 Data acquisition and trigger

The data acquisition system used in[WASA]is responsible for reading out the detector
signals and providing them to a computer storage so that they can be processed for
further analysis. Fig. [3.20] shows a schematic diagram of the data acquisition. In

Storage
T Tt t 1 1

Event Builder (software)

Readout Computers

Trigger System s
Digitization System

S-ADCs S-TDCs
(SEC) [Straws)

F-ADCs F-TDCs

(Plastics) [Plastics)

Figure 3.20: Schematic representation of the WASA data acquisition system @

a first step, the information of each detector (analogue signal) has to be digitised
where the response of each detector module has to be taken into account [41]. Signal
pulses from the calorimeter for example have a much longer tail than those stemming
from the plastic scintillator barrel.
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3.6.1 Read out and digitisation

The detectors used in (except the straw tubes) provide two pieces of infor-
mation about a detected particle: (i) its energy and (ii) the time when the particle
has been detected. The energy information of the particle is stored in the integrated
detector signal - the charge ). This charge is digitised by a Charge-to-Digital
Converter @ as the main component of that device is an Analogue-to-Digital
Converter (ADCJ|). The time is compared to a reference time and digitised by the
Time-to-Digital Converter . Fig. shows how the different detector com-
ponents are read out. As mentioned before, signals coming from the calorimeter,
time and as well as charge, have a long decay time and can both be readout by [ADCk
with a low sampling rate ~ 80 MHz [41]. Those are called slow or s-
(see Fig. 3.20)). The straw detectors are read by slow (s-TDCs) [41].
The plastic scintillators (FRH| and [PSB)) deliver signals with a short decay time
and have to be read out by [ADCk with a high sampling rate ~ 160 MHz and fast
)

As indicated in Fig. [3.20] the detector signals are split into two parts. One part is
digitised (see blue box in Fig. [3.20) whereas the second part passes discriminators
and is fed into the trigger system (see green box in Fig. . Signals passing the
trigger have to fulfill certain conditions (see next section) and are scaled depend-
ing on the trigger that has been chosen. If a trigger fires a time stamp and an
event number is generated by the synchronisation system [42]. This information is
distributed to the digitisation modules. Only if the time of the detector signals is
within a certain time interval around the time stamp, the digitised data is passed
to the read out system. Thus the signals coming from the trigger are synchronised
in time with those coming from the digitisation.

3.6.2 The trigger

The high luminosities ~ 103 cm™?s™! which can be achieved in the experi-
ment would cause a high event rate ~ 5 MHz which can not be handled by the data
acquisition system, having a readout capability of ~ 20kHz [43]. In order to reduce
the amount of data flow, a three level trigger system is used [43].

The first trigger level comprises information from plastic scintillators in the forward
and central detector parts of WASA. As indicated in Fig. [3.20] signals coming from
plastic scintillators are filtered by their hit multiplicity, coincidence and track align-
ment [43].

The second level trigger is dedicated to events inside the calorimeter, which are
filtered by their analogue energy sum and the cluster multiplicities, i.e. number of
clusters above a certain energy threshold [43|. Information from the straw detectors
(MDC| and [FPC)) are not considered for the rate reduction. The first two trigger lev-
els are implemented in hardware, because they require short processing delay times
(~ 100 ns for the first and ~ 500 ns for the second trigger) [43].

The third trigger level on the contrary, is software based and dedicated to a full event
reconstruction [43|. For that purpose the basic trigger conditions of the different de-
tector elements are combined by an AND-logic. The reaction pp — ppn[n — 77~ ]
for example could be realised by the final trigger as follows:

i) At least two hits in the second element are above a given energy threshold
and the corresponding tracks are aligned properly. This corresponds to two
protons in the Forward Detector.
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ii) In addition to i): At least two clusters in the Plastic Scintillator Barrel are
above a given energy threshold. This refers to the two charged pions.

iii) In addition to i) and ii): At least one cluster in the calorimeter is above a
given energy threshold. This condition refers to the single photon.

These conditions are also suitable for selecting decays like n — 77~ 7% or n —
ete”v. Thus, the trigger condition mentioned above would be suitable for selecting
all events which are supposed to be charged eta decays including photons.

A trigger including condition i) and at least two clusters in the calorimeter only,
would be selective for n — 7 events. This neutral decay is the most predominant
one and can be suppressed by a prescaling factor z, i.e. only every z-th event that
fires the trigger is taken. A more detailed description of the trigger system can be
found in [43].
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Chapter 4

Analysis Tools and the ppn Data Set

The measured data is stored on computer clusters and processed further by the
data analysis software package ROOT, which is described in the following sections.
Additionally, the measured data is compared to a simulated data set in order to un-
derstand the detector response and physics background. The input of the simulated
data is given by an event generator which incorporates the kinematics related to the
physics of the decay channel of interest.

4.1 RootSorter

The data handling and particle track reconstruction is done by an analysis pack-
age called RootSorter which has initially been developed for the [COSY}Apparatus
for Studies of Nucleon and Kaon Ejectiles collaboration [44]. The basis
of RootSorter is the ROOT data analysis framework which is an object-oriented,
C+-+ based, software package [45]. ROOT was initially designed for high energy
particle physics and has been developed at the European centre of nuclear physics
research (CERN). The basic functions of ROOT contain data handling, event pro-
cessing, creating and fitting of histograms and other functions that are related to
data analysis. The benefits of such a framework are easy data processing on the
one hand and common analysis conditions which do not depend on the individual
reaction that is investigated on the other hand. The data storage and track recon-
struction in each detector are assigned to individual C++ classes within RootSorter
and may be called in the individual analysis scripts.

Fig. shows a diagram representing the data flow and data processing. The hit
information of each detector element is stored in object classes (hit banks) and
grouped into clusters by a cluster finding routine which is part of the RootSorter
analysis modules. The clusters are stored in cluster banks and finally processed by
track finding routines. The tracks are stored in track banks respectively and can
be processed in the final analysis which is related to a certain physics reaction (e.g.

n—atry).

4.2 The Pluto event generator

The input information for the simulated data is provided by the Pluto event gen-
erator (see Fig. which is dedicated to hadron-physics reactions and has been
designed within the collaboration [46]. The input for Pluto are the particles
that participate at the reaction of interest and the beam kinetic energy.
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PLUTO: generate
physics reaction

' WASADeteetor WASA Monte

Carlo

Adjust detector
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(RootSorter) :  Reconstruction
Modules 1
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Figure 4.1: Schematic representation of the data flow before analysis.

The kinematics of all particles are, by default, defined by an isotropic phase space
distribution, but it is also possible to incorporate the underlying physics of a certain
reaction which defines the kinematics of the particle final states.

The kinematics of the generated decay n — w7~ for example, are implemented
and defined in Pluto by the decay amplitude discussed in Chapter 2 The final out-
put of Pluto are the momenta, angles and energies of all particles that have been
defined in the input.

4.3 The WASA Monte Carlo (WMC|) simulation
package

After generating hadronic reactions with Pluto, the response of theWASA] detector
to those events is simulated with the WMC]| program which is based on GEometry
ANd Tracking . This program is a tool for simulating the response
of a (virtual) detector on (simulated) particles propagating through it. The interac-
tions between the propagating particles and the detector components are computed
by calculating the energy losses of the particles in active and non-active detector
material. Furthermore, physical effects like photon conversion or secondary particle
decays are included. Additional inputs for the WMC]| program might be information
about the individual detector parts, e.g. dead tubes in the drift chamber, or shower
losses in the individual parts of the calorimeter. The final output of the sim-
ulations are data files containing events with hit information of each detector but
also information about the initial kinematic variables of each particle. Those files
can be passed to the analysis chain shown in Fig. and processed in exactly the
same way as the measured data. This procedure allows to study the measured data
in various aspects because the output of the simulations is well defined by
the generated physics events and the detector information that has been put in.

It is also possible to generate single particle tracks by using an internal event gener-
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ator which is built in the package and does not depend on Pluto. In this case
single particle tracks are simulated with in isotropic energy and angular distribution.
This method will be important when performing the error parameterisation for the
kinematic fit which will be discussed in Chapter [f

The comparison between the measured and simulated data sets is only possible, if
the measured data is calibrated and the detector response in the simulation is ad-
justed properly.

The adjustment of the detector response in is done in such a way that detec-
tor thresholds, the energy resolution or drift distances can be adapted by the user.
This method has the benefit, that effects which are not implemented in the Monte
Carlo (MC) simulations can be taken into account (e.g. gain instabilities during the
measurement). The energy resolution of the plastic scintillators for example can be
changed by introducing an absolute or relative Gaussian smearing to the deposited
energy AFE in the scintillator:

AE — AFE + Gaussrandom (07 Usmear,abs) (41
AE — AL Gaussrandom(la Usmear,rel) (42)

The first equation represents the absolute Gaussian smearing and the second equa-
tion represents the relative Gaussian smearing respectively. The function Gauss,andom
returns a random number from a Gaussian distribution with mean value 0/1 and
resolution Ggmear.abs/Tsmearrel- L he resolution Ggpeq 1S a variable which can be ad-
justed by the user. Different values for o,eqr result in different resolutions of the
corresponding detector. The resolution or response of the straw tubes is mainly
adjusted by changing the drift times. The resolution of the calorimeter is tuned by
varying the parameter L\/%) which has already been discussed in Chapter

A correct description of the generated data with respect to the measured data
is tremendously important, because otherwise a detailed understanding of the final
analysis will not be possible.

4.4 The data set

In the WASA-at-COSY experiment there are two production mechanisms for the 7
meson available. The first one is pd — *Hen and the second one is pp — ppn which
was employed for the data set of this analysis. Each of them has its advantages and
disadvantages which are discussed in the following section.

4.4.1 m production at WASA-at-COSY

Table 4.1 summarises the characteristics of the two 1 production methods mentioned
above. Tpeq.m denotes the kinetic beam energy which is used in each case and refers to
an excess energy of ~ 60 MeV. The cross section of the corresponding 7 production
process is described by o(n). Table shows that the n production cross section for
the reaction pp — ppn is about 24 times larger than the corresponding cross section
for pd — ®*Hen. This allows on the one hand to study rare decay processes such as
n — ete” but has the drawback of a large background contribution from multi-pion
production (see Table . This is not the case when using the reaction pd — 3Hen.
The multi-pion production rate is lower (see Table but the price for that is the
insufficient statistics to measure rare 1 decay processes. Another advantage, that
comes along with the analysis of pd — 3Hen decays is the easy tagging of the n
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| [ pd — *Hep [ PP — PDY) |
Tream 1GeV 1.4 GeV
o(n) [48,49| (0.412 £ 0.016) pb (9.8+£1)ub
Suited for study of not-so-rare n decays || study of (not-so-) rare n decays
Background || low multi-pion background high multi-pion background

Table 4.1: Short summary of the main aspects of the two different 1 production mecha-
nisms used for the WASA-at-COSY experiment.

| Reaction | Tyeam[GeV] | o[ub] [49;5OD
pd — SHer 7" 0.893 2.84+0.3
pd — SHerTm™ 0.893 51+£0.5
pp — ppr a7l 1.36 46+1.5
pp — pprorY 1.36 200 £ 30
pp — ppr T 1.36 660 4 100

Table 4.2: Summary of multi-pion production cross sections that compete with the dif-
ferent 1 production mechanisms.

meson, because the *He particle is mainly stopped by the thin plastic scintillators in
the Forward Trigger Hodoscope and thus can be easily identified. Protons stemming
from the reaction pp — ppn might punch through the whole Forward Detector and
deposit their energy throughout the whole Forward Range Hodoscope.

There is no single argument that determines which 7 production process is better
or worse. It depends on the experimentalists purpose such as the ability to study,
more or less, background free but not-so-rare decay processes or rather rare decays
which come along with a large multi-pion background.

The aim of studying n — 777~ in pp — ppn is to improve the statistical uncer-
tainty. It also allows to cross check the results which have already been gained from
the analysis pd — 3Hen[n — 77~ 7] because each production mechanism comes
along with different systematic uncertainties.

Table shows the cross sections of multi-pion production reaction for beam kinetic
energies in the region of the n production. In case of pp — ppn there are three multi-
pion production reactions which dominate the background and may overwhelm the
7 signal. Thus, the challenge of this work is to sufficiently eliminate the background
without loosing too much acceptance for the 7 signal.

4.4.2 Preselection and experimental trigger

The WASA-at-COSY experiment has taken pp — ppn data in three different periods
which are listed in Table [4.3] Taking all those data sets into account leads to
< 1-10 expected 7 events stored on tape. The file size per data run is ~ 21 GB (see
Appendix [A]) which is still not sufficiently small to be stored on a hard disk cluster,
if all runs are analysed. According to the previous section the ppn data contains a
large fraction of events stemming from multi-pion production reactions, which are
not needed for the analysis. The time needed to analyse the whole data set with
a well tuned and sophisticated analysis program would be in the order of a yeaif]
which is not feasable. Thus, a reduction of the taken data is needed in order to
decrease the amount of data stored on disk and to limit the time needed for offline

aThis estimation is based on the usage of the recent analysis code.
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analysis. For that purpose a preselection has been done in which events are selected
that are supposed to be related to charged 7 decays.

Data taken in | Duration of beamtime | Quantity of stored data [TB|
Winter 2008 2 weeks 35

Spring 2010 7 weeks 98

Spring 2012 8 weeks 118

Table 4.3: pp — ppn data taken by the WASA-at-COSY fascility. The right column in
this table shows the file size of the taken data which is stored on tapes. The red coloured
row refers to the data set which will be discussed and analysed within this thesis.

4.4.2.1 Preselection of the 2010 ppn data set

Fig[4.2]shows the two selection criteria that have been implemented in the preselec-
tion. The first selection step is dedicated to the two protons in the final state which
are reconstructed in the Forward Detector. For that purpose the missing mass de-
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Figure 4.2: Left: Missing mass distribution of the measured data before and after
applying a missing mass cut (purple dashed line). The red curve shows the missing mass
distribution of the[MC| simulated reaction pp — ppn. The purple dashed line indicates the
first preselection condition. Right: Multiplicity of charged particle pairs in the Central
Detector with opposite charge. The purple dashed line indicates the second preselection
condition.

duced from the two initial and two final protons is investigated. The missing mass
is defined by all measured particles in the reaction pyegmprarget — P1D27:

Missing mass (Poeam: Prargets P15 P2) = [Ppyam + Pprarger = (Ppy + Ppy )| (4.3)
where P; is the four momentum vector of a particle i:
Pz
Pi=| ", |P¢|:\/E2—(p§+p§+p§):mi (44)

P
E

The 1 meson is unmeasured but its mass can be calculated by Eq. and Eq.
due to energy and momentum conservation. The missing mass in Eq. [£.3]is a dis-
tribution with maximum at the n mass because the reconstruction of the proton
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variables is influenced by the detector properties (e.g. resolution, efficiency, etc.).
The missing mass only depends on the proton pair p;, ps which are reconstructed
in the Forward Detector because the beam and target protons are fixed and well
defined.

The left side of Fig. shows a plot of Eq. related to Monte Carlo simula-
tions of pp — ppn (see red curve). This distribution has a maximum at the 1 mass
m, = 0.5478 GeV /c? and fast dropping tails. The corresponding spectrum deduced
from the 2010 data set is represented by the black curve in Fig.[.2] This distribution
shows no clear 7 signal because of the dominating multi-pion background. In order
to reduce this background, a cut on the missing mass has been introduced (purple
dashed line in Fig. . This cut is defined in a way that all events are accepted
which contain at least one pair of reconstructed protons with a missing mass larger
than 0.4 GeV/c?. The event is rejected if no such proton pair exists. The missing
mass spectrum which is related to that condition is represented by the green curve
in Fig. . The tail at missing masses smaller than 0.4 GeV /c? is caused by events
where more than two proton tracks are reconstructed.

The cut on the missing mass distribution has been chosen in that particular way
in order to meet three requirements. The first one implies that the largest fraction
possible of background related events should be filtered out. In addition to that, the
minimum possible signal events should be affected by the missing mass cut. The
third requirement is that the selection of signal events should not be too sensitive
to the calibration of the Forward Detector, because this might be optimised later.
The left side of Fig. shows that the missing mass cut only effects the left tail of
the [MC] generated missing mass distribution and therefore has no influence on the
signal region around the 7-mass.

The second preselection condition, which is done in addition to the first one, is
shown on the right hand side of Fig. All events that contain at least one pair
of reconstructed charged tracks in the Central Detector with opposite sign are ac-
cepted. This condition implies the track reconstruction by the Mini Drift Chamber
and therefore demands a sufficient pre-calibration of the drift times. The final fitting
routine, which is implemented in the [MDC] track reconstruction, has not been used
because only the charge information was needed. This also ensures a less restrictive
event selection. Applying both preselection conditions on the 2010 data set leads

Acceptance [%)]
Simulated reaction | MM. cut ‘ Geom. ‘ Presel.
n— wtr 7o 86 59 27
n—mtry 86 65 32
n—ete 86 83 35
pp — ppr T 66 54 18
pp — ppron? 19 n.a. 0.2
pp — pprtwT 23 66 10

Table 4.4: Acceptance for different simulated reactions related to: (i) The cut on the
missing mass shown in Fig. (ii) Geometrical acceptance of charged particles in the
Central Detector and (iii) Requesting condition (i) and at least one charged pair in the
Central Detector with opposite sign.

to a file size of ~ 1.9GB (see Appendix [A)) per run (including file compression).
This is nearly a factor ten reduction of the original raw data file size, which will
decrease the time for analysing the complete data set by roughly the same factor.
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The acceptance of the whole preselection procedure is shown in Table for differ-
ent simulated reactions. According to this table, the acceptance for n — 77~ is
~ 32%. This number shall be explained briefly in the following: Fig. 4.3 shows the
geometrical acceptance for protons and pions stemming from the decay n — 777,
which is reconstructed in [WASA] The geometrical acceptance for one proton being
registered in the Forward Detector is ~ 94%. The corresponding acceptance for a
charged pion pair is ~ 65% (see also third column in table . A cut on the pro-
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Figure 4.3: Kinetic energy of protons (left) and pions (right) in the laboratory system as
a function of the polar angle in the laboratory system. Both plots have been obtained from
Pluto generated n — w7~ events. The red lines indicate the geometrical acceptance for
protons in the Forward Detector (left) and pions in the Central Detector(right). Most of

the pions are boosted into the forward direction.

ton missing mass refers to an efficiency of ~ 86% (see second column in Table
and already includes the geometrical acceptance for protons. The remaining part
of the event reduction is given by the reconstruction efficiency of a charged particle
within the Mini Drift Chamber, which turned out to be in the order of ~ 70 — 75%
(according to the values presented in Table . Taking all this into account leads
to the total preselection efficiency of 32% for n — 7wt7 .

The different n decays listed in Table[d.4show different preselection efficiencies which
will be explained in the following: The efficiency related to the missing mass cut
shown in Fig. is unique for all eta decays, because the eta production mechanism
and thus the corresponding proton missing mass distribution is decay independent.
The geometrical acceptance for a charged particle pair in the Central Detector (see
second column in Table is different for each decay, due to the individual kine-
matics. Therefore, the preselection efficiency slightly changes for different 7 decays.
Table4d.4|shows the capability for rejecting events stemming from direct pion produc-
tion reactions, which is solely given by the missing mass condition. The production
of two neutral pions is additionally suppressed by the request of two charged tracks
in the Central Detector.

4.4.2.2 Experimental trigger for the 2010 ppn data set

The main experimental trigger used during taking the 2010 data set is composed of
two parts. The first part deals with hits in the Forward Detector which are supposed
to be the final state protons of the reaction pp — ppn. For that purpose at least two
hits in the second layer of the Forward Range Hodoscope with a geometrical overlap
to the forward tracking detectors are required. The second part of the trigger is
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dedicated to the decay products of charged n decays and therefore demands at least
two hits in the Plastic Scintillator Barrel and at least one hit in the calorimeter. The
constraint on the [PSB| hit multiplicity refers to charged particles and shall ensure
that they passed the Mini Drift Chamber which is used for track reconstruction.
Photons are requested by hits in the calorimeter. Fig. 1.4 summarises the trigger

Trigger not fired and
pres. cond. fulfilled

Trigger fired and pres.
cond. not fulfilled

Trigger fired and pres.
cond. fulfilled

Pres. cond. fulfilled

Trigger fired "
]

All events

40 50 60 70 80 90 100
[%]

Figure 4.4: Trigger statistics for ~ 20% of the analysed 2010 ppn data set.

and preselection statistics done for ~ 20% of the 2010 ppn data set. Every time the
trigger or preselection condition (or a combination of both) is fulfilled within one
event the corresponding histogram bin is filled. The results of that study show a
96% overlap between the preselection conditions and the experimental trigger (i.e.
between third and fourth horizontal bar in Fig. [4.4)). Thus, an explicit request of
that trigger (i.e. selecting only events, where this trigger fired) during data analysis
is not needed. This simplifies the comparison between simulated and measured
data, because the experimental trigger conditions are more difficult to implement
(e.g. detector thresholds) in the analysis of simulated events than the preselection
conditions.

4.5 Matching simulations to data

A very important issue in data analysis is the comparison to simulations. This is only
possible if the experimental conditions are sufficiently reproduced in the simulated
data sets.

4.5.1 7Y peak position and calorimeter resolution

The first step in matching the measured and simulated data sets is the adjustment
of the 7 peak position and resolution. For that purpose the two photon 7% invariant
mass (see Eq. has been monitored for each individual run during the preselection
of the 2010 ppn data set, as well as for the simulated decay n — 777~ 7". The 7°
peak position and resolution were determined according to Eq. [3.12] The results of
this procedure are shown in Fig. m The top left diagram shows, that the 7° peak
position is for a large fraction of the runs at ~ 0.142 GeV /c?. The reasons for such
a run dependent resolution might have several reasons, such as gain instabilities or
periods of varying detector rates. The total invariant mass spectrum of all analysed
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runs is shown at the top right corner of Fig. 4.5l This distribution was fit with a
combination of the Novosibirsk function and a third order polynomial. The peak
position deduced from that fit is myo p;; = 0.141 GeV/ c2, as the corresponding fit
error is negligible. In order to get the individual and overall peak position at the
physical ¥ mass, a correction factor (i) is introduced for each run i:

~ 0.135GeV/c?
N Mo (1)

k(1) (4.5)
myo(i) is the 7° peak position of the invariant mass spectrum referring to run ¢
which is shown in the top left of Fig. [£.5] This correction factor is multiplied by the
calibration correction factor discussed in Eq. After applying this correction,
the overall invariant mass spectrum has its peak position at 0.135GeV/c? and a
resolution of 16 MeV (The corresponding spectra will be shown and discussed in

the lower part of this section). The average m° peak position per run improved
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Figure 4.5: Top left: Calculated ©° peak position for each run of the 2010 ppn data
set. The red line indicates the nominal 7° mass. The area between the purple lines shows
no entries, because those runs belong to the pp — ppr® calibration data set. Top right:
Invariant mass distribution deduced from two photons for all runs stemming from the
2010 ppn data set. Bottom left: Invariant mass distribution deduced from two photons
for Monte Carlo simulated n — 7tm~ 7% events. The peak resolution o(7°) has
been adjusted by a smearing factor L\/%) = 0.015. The background of both invariant mass
distributions shown in the top right and bottom left frame is fit by a third order polynomial
(red curve). The total signal is described by the Novosibirsk function plus a third order
polynomial (green curve). Bottom right: 7¥ peak resolution o(7°) for different smearing
parameters L\/%) for simulated n — nta~ 7" events. The red curve represents a linear fit
to the four data points.

to ~ 0.134GeV/c?. Additionally, the position of the  — v peak per run was
checked, in order to cross check the run dependent correction factor. The average
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eta mass per run is ~ 0.546 GeV /c?, which is in good agreement with the expected
eta mass |10].

In a next step, the resolution of the 7° peak deduced from the simulated data
has to be adjusted to the resolution from the data. For that purpose, simulated
n — wrr 70 events are analysed for different L\/%) parameters (see e.g. Fig.
lower left) which are responsible for the energy smearing in the calorimeter. The
invariant mass distribution is again fit by a third order polynomial plus a Novosi-
birsk function (see green curves in top right and bottom left frame of Fig. {4.5)).
Afterwards the obtained 7 peak resolution is plotted as function of L? which is
shown in the bottom right diagram of Fig. [4.5] The data points are fit by a linear
function. Using this function and the 7° peak resolution obtained from the measured
data, it is possible to calculate the appropriate smearing parameter % which was
determined to be 0.041 (see dashed line in bottom right diagram in Fig. [4.5)).

After adjusting the calorimeter resolution within the simulated data, the 7° and
n — 7y peak position is determined for simulated  — 77~ 7% and n — v events.
Ideally, the simulated 7 and 1 two photon invariant masses should be in agreement

with the average mass values obtained from the experimental data. The two pho-
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Figure 4.6: Top: Two photon invariant mass distributions obtained from simulated
n — atn~ 70 (left frame) and n — ~y (right frame) events. The red curves in each
diagram represent a third order polynomial, which was fit to the background. The green
curves represent the polynomial plus a Novosibirsk function, which describes the signal
peak. The black dashed lines refer to the peak position, which was found by fitting the
green curve to the simulated distributions. Bottom: True 7% and n mass as function of the
corresponding mass determined from the spectra shown in the top frame for calorimeter
ring number 152 (left) and 172 (right). The red curves represent a quadratic fit. In order
to avoid non-physical invariant mass offsets, the point (0,0) is included.

ton invariant mass distributions deduced from simulated n — 7+t7~ 7% and n — vy
events are presented in Fig. [£.6] Each distribution is again fit by a third order
polynomial plus a Novosibirsk function (see green curves in top row of Fig. [4.6)) and
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the individual peak position is determined. The value obtained for the two photon
70 invariant mass is in agreement with the average mass value estimated for the
measured data (see value in the box in the top left diagram of Fig. . In contrast,
the 1 mass value deduced from simulations (see value in the box in the top right
diagram of Fig. |4.6)) shows a clear disagreement and is ~ 3% larger than the true
value. According to that, the individual energy of a photon stemming from 7 — v
is a few percent too large, because E, ~ vInvariant mass.

Photons stemming from 1 — 777~ reactions cover the energy range of low en-
ergy m° — 77 as well as high energy n — ~7 photons. Thus, the simulated E.-
distribution is effected by the disagreement between the true and reconstructed
17 — 7y mass. This mismatch has to be solved, otherwise the description of the
decay n — 7w~ is not consistent within the simulated and measured data set. In
a first approach (which is not shown here), a global correction factor was introduced,
which shifts the n — ~7v spectrum towards smaller mass. As a consequence, the n
mass was adjusted properly, but the obtained 7° mass was too small. This prob-
lem was overcome, by introducing a calorimeter ring (see Section dependent
photon energy correction for the simulated data set. The corrected photon energy
E. corr(1) is given as function of the calorimeter ring number ¢ and the corresponding
energy E. (i), which was reconstructed in that ring:

By aore (i) = [a(i) - \/E() +5(0)] " f (4.6)

This correction is equivalent to the element-wise calibration presented in Eq. [3.11]
The only difference is the additional parameter b(i), which ensures the proper rela-
tive adjustment of the 7° and n — 77 peak position. The parameters a(i) and b(7)
(listed in Appendix [B) were found by deducing the invariant mass distributions of
simulated n — 7F7~ 7% and n — 77 events for each individual calorimeter ring 1.
The corresponding peak positions were determined, by fitting a Novosibirsk function
plus a third order polynomial to each distribution. The obtained, ring dependent,
two photon invariant masses are compared to the true values of the n and 7° mass.
The bottom row of Fig. [1.6] shows an example of this procedure for a ring in the
back part (number 152) and in the front part (number 172) of the calorimeter. All
three points are fit by a quadratic functionﬂ (see red curves). The coefficients of
that function correspond to the parameters a(i) and b(i) in Eq. [4.6] This procedure
was done for all 24 ring elements within the calorimeter. The global factor fge
in Eq. is adjusted by fine tuning the global (i.e. over all rings) invariant mass
distributions towards the true 7% and 1 masses.

The final results of this procedure are shown in Fig. [£.7 The peak position of the
individual invariant mass distribution is presented as function of the single photon
energy (first row) and the corresponding ring (second row). The final overall distri-
butions are plotted in the third row. Applying no energy correction causes the m°
masses to fluctuate between ~ 0.13 GeV /c? and ~ 0.145 GeV /c? for photon energies
< 0.4 GeV (see black points in top left diagram of Fig. and different rings (see
black points in centre left diagram). After applying the correction (purple points),
the peak position as function of the single photon energy / ring number increases
within the order of < 2MeV = 1.5%. The 7 invariant mass for each ring / energy
range is reduced by < 15MeV = 2.7%, if the energy correction is applied. For
both simulated decay channels, the change of the individual invariant mass peak
position is in the order of a few percent, which was expected. The right column of

PHere, a quadratic function was used, in order to include the point (0,0) within the fit.
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Figure 4.7: Peak position of the two photon invariant mass distribution deduced from
simulated n — w770 (left) and n — ~v (right) events as function of: Top: The recon-
structed energy of a single photon. Centre: The ring number within the calorimeter. The
numbering starts at 151 (ring in the back part) and ends at 174 (ring in the front part).
Peak positions calculated with /without the correction shown in Eq. are presented by
purple / black data points. The error bars represent the parameter errors obtained from
fitting a Novosibirsk function plus a third order polynomial. The red lines represent the
true values myo = 0.135 GeV /c? and m,) = 0.5478 GeV /c?. Bottom: Overall two photon
invariant mass spectra for simulated n — w7~ 7" (left) and n — ~v (right) decays, in-
cluding the ring wise energy correction. The black dashed lines refer to the peak position,
which was found by fitting a Novosibirsk function plus third order polynomial (green curve)
to the simulated distributions.

Fig. 4.7/ shows that the deviation of the 7 — v peak from the true value (indicated
by red line) is significantly improved by introducing the ring and energy dependent
correction. The peak position of the overall invariant mass spectra are indicated by
the black, dashed lines in the bottom diagrams of Fig. . The 7° peak position
changed from 0.135GeV/c? to 0.136 GeV/c?, whereas the n — 77 peak position
changed from 0.563 GeV/c? to 0.548 GeV /c?, respectively. Thus, the two photon
invariant mass distributions for simulated n — 7#t7~7% and n — ~7 reactions are
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adjusted relative to each other properly and are comparable with the measured data
set.

4.5.2 [FRH resolution

The resolution of each layer in the Forward Range Hodoscope is adjusted in a similar
way as discussed above: The relative energy smearing ogmearrer(2) (see Eq. for
simulated energy deposits in [FRH]| layer ¢ is varied and the corresponding energy
resolution AE(i) is determined. The relation between both parameters is found to
be linear: AE(i) X Osmearrer(?). By comparing AE(i) to the corresponding energy
resolution obtained from measured data, the parameter ogmearrer(?) is determined.
This whole procedure is done for all layers in the Forward Range Hodoscope. Simi-
larly the time resolution of each plastic scintillator is adjusted. However, it turned
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Figure 4.8: Left: Deposited energy for measured (top row) and simulated (bottom
row) protons in layer 1 as a function of the corresponding deposited energy in
layer 2. The black dashed lines indicate as an example the range: AE(FRH1) €
[0.067 GeV,0.0705 GeV], for which a projection of the deposited energy in 2 is ob-
tained. This range is varied along the upper part of the proton energy loss band. Right:
Projection of the deposited energy in 2 for measured (top diagram) and simulated
(bottom diagram) protons.

out, that the above described adjustment of the individual [FRH|energy resolution is
connected to considerable large systematic uncertainties, which will be discussed in
Chapter [6] This section will focus on the observed mismatch between the simulated
and measured [FRH]| resolution, depending on the reconstructed proton angle 6.

The left hand side of Fig. shows the deposited energies of measured (top dia-
gram) and simulated (bottom diagram) protons in the first layer versus the
corresponding deposited energy in the second [FRH|layer. The resulting energy loss
band was scanned, by performing a projection onto the x-axis for different energy
ranges, as indicated by the black dashed lines in the left panel of Fig.[4.8 The lower
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part of each band (i.e. deposited energies in 1, that are smaller than 0.06 GeV)
is not taken into account, in order to avoid resolution effects from nuclear interac-
tions, minimum ionising particles or misidentified charged pions (the latter one is
of course only observed in measured data). The width and position of a projection
window ¢ is defined according to:

0.06 GeV + 0.0035 - i < AE(FRH 1) < 0.06 +0.0035- (i+1), i=0,...,9 (4.7)

The right hand side of Fig. [4.8] presents the obtained projections for: 0.067 GeV <
AE(FRH 1) < 0.0705 GeV. Each of those distributions corresponds to the deposited
energy in the second [FRH] layer for all energy deposits in [FRH] layer 1, which are
within the energy range discussed above. These distributions are fit by a Gaussian
function (see black curves in right frame of Fig. [4.8]) and the fit parameters (mean
value p and resolution o) are determined. This procedure is repeated for all combi-

Data Data
= 0.014
E 0.09F i £
= E = 3 < e <6 = 0.013F
£0.08 ° E
© £ = 0.012=
: £ EE 6<6<9 s E =
§ 0.07F S 0.011F
E == 5 E o
= F == 9.<0<12 2 E e
0.06 2 0.0l: PE
o.0sF == & 0,009 e —
05 = =] F e D e
oosk == 15 <6< 18 0.008F ==
e o= E e . 74:_’_\»4—4
F == 0.007 — =
0.03F E — —— g —€—
F == = 0.006 R ::}'ZE e
E — E
002 == 0.005F —
E == . = -
F ° F —
ol b b L b e vy 1y oy e b b L e b by 1
001 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.004 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095
AE in FRH 1 [GeV] AE in FRH 1 [GeV]
MC: Proton single tracks 0014 MC: Proton single tracks
A = 3
s F EE 3<6<6 =, 0013¢
£ 0.08 o £ E
= £ - © 0.012F
<3 £ == 6 <6<9 5 E
g 0.07 o £ 0011
0065 = = 9.<0<12 2 oot
Lo [ —y Q e
C =g o« = %ﬁik
0.05F —o— 0009E "_;:!{;' :
E == 15 <06<18 0.008F gt
0.04 =8 E ==
E —e— 0.007: - L
0.03 %L% E ﬁg‘it{f#
£ = 0.006 = T g
E ﬁ_H E H %
0.02 == 0.005F EI = o
E == E =
AR SRR AU AU UAIUN USRI S SR U RIS SR S e e b b L b e b
001 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095 0.004 0.06 0.065 0.07 0.075 0.08 0.085 0.09 0.095
AE FRH 1 [GeV] AE FRH 1 [GeV]

Figure 4.9: Mean value p (left column) and resolution o (right column), deduced from a
Gaussian fit to the projections of the deposited energies in the second [FRH| layer, as func-
tion of different deposited energies in [FRH| layer one. Top: For measured data. Bottom:
For simulated proton single tracks. The horizontal error bars represent the width of each
projection window and the vertical errors bars refer to the errors of the fit parameters.
The coloured markers correspond to different 6 ranges, which are listed in the left frames.

nations of [FRH]layers and for different proton polar angles. Fig. shows the mean
deposited energy i and resolution o (deduced from the Gaussian fit) of 2asa
function of the energy projection window, which corresponds to a certain range of
deposited energy within [FRH| 1. The coloured markers refer to different ranges of
the proton polar angle. The right side of Fig. shows, that the energy resolution
determined for data and simulations fluctuates for different polar angles. However,
the variation of the experimental energy resolution is larger than the variation of
the simulated resolution values.
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CHAPTER 4. ANALYSIS TOOLS AND THE PPn DATA SET

In order to have a better visualisation of the differences between measured and sim-
ulated deposited energies, the fit parameters p and o are plotted as functions of
the various 6 ranges, but for a fixed projection window. The result is presented
in Fig. 4.10] According to the blue data points in the left diagram, the simulated
mean deposited energy in [FRH| layer two increases with increasing 6 angle. This
is reasonable, because the protons have to travel a longer path through the scin-
tillating material for larger polar angles. The corresponding mean values obtained

o
o
=
)

0.011}

Resolution o [GeV]

o
2
TFFF-f-FFFT T
T f T

0.009f
0.008f

0.007

T 0.006

0 [deg]

Figure 4.10: Mean energy deposit i (left diagram) and resolution o (right diagram) of
2 for the energy projection window: 0.067 GeV < AE(FRH 1) < 0.0705GeV as a
function of different ranges of the proton polar angle. Red points refer to measured data
and blue points refer to simulated data respectively. The horizontal error bars represent
the width +1.5° of the angular range. The vertical error bars refer to the fit error of each
parameter.

from the measured data show an opposite pattern. Here, the mean deposited energy
decreases for larger proton angles. This behaviour might be related to the calibra-
tion procedure of the Forward Range Hodoscope: In the experiment, the deposited
energy of a particle being detected in the [FRH]is collected as digitised [ADC]| values,
which show a 6 dependency. In order to translate the [ADC}values into deposited
energy, the non-uniformity is corrected by a third order polynomial. Thus, it is
naively assumed, that this correction might lead to the effects shown by the red
points in Fig. [£.10] The measured energy resolution is also influenced by this effect,
which can be seen in the right diagram of Fig. [£.10] For polar angles § < 12°, the
simulated and measured resolutions continuously increase between 0.007 GeV and
0.008 GeV. Going to larger angles, leads to a jump of the measured values up to
0.011 GeV, whereas the simulated values stay below 0.0085 GeV. Thus, the experi-
mental resolution of the second layer varies about ~ 50% for different angles.
In contrast, the corresponding simulated resolution shows a variation of ~ 20%.
Similar observations were made for the remaining energy projection windows and
the remaining [FRH| layer combinations.

The reconstruction of the proton kinetic energy as well as the identification of pro-
ton candidates relies on the deposited energy within the [FRH] scintillators. Hence,
a deviation between the simulated and measured [FRH]| energy resolutions leads to
different and incomparable responses with respect to the same decay analysis con-
ditions. In a first approach, the simulated [FRH| detector resolutions are matched to
the measured ones, by incorporating an artificial § dependency . This is done within
the following steps:
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CHAPTER 4. ANALYSIS TOOLS AND THE PPn DATA SET

Step 1: The relative energy smearing parameter ogpeqrret Was set to 0.015 for all
layers, in order to ensure, that the simulated energy resolution is better than
the resolution observed within the experiment.

Step 2: The procedure shown and discussed in Fig. and is repeated for the
readjusted smearing parameters. The simulated and measured energy reso-

lution opc(i,7,0) /| Caata(, j, 0) of layer 4 within the energy projection
window j is calculated for the different 6 ranges.

Step 3: In order to be independent of the deposited energies in the previous m layer

9
i — 1, the average resolutions gy (4,0) = 0.1- > one(i, 7,60) and Ggara(i, 0) =
=0

9
0.1 04ata(i, j,60) are calculated.
j=0

Step 4: The deviation between simulated and measured resolution in layer ¢ is deter-

mined according to: Ac(i,0) = \/52,,(i,0) — 5%,.(i,0). Due to the require-
ments in step 1, the expression under the squared root is always > 0, which
avoids mathematical undefined results for Ao (i, 6).

Step 5: The simulated energy deposit AE(i) (which is related to ogmearrer by Eq. [4.2)
in [FRH] layer 7 is updated to:
AE(1)eorr = AE(i) + Gaussyandom (0, Ao (i, 6))

As explained in Eq. [£.2] the function Gauss,andom returns a random number from a
Gaussian distribution with mean value 0 and width Ao (i,6). Thus, the simulated
and corrected deposited energies within the [FRH] plastic scintillator is still related
to a Gaussian distribution, as indicated by Eq. 1.2} By definition of Ao (i,6), the
updated resolution AFE.,..(7) of layer 7 is # dependent. In principle, the proce-
dure discussed in steps 1 to 5 could be done for any smearing value osmnear rer, as long
as Ggara(t,0) > ac(i,0). The updated resolutions are representatively shown for
[FRH| 2 in Figures[{.1T]and [.12] According to the diagrams shown on the right side
of Fig. the 6 dependent variation of the simulated [FRH]2 resolution values has
been increased and shows now a different § dependency than presented in Fig. 1.9
This effect can be seen more clearly in Fig. [£.12] The simulated resolution of [FRH]
2 increases with increasing polar angle 6, which is equivalent to the pattern of the
experimental resolution. The same observations were also made for different layer
combinations.

After applying the angle dependant energy resolution for simulated tracks, the ac-
ceptance studies shown in Table were repeated. It turned out, that the missing
mass acceptance for the charged n decays changed from 86% to 85%, which has an
negligible effect on the final preselection efficiency.

The effect of the 6 dependent energy correction of simulated proton tracks on the
final data analysis and observables of 7 — 77~ will be investigated and discussed
in Chapter [6]

However, the procedure presented here for implementing resolution effects in the
simulated data, that have been observed in the measured data, should not taken
as a final solution. Instead, it is an intermediate step to understand the underly-
ing systematic effects and to have a reference setup for comparison with different
(and more sophisticated) approaches. The right column of Fig. m shows that the
correlation between resolution and polar angle is similar (i.e. increasing resolution
for increasing polar angle) for the measured and simulated data, but the absolute
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Figure 4.11: Mean deposited energy p (left column) and resolution o (right column) of
[FRH| 2 as a function of different deposited energies in[FRH| 1. The values are obtained in
the same way as done for Fig.[4.9 The simulated resolution values oy¢ for [FRH) 2 were
corrected according to the five steps discussed above. The error bars and coloured markers
have the same meaning as in Fig. .
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Figure 4.12: Mean deposited energy u (left diagram) and resolution o (right diagram)
of [FRH| 2 for the energy projection window: 0.067 GeV < AE(FRH 1) < 0.0705GeV as
a function of the different ranges of the proton polar angle. The results for the simulated
proton tracks detected in [FRH| 2 include the 6 dependent energy smearing. For further
explanation see the caption to Fig.|4.10,

values are in disagreement. The procedure shown in steps 1 to 5 is based on the
simplification, that the deposited energy in the various [FRH| layers are not corre-
lated with each other. This is, for sure, not the case in a real measurement and has
to be taken into account in future energy correction / calibrations procedures.
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CHAPTER 4. ANALYSIS TOOLS AND THE PPn DATA SET

4.5.3 Other detector components

The response of other detector components (e.g. [IMDC| [FTH]| or [FPC) have also
been checked in simulations and matched to the experimental data when necessary.
The matching of the simulated detector response to those in the experiment allows
to compare the several steps which are necessary for the analysis of n — 777 .
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“It’s up to you”

James Joseph “Duffy” Waldorf, Jr.

Chapter 5
Analysis

In order to reconstruct n — w7~y and n — 777 7" events, the presorted and

calibrated 2010 pp — ppn data set is passed to the analysis programme schematically
shown in Fig.[5.1} The input of this programme (top blue box in Fig. has already
been discussed in Chapter [4 Hence, the present chapter will focus on the features of
the analysis (i.e. the black dashed box in Fig.|5.1]) and the final output (bottom blue
box in Fig.[5.1). It turns out that the analysis steps of n — 7*7~y and n — 77~ 7°
are very similar, as indicated by the diagram below. The underlying statistics for the

Presorted and calibrated
INPUT
v 2010 pp—ppn data set

Basic analysis steps (Part I)
1. Selection of proton candidates
2. Time coincidences

3. Event topology

ANALYSIS
CHAIN

Reaction specific analysis steps (Part II)

Analysis of n—m*mn?
1. Particle identification
2. Kinematic constraints

Analysis of n—mtmy
1. Particle identification
2. Kinematic constraints

OUTPUT | Reconstructed n—x*my / n—n*wn’ event candidates

SN I NN EE NN NN NN EEEEEEEEEEEEEEEEER

Figure 5.1: Schematic representation of the analysis procedure, used for reconstructing
Troyandn — 7t O events. The content inside the black dashed box represents
the essential parts of the analysis, which will be discussed in the following sections.

n—m T

analysis corresponds to ~ 42% of the total 2010 ppn data. Due to time constraints,
the remaining data could not be analysed within the present work. However, it will
be shown in Chapter [6] that analysing more data runs will not improve the final
results significantly due to the dominating systematical errors.
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CHAPTER 5. ANALYSIS

5.1 Basic analysis steps

The analysis consists of two main parts (see Fig. [5.1). The first part deals with
the selection and combination of particles reconstructed in the Forward and Central
Detector. It is more general and applicable for all charged n decays with at least
one neutral particle.

5.1.1 Selection of proton candidates

Particles which have been reconstructed in the Forward Detector are identified as
protons by their deposited energy AE(i) / AE(j) in the layers ¢ / j of the For-
ward Range Hodoscope. Those deposited energies define a point (AE(i), AE(j))
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Figure 5.2: Top left: Deposited energy of measured charged tracks in the first and
second layer of the [FRH| detector. Top right: Minimum distance according to Eq. [5.2
for charged tracks being detected in [FRH| layers one and two. The black and red lines
indicate the selection of all proton tracks with a minimum distance smaller than 0.01 GeV
and 0.03 GeV, respectively. Bottom: Deposited energy of measured charged tracks in the
first and second layer of the [FRH| detector after selecting a minimum distance of 0.01 GeV
(left) and 0.03 GeV (right). The black line in the top left and bottom plots describes an
ideal energy loss pattern for protons. The black dashed lines are drawn in order to visualise
the edges of the measured proton energy loss pattern.

in a two dimensional plot (see Fig. [5.2)). The top left diagram of Fig. [5.2 shows
the deposited energy of measured charged tracks in the first two layers of the [FRH]
The borders of the measured proton energy loss pattern are highlighted by the
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black dashed lines. The black solid line indicates the ideal deposited energy (ac-
cording to the Bethe Bloch equation) of protons without any detector resolution
effects. Those ideal lines are defined by a fixed set of N;4.,; deposited energy points:
(AFigeai(i, k), AEgeai (7, k), k = 1, ..., Nigea- Possible proton candidates are selected
by their minimum distance d;; to those points:

di; = Minimum{D(7,j)1, ..., D(4,7)N,yous } (5.1)
D(i,j)x = V(AE(®i) — ABigea(i, k))? + (AE(j) — ABigear(j, k))?  (5.2)

The top right diagram of Fig. shows the distribution of the minimum distance
for deposited energies in the first two [FRH| layers. This distribution suggests to
select charged tracks with a minimum distance smaller than 0.01 GeV (see black
line in top right frame of Fig. [5.2]). Doing so leads to the correlation plot shown
in the bottom left frame of Fig. 5.2l Nearly all entries outside the borders of the
measured proton energy loss pattern (see black dashed lines) are removed by this
selection. Unfortunately, entries inside the black dashed lines (which should not be
affected) are also removedﬂ According to that, the minimum distance d;; has been
chosen such that proton candidates which are inside the black dashed lines (and thus
belong to the measured energy loss pattern for protons) are not affected. Therefore,
all charged tracks reconstructed in the Forward Detector with a minimum distance
smaller than 0.03 GeV (see red line in top right frame of Fig. are finally chosen
as possible proton candidates. The corresponding correlation plot for deposited en-
ergies in [FRH| 1 and [FRH] 2 is shown in the bottom right panel of Fig. [5.2]

The procedure described above is done for every possible combination of adjacent
layers (e.g. layer 2 vs. layer 3, layer 4 vs. layer 5, etc.), where the correspond-
ing deposited energies are not zero.

According to Monte Carlo based simulation studies, this analysis condition corre-
sponds to a relative reconstruction efficiency of ~ 62% for proton single tracks. In
order to proceed with the next analysis steps, two protons have to pass this identi-
fication criterium.

5.1.2 Time coincidences

When a proton pair has been selected, the time difference between the protons is
checked. The top left diagram in Fig. [5.3] shows the corresponding spectrum. The
black solid lines represent the time window which has been chosen to accept proton
candidates. All proton pairs with a time difference < 6ns are accepted and the
average proton time:

- (t(protonl) + t(proton2)) (5.3)

N | —

t(proton) =

is calculated. Afterwards the time difference between t(proton) and the time of the
reconstructed charged/neutral tracks in the Central Detector are investigated (see
top right and bottom diagram in Fig. [5.3]). The time conditions are the following:

e A charged track with time ¢(7) inside the Central Detector is accepted for
further analysis, if: 2ns < [t(proton) — t(7)] < 14ns. This time cut is not
symmetric, because the corresponding time spectrum (see top right picture of
Fig. is not centred at zero.

&This is related to the fact that the number of ideal energy deposit points Njgeq; is finite and
chosen with respect to the computational time needed to calculate the minimum distance d;; for
each particle and each adjacent |FEH| layer combination.
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e A neutral track with time ¢() inside the Central Detector is accepted for
further analysis, if: |f(proton) — ()| < 30ns.

The time difference spectra of ¢(proton) — ¢(7) and ¢(proton) — ¢(7) are not centred
at zero, because the time response functions of the corresponding detector partsﬂ are
different. This is also the reason why the bottom spectrum in Fig. [5.3 has a larger
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Figure 5.3: Top left: Time difference between two reconstructed proton candidates.
Top Right: Difference between the average proton time and the time of a charged track
reconstructed in the Central Detector. Bottom: Difference between the average proton
time and the time of a neutral track reconstructed in the Central Detector. The green and
red curves correspond to simulated n — 77~ and pp — pprn T~ events. Fach of the two
distributions is scaled to the blue curve. The black solid lines in each diagram represent
the time window which is used to select a particle candidate.

width than the top right distribution in Fig. [5.3} The plastic scintillators inside the
barrel have a faster time response than the crystals inside the calorimeter.

The bottom time spectrum in Fig. [5.3] shows a kink at ~ —20ns. Monte Carlo
studies (see red curve in bottom row of Fig. show, that this structure is related to
pp — ppr 7~ events ,which happen to cause fake photons and thus an artificial time
response. However, a narrower time window is not selected, because contributions
from the signal channel n — 777~ (see green curve in the bottom row of Fig. |5.3))
are situated below this kink.

PThe Forward Trigger Hodoscope provides the time information for tracks in the Forward De-
tector. The Plastic Scintillator Barrel / calorimeter provide the time information for charged tracks
in the Central Detector. The time information for neutral tracks in the Central Detector are given
by the calorimeter only.
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5.1.3 Event topology

After selecting the proton candidates and demanding time coincidences, all tracks
within one event are combined to an event candidate. Table [5.I] summarises the
requested track multiplicities which define the topology of an event candidate for
a certain 17 decay. The event topology shown in the second line of Table is
used in the present analysis. If the requested multiplicities are not given, the event
is rejected and not further processed in the analysis. Obviously, this condition

Reaction N(FD) | (Ny+N_)(CD) | N,(CD)

n— wrr Y =2 > 2 >2

n—atry =2 > 2 > 1

n—etey = > 2 >1
n—atr ete =2 >4 -
n—eteete =2 >4 -

Table 5.1: The requested number N (F D) of reconstructed charged tracks in the Forward
Detector as well as the requested number of reconstructed charged N4 (CD) and neutral
N, (CD) tracks in the Central Detector define event candidates for different n decays. The
red coloured row indicates the requested event topology for the analysis of n — wtm ™~
+ 0

andn — .

allows the decays: n — ntn~y, n — 777 7% and n — ete™v to be reconstructed.
Within a single event, the total number N, _ .+, of all possible n — 777~y event
combinations after reconstructing N, positive charged tracks, N_ negative charged
tracks and [V, neutral tracks in the Central Detector is given by:

Nyonin—y = NL(CD) - N_(CD) - N,(CD) (5.4)

0

If N, > 2, the number of all possible n — 77~ 7" event combinations is:

Ny rinro = No(CD)- N_(CD)- ( o ) (5.5)
The last factor in Eq. [5.5]is related to combinatorics. Fig.[5.4/shows the missing mass
distribution, which has been calculated according to Eq. [4.3] after all basic analysis
steps. The step at 0.4 GeV/c? results from the preselection conditions which have
been discussed in the previous chapter.
This spectrum shows a peak at the 7 mass m,, = 0.548 GeV /c?, which corresponds to
all n decays matching the topology shown in Table[5.1} The peak is on top of a huge
background which is related to the multi-pion production reactions: pp — pprta—,
pp — ppr 7 and pp — ppr®n?. According to Monte Carlo simulation studies,
the fraction of pp — pprt7~ events located in this background is about 69%. The
remaining 31% of the background contain pp — pprt7~7° and pp — ppr°7° events.
The latter production reaction might contribute to the background, because 7°
particles might decay into a photon and a lepton pair via a Dalitz decay with a
branching ratio ~ 1%. However, it is more likely, that a neutral pion decays into
two photons and one of them interacts with the beam pipe and creates a dilepton
(ete™) pair via photo-conversion. In both cases, the final event topology meets the
requirements listed in Table and a pp — ppr’7° event is misinterpreted as an
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Figure 5.4: Missing mass spectrum after selecting the proton candidates, demanding
time coincidences and requesting the highlighted conditions in Table .

n — w w7 event candidate. According to Monte Carlo simulation studies, the
fraction of pp — ppr®7® events contributing to the background in Fig. is below
0.1% and thus negligible.

The reaction pp — pprntm~ has the largest background contribution, due to its
large production cross section (see Table and wrongly reconstructed photons
which lead to the same final state configuration as the decay n — wtw~~. The
absolute reconstruction efficiencies for all analysis steps discussed so far (including
the preselection conditions presented in Chapter 4)) are listed in Appendix @

In the following, two methods for performing the reaction specific analysis part (see
bottom red box in Fig. will be presented. Each of them is determined to reduce
the multi-pion background and to distinguish between the different n decays inside
the peak of Fig. In a first approach, a purely cut based analysis chain including
particle identification and simple kinematic considerations will be performed. The
second approach is mainly based on a kinematic fit algorithm. The results of both
approaches will finally be compared, in order to understand the influences of the
kinematic fit and to check the consistency of the results.

5.2 Reaction specific analysis steps (15* approach)

In order to investigate the influence of each analysis step, monitoring spectra are
introduced. The first one is the missing mass spectrum which has already been
discussed. This spectrum has a limited information content, because it only shows
changes if event candidates are removed (assuming, that the calibration and particle
identification are performed properly).

5.2.1 Monitoring spectra

It is also possible to reconstruct a particle via its N decay products. For the decay:
N

p — >_d; of a particle p and its decay products d;, each having a four momentum
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P,,, the invariant mass of the decay products can be calculated:
N
Invariant mass (dy,..,dy) = |ZPdi| (5.6)

One might also calculate the invariant mass for a fraction of the decay particles (e.g.
two photon invariant mass discussed in Chapter (3)).
In case of the decay n — w7, the invariant mass for all decay particles is given
by:

Invariant mass (77,7 ,7) = [P+ + P + P, (5.7)

Due to energy and momentum conservation, the distribution of Eq.[5.7should ideally
be equal to the missing mass distribution. By definition, this spectrum is sensitive
to the momenta of the decay particles.

5.2.1.1 Missing mass versus invariant mass

The top row of Fig. shows the missing mass as function of the invariant mass
(calculated according to Eq. for Monte Carlo simulations (left) and data (right).
Both distributions should ideally show a single point at (m,,m,) (see black, dashed
lines in top row of Fig. [5.5). But resolution and reconstruction effects inside the
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Figure 5.5: Top: Missing mass as function of the invariant mass for Monte Carlo simu-
lations of n — w7~ (left) and measured data (right). Bottom: Invariant mass distri-
butions deduced from a one dimensional projection onto the x-axis of the spectra above.
The black and red dashed lines indicate the 11 mass.

detector as well as contributions from background events lead to a continuous distri-
bution with maximum around (m,,, m,,). This effect is also observed in the invariant
mass distributions (bottom row in Fig. [5.5). The enhancement towards low masses
visible in the bottom left diagram is mainly caused by wrongly reconstructed, low
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energy photons which will be discussed later. Both spectra shown in the bottom row
of Fig. [5.5| start at about 2 - m,+, because this is the kinematic lower limit in case
of low energy photons. The invariant mass distribution deduced from the measured
data is completely smeared out between 0.3 GeV/c? and 1 GeV/c?, because of the
contribution from other 1 decays and multi-pion production reactions. The rising
step at 0.3GeV/c? is caused by electrons which have been reconstructed as pions
and thus lead to low invariant mass values. Background contributions stemming
from pp — pprtr~7® and n — 77 7Y events cause low invariant masses between
0.3GeV/c? and 0.5GeV/c?, due to energy and momentum conservation. The re-
maining background is determined by the two charged pion production mechanism
pp — pprtw~. All this leads to a widening of the 7 — 777~ invariant mass dis-
tribution and a maximum different from m, = 0.548 GeV/c?. The features of the
missing mass spectra have been discussed in the previous section.

5.2.1.2 Energy and momentum balance

A more detailed insight into the decay kinematics is given by the missing energy
E,.;ss and missing momentum P,,;,, of an event:

Emiss - Ez _Eout (58)
Pmiss == |p; _ﬁout‘

E;, and f’m are the sum energy and momentum of all incoming particles and E,;
and P, are the sum energy and momentum of all outgoing particles, respectively.
A plot of the missing momentum as function of the missing energy is shown in
Fig. 5.6l The benefit of this method is to check the energy and momentum balance
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Figure 5.6: Calculated missing momentum as a function of the missing energy for different
parameters 6 and M (see Eq. .

for a certain reaction hypothesis (e.g. n — wt7n ™), since P55 and E,,;4s should be
zero for the reaction of interest.

A correlation between P,,;ss and FE,,;4s is found by two simple considerations: (i)
Using E? = P? + M?, the missing energy and momentum are connected via the
missing mass M. (ii) The number of particles or particles masses within the current
reaction do not match with those of the reaction of interest. This causes a constant
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shift of the missing energy, according to the energy of the additional / missing
particles. This leads to the following parameterisation:

Pmiss = \/(Emiss + 6)2 +M (510)

with a mass parameter M and shift parameter 0. The different scenarios shown in
Fig. |5.6| can be explained by the following cases:

Case 1: Overall energy and momentum conservation: P,;ss = Epniss = M =6 = 0. All
entries are localised at (0,0) in Fig. [5.6]

Case 2: The current reaction has a different topology (e.g. n — w7~ 7°) or deviating
particle masses (e.g. 7 — eTe™ 7). This causes a constant shift § # 0 on the
x-axis. (see green and red curve in Fig. |5.6)).

Case 3: Overall energy and momentum are balanced for massive particles only. Since
photons have no rest mass, M is equal to zero which leads to P,,;ss = Emiss # 0.
This case is indicated by the dashed lines in Fig. [5.6]

Case 4: No energy and momentum balance at all, leads to: M # 0, which is shown by
the green, black and red solid curves in Fig. [5.6
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Figure 5.7: Missing momentum plotted vs. missing energy for a Monte Carlo simulation
of n — wrw= (top left), pp — pprtan~n? (bottom left), pp — pprtm~ (bottom right)
and for measured data (top right). The black dashed lines in both plots indicate Case 2,
where Ppiss = Enmiss 7 0.

The missing momentum and missing energy of the reaction: n — 77~ is plotted
in Fig. for a Monte Carlo simulation of  — 7+t7 = (top left frame), measured
data (top right frame) and multi-pion production reactions (bottom row).

For the simulated n — 77~ events, one would expect entries at the origin (0, 0)
only. But due to the detector properties (e.g. resolution, reconstruction efficiency)
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and wrongly reconstructed particles, the values for P, and F,,;ss are smeared
around the origin and located at non-zero values.

For the measured data not only 7 — 77~ events, but also all other reactions with
the same event topology are present. This leads to continuous M and ¢ values and
thus determines the distribution shown in Fig/5.7

For pp — ppntn~ events, the left wing of the V-like structure is most populated,
because an additional photon is requested which leads to negative missing energies.
The opposite case is given for pp — pprTm~ 7" events, as one photon is missing in
order to balance out energy and momentum. Thus, positive missing energies (i.e.
the right wing of the V-like structure) are favoured and the whole distribution is
shifted towards larger missing energies.

The energy and momentum balance spectra are directly correlated to the property
of every reconstructed particle and thus allow to investigate the influence of each
analysis step. Furthermore, all monitoring spectra are correlated with each other
by the decay kinematics.

5.2.2 Identification of charged particles in the Central Detec-
tor: An excursion

The subdetector parts of the Central Detector have been discussed in Chapter [3]
Charged particles are identified by inspecting their deposited energy in the Plastic
Scintillator Barrel or Scintillator Electromagnetic Calorimeter as a function of their
momentum, which has been reconstructed via the Mini Drift Chamber. Fig.
shows the particle identification plots which have already been presented in Chap-
ter [3] The electrons that can be seen in those diagrams have different sources. The
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Figure 5.8: Particle identification for charged tracks in the Central Detector obtained
from measured data. The deposited energy of a charged track detected in the Plastic Scin-
tillator Barrel (left) or in the calorimeter (right) is plotted as function of the reconstructed
momentum times the particle charge. The red lines are drawn to visualise the different
energy loss bands for pions and electrons.

first sources are charged 1 decay channels like n — eTe ™y or n — 77 eTe™. The
second source for electrons is conversion events in the beam pipe.

The top row of Fig. [5.9) shows two scenarios where electrons are produced. The
first scenario is shown on the left: The electrons stem from an electric n decay (e.g.
n — ete ) and thus, originate from the origin. Their curvature is caused by the
solenoid field. This leads to a non-zero opening angle between the electron momenta
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at the beam pipe (see top left picture of Fig. [5.9)). The second scenario shown on
the right is related to conversion events: A photon originates from the beam-target
interaction point and travels towards the beam pipe and interacts there via pair
production with the beam pipe material. The resulting dilepton-pair has its origin
at the beam pipe radius and hence an opening angle close to zero (see top right
picture of Fig. . Conversion and non-conversion events can be monitored by the
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Figure 5.9: Top: Schematic representation of a charged decay containing electrons (left
picture) and a conversion event (right picture) [18]. Bottom left: Radius of closest
approach between the reconstructed charged tracks as a function of the invariant mass
deduced from the two charged particles at the beam pipe region. Bottom right: Invariant
mass distribution deduced from two charged tracks reconstructed in the Central Detector
for data (black curve) and Monte Carlo simulations (green curve). The green curve has
been scaled to the black curve, in order to allow for a better comparison.

two dimensional spectrum shown in the bottom left frame of Fig. [5.9] In this dia-
gram, the radius of closest distance (with respect to the origin) between the charged
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track curvatures in the xy-plane is plotted as a function of the invariant mass of the
charged tracks at the beam pipe region. The invariant mass of the charged tracks
corresponds to the opening angle of the particle momenta. The radius of closest
approach should have its minimum at the origin for non-conversion events. For con-
version electrons, the radius for the closest distance should be shifted to the beam
pipe radius at » = 30 mm. This is exactly, what is observed by the two structures
(separated by the black dashed line) in the bottom left picture of Fig. [5.9t The first
structure is located at small invariant masses (small opening angles) and distances
larger than 30 mm. Events with such a structure generally stem from conversion
events. The second structure has large invariant masses (large opening angles) and
distances near to the origin. This structure stems from electric decays. The reason
why both structures have a finite enlargement and are not point-like, is related to
the finite resolution of the Mini Drift Chamber.

The appearance of electrons within the data set can also be seen in the invariant mass
spectrum obtained from two reconstructed charged tracks in the Central Detector.
The bottom right diagram of Fig. shows such a spectrum for data (black curve)
and Monte Carlo simulations for n — 77~ (green curve). These distributions
have been calculated according to Eq. 5.7 Hence, both spectra start at a minimum
value: 2-mg+ = 0.28 GeV/c? The black curve shows a strong enhancement at this
value, because of electrons which have been reconstructed as pions by assigning the
improper mass. Charged pion pairs stemming from other reaction channels (e.g.
n — ntn 7% or pp — pprTr~) additionally contribute to the shape of the black
curve.

Basically, a cut on the point of closest approach could be provided such, that all
charged tracks with a closest distance larger than the beam pipe radius would be
rejected. This would eliminate electrons stemming from conversion events, but not
those originating from 7 or Dalitz decays. Thus, sufficient particle identification is
needed to reject electron-like particle tracks, independent of their production mech-
anism.

5.2.3 Artificial neural networks

In order to perform particle identification for charged pions, the red lines shown in
Fig. could be used as a set of linear cuts. In doing so, all charged tracks with
deposited energies situated above (under) the red lines in the left (right) picture of
Fig. are interpreted as charged pions. This method is quite simple and straight
forward.

However, the deposited energies in the calorimeter for example are correlated to
those in the Plastic Scintillator Barrel, because they depend on the initial kinetic
energy of the detected particle. This has to be taken into account, when performing
and optimising such a linear cut. The distinction between electrons and pions is a
classification problem, i.e. two classes (in this case pions and electrons) which are
characterised by a set of correlated variables (momentum and deposited energies)
shall be separated.

This is the reason, why neural networks are used to distinguish between electrons
and pions. Neural networks have become a helpful tool for solving classification
problems [51},/52]. There are many network types available, which are assigned to
the underlying problem. The neural network tested and used in this analysis is a
multilayer perceptron, or a simple feed-forward-network, as shown in Fig.[5.10] Such
a network is charecterised by its architecture [51.52./53]:
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e Input layer I;: Plug in of classification variables, such as particle properties.
In this case the same variables which were used for the particle identification
plots in Fig. [5.8] are also used for classification.

e Hidden layer H;: Determines the networks behaviour. A feed-forward-network
without any hidden layer might be described by a linear function and thus can
solve linear separable problems only. If a more complex function for problem-
solving is needed, the number of hidden layers has to be increased.

e Output layer O;: Output of the discrimination variable, which varies contin-
uously between 0 (for electrons) and 1 (for pions).
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Figure 5.10: A multilayer perceptron with one input, one hidden and one output layer.
The architecture shown here is used for the particle identification problem. AE(PSB)
denotes the deposited energy in the plastic barrel and AE(SEC) represents the deposited
energy inside the calorimeter.

Each layer of the network consists of a certain number of neurons (black circles in
Fig. . The neurons are linked by weights (blue arrows in Fig. . The output
of one neuron inside a layer is the input for all neurons in the following layers. The
output of each neuron is characterised by an activation function f,euron/} The final
output O; of a neural network with one hidden layer as function of the input I; is

given by ;

Nhidden Ninput

0, = fo[ Z Zjl'fH( Z wijji):| (5-11)

= 1=

fo and fg are the activation functions used for neurons in the output and hidden
layer respectively. The factors w;; and zj;, are the weights between the neurons. The

“Which could be the identity, sigmoid or heavyside function. The function f,cyuron for input
and output neurons is in most cases the identity.
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number of neurons in the hidden layer is a free parameter and given by Npjqgen. This
number defines the performance and robustness of a neural network. The number
of neurons Niypy in the input layer is fixed by the number of input variables.

5.2.3.1 Training the network

The weights w;; and z;;, are determined by training the neural network with a train-
ing data set, which has been obtained by analysing simulated single particle tracks
for electrons and pions. The purpose of such a training sample is that each particle
type (1 for pions, 0 for electrons) is known and associated to the classification vari-
ables. The ratio between electrons and pions in the training set has been set to one.
In order to use the network for measured data, the detector resolution was adjusted
according to the analysis of simulated single tracks (see Chapter [4)).

The networks performance increases with the amount of provided information. There-
fore, the kinematic ranges of electrons and pions have been included in the training
data sample.

One half of the training data set is used as an unbiased test sample, in order to
monitor the network response during the training phase |53|. The weights are itera-
tively refined by a back-propagation-algorithm which uses the output error between
the network response O; and the known value OtmeE] for N training events:

N
1 2
Error = Nz Z(Om — Otrue.a) (5.12)

a=1

This value is propagated backwards through the network and each weight is updated
by this error |51},52,53]. Afterwards, the training set is passed through the network
again and a new output error is calculated. The weights are refined and the whole
procedure starts again. The number of training iterations is another adjustable
variable and is chosen such that the output error is minimal. In this analysis,
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Figure 5.11: Error in Eq. as a function of the training epoch (iteration) for negative

(left) and positive (right) particles. The blue curve refers to the training data set, as the
red one refers to the test sample.

two artificial neural networks with the architecture shown in Fig. have been
used. One for particles with positive charge and one network for negatively charged
particles. Fig.[5.11]shows the development of the error in Eq. [5.12|during the training
phase for the two networks. The blue curve represents the network response for the
training data set. As mentioned above, the training of the network is supervised

dThis value is 1 if the particle is a pion and 0 otherwise.
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by a test sample, which is represented by the red curves in Fig. 5.11] The training
of a neural network was successful, if the error decreases to a constant value with
increasing training epoch. Additionally, the network response for the training and
test sample have to converge to the same error. Otherwise the behaviour of the
network would be unpredictable on input data, which might be different from the
training sample. Fig. [5.11] shows, that the response curves for the two samples
converge to the same error, which is nearly constant after 300 epochs. Thus, both
neural networks are used in the following analysis.

5.2.3.2 Architecture and performance

The classification power of a network highly depends on its architecture, i.e. the
number of hidden layers and the number of nodes Npiqden; inside a hidden layer i.
According to a theorem of Weierstrass 53|, a multilayer perceptron with one hidden
layer is able to approximate any continuous correlation function, if Npjqqen is large
enough. Alternatively, the same performance with a shorter training phase might
be achieved with a smaller amount of neurons, but more hidden layers [53].

For this study, two types of networks have been tested: The first type has one hidden
layer (i.e. Nhidden1 # 0 and Npiaden2 = 0) and the second type has two hidden layers
(i.e. Nhidden1 7# 0 and Nypiaden2 7 0) respectively. The top left diagram of Fig. [5.12
shows the error of Eq. for the classification of positive particles as function
of the network architecture. All diagrams in Fig. have been obtained after
analysing a sample of simulated particle single tracks with 50% positrons (electrons)
and 50% positive (negative) pions. The variation of the error with respect to the
architecture is estimated by fitting a constant function (see red line in top left frame
of Fig. . The reduced y2-value of that fit as well as the fit error suggests that
the influence of the network architecture on solving this classification problem is
negligible. According to that, a network with architecture (5 : 0) has been chosen
for identifying positive and negative pions.

The response functions of such network types for different particles are shown in
the top right of Fig. [5.12] Each of those functions is smoothly distributed over the
whole range between zero and one with a maximum at zero or one. Some of those
distributions show some additional structures and do not sharply end at zero or one.
This is related to the fact that a trained network has a limited precision, which is
defined by the classification problem (i.e. the input variables) itself.

The black line in the top right diagram of Fig. indicates a cut on the output
variable. This cut has been varied between zero and one in steps of 0.05. For each
of those steps, the classification efficiency and purity for a certain particle type has
been determined. The results of that study are shown in the bottom two diagrams
of Fig.|5.12| The efficiency and purity for accepting/rejecting a particle type pr/pr
(e.g. accepting positive pions and rejecting positrons) are defined as follows [54]:

: N(pr|O1)
Efficiency = ————= 5.13
Y N(pr) ( )
Purity = N(pr|Oy) (5.14)

N(pr|O1) + N(pr|O)

N(pr|O1)/N(pr|O;) is the number of selected particles with type pr/pr after select-
ing a minimum output value O;. The number of all particles with type pr is given
by N(pr). As shown in the top right plot of Fig. [5.12] all output functions have an
overlap in a certain region (e.g. blue and red curve). Hence, a particle with type pr
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Figure 5.12: Top left: Error for distinguishing between positive pions and positrons
as function of the network architecture. Npidden, is the number of neurons in the hidden
layer 1. The red line corresponds to a fit of a constant in order to estimate the deviation
of the output error. Top right: Output of two neural networks (one for negative, one
for positive particles) with one hidden layer and 5 neurons in it. The black dashed line
indicates a cut on the output variable in order to determine the performance of the network.
Bottom: Purity as function of efficiency for negative (left) and positive (right) particles.
The black lines in both diagrams represent the purity/efficiency values, if charged tracks
with O1 > 0.55 are selected.

might be wrongly identified as a particle with different type pr (e.g. electrons are
identified as negative pions or vice versa). The degree of misidentification, which
depends on the selected minimum output variable Oy, is expressed by the purity.
The efficiency for accepting positive pions is maximal, if the selected output Oy is
close to zero. But this leads to a small purity, because positrons are also located at
this output region. In contrast, the purity is maximal, if the chosen O, is close to
one, where positrons are very unlikely. In this case, the efficiency will be low.

The behavior of the purity as function of the efficiency indicates the performance
of the neural network, which is also completely determined by the classification
problem. The efficiency and purity would be 100% at the same time in case of an
ideal classification. The bottom part of Fig. shows that all performance curves
asymptotical converge towards 100%.

For the recent analysis, charged tracks reconstructed in the Central Detector with
O; > 0.55 have been selected as positive/negative pions. In both cases this selection
corresponds to: Efficiency = Purity ~ 91% (see black, dashed lines in bottom dia-
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grams of Fig. . As mentioned before, the ratio between electrons and pions in
the test data set is one, which is a bit unrealistic. A more realistic ratio (with a larger
pion fraction) would shift the curves in the bottom diagram of Fig. towards
larger purity values, but not effect the efficiency. The top of Fig. [5.13] shows the
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Figure 5.13: Particle identification plots (top), radius of closest approach as function of
the dilepton invariant mass at the beam pipe (bottom left) and two pion invariant mass
(bottom right) after requesting two charged tracks reconstructed in the Central Detector
with O1 > 0.55. The red lines in the top row diagrams are drawn to visualise the positions
of the energy loss bands for pions and electrons before particle identification (compare

Fig. [5.§).

particle identification plots after using neural networks for particle identification and
demanding charged tracks with a neural network discrimination variable O; > 0.55.
In both plots, the electron bands have disappeared and the pion bands remain. The
structures which can be seen, are artefacts from the neural networks and have no
physical meaning. The bottom left picture of Fig. shows that nearly all elec-
trons stemming from conversion decays have successfully been removed. Finally, the
two pion invariant mass distribution for measured data (black curve in bottom right
diagram of Fig. shows a disappearance of the peak at low invariant masses.
The green curve in that picture corresponds to simulated n — 77~ events after
the same particle identification criteria. There is still a clear mismatch between the
green and black curve, which is mainly related to contributions from direct pion pro-
duction reactions with different kinematics. However, all four diagrams in Fig. [5.13
are correlated and provide the opportunity to cross check the influence of the par-
ticle identification. Based on these results, the neural network approach is used for
the identification of pions.
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Traditionally, neural networks are used for selecting a signal out of a dominating
background. In this analysis pions are dominating, but the networks are used in the
sense of an optimised classifier. The chosen architecture allows for a complex clas-
sification function and hence leads to a high identification performance, depending
on a single discrimination variable.

5.2.4 Separating two and three pion final state events

After identifying pions, the squared missing mass according to Eq. [4.3]is calculated
for the initial and charged final state particles. The corresponding distribution is
shown in Fig. According to energy and momentum conservation, the distri-
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Figure 5.14: Missing mass distribution deduced from the two initial state protons, two
final state protons and two pions. The black, dashed line at 0.01 GeV?/c* indicates a
cut to separate between two and three pion final state reactions. Contributions from
n — eTe~ v events are not shown here, because they are significantly suppressed by the
particle identification discussed in the previous section (see also Fig. . The yellow
shaded area represents the sum of the green, red, purple and blue curve. FEach of those
curves corresponds to a simulated reaction, which is listed in the inset box.

bution should either peak at zero for reactions with one or no final state photons,
or peak at m2, = 0.018 GeV?/c* for reactions with two final state photons. Two
enhancements at exactly those positions are visible in Fig. [5.14]

The first maximum is dominated by pp — pprtn~ events (red curve), which is the
main background contribution.

The second maximum at m2, is determined by the three pion final state reactions
n — 7t~ 7Y (blue curve) and pp — ppr T~ 7" (purple curve), which have a similar
abundance. The shapes of the blue and purple curves are nearly identical, because
the underlying reactions have the same final state configuration.

The signal channel n — 77775 (green curve in Fig. is overwhelmed by the
multi-pion-production reactions and the n — 777~ 7% decay. In order to sepa-
rate between two and three pion final state reactions, a cut on the distribution in
Fig. has been introduced (see black, dashed line in Fig. [5.14). Events with a

squared missing mass smaller than 0.01 GeV?/c* are accepted as p — 777~ event
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+ 0

candidates. All events with a larger missing mass are selected as n — w77
event candidates, respectively. For three pion final state reactions, the missing mass
distribution shown in Fig. should ideally be equivalent to the invariant mass
distribution of two photons. Hence, the value of 0.01 GeV?/c* has been chosen for
separation, in order not to cut into the signal region of the two photon invariant
mass distribution. In the next step, the single photon and 7° candidates will be
selected.

5.2.5 Identification of neutral particles in the Central Detec-
tor

The reconstruction of neutral particles in the Central Detector was discussed in
Chapter [8] One problem which comes along with the reconstruction procedure is
the appearance of so-called “split-offs”. Fig. shows a schematic drawing of the

One (charged) particle in the calorimeter

No split-off split-off
\ \

[JEdep=0

. E dep 20 (charged) particle (charged) particle

Figure 5.15: Schematic representation of a neutral (charged) particle that enters the
calorimeter. Each rectangle represents a detector element with (red rectangles) and without
(white rectangles) deposited energy. Left: Reconstruction of a single cluster caused by
the incoming particle. Right: Additional reconstruction of a satellite cluster (split-off).

calorimeter which is hit by a particle. The incoming particle is reconstructed by
a clustering algorithm which groups calorimeter elements with non-zero deposited
energy. In case of a continuous and smooth energy spread over a group of elements
(left side of Fig. one single cluster will be returned by the clustering algorithm.
But the detected particle might spread its energy inside the calorimeter in a non-
continuous manner (right side of Fig. . In this case a primary cluster and an
additional satellite will be returned. The satellite cluster is characterised by small
energies and a close distance to the primary cluster. The additional cluster is called
a split-off and identified as a neutral, low energy photon.

5.2.5.1 Selection of single photon candidates

The method presented in the following has been already applied and tested in the
previous [WASA| analysis of pd — 3Hen[n — 777~ v] [7,]26]. Therefore, several as-
pects related to this analysis condition, which are discussed within this work, will
be identical to those performed in [26]. The top left panel of Fig. shows the
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Figure 5.16: Top left: Deposited energy of reconstructed photons as a function of the
minimum opening angle between a reconstructed calorimeter cluster and the closest charged
track entering the calorimeter. The black and purple hyperbolas indicate conditions to
reject split-offs (see Eq. . All events with photon energies and opening angles below
that curve are rejected. Top right: Significance of the signal (see Eq. as function
of the hyperbola parameter A. The significance has a maximum at A = 3.8 deg x GeV.
Bottom left: Reconstruction efficiency for n — 7 n~ as a function of the single photon
energy in the n rest-frame for different hyperbola parameters A. Bottom right: Same
plot with a zoom on small reconstruction efficiencies to visualise efficiency gaps.

deposited energy of a photon candidate as function of the closest distance between
a charged track entering the calorimeter and the reconstructed calorimeter cluster.
The distance is expressed here as the minimum opening angle Z (7%, ) between a
charged pion and the closest neutral track.

The photon energies have a lower limit of 20 MeV which corresponds to the calorime-
ter cluster threshold. The minimum opening angle starts at 7.5° due to the granular-
ity of the crystals inside the calorimeter. The structure visible at /(7*,~) ~ 20° is
caused by pp — ppr ™7~ events, due to the track assignment discussed in Chapter :
All charged tracks reconstructed in the Central Detector are checked for geometrical
overlap between [MDC| and calorimeter clusters by the opening angle between them.
As shown in Fig. [3.18] all calorimeter clusters with an overlap angle up to 20° are
expected to stem from the same particle. Thus, minimum opening angles smaller
than 20° can only be achieved by real or wrongly reconstructed photons. The latter
is the case for pp — ppr7n~. Due to the large production cross section of two
charged pions (660 ub) compared to other pion production mechanisms, the fraction
of split-off events is increased. This causes the structure at Z (7=, ) ~ 20° and the
enhancement at small angles and low photon energies and thus exactly corresponds
to the situation shown in the right picture of Fig.

Finally, each pp — ppm™ 7~ event which causes such a split-off photon, has the same
final state configuration as 7 — 77~ ~. In order to reject low energy satellite clus-
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ters at a close distance to the primary cluster, a hyperbolic cut as shown in Fig.|5.16
(left) has been introduced [26]:

A

E’ -
17 20 )

(5.15)

All events which do not fulfill this condition are rejected as split-off candidates.
The right side of Fig. [5.16| shows the significance as a function of the hyperbola
parameter A. The significance is defined by [26]:

Nsig
vV Nsig + kag

N denotes the number of signal events in the n-peak and Ny, the number of entries
in the remaining background. Both numbers have been obtained by fitting the two
final state proton missing mass distribution, which will be discussed later in detail.
The difference between Eq. [5.16|and the signal-to-background ratio ]]\\;bkz is, that the
latter case is by definition sensitive to an improvement of the ratio between signal
and background events. There is no information given, whether only background is
reduced or signal events are removed too. In contrast, the significance takes both
into account.

The top right picture of Fig. [5.16| shows that the largest significance is achieved
for the hyperbola parameter A = 3.8deg x GeV (purple curve in top left plot of
Fig. |5.16]).

One issue, that comes along with this cut is the influence on the final photon energy
distribution. For that purpose, the reconstruction efficiency for n — 77~ has
been studied as a function of the photon energy in the 7 rest-frame for different
values of the parameter A. The results are shown in the bottom part of Fig. [5.16]
The efficiencies for all parameter values A are the same for photon energies larger
than 0.08 GeV, but differ for smaller energies. Basically, each efficiency correction
should compensate the influence of the corresponding parameter A. The bottom
right picture of Fig. shows that, at photon energies smaller than 0.05 GeV and
A > 2deg x GeV the corresponding efficiencies are close to zero. This might lead
to an overcorrection and thus causes an enhancement at small energies in the final
E., distribution. Hence, the parameter A has been chosen to be 2deg x GeV (black
curve in top left plot of Fig. . According to Fig. , this value is reasonable
to reject split-off events, but has no significant influence on the final photon energy
distribution.

(5.16)

Significance =

5.2.5.2 Selection of 7° candidates

The identification of neutral pions is similar to the selection of single photons. In-
stead of investigating the single photon energy and the opening angle between the
photon and a charged pion, the invariant mass of two photons (see Eq. is de-
termined. This distribution depends on the energy of the two photons and the
opening angle between them. Thus, this distribution is also sensitive to split-offs.
Fig. |5.17] shows the invariant mass distribution of two photons for measured data
(black curve) and MC generated n — 77~ 7” events (green curve). Both curves
show an enhancement at low invariant masses which correspond to split-offs and
combinatorics. The enhancement in data is larger than in the simulation, because
of rate effects inside the calorimeter. In order to select a 7° candidate, a symmetric
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Figure 5.17: Invariant mass distribution for two photons. The black curve is deduced from
measured data and the green curve corresponds to Monte Carlo simulated n — ntm 7
events and is scaled to the black curve with respect to the maximum intensity. The purple
dashed lines indicate the window for selecting m° candidates.

cut (see purple dashed lines in Fig. |5.17) around the 7° mass is performed. Photon
pairs are rejected, which do not fulfill the following condition:

GeV GeV
0.09% < Invariant mass (71,72) < 0.2 :2

(5.17)

This selection window has been chosen such that the 7¥ peak region is not effected
significantly, but at the same time a considerable amount of combinatorical back-
ground is suppressed on the other hand (see green curve in Fig. [5.17)).

5.3 Discussion of the first analysis approach

All analysis steps presented in the previous sections are evaluated by the monitoring
spectra shown in Fig. .18 and Fig. [5.19} The background contributions in both
missing mass spectra are described by the following function:

4 2
background(z) = (Z a; - :)3’) X { Z oj€; - (Missing mass)j(:r)} (5.18)
i=0 j=1

The function (Missing mass);(x) denotes the missing mass distribution of the multi-
pion production reaction pp — pprtrn~ 7’ (j = 1) and pp — pprT7~ (j = 2). The
factor oje; is the product of the production cross section (see Chapter [4) and the
reconstruction efficiency for n — 7F7~v and n — 7r7 7% The efficiencies are
taken into account, in order to ensure sensitivity to the applied cuts and to obtain
a realistic ratio between the remaining background contributions.

The kinematics of the simulated background reaction are solely determined by phase
space which turned out to be improper to describe the shape of the measured back-
ground. This effect is corrected by the fourth order polynomial given in Eq. [5.1§
If the simulated background matches the shape observed in data, the polynomial
would be replaced by a constant factor.
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The peak region of the missing mass spectra shown Fig. and Fig. [5.19 are de-
scribed by Monte Carlo simulated pp — ppn distributions without any additional
corrections.

5.3.1 Reconstructing n — w7~ v events

The final » — 77~ event candidates are obtained after particle identification,
separation between two and three pion final states and suppression of split-offs. The
corresponding two proton missing mass distribution is shown in the top right frame
of Fig.[5.18 The black points refer to measured data which is fit by simulated signal
and background events according to the procedure discussed in the previous section.
The result of this fit is represented by the yellow coloured area (see the top right
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Figure 5.18: Monitoring spectra for measured n — w17 events after all analysis steps
discussed in Sections[5.2.4 to[5.2.5 Top left: Two proton missing mass as a function of the
invariant mass. Top right: Two proton missing mass. The range of the x-axis has been
changed, in order to be sensitive to the peak region. Bottom left: Missing momentum
versus missing energy. Bottom right: Invariant mass distribution deduced from the top
left spectrum via a projection onto the x-axis. The red dashed line denotes the mass of
the 1 meson.

diagram in Fig. |5.18)), which is the sum of the simulated signal and background.
The individual contribution of each reaction (e.g. n — 7wtn~y or pp — pprtn™)
to the overall missing mass distribution is determined by the fit and indicated by a
coloured curve (see inset box in top right frame of Fig. . In the following sec-
tions the overall fit of measured data with simulated signal and background events
will be indicated by such a yellow shaded area.

Due to the separation between two and three pion final states, background contri-
butions from pp — ppr T~ 70 events (purple curve in top right frame of Fig. [5.18)
are strongly suppressed compared to the remaining background which is completely
determined by pp — pprT7m~ events (red curve in top right frame of Fig. |5.18]).
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This effect can also be observed in the bottom left diagram of Fig. [5.18] Com-
pared to the V-shaped distribution shown in Fig. , the left wing (dominated by
pp — ppr T reactions) is now much more distinct than the right one (dominated
by pp — pprTn~ 70 reactions). The maximum of the invariant mass distribution
(bottom right diagram of Fig. has been moved to the n mass for the same
reason.

The rising step in Fig. 5.5 at invariant masses ~ 2m,+ has vanished, due to the
rejection of electrons by the neural networks.

The properties of all spectra shown in Fig. [5.1§ nicely reflect the provided analysis

steps presented in Sections to[5.2.5]

5.3.2 Reconstructing n — ntn~7° events

The spectra for monitoring the reconstruction of n — 77~ 7" events (see Fig. [5.19))

are obtained after particle identification, rejection of two pion final states (i.e.
squared missing mass of protons and pions is > 0.01 GeV?/c*) and an identifica-
tion of 7Y candidates. Again, all monitoring spectra reflect the various analysis
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Figure 5.19: Monitoring spectra for measured n — n+tn~n" events after all analysis steps

discussed in Sections[5.2.4 to[5.2.5 Top left: Two proton missing mass as a function of the
invariant mass. Top right: Two proton missing mass. The range of the x-axis has been
changed, in order to be sensitive to the peak region. Bottom left: Missing momentum
versus missing energy. The solid red lines indicate a hypothetical cut, which could be
done, in order to force energy and momentum balance. Bottom right: Invariant mass
distribution deduced from the top left spectrum via a projection onto the x-axis. The red
dashed line denotes the mass of the  meson.

steps. Events stemming from pp — ppr™ 7~ are suppressed due to the cut repre-
sented in Fig. [5.14] and the request of two photons. There is still a number of two
pion production events (red line in the missing mass spectrum), which can be seen
by the enhancement in the lower left corner of the momentum balance plot (bottom
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left picture in Fig. . Two photons are missing for pp — ppr™7~ in order to
fulfill momentum conservation. Thus, large negative missing energies are populated.
Those events are also responsible for the long tail visible on the right of the invariant
mass distribution (bottom right corner of Fig.[5.19). In order to remove those events
and to force energy and momentum balance a cut on the missing momentum and
missing energy (indicated by the red box in the bottom left histogram of Fig.
could be performed. This would for sure remove most of the two pion production
events and lead to a better momentum and energy conservation. The danger of such
a cut is, that background reactions with similar event topology as the signal channel
are not strongly effected by that cut and remain preferentially under the signal peak
region.

The simulated 1 peak shown in the top right frame of Fig. is wider than the
distribution obtained from data. This effect is related to the energy smearing ap-
plied to the FRHHayers for simulated events, which has been discussed in Chapter [4]

All spectra shown in Fig. and Fig. show no significant contribution from
n — ete™, because those events are suppressed to a negligible level (see Fig.
by the particle identification.

After applying this analysis chain, the reconstruction of n — 77~ 7" was quite suc-
cessful, in the sense that a clear n-peak is visible in the missing mass spectrum. The
signal-to-background ratidf] is 0.59. Unfortunately, the channel n — 7+~ could
not be reconstructed as clearly. The corresponding missing mass spectrum shows no
visible n-peak structure, because the background still dominates. The corresponding
signal-to-background ratio is 0.05. Thus, a second approach using a kinematic fit
will be introduced in the following.

0

5.4 Reaction specific analysis steps (24 approach):
The kinematic fit

A kinematic fit is a powerful tool to improve the resolution of all measured particle
kinematic parameters under certain constraints like energy and momentum conser-
vation. The kinematic fit used for this analysis is a least squares fit and allows to
suppress background reactions which do not fulfil a given reaction hypothesis.

5.4.1 Least square

Assuming a reaction with N participating particles: 1+2 — 3+4+...+ N, where each

particle ¢ is characterised by a set of k measured kinematic variables: v}, ..., v,
the following least squares A2 is defined:
N k fit meas
Vi — Ui 2
2 ij ij
i=1 j=1 ij

The measured variables vfjleas are assumed to be Gaussian distributed around the
meas

initial (or true) value with a standard deviation 075, All detector properties, such
as resolution, track reconstruction, detection inefficiencies, etc. are incorporated

within 0;3°*. Those measurement errors are deduced from an error parameterisation,

®Here, this ratio is calculated by dividing the content of the total n-signal peak after background
subtraction by the content of the subtracted background.
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which will be discussed later. The values vf in Eq. are fit parameters, which
are found by minimising A? for the given measurement errors 0%

5.4.2 Constraints

For measured particles stemming from a certain reaction, the measured variables
v;;°** are bound to constraints such as energy and momentum conservation. Those
constraints also have to be fulfiled by the fitted variables Uiﬁjt. Applying this to

Eq. leads to [55]:

P =A%+2. Z)‘“ (8l o) (5.20)
n

The constraints are summarised in the function F},. The intention is to minimise A?
with respect to the set of imposed constraints by varying the parameters vg»“ for the
given measurement errors o;3°* (i.e. Eq. has to be minimised). Mathematically,
this is described by the Lagrangian formalism, i.e. the constraints are coupled via
a Lagrange parameter to the function that has to be minimised. This is the reason
why the constraint-function F), is coupled by the Lagrange parameter )\, to A%
Two pieces of information are available after the minimisation of Eq. (i) The
improved kinematic variables and (ii) The x?-value itself, which indicates how well
a set of reconstructed particles fits to a certain reaction hypothesis.

The kinematics variables which are used in [WASA] to describe the measured parti-
cles are the kinetic energy Fj;,, the polar angle  and the azimuthal angle ¢ [55].
There is also the possibility to include constraints on the n mass, which is not done
within this analysis. Such an additional constraint would make signal and back-
ground events with a mass near the 7-meson indistinguishable.

In order to reconstruct n — w7~ and n — 777" events, a two reaction kine-
matic fit with the following hypothesis is used:

reaction hypothesis 1:  pp — pprn (5.21)
reaction hypothesis 2:  pp — ppr™ 7 vy (5.22)

No constraint on the 7° mass is used, because of the same reasons as mentioned
before for the n mass. Additionally, it would not be possible to evaluate the improved
photon energy resolution after kinematic fitting, because all fitted values would
sharply peak at m o = 0.135 GeV /c2.

5.4.3 Error parameterisation

In order to assess 2, the errors Ope, 0y and oy have to be determined. The
[WASA] - detector is symmetric in ¢, but has limitations in reconstructing the polar
angle and particle momenta. Thus, the errors are taken to be functions of the recon-
structed kinetic energy Ej;, and the reconstructed 6 angle (see Table[5.2)). The error
parameterisation is done by analysing simulated single particle tracks for protons,
pions and photons.

The simulation of particle single tracks is performed in such a way, that the kinematic
variables of the particles are homogeneously distributed over a specified energy and
angular range. This range is defined by the geometrical detector acceptance on the
one hand and the reaction specific phase space coverage on the other hand. However,
the simulated particle single tracks are not biased by decay specific kinematics and
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Error H Obtained from H E}p step size H 0 step size (p, 7%, 7)
meas Ekin t'rue_Ekin rec o o .
05 (Ein, 0) o — 50 MeV (1°,5°, crystal size)
05 (Egin, 0) Oirue — Orec 50 MeV (1°,5°, crystal size)
05 (Eyin, 0) Otrue — Prec 50 MeV (1°,5°, crystal size)

Table 5.2: Measurement errors deduced from differential distributions, which are evalu-
ated in steps of Ey;, and 6.

therefore allow to parameterise all areas of the detector with sufficient statistics. As
discussed in Chapter [, it is essential that the detector response for the simulations
is properly adjusted to match the measured data. Otherwise, the estimated errors
would not be appropriate and results obtained from the kinematic fit would not be
comparable between measured and simulated data.

After analysing simulated single particle tracks, the errors are obtained by fitting
error distributions, which are defined by the difference between true and recon-
structed particle variables, in kinetic energy and 6 steps (see Table . The step
size in the polar angle 8 depends on the particle type, but the kinetic energy steps
are fixed to 50 MeV for all particles (see again Tablep.2)). Fig. shows examples
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Constant 251.3
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Figure 5.20: Difference between true and reconstructed proton kinetic energy (top left),
polar (top right) and the azimuthal angle (bottom). The distributions shown here are
obtained for a proton kinetic energy range of: 0.1 GeV < Eyjyrec < 0.15GeV and a polar
angular range of: 11° < 0., < 12.1°. The red curves in each diagram represent Gaussian
fits to the simulated distributions.

of such distributions for protons in a certain kinetic energy and 6 range. Each of
those distributions is fit by a Gaussian function (see red curves in Fig. [5.20)) and the
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resulting o-parameter is assigned as measurement error to the corresponding FEj;,
and 0 range. This procedure is repeated for all kinetic energy and polar angle ranges
and for each particle type.

The particle reconstruction and detection is obviously embedded in the determined
errors. The left diagram of Fig. for example shows a tail towards positive
(Ekin.true — Ekinrec)/ Ekinrec-values, which means that in this particular energy and
0 range not all incoming proton energies are reconstructed properly. The ¢yue — Grec
distribution shown on the right hand side of Fig. [5.20] is slightly asymmetric, be-
cause the azimuthal angle of particles reconstructed in the Forward Detector has to
be corrected for influences from the solenoid field. This magnetic field correction
depends on the reconstructed momentum (i.e. the kinetic energy) and the polar
angle ¢, which again are influenced by the detector properties. Gaussian functions
are fit to the error distributions, because the least squares kinematic fit is based on
the assumption, that the measured variables are Gaussian distributed. As shown in
Fig. [5.20, not all error distributions are Gaussian for the reasons explained above.
The Gaussian fits to all particle error distributions are performed in such a way that
the tails of the distributions are excluded (see fits in Fig. . The impact of that
will be discussed in the next section.

Table [5.3] shows the parameterised errors for all particles and their kinematic vari-
ables. All those plots show certain structures, which are related to the detector
and reconstruction properties. The errors of the proton kinetic energies are nearly
f independent, because the detection surface of the five FRH layers increases with
increasing # which leads to a nearly full polar angular coverage. As mentioned

Error of: Ey,, Error of: 6 [°] Error of: ¢ [°]

Protons

Pions

Photons

Table 5.3: Error parameterisation plots of the kinetic energy (left), 6 (or ring in
the calorimeter for photons) (centre) and ¢ (right) for protons (top row), pions
(centre row) and photons (bottom row). The error values are plotted on the z-axis
as function of the kinetic energy (x-axis) and the polar angle (or ring in the calorimeter
for photons) (y-axis). The angular errors are given in degrees and the relative errors for
the kinetic energies have no units.
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in Chapter [3| the maximum stopping power for protons in the [FRH] detector is
~ 360 MeV. Protons with initial kinetic energies larger than this value will punch
through the corresponding layer. Additionally, the possibility of hadronic interac-
tions between the protons and the detector material increases with increasing kinetic
energy which worsens the detector resolution. This effect can be seen in the error
parameterisation plot for the proton kinetic energy: The error increases with in-
creasing kinetic energies > 350 MeV. The errors of the proton polar angle show an
enhancement for kinetic energies < 0.1 GeV, but is nearly independent of the polar
angle and energy afterwards. The correlation between the error of the azimuthal
angle, the polar angle and the kinetic energy (see right diagram in first row of Ta-
ble is related to the influence of the magnetic field, which has been mentioned
above.

All parameterisation plots for the charged pions show an energy independent en-
hancement at polar angles: 20° < 6 < 50° and 140° < 6 < 170°. This is related to
the design of the Mini Drift Chamber (see Section [3.5.1). The number of drift wires
which are used for track reconstruction, decreases at this angular range and thus
leads to a poor momentum reconstruction. The error for measured pion 6 angles
additionally shows a maximum at 6 = 90°. This can be explained by the small pipe
for the pellet target, which is situated at that angle and thus leads to reconstruction
inefficiencies.

The photon kinematic variables are parameterised in kinetic energy and ring ele-
ments, which are numbered from 151 to 174 (see Section [3.5.3)). This is related to
the fact that the resolution of the polar angle is determined by the crystal size. All
photon error parameterisation plots (see bottom line of Table show the same
behaviour as the diagrams presented in the second row. The reason for that is quite
similar to the pion case: Crystals inside the rings 151-153 are located at the back
part of the calorimeter, between the beam pipe entrance to the Central Detector
and the liquid helium support structure. This leads to detection inefficiencies. The
same reason holds for elements inside the rings 171-174. Those crystals are situated
between the end of the central calorimeter part and the beam pipe exit. The error
of the photon # angles shows, like in case of the pions, a maximum at rings 163
and 164. This is again caused by the pellet target pipe, which enters the Central
Detector at that point. As discussed in Chapter (3, the resolution of a scintillating
calorimeter is given by: % ~ \/LE This feature is the reason why the errors of all
photon variables decrease with increasing kinetic energy.

A second piece of information, which is provided by the error parameterisation is
the mean value p from the Gaussian fits to the individual error distribution. Ideally,
those values should be zero. Any deviation from that is again connected to detector
and reconstruction properties. The obtained p-values from the individual fits have
been assigned to the corresponding E};, and 6 range, as it was done for the error
parameterisation shown in Table In the following, the mean values u for each
particle variable will be called offsets. Table shows the offsets ;o as function of
Eyi, and 6 for all particle types.

The least squares kinematic fit is based on Gaussian error distributions, which are
centred at zero. For that reason, the offsets shown in Table [5.4] are used to correct
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Offset of: Euip Offset of: 6 [°] Offset of: ¢ [°]

Protons

Pions

Photons

Table 5.4: Offsets of the kinetic energy (left), @ (or ring in the calorimeter for
photons) (centre) and ¢ (right) for protons (top row), pions (centre row) and
photons (bottom row). The offset values u are plotted on the z-axis as function of
the kinetic energy (x-axis) and the polar angle (y-axis). The angular offsets are given in
degrees and the relative offsets for the kinetic energies have no units.

the particle kinematic variables, before passing them towards the fit algorithmﬂ

Erin = Erin - (1 + pp,,,(Egin, 0)) (5.23)

5.4.4 Application and performance

After determining the measurement errors and correcting the kinematic variables by
the offsets, the y2-values can be calculated for each combination of particles, which
are assumed to stem either from  — 7t 7~y or n — 7 7~ 7" decays. Fig.[5.21]a) and
c) show the y? distributions obtained from simulated n — 7#t7~y and n — 77~ 7°
events without the analysis specific cuts which have been discussed in Section [5.2]
The red curve in each plot corresponds to the theoretically predicted y2-distribution

FOC N 2
()2 t-e®

FOc ) = 2% -F<ﬁ>

(5.26)

The integer N represents the number of degrees of freedom, which is defined by
the number of constraints and the number U of unknown variables. The request of
energy and momentum conservation is fixed and already leads to four constraints.

fThe offset values shown in Table are discrete in Ey;, and 6. In order to avoid discrete steps
after correcting the kinematic variables with those offsets, a bilinear interpolation is additionally
applied.

8The symbol I'(...) used here represents the Gamma function.
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Thus, the number of degrees of freedom N is given by: N =4 —U + C,, as C, rep-
resents the number of additional constraints (e.g. particle mass). In this analysis,
all particle momenta are measured and no additional variable is fixed. This leads
to: N =4 — 0+ 0 =4 degrees of freedom.

The obtained and theoretical y?-distributions in Fig. a) and c¢) show deviations,
which are related to the error distributions and the corresponding parameterisation
(see Fig. . As discussed in the previous section, the error distributions are not
Gaussian for the complete kinematic range, due to the detector and reconstruction
properties. That means, they either have tails or have a non-Gaussian shape (see
Fig. [5.20). However, these distributions are fit by Gaussian functions and existing
tails (see Fig. [5.20]) are excluded from the fit. This leads to errors, which are pre-
dominantly too small compared to the real width of the error distribution. As a
consequence, the kinematic fit will return large x? values, because the variation of
the fit parameters during minimisation is limited by the assigned errors. This leads
to the enhancement of the black distributions shown in Fig. [5.21{a) and c) towards
large y? values. Large errors, on the contrary, lead to small x? values, because the
fit parameters could be varied over a larger range in order to minimise the y? func-
tion. In case of perfectly Gaussian shaped error distributions, the black curves in
Fig. a) and c¢) would be identical to the red ones.
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Figure 5.21: Obtained x? and probability distributions for the simulated reactions: n —
ntn~~ ( Fig. a) and b)) and n — 7*7~ 7% ( Fig. ¢) and d)). Those plots are obtained
after the basic cuts (e.g. proton identification, time correlations). The red curve in each
diagram represents the theoretically predicted x? / probability distribution for four degrees
of freedom.

91



CHAPTER 5. ANALYSIS

5.4.4.1 The kinematic fit probability

Each y%-value is correlated to a fit probability P(x?, N) via the number of degrees
of freedom N [55]:

N

2t (5.27)

SIS

NS B
P(x",N) = r.w%)!

The plots of Eq are shown in Fig. b) and d). The red distributions again
correspond to theoretical predictions. The deviations between the obtained and the-
oretical probabilities are directly related to those observed for the y2-distributions.
Large y2-values lead to small probabilities and vice versa. Thus, the enhancement
towards small probabilities of the black curves in Fig. b) and d) stem from the
enhancements seen in Fig. a) and c).

The theoretical probability curves are uniformly distributed between zero and one,
because they are based on errors correlated to pure Gaussian distributions.

Fig. [5.22] shows the probability distributions for the reaction hypotheses pp —
ppr Ty (left) and pp — pprtn~ v (right). Both distributions are obtained after
particle identification in the Forward Detector and requesting time coincidences. It
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Figure 5.22: Top: Kinematic fit probability P(x?,4) for the reaction hypotheses
pp — pprtn—y (left) and pp — pprm vy (right). The black dashed lines indicate
the event selection for probabilities larger than 20%. Bottom: Significance and efficiency
for reconstructing n — ntn~y events (left) and n — w7~ 70 events (right) as function of
the corresponding kinematic fit probability. All histograms in the left column have been
obtained after rejecting split-offs, except for the red dashed curve. The histograms shown
in the right column have been filled after selecting a ©° candidate. The dashed lines in
each bottom plot refers to the cut drawn in the spectra above. The black solid line in the
bottom right diagram is drawn to visualise the changing slope of the significance.

T
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turned out, that applying a kinematic fit only, is not sufficient to gain a manageable
signal to background ratio for n — w7, because of the large number of split-off
events stemming from pp — ppr 7~ reactions (compare dashed and solid red curves
in bottom left frame of Fig. . Hence, a rejection of those events according to:

E, > % has been additionally introduced (see Section |5.2.5)).

For the analysis of three pion final state reactions 7° candidates were selected via a
cut on the invariant mass: 0.09 GeV/c? < Invariant mass (71, 72) < 0.2GeV/c?, as
discussed in Section [5.2.5]

Background contributions are suppressed, by selecting events with a certain kine-
matic fit probability. All event candidates with a lower probability value are not
expected to match the reaction hypothesis and thus rejected.

In order to chose a proper value, the significance has been studied as a function of
the fit probability (see solid red curves in bottom row of Fig. . The significance
has been calculated according to Eq.[5.16] In order to gain sensitivity, this equation
was modified in such a way that the number of signal events Nj;, of the correspond-
ing n decay channel was corrected for the number of intruder events stemming from
the other 1 decay. The number of intruder events on the other hand, was added to
the calculated number of multi-pion background events.

The features of the solid red curves presented in the bottom row of Fig. [5.22] are
directly correlated to the probability distributions shown above. The top left panel
in Fig. shows that for kinematic fit probabilities smaller than 20% the data
signal is dominated by background events. For larger probabilities, contributions
from three pion final state events (blue and purple curve) are continuously reduced.
In contrast, the amount of two pion final states (red curve) is nearly constant. This
leads to the falling slope of the significance for P(x?,4) > 20%, because the vari-
ation of the total background content with respect to P(x?,4) is smaller, than the
variation of the signal content. The nearly constant significance plateau between
0% and 20% is caused by an opposite effect: The variation of the signal is small,
compared to the reduction of background contributions.

The top right panel in Fig. [5.22) shows the probability distributions related to the
analysis of n — 77 7% events. Here, the data signal is dominated by the three
pion final state reactions, which have the same topology and thus, are influenced
in the same way by the kinematic fit. This leads to a nearly linear dependency
(compare the red and black lines in the bottom right plot of Fig. between the
significance and kinematic fit probability. The change in slope visible at ~ 20%
and ~ 65% (compare again solid black and red lines) is related to the change of
n — wtn~~ contributions to the background (see green curve in top right frame of
Fig. . Therefore, the gradient of the red curve is influenced.

Both probability distributions in Fig. [5.22] show, that the majority of background
events is located at probabilities < 20%. This is in agreement with the calculated
significance, which starts to be sensitive to the signal channel at P(x?,4) > 20%.
Hence, for both analyses, all particle combinations with kinematic fit probabilities
> 0.2 are accepted as possible event candidates. The corresponding efficiencies for
selecting certain probabilities (including preselection, the basic analysis steps and
the split-off rejection) are shown by the blue curves in the bottom row of Fig. [5.22]

5.4.4.2 Monitoring spectra after applying the kinematic fit

The results for reconstructing 7 — 77~ events via a selection on the kinematic fit
probability and rejecting split-offs are shown in Fig. The missing and invari-
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Figure 5.24: Monitoring spectra for reconstructing n — ntm~ 7" events, under the condi-

tions: P(X2, . mtnvyed) = 0.2 and 0.09 GeV/c? < Invariant mass (71,72) < 0.2GeV/c?.
Top left: Two proton missing mass as function of the three decay particles invariant mass.
Both quantities are obtained from the fitted particle momenta. The red dashed lines in-
dicate the window from which the projections shown in the top and bottom right panels
have been deduced. Top right: Two proton missing mass distribution. Bottom left:
Missing momentum versus missing energy. Bottom right: Invariant mass distribution of

the decay particles.
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ant mass distributions have been calculated with the particle momenta which were
refined by the kinematic fit.

The energy and momentum balance plot shown in the bottom left still refers to
the reconstructed particle momenta. All diagrams nicely represent the observations
made by the probability distribution studies: Background contributions are domi-
nated by two pion production reactions (see red curve in the missing mass spectrum
in Fig. , whereas three pion production events are suppressed (blue and pur-
ple curve in the missing mass plot). The signal-to-background ratio improved to
0.32, compared to the analysis chain discussed in Section [5.3.1] The top left plot in
Fig. shows a diagonal line, because the missing and invariant mass distributions
are identical, which is also visible by comparing the top and bottom right histogram.
This feature is related to the fact that the kinematic fit algorithm improves the reso-
lution by enforcing energy and momentum conservation. Missing energy and missing
momentum values are sharply distributed around zero (see bottom left diagram in
Fig. , which indicates, that the fit algorithm is working properly and selecting
events with the requested event topology and kinematics. The enhancement towards
negative missing energies and non zero missing momenta is again caused by the large
number of remaining pp — ppr T~ events. The monitoring spectra for analysing
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Figure 5.25: Particle identification plots (top), radius of closest approach as a function
of the dilepton invariant mass at the beam pipe (bottom left) and two pion invariant mass
distribution for simulations (green) and measured (black) data (bottom right).The green
curve is scaled to have the same height as the black one. All diagrams shown here are

obtained after requesting: P(Xgp—»ppﬂ"'ﬂ_’y’ 4) > 0.2 and E, > Qi?ixcie)v.
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n — wr 7 are plotted in Fig. All events with less than three pions are
drastically suppressed. Energy and momentum are balanced, which can be seen in
the bottom left diagram of Fig. [5.24] The corresponding signal-to-background ratio
is 1.43.

All monitoring spectra again indicate no contributions from 1 — ee™ 7y reactions,
because the kinematic fit suppresses them to a negligible level. The particle iden-
tification plots in Fig. [5.25| show clear energy loss bands related to charged pions
without contributions from electrons (compare Fig. |5.8). The same holds for the
two pion invariant mass and the dilepton mass near the beam pipe. Hence, an ex-
plicit particle identification for pions is not needed when the kinematic fit is applied.
Electrons have a negligible mass compared to pions, thus they fail the energy and
momentum balance constraint and do not pass the fit or are at least sufficiently
suppressed due to the probability cut. The bottom right frame of Fig. [5.25| addi-
tionally shows that the measured (black curve) and simulated (green curve) dipion
invariant mass distributions are more compatible in shape than presented in Fig.
or .13} This observation is again related to the features of the kinematic fit. A
mismatch between the two curves still remains due to background events, which
pass the probability cut. The left histogram in Fig. shows the squared proton
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Figure 5.26: Left: Missing mass distribution deduced from two protons and two pions,

after requesting: P(széppﬁhr,w,él) > 0.2 and E, > % . The black, dashed line

at 0.01 GeV?2/c* indicates the selection used in the first analysis approach. Right: Two
photon invariant mass distribution deduced from data. The black curve corresponds to the
analysis discussed in Sections[5.2.2 and [5.2.4. The green curve is obtained by using only
a kinematic fit with the reaction hypothesis pp — pprTm~ vy as well as the ©° selection
presented in Section m The green curve is scaled to the black one for better comparison.

and pion missing mass distribution after the reconstruction of n — 77~ via the
kinematic fit. The enhancement at mig has been removed, by suppressing three pion
final states. The maximum at zero refers to events with no or one final state photon
and is predominantly populated by n — 777~ and pp — pprT 7~ events. The cut
indicated by the black dashed line is not needed, because the requested kinematics
are fulfiled via the fit algorithm.

The two photon invariant mass distribution after analysing n — 7t7~ 7% (green
curve) is drawn in the right panel of Fig.[5.26, Based on the 7 selection discussed
in Section [5.3.2 one would expect that the green curve is limited between invariant
masses > 0.09GeV/c? and < 0.2GeV/c?. But due to the refinement of the pho-
ton variables by the kinematic fit, the obtained invariant mass values are smeared
around these borders. For comparison, the invariant mass distribution (black curve
in the right panel of Fig. obtained after particle identification and suppression
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of two pion events is additionally drawn. The enhancement at low invariant masses
(see black curve) is reduced by implementing the kinematic fit (see green curve), due
to the suppression of combinatorial background, which does not pass the fit hypoth-
esis. Additionally, the resolution is improved, because the available information of
all measured particles is taken into account. The improvement of the photon energy
resolution will be discussed in Chapter [6]

5.5 Intermediate conclusion

+ 0

The analysis of n — 777~ and its reference channel n — 77~ 7" was performed
by two independent approaches. The first one was based on particle identification,
simple kinematic constraints (i.e. separation of two and three pion final state re-
actions) and the rejection of wrongly reconstructed photons inside the calorimeter.
The corresponding relativeﬂ reconstruction efficiencies of each analysis condition are
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Figure 5.27: Relative efficiencies for the reconstruction of n — 7wt~ (left) and n —
ntr= 7Y (right) events using the first analysis approach discussed in Sections to .
The efficiencies of the basic analysis steps (proton identification, time coincidences and
event topology) as well as the preselection efficiencies are not included here.

deduced from Monte Carlo simulated reactions and presented in Fig. [5.27. The
acronym MMii denotes the missing mass distribution shown in Fig.

The particle identification acceptance via the neural networks is at lowest for the
decay n — eTe vy, because electron like particles are rejected. The remaining re-
actions have different particle identification efficiencies due to the underlying kine-
matics (which are reaction dependant) of the pions. This also explains why the
corresponding efficiencies are lower than calculated for the single particle tracks in
Section [5.2.2

Both diagrams in Fig. show that the efficiencies of n — 777 7% and pp —
pprtn~aY are nearly identical, which is again related to the common final state
particle configuration.

The left side of Fig. [5.27] shows that all reactions with one or no photon in the final
state are accepted by > 90% due to the cut on MMfri, whereas reactions with two
photons in the final state are rejected by ~ 45%. This feature is directly correlated
to the decay kinematics discussed in Section [5.2.4] As expected, the rejection of

hThe efficiencies discussed here are given by the ratio between the number of events after and
before applying the current analysis condition.
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split-off candidates has the largest impact on pp — pprt7~ events (see red curve in
left frame of Fig. [5.27]). But due to the large abundance, those events still dominate
the missing mass distribution shown in Fig. [5.18

The relative efficiencies for reconstructing n — 77 7" events might be discussed
in a similar way: Events stemming from n — ete™ v are rejected due to the particle
identification and the cut on the two pion missing mass distribution predominantly
suppresses reactions with one or no photons in the final state. However, the efficiency
for n — 7t7~ 7% and pp — pprtr 70 events after selecting MMZ2. > 0.01 GeV?/c*
is considerably small (< 50%), because the corresponding two pion missing mass
values (see blue and purple curves in Fig. [5.14) are also (strongly) populated in
regions < 0.01 GeV?/c!. The selection of a 7° candidate further suppresses all de-
cays with one photon at the most. The relative efficiency of n — w7y after
70 selection is quite large (~ 70%), because of the previous analysis condition:
MM2, > 0.01 GeV?/c!. An additional fake photon leads to a possible 7° candidate.
The analysis steps presented in Fig. were suitable for reconstructing n —
7tn~ 70 events, but failed for n — 777, in the sense that it was not possible
to reduce the large amount of two pion production events to a sufficient level (see
missing mass plot in Fig. [5.18). Therefore, a kinematic fit algorithm has been ap-

0
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Figure 5.28: Relative efficiencies for the reconstruction of n — wtx~~ (left) and n —
+ta~n0 (right) events using the second analysis approach discussed in Section . The
efficiencies of the basic analysis steps (proton identification, time coincidences and event
topology) as well as the preselection efficiencies are not included here.

™

plied, which uses the kinematic variables of all particles, including the reconstruction
performance of the detector. This approach allowed the multi-pion background to
be reduced to a manageable level (see the missing mass plots in Fig. m and
as well as the efficiencies in Fig. and lead to a clear 7 signal for both decay
channels. Investigation of the monitoring spectra and cross checks with the previous
analysis chain showed consistency with respect to the reconstruction performance.
Additionally, it was found that most of the analysis steps done within the first ap-
proach could be replaced by the kinematic fit (i.e. particle identification, separation
between two and three pion final states).

The relative efficiencies of this analysis procedure are plotted in Fig. [5.28 and show
similar features than presented in Fig. [5.27; Events stemming from n — 7t7 7
and pp — pprT 7m0 have identical efficiencies due to the reasons explained above
and the split-off rejection predominantly removes pp — ppr™n~ events. The rela-
tive reconstruction efficiency for n — 7+7 = after selecting a 7° candidate is smaller
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than shown in Fig. , because of the missing cut on MMfri. A similar conclusion
can be drawn for the increased 7° selection efficiency for n — e*e~v. The efficiency
values for each analysis condition discussed in Figures [5.27] and [5.28] are listed in
Appendix [D] The last column in both figures represents the product of the efficien-
cies listed in the previous columns.

Fig. [5.28| clearly shows the reduction of background events due to the kinematic fit
algorithm. However, using this method leads also to a considerably low acceptance
for the signal channels. The reason for that can be easily seen in the top row of
Fig. [5.22t Most of the signal events are located at small fit probabilities and there-
fore removed after requesting a minimum probability value of 0.2. As pointed out
before, the benefit of this analysis method is the improved signal-to-background ra-
tio which increased from 0.05 (first analysis approach) to 0.32 for n — 777~ and
from 0.59 (first analysis approach) to 1.43 for n — 77~ 7", respectively.
According to that, the final analysis (schematically represented in Fig. of
n — mtn vy and n — 777 7 includes, in addition to the basic analysis steps,
the kinematic fit and the rejection of split-off events (see green highlighted box in
Fig. . All results shown in the next chapter are based on this configuration.

Presorted and calibrated
INPUT
v 2010 pp—ppn data set

Basic analysis steps (Part I)
1. Selection of proton candidates
2. Time coincidences

3. Event topology

ANALYSIS
CHAIN

. Reaction specific analysis steps (Part II)

Analysis of N>t | :
1. Selection of i’ candidate | *
2. Kinematic fit :

Analysis of n—=m*my
: | 1. Selection of y candidate
= 12. Kinematic fit

OUTPUT | Reconstructed n—m*rny / n—n*wn’ event candidates

Figure 5.29: Design of the final analysis module. The green box highlights the reaction
specific analysis part, which has been described in Sections@ and

99



CHAPTER 5. ANALYSIS

5.6 Outlook: A possible 3"¢ analysis approach

A third approach to this analysis could be the implementation of a multi-variable-
analysis-tool, in order to improve the performance. The basic idea of such tools is to
solve a classification problem, using a set of variables which might be correlated. The

'Roof'
‘node
N
xi >cl Xi <cl
y. D /
/ \ / \
Xj>c2 xj<c2 Xj>c3 xj<c3
s \ J/ N
B S S

xk >c4 xk <c4

¥ \

N

B S

Figure 5.30: Schematic representation of a decision tree [53|. The variables x are related
to the classification parameters. The coefficients ¢ are determined during the training of
the decision tree.

final output is one single variable, which is used as discriminator between signal and
background events. Neural networks are one example for multi-variable-analysis-
tools. There are many different types of tools implemented in the ROOT-software
package [53]. Various tests showed that the most sufficient multi-variable-algorithm
is provided by a boosted decision tree (see Fig. [5.30).

A boosted decision tree is quite similar to a neural network. Signal and background
events are separated by a number of classification variables. Basically, such a tree
consists of a set of linear cuts, which are performed in a certain order [53}56] as
indicated in Fig. [5.30

A tree is built, by using a training data set, like it was done for the neural network.
The initial training events define a Root node, which is divided into two sub-nodes
(or branches) after a cut on the first variable x;. The cut-parameter ¢; is adjusted
to achieve the maximum separation between signal and background events [53,56].
The events in the two sub-nodes have to pass a second cut c¢;, which is optimised
again with respect to maximum separation. This leads to further nodes. Their
events must pass a third cut and so on. The splitting procedure stops, if a minimum
number of events is obtained. This number is specified by the user. The final nodes,
or leaves, are called ”signal“ if the majority of events inside them are signal events.
Otherwise the leaves are called "background®.

The tree is supervised by a test sample. All events landing on a signal leaf are
supposed to be signal and are counted with +1. Events landing on a background
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leave are counted with —1 [56]. The performance of this classification algorithm
is improved by boosting: The identification error according to the training sam-
ple is calculated and the events are modified with weights (like those in the neural
network case). A new tree is built with event weights. The misidentification is cal-
culated again, which leads to updated weights and the procedure is repeated until
the identification error is minimal. This leads to a forest with N decision trees. The
classification, whether an event is more signal or background like, depends on the
average score the event obtains from all trees in that forest. This number finally
defines the discrimination variable D of that method [53./56].

In order to improve the identification of n — w7~ events, a boosted decision
tree with classification variables: (i) P (X}27p—>pp7f+777’y’ 4), (ii) minimum opening angle
Z(7%,~) and (iii) £, was used. The tree was trained to separate between n — 7+~
and pp — ppr 7~ events. The three pion decay and production were not taken into
account, because they are too similar with respect to the final state configuration.
The left frame of Fig. [5.31] shows the output of the boosted decision tree for back-
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Figure 5.31: Left: Discrimination variable D of a boosted decision tree for simulated
background (pp — ppntn~) and signal (n — w"n~7) events. The black dashed line
indicates a cut, which is used in the analysis to select signal events. Right: Missing mass
for two protons after rejecting events with D < 0.53.

ground (red) and signal events (green). The black line indicates a cut, which has
been performed in the analysis in order to select signal events.

The right frame of Fig. [5.3T]shows the two proton missing mass after selecting events
with D > 0.53. For better comparison, this cut has been chosen according to an
reconstruction efficiency of 2%, which was also obtained for the analysis shown in
Fig. |5.23] The number of two pion production events has been reduced drastically.
The remaining background is determined by three pion final states only. The anal-
ysis conditions shown in Fig. [5.23] led to a signal to background ratio of 0.32 for
reconstructing n — w7~ events. Using the approach presented in this section
leads to a signal to background ratio of 1.43, which is nearly a factor five improve-
ment. Additionally, the the number of discrimination variables has been decreased
from two (kinematic fit probability P(x? 4) and split-off rejection parameter A) to
one.

Multi-variable-analysis-tools are predominantly used in cases, where the signal is
highly dominated by background. However, in this third analysis approach, the tool
was used to improve the event selection performance.

Nevertheless, such an approach is only applicable, if the systematics and the influ-
ence of each classification variable on the physical observables are understood (e.g.
How does a variation of the kinematic fit probability effect the final result?). Addi-
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tionally, it is again extremely necessary that simulation and data match. Otherwise,
the output of the decision tree would be unpredictable. Thus, the implementation
of a multi-variable-analysis is recommended as very last step in an analysis chain,
when all systematic effects are (at least) understood. The discussion of those effects
will be presented in the following chapter.
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“Fall down seven times, get up eight
times”

Bodhidharma

Chapter 6
Decay Observables of n — 7w~

After reconstructing n — 777~ and n — 7t7 70 events, the physical observables

(i.e. the relative branching ratio, the photon energy distribution and the pion-
photon opening angle distribution) of 7 — 77~ shall be calculated. The results
presented in this chapter are based on the following analysis conditions, which have
been developed in the previous chapter:

Analysis of n — 7T —~:

i) Basic analysis steps (see Fig. [5.29)

i) B, > 25505
iii) P 4)>0.2

2
Xpp—pprta—ry?

Analysis of n — mtn 7%

i) Basic analysis steps (see Fig. [5.29)
ii) 0.09 GeV/c? < Invariant mass (71,72) < 0.2 GeV/c?
i) P( 4)> 0.2

2
Xpp—pprtm=ay?
All observables are calculated after the kinematic fit (i.e. the fitted particle momenta
are used). Finally, the systematic influences of different analysis conditions on the
obtained results are investigated.

L(n—ntn—~)
I'(n—ntr—=w0)

6.1 The relative branching ratio:

In order to determine the relative branching ratio %H’

pected n — 77 events (N;") and the number of expected n — 77~ 7" events
(N5™) have to be calculated. They define the relative branching ratio in the follow-
ing way:

the number of ex-
0

L(n—mtr=y) N
[(n— nta—n0)  N5P

(6.1)
Suppose n different decays, which have been analysed within one analysis and the
number of reconstructed events N“ for each decay 7 has been determined. Further-

more, the reconstruction efficiency e for each decay is obtained from Monte Carlo
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studies. This leads to:

rec Exp
N1 €11 €12 - €in N1
rec exrp
N, €21 €22 - €2q N,y
= ) . ) : ) (6.2)
rec ex
Nn €nl1 €pn2 - €nn Nn P

N{* is the number of expected events for decay i after efficiency correction. The
efficiencies for reconstructing decay channel ¢ as decay channel ¢ are given by ¢;.
Reconstructing a different decay channel j as channel ¢ is given by the efficiencies
¢;. By inverting Eq. [6.2] the number of expected events N;*” for a decay channel i
can be calculated by taking into account all other decay channels j which have been
falsely reconstructed as channel i. According to Monte Carlo studies (see Fig.|5.28)),
there are only two reconstructed n decays (n — 777~y and n — 777~ 7°) left after
the analysis steps presented in the beginning of this chapter. This simplifies Eq.
to the following 2 x 2 matrix equation:

Nflp _ 1 ' €99 —€19 ' N{ec (6 3)
Ny (€11€20 — €12€21) —€91 €11 Nyee :

The number of reconstructed decay events N/ is obtained after subtracting the
multi-pion background from the missing mass spectra shown in Fig. [6.1 and cal-
culating the integral of the remaining n peak signal. In order to be insensitive
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Figure 6.1: Proton-proton missing mass distribution after the reconstruction of n —
ntr=y (left) and n — w7~ 7" (right) events via the analysis conditions presented in the
beginning of this chapter. The missing mass distributions are obtained from the kine-
matically fitted proton momenta. Each distribution (black points) is fit by MC simulated
reactions (see yellow shaded area and coloured curves).

to background contributions outside the peak region, which might not have been
completely removed by the background subtraction, the peak integral is determined
for missing masses between 0.53 GeV /c? and 0.56 GeV /c?. The resulting yields are
N7 = (86.28 +0.43) - 10 n — w7~y and N3 = (222.864+0.59)-10%  — 7 F 7 7°
events. Taking the reconstruction efficienciesf] into account and using Eq. [6.3] the
following result for the relative branching ratio is determined:

[(n—7ntn=y)

= 0.197 % 0.0014, 4
Tt S )~ 197 £ 000k (6.4)

The systematic uncertainties as well as an interpretation of this result will follow in
later sections of this chapter.

2¢11 = 0.020, €10 = 0.41 - 1073, €97 = 0.25- 1073 and e = 0.011. The efficiencies presented
here include the peak integration limits and are discussed in detail in Fig. and Appendix E
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6.2 The E, distribution

The measured single photon energy distribution depends on the detector resolution
of the calorimeter, which is improved by implementing a kinematic fit. The top
left frame in Fig. shows the fitted two photon invariant mass distribution as a
function of the kinematic fit probability P (X—>pp7r+rw’ 4). A projection onto the y-
axis of all data above the black line in Fig. leads to an invariant mass distribution
(top right frame in Fig. |6.2]), which depends on a probability cut indicated by that
line. The distribution is fit by a Novosibirsk function (green curve) in order to
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Figure 6.2: Top left: Distribution of the two photon invariant mass versus the kinematic
fit probability P(Xipﬂppfrﬂr—w’ 4). The invariant mass is obtained from the photon vari-
ables returned by the kinematic fit. The black line indicates the minimum value accepted
for the fit probability. Top right: Invariant mass distribution for P(Xipﬂppﬁﬂ_w,ll) >
0.2. The green curve represents a Novosibirsk function, which has been fit to the invariant
mass distribution. Bottom: Photon energy resolution obtained from the fit shown in the
top right frame as a function of the minimum kinematic fit probability. The error bars

represent the uncertainties from the Novosibirsk fit.

determine the photon energy resolution. The location of the black line is varied
and the resolution is determined as a function of the minimum probability value
as shown in the bottom frame of Fig. [6.2] Larger minimum fit probabilities lead
to better resolution, because a large probability corresponds to a small y2-value.
Using the kinematic fit improves the photon energy resolution by at least a factor
~ 2 H as indicated in the bottom plot in Fig. [6.2] The best achievable resolution is

PThe calorimeter resolution for the width of the 7° — v peak was determined in Chapter |4f to
be 16 MeV.
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~ 7.3MeV. This value defines a lower limit of sensitivity which will be important
for the next step.
In order to understand the following procedure, some considerations need to be
made. Using Eq. leads to the number N;™ of expected n — 77~ v events:
NP = [N e - N (6.5)
€11
All variables written here have the same meaning as defined in Section [6.1] The
density of expected n — w7~y events with energy E. of the true single photon
is given by Ny"?(E,), with: Ni"" = [ N{*P(E,). The same statements hold for:
Ny = [ N{*“(E,) and €1 = [e€1(E,). Photons stemming from n — w7 7"
decays have a different energy distribution, than photons related to n — w7 ~.
According to that, Ny* and €5 can not be investigated as a function of the photon
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Figure 6.3: Left: Proton-proton missing mass as a function of the photon energy
distribution E, in the 7 rest frame, based on the analysis conditions presented in
the beginning of this chapter. The black lines indicate as an example the range of
E, € [0.11GeV,0.115 GeV] that has been selected to investigate the missing mass dis-
tribution presented in the right frame. Right: The data (black points) are described by
MC simulations (yellow shaded area), using: n — w+n~ for the signal region (blue curve)
and pp — ppr T~ + pp — pprtr— 70 folded with a 4th order polynomial (red curve) for
the background. The purple dashed lines at 0.53 GeV/c? and 0.56 GeV /c? indicate the
integration window for the determination of the signal peak content.

energy E., as it was done for N7 or €;;. However, there is a relative abundance
of n — w7~ 70 events per photon energy due to misidentification, which shall be
denoted as Ry(E,f] According to Eq. the decay width I'(n — 7tn77y) is
proportional to N;*”. Taking all this into account leads to the following relation:

drl’ 1
A A NP(E)=
1 ( ’Y) 611(Efy)

dE,
This equation describes the single photon energy distribution and will be useful
for the following steps. In order to reject photons related to pp — ppr™7~ and

' [Nfec(Ev) — Ry(E,) - €12 - Ny (6.6)

°The number of n — 7tn~ 7" events that have been falsely reconstructed as n — 77—y

decays, at a given photon energy E, is given by Na(E,). This leads to the relative abundance

Ry (E,) = fN]\zfif]LZj). By definition, this ratio is normalised to: [ Ro(E,) = 1. Furthermore, Ro(E,)

should not be mistaken with efficiency, because the effects of varying analysis conditions may cancel
out to some extent.
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pp — ppr T~ 70 decays, the missing mass deduced from the two protons is plotted
vs. E., in the n rest-frame (see left side of Fig. 6.3). The sharp edge is related to
the kinematic limit of . For each photon energy bin the missing mass spectrum
is investigated and corrected for multi-pion background (see red curve on the right
of Fig.|6.3). The bin size is chosen to be 5MeV, which is narrower than the best
resolution value given by the kinematic fit. This shall ensure sensitivity for the final
energy distribution.

The number of reconstructed n — 77~ events inside the remaining signal peak is
corrected by n — 77~ 7" events as well as for efficiency, according to Eq. This
procedure is repeated for all photon energy bins and leads to the distribution shown
by the black points in Fig.[6.4] Using the model independent approach described in

— 250210°
g T | x2/ndf 466.7 1 32
I_'_I'_u> O | Prob 0
Clo 200— fs 5.933e+06 + 2.106e+04
150—
100—
B X? I ndf 16.81/31
50— Prob 0.9821
B fs 3.919e+06 + 9.605e+04
- 0.2285+ 0.1529
L 1 1 \\‘\\\‘\\\‘\\\‘\\\‘\\\

\‘\
0.08 0.1 0.12 0.14 0.16 0.18 0.2
E, in n-rest frame [GeV]

Figure 6.4: Single photon energy distribution calculated from measured data (black
points). The red curve corresponds to a fit of Eq. to the measured data. The blue
curve is obtained by using Eq. [2.2§ to fit the measured energy distribution. The vertical
error-bars of the measured distribution represent the statistical uncertainty. Horizontal
bars refer to the bin width of 5MeV. The fit parameter fs is a scaling factor, which is

implemented in Eq. @ and @
Eq. [2.29 to fit this distribution leads to the following a-parameter:

o = (0.229 4 0.1535,) GeV 2 (6.7)

The corresponding fitted distribution is presented by the red solid line in Fig. [6.4]
Photon energies < 0.035 GeV have been omitted from fitting, because the missing
mass spectra in the corresponding bin (see Appendix were clearly dominated
by background and thus, did not allow for a clear determination of the eta signal
content. Photon energies > 0.2 GeV where not taken into account, because they
exceed the maximum kinematic limit of the decay n — 77~ (see Eq. [2.33).

The blue solid curve is related to a fit of Eq. [2.28] where no contributions from final
state interactions are included.

Comparing the two fitted distributions (i.e. the blue and red curves in Fig. [6.4])
clearly shows, that final state interactions have to be included, in order to describe
the single photon energy distribution correctly. Both curves start at zero photon
energy, which represents the kinematic lower limit of this decay (see again Eq. .
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A further discussion and interpretation of the a-parameter will follow in the last
section of this chapter.

6.3 The pion-photon opening angle distribution

The distribution of the opening angle between the positive charged pion and the
single photon in the 77~ rest-frame is obtained in the same way as described
in the previous section. Fig. [6.5] shows the proton missing mass distribution as a
function of the cosine of the opening angle between the positive pion and the photon.
For each angular bin, the projection of the missing mass distribution is determined
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Figure 6.5: Left: Proton-proton missing mass versus the cosine of the opening angle
between the positive pion and single photon in the 7T 7~ rest frame, based on the analysis
conditions presented in the beginning of this chapter. The black lines indicate the range of
cos Z(mt,~) € [0.45,0.5] that has been selected as an example to investigate the missing
mass distribution presented in the right frame. Right: The data (black points) are de-
scribed by MC simulations (yellow shaded area), using: n — wtn~~ for the signal region
(blue curve) and pp — pprntn~ +pp — pprtr— 70 folded with a 4th order polynomial (red
curve) for the background. The purple dashed lines indicate the region where the peak
integral is calculated.

(see right frame in Fig. and the background is subtracted. The remaining
number of events in the peak is corrected with respect to Eq. [6.6, Fig. [6.6] shows
the final results. Each curve is fit according to Eq. which has been discussed
in Chapter [2|

In case of no D-wave contribution, the parameter § should be zero (blue curve in
Fig. . A non-zero value for 3 would indicate a D-wave contribution, which is
related to C-violation. The fit with 5 # 0 (red curve in Fig. seems to describe

the angular distributions best. The corresponding value is:

3 = 0.350 + 0.054g (6.8)

The data in Fig. [6.6shows a fluctuation between —0.4 < cos Z(7+, ) < 0.3 as well as
an enhancement for 0.45 < cos Z(7,7) < 0.55. Thus, an additional fit parameter
might compensate for those effects rather than describing a physics observation.
Points with 0.45 < cos Z(7m™,v) < 0.55 have been excluded from the fit.

The missing mass spectra related to those angular bins give no clear hints why an
enhancement is observed within this region. A possible explanation could be given by
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Figure 6.6: Efficiency and background corrected opening angle distribution between the
photon and the positive pion, measured in the dipion rest frame. The red and blue curves
refer to a fit with Eq. whereas the (3-parameter was fixed to zero for the blue curve.

the missing mass spectrum shown for the angular range [0.45, 0.5] in Fig.[6.5] The left
tail of the eta signal peak shows a shoulder between 0.53 GeV/c? and 0.54 GeV /c?,
which effects the peak content. The reasons for that shoulder are not yet clear and
must be further investigated.

6.4 Addendum: Choosing the proper model

The efficiency correction used in Eq. depends on the physics model, that is
used as input for the simulation of n — 7777 events. Fig. [6.7 shows the mea-
sured energy (left) and angular (right) distribution after background subtraction,
but without efficiency correction. The coloured curves represent generated events
assuming that the kinematics of n — w7 v are distributed homogeneously over
the phase space (red coloured distributions) or connected to the simplest matrix
element (blue coloured distributions). A direct comparison shows, that the anal-
ysed measured data is in much better agreement with the distributions obtained by
including the simplest matrix element.

The measured photon energy distribution is slightly shifted towards smaller energies,
but is still in better agreement with the blue curve, than with the corresponding
phase space distribution. The angular distribution related to the simplest matrix
element is in clear agreement with the measured data. According to that, the sim-
plest matrix element has been chosen to simulate the n — 7t7~ v events. For a
more detailed discussion see [26].
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Figure 6.7: Background corrected photon energy distribution (left) and angular (right)
distribution without efficiency corrections. The solid curves represent the corresponding
distributions obtained by assuming two different decay models for n — nwtw~~. The blue
coloured distributions correspond to the simplest matrix element discussed in Chapter[2
The red coloured curves are obtained by assuming a pure phase space distribution for
n — T~ . The geometrical acceptance of the Central Detector of WASA is taken into
account for the generated distributions. All curves are normalised to the measured data
distributions.

6.5 Dalitz Plot for n — wTw v

As pointed out in Chapter [2, the photon energy distribution as well as the pion-
photon opening angle distribution are visible in the Dalitz plot. The left panel of
Fig. shows the two proton missing mass as a function of the global bin number
Glin, which is parameterised by the Dalitz plot variables [14]:

IM?(n*,7) =6
5

IM?*(m=,y) =6
)

Goin = FloorNint[ ] + Npins - FloorNint[ (6.9)

IM (7%, ) is the invariant mass of the positive / negative pion and the photon. The
variable 0 is defined as the ratio between the invariant mass range and the number
of bins Ny, in the Dalitz plot. For this analysis, 0 is chosen to be: § = %.
The function FloorNint is the floor function, returning the integer of the argument.
For each global bin, the missing mass projection is determined and processed in the
same way as discussed in the previous two sections (i.e. background subtraction
and acceptance correction). The resulting number of expected n — 777~ events
is associated to Gy;,, which is translated back to the corresponding bins within the
Dalitz plot.

The result of this procedure is displayed in the right frame of Fig. The left hand
side shows the Dalitz plot without any background correction. The enhancement
at low invariant masses is related to pp — ppm™ 7~ events, which are connected to
low energy photons. This enhancement is removed after background subtraction
(see right panel). The horizontal and vertical lines in both diagrams represent the
kinematic limit of the decay, which is given by: m2 < IM?*(7%,~) < (m, — m.)%
Low invariant masses 0.04 GeV?/c! < IM?(n*,v) < 0.08 GeV?/c* correspond to
global bins Gy;, < 100 in Fig. [6.8] Those regions are dominated by background
contributions from multi-pion production. This causes zero entries in the right
diagram of Fig. [6.9] because the signal is buried under this background and thus
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Figure 6.8: Left: Two proton missing mass as function of the global bin number Gy,
defined in Eq. based on the analysis conditions presented in the beginning of this
chapter. The black solid line indicates a projection of the missing mass for Gy, = 134.
Right: Missing mass spectrum deduced from the projection shown in the left panel. The
distribution is described by MC simulations (yellow shaded area), using: n — w7~ for
the signal region (blue curve) and pp — pprntn~ + pp — pprta—70 folded with a 4th
order polynomial (red curve). The purple dashed lines indicates the region, where the
peak integral is calculated.

removed after background subtraction. The diagonal represents the symmetry axis.
A projection along the diagonal axis leads to the opening angle distribution discussed
in the previous section. The population of the background corrected Dalitz plot at
invariant masses 0.06 GeV?/c* < IM2?(7%, ) < 0.12 GeV?/c? corresponds to maxima
visible in the photon energy and angular distribution.

In case of true C-violation phenomena, the Dalitz plot would show an asymmetry
with respect to the diagonal line.
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Figure 6.9: Measured Dalitz plot of the decay n — w7~ . Left: Without background
subtraction. Right: With background subtraction and efficiency correction. The black,
dashed box in each diagram represents the kinematical limit of the decay. The diagonal
lines represent the symmetry axis.
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6.6 Investigation of systematic effects

The calculated observables discussed in the previous sections, are based on selection
criteria applied within the analysis and thus may depend on underlying systematic
effects. Those effects and the corresponding uncertainties will be discussed in the
following subsections. The basic assumption for those investigations is, that influ-
ences related to one analysis parameter (e.g. the kinematic fit probability) are not
correlated with the remaining parameters (e.g. the split-off rejection). Accordingly,
the influence of each analysis condition on the final result is studied while fixing the
remaining analysis parameters.

6.6.1 Uncertainties related to the kinematic fit

As presented in Chapter [ the kinematic fit algorithm comprises all particle kine-
matic variables as well as the detector features and returns a single discrimination
variable. Based on the selection of that variable, events are accepted or rejected and
the particle kinematic variables are refined. This leads to a strong decisive power on
the one hand, but may also cause large systematic effects on the other hand, espe-
cially if certain detector effects are described differently in simulated and measured
data.

6.6.1.1 Pull distributions

The monitoring spectra discussed in Chapter |5 (e.g. energy and momentum bal-
ance) allow for a global investigation of the fit algorithm (i.e. whether energy and
momentum conservation is given, or which particles are selected). A more detailed
insight into the features of the fit are given by so called pull distributions, which are

defined as follows: A

Pull(v;) = —— (6.10)
\/(O.Z;}leas>2 _ (U{igt)2

The variable v;; represents the kinematic parameter j (i.e. Ej;,, 6 and ¢) of a par-
ticle 7. The errors of the measured variables are denoted by 073°** and the errors of
the fit variables are represented by Uiﬁf, respectively. The fit errors are obtained in
exactly the same way as the measurement errors: In a first step vie — vg¢ distribu-
tions are determined in steps of kinetic energy and polar angle. The step size is the
same one as used for the error parameterisation (see Chapter . Each distribution
has been fit by a Gauss function and the obtained o represents the error. The errors
of the fit particle kinematic variables are presented in Table [6.1] The distributions
show in which area (of the detector) and to what extent the error of each particle
variable could be improved by the fit.

For the estimation of the fit errors, simulated 7 — 777~ events were analysed.
These events have a defined phase space region, thus the distributions in the second
and third row of Fig. have zero entries in certain regions. Several enhancements
due to low statistics are visible at the boarders of those regions.

The errors of the fit proton kinetic energies do not increase with kinetic energy, as
observed for the measurement errors. The errors of the fit # and ¢ proton angles are
of the same order of magnitude as the corresponding errors for the reconstructed
angles. Those variables are reconstructed with such precision, that they could not
be improved by the kinematic fit.

The enhancements for reconstructed pion and photon variables at large and small
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Error of: Eu, Error of: 0 Error of: ¢

Protons

Pions

Photons

Table 6.1: Errors of the fit particle kinematic variables: kinetic energy (left), 6 (or
ring in the calorimeter for photons) (centre) and ¢ (right) for protons (top row),
pions (centre row) and photons (bottom row). The error values are plotted on the
z-axis as function of the kinetic energy (x-axis) and the polar angle (y-axis). The angular
errors are given in degrees and the relative errors for the kinetic energies have no unit.

6 angles (rings in calorimeter) are significantly reduced for the fitted variables (see
second and third row in Table . Additionally, reconstruction inefficiencies at
0 = 90° (Ring = 163, 164) caused by the pellet target pipe are compensated by the
fit algorithm. The trend of decreasing photon energy errors with increasing kinetic
energies remains after refining the photon variables.

The errors of the fit and measured particle kinematic parameters are used to com-
pute the pull distributions for simulated and measured data. In order to be able
to compare the various pull distributions, both data sets were analysed under the
same conditions, which have been introduced in the beginning of that chapter.
The underlying assumption for applying the kinematic fit is that all error distribu-
tions of the reconstructed variables are Gaussian and all variables are uncorrelated.
According to that, the resulting error distributions of the fit variables should also
be Gaussian. Thus, the distribution connected to Eq. [6.10] should also be Gaussian
with op,; = 1 and a mean value equal to zero. Any deviation from that is either
related to systematic influences or to the error estimation. The y2-distribution ob-
tained for  — 77~y was discussed in Chapter [} Enhancements at large values
are observed, due to underestimated measurement errors. This effects the fit parti-
cle variables as well as their errors and consequently the pull distributions, so that
opunl # 1. A non-zero mean value indicates that the error estimation is affected by
systematic effects (e.g. calibration of a detector part). A comparison between the
pulls obtained from simulated and measured data allows to investigate the influence
of the kinematic fit algorithm on each of those data sets. Possible deviations might
give a hint if reconstruction effects are described differently in simulations than in
the measured data.
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Figure 6.10: Pull distributions for proton kinetic energies (top), 6 angles (centre)
and ¢ angles (bottom). The distributions are obtained for simulated n — w7~
events (left column) and measured data (right column). The red curves in each
diagram represent fits of Eq. to the distributions.
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Figure 6.11: Pull distributions for pion kinetic energies (top), 6 angles (centre) and
¢ angles (bottom). The distributions are obtained for simulated n — w7~ events
(left column) and measured data (right column). The red curves in each diagram
represent fits of Eq. @ to the distributions.
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Figure 6.12: Pull distributions for photon kinetic energies (top), 6 angles (centre)
and ¢ angles (bottom). The distributions are obtained for simulated n — w7~
events (left column) and measured data (right column). The red curves in each
diagram represent fits of Eq. to the distributions.
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Figures to show the pull distributions for all proton, pion and photon
kinetic variables. Each of those distributions has been fit by the following function:

2 2
205 Opull 2

1 u 1 u
2+MP 11'1: .(MP 1l

2
fpuu(l’) = p0~exp |:— > +Spu11'.’1}3+KpuH~SL’4 (611)

Opull
which is identical to a Gaussian function with mean pp,; and variance op,y, if the
parameters Sp,y and Kpyy are zero. The fit parameter Spy is related to the skew-
ness of a distribution (i.e. the asymmetry), whereas the parameter Kp,y; describes
the kurtosis.

Not all pull distributions shown in Figures[6.10]to stem from Gaussian distribu-
tion, because the corresponding values for Sp,; and Kpy are different from zero (e.g.
top left diagram in Fig. . The reasons for that are non-Gaussian error distribu-
tions (see Chapter [5]) or correlations between the kinematic variables (e.g. between
reconstructed proton azimuthal and proton polar angles, see also Chapter . A
comparison of Spy; and Kpy between simulated and measured data allows to judge
the deviation from a true Gaussian distribution within the two data sets.

The fit parameters ppuy, opul, Kpunr and Spyy of the individual fits are summarised
in Fig. [6.13] The parameters pup,y and opyy are shown in the top panel. The kurto-
sis Kpyy and skewness Spy are presented in the bottom panel, respectively. Each
particle type is represented by coloured data points. Ideally, all points shown in the
top left diagram and bottom row of Fig. should be located at (0,0) (indicated
by vertical and horizontal dashed lines). All points at different coordinates have
systematic effects within the error parameterisation. Points represented in the top
right frame of Fig. [6.13] should be populated at (1,1) (see horizontal and vertical
dashed lines), if the measured errors are estimated correctly.

If the simulated and measured particles are affected identically by the kinematic fit
algorithm, all points presented in Fig. [6.13|should follow a diagonal line (see black,
dashed diagonals). Any deviation from that line indicates that simulated and mea-
sured particle tracks are treated differently by the kinematic fit.

All pull distributions for the kinetic energies have a sigma larger than one (see full
circles in the top right diagram of Fig. . The widths of the angular pull distri-
butions are always distinctly smaller than one (compare rectangles and triangles in
the top right diagram). The largest shift corresponding to ppyy is observed for sim-
ulated proton kinetic energies (see full circles in the top left diagram of Fig. |6.13]).
This might be related to the # dependent energy smearing for simulated events, as
discussed in Chapter [l The largest deviation between the o-values obtained for
simulated and measured data is found for photon ¢ angles and photon kinetic ener-
gies.

The bottom row of Fig. [6.13] shows that the pull distributions for all particle kinetic
energies have a nearly vanishing kurtosis whereas all angular pull distributions have
a kurtosis larger than zero. A positive kurtosis in Eq. leads to a Gaussian
distribution with extended tails which represents the shape of the angular pull dis-
tributions presented in Fig. to The largest values for Kp,y; are obtained
for the measured proton 6 and photon ¢ angles. This indicates a difference in shape
between the corresponding measured and simulated pull distributions.

The skewness Spyy is different from zero for most of the pull distributions. Additionally,
the majority of the points displayed in the bottom right diagram of Fig. does
not follow a diagonal line which again indicates an incompatible shape of the simu-
lated and measured pull distributions. The results presented in Fig. [6.13] show that
the largest deviations from the diagonal lines (in all four diagrams) are related to
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Figure 6.13: Mean value (top left diagram), sigma value (top right diagram), kurtosis
(bottom left diagram) and skewness (bottom right diagram) deduced from a fit of Eq.
to the pull distributions calculated from simulated n — 7t~ events as function of the
corresponding values deduced from measured data. The kinematic variables of protons /
pions / photons are represented by green / blue / red points, respectively. The kinetic
energy / 6 angle / ¢ angle of each particle is represented by a circle / rectangle / triangle,
respectively. The fit error of each value is represented by the error bar of the symbol.
The black dashed diagonals in each diagram are drawn in order to visualise the deviation
between measured and simulated data. The horizontal and vertical dashed lines represent
the fit parameters, which are expected in case of Gaussian distributed pull values.

the proton and photon kinematic variables. This leads to the conclusion that the
error parameterisation still has to be tuned (even) further and the differences in
reconstructing measured and simulated particle tracks (i.e. the deviation from the
diagonal line) need to be carefully evaluated. However, those results do not allow to
judge how and to what extent those differences effect the systematic behaviour of
the kinematic fit on each data set. Therefore, the cut on the kinematic fit probabil-
ity for selecting n — 77~ events will be varied to study the corresponding effect
on the observables. This procedure will be discussed in the following section.
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6.6.1.2 Correlation between the relative branching ratio and the kine-
matic fit probability

Systematic effects induced by the kinematic fit are investigated by varying the cut
on the fit probabilities: P(Xf)p_)ppﬁﬂw,él) / P(Xf)p_)ppﬁﬂ,w,él). The parameter A
for rejecting split-offs as well as the selection of a 7" candidate are not changed
in this study. The results are displayed in Fig. [6.14. The minimum probability
(Xf,pﬁppﬂﬂ,v,él) was increased between 5% and 95% in steps of 0.05. The corre-
sponding branching ratio was calculated according to Eq. [6.3]
In order to demonstrate the impact of a 6 independent energy resolution of the var-
ious layers on the systematic uncertainties, a test sample containing ~ 25% of
the 2010 ppn data set has been analysed. For this data sample the energy resolution
was set constant for each [FRH]layer and the corresponding results are presented in
the top left frame and second row of Fig. The relative branching ratio decreases
linearly with increasing minimum probability from 0.23 at maximum and 0.16 at
minimum. This corresponds to a total variation of ~ 30%, which already indicates
a significant influence of the kinematic fit on the final result.
Ideally, a varying cut on the kinematic fit probability should have no effect on the
final result, because the corresponding reconstruction efficiencies (obtained from
simulated data) are taken into account by Eq. . A large probability cut for in-
stance leads to a small number of accepted events, which is compensated by the
corresponding efficiency. This only works, if the detector response is described in
the same way for the simulated and measured data set. According to the results
shown in the left frame of Fig. the reconstruction efficiency for n — 7t7 7~
seems to decrease insufficiently in simulations with increasing probability. There-
fore, the influence of the probability cut could not be compensated.
The centre left diagram in Fig. shows the number of expected n — 7+t7~ v events
as a function of the different kinematic fit probability for different reaction hypothe-
sis. The red data points are obtained by selecting events with P(Xf,pﬂppﬁﬂ— i d) >
2

0.2 and varying the cut on P(x 4) in steps of 0.05. The number of ex-

pp—pprTTTy?

pected events deduced from different cuts on P(Xf?pﬂppﬁﬂ—wﬁl) and a fixed cut

4) > 0.2 are represented by the blue data points, repsectively. The
+ 0

2

(pr—mpﬂﬂr*v’
same correlation studies are made for the number of expected n — 777~ 7" events,
which are presented in the right frame of the second row in Fig. [6.14. According
to Eq. [6.2] the number of expected events for a decay channel i are connected to
a different channel j via the non-diagonal matrix elements. Hence it is assumed,
that the number of expected n — 7r7 vy / n — 777 7% events also varies for
different cuts on P(X2, _prirnryrd) | P0Gy pprtnss 4)- However, Fig, (6.14] shows
that the number of expected n — 77~ 7% events is not effected by different cuts

on P(X2,_ rin- ,»4) (see red data points in right frame of the second row). This is
0

because the efficiency for reconstructing an n — 777~y event as an n — 7wt7 7
event candidate is negligible (also see Fig. [6.1)). Thus, the number of expected
n — a0 events only depends on the variation of P(X?Jp—mpw"'ﬂ_'y'y’ 4). The vari-
ation of the number of expected n — 777~ events varies for different cuts on
(O —— +4) within the statistical errors (represented by the error bars in
Fig. . According to that, effects on the relative branching ratio by varying
either P(Xip_)ppﬁﬂ,w, 4) or P(ngap—q)pﬂJWr*’y’ 4) can be investigated separately.
The second row of Fig. represents the same effect, which is shown in the top
left diagram: The number of expected events for both channels decreases with in-
creasing fit probability, because the efficiency is underestimated. Thus, the relative

119



CHAPTER 6. DECAY OBSERVABLES OF n — ntn vy

=i ‘ &, o.F ‘
‘E ); 024: ; X2/ ndf 1930/ 18 +E +E 0'24: X2/ ndf 131.2/18
1 r i = -
g ‘2_0.22 . Prob 0 2 :_022 Prob 3.181e-19
[ g L 5 po 0.1801+ 0.0005895 [ E po 0.1945 + 0.0004025
C F s

2 o2f : 2 02 ¥ :

> b >

£ o018F £ o0.18F

R ; 5k

c r H i s L

& 0.16 & 0.16

a r 13 8 r

o r iy 1 o C

= 014 Pt 2 014

© E © E

T C T C

& oa12f & 012

0.4§ g _(0.8 .2 —L 0.15— e _‘_0.8 .2
Probability P(pr~pprrrrv'4) Probability P(xppwwm{,zl)

g

N N
(=2} o]
o o
o o

: : :iiiiii?ilif

2400:_;§¥**
F L

Number of expected n- 'ty events
Number of expected n - 'ri° events

2200-_ ...... l .. ............. ............. ‘ _____
: : ;
2000 Pl G E g B e
1800 f e L
1600F ? . : : e L
SN TN N SR BN | Ll
0 0.2 0.4 0.6 0.8 1 0.4
Probability P(x? 4) 1 P(x2 A Probability P(x? 4) 1 P(x? 4
robability PGZ  AIPOE 4 robability PO, ey POCy _ppreryy™®
x10°
«n 4200 o 24
< [ < »
5] F 4 -
4100 3
‘> : q: 23__ .................................................................
+E E E F . { :
7 4000 K F Ly E
i 3 T SO AR UUUUPE SUUUUUUPUE A SUUPPPRR
° F = - ¢ *
5 F ° - :
< 3900F 2 F :
2 I [ | A OSSP SRR SRR
X N Q— -
2 3800 @ r
5] o 5 - o#
5 I o 20f gt T R
2 3700 & F
3 F E o
as00f- 2 gof b b
R T R T R T T A T R
35000 0.2 0.4 0.6 0.8 1 180 0.2 0.4 0.6 0.8 1
Probability P(x? 4) 1 P(x2 ) Probability P(x? A4) 1 P(x2 )
Y (pr - ppTUTTY ) (XPP*PP“"WW ) y (XWJ »ppTeTTY ) (XPD“PP"'WW )
P(n—ntn )

Figure 6.14: Top: Relative branching ratio as a function of the minimum

I'(n—ntr—x0
kinematic fit probability. The results are obtai(ged Witho)ut (left frame) and with (right
frame) 6 dependent energy smearing of the scintillators for simulated data. The red
lines in each diagram refer to a fit of a constant function. The PDG - value [10] for the
relative branching ratio: 0.1847 + 0.0003 is represented by a blue bar. Centre: Number
of expected 1 — wrn~ (left frame) and n — 777" (right frame) events as function
of the selected fit probabilities P(Xip—»ppﬂ+7r_'y’4) (red) and P(Xipﬂppﬂ‘*ﬂ_'y’y’ll) (blue).
0 dependent energy resolution for the FRH scintillators was not applied here. Bottom:
Same plots as shown in the centre row, but 8 dependent FRH energy resolution is included.

The error bars in both plots represent the statistical uncertainties.

branching ratio, which is the ratio of both numbers, shows a similar pattern. The
situation changes, if a 6 dependent resolution of the [FRH| modules is applied for
simulated protons. The corresponding results are shown in the top right frame and
bottom row of Fig. [6.14] after analysing ~ 42% of the 2010 ppn data set. The
variation of the individual data points is significantly smaller than presented in
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the left frame in Fig. [6.14] The remaining periodical fluctuation is directly con-
nected to the correlation between the number of expected n — 777~ events and
P(X;pﬂppﬁﬂ—w 4) (see red points in bottom left diagram of Fig. . The number
of expected n — 77~ 7¥ events does not depend on the choice of P(X?Jpﬁppwﬂr*'y’ 4)
(see red points in bottom right frame of Fig.[6.14]) and has therefore no influence on
the pattern shown in the top right panel of Fig. [6.14]

In order to have a measure for the correlation between the relative branching ratio
and the kinematic fit probability P <X§pﬂp7r+7r_ o 4), a constant function was fit to the
data points shown in the top row of Fig. The results of the fit are represented
by the red lines in each diagram. Any other function would not be adequate, since
the results are expected to be independent from choosing a certain fit probability.
The reduced y?-values are (in both cases) much larger than one and thus indicate,
that the pattern is not in agreement with a constant function. Therefore, the errors
of the fit parameter (see inset boxes in top row of Fig. do not reflect the dis-
agreement between the red lines and the measured distributions. This observation
comes about because the least squares fit errors are estimated within the variation
of the x2-value between x? and x? + 1. For large y*values (i.e. x? >> ndf?) this
procedure becomes insensitive to the variation of the fit parameters and thus leads
to underestimated fit errors (see case 1 in Appendix . Therefore, the standard
deviation o between the data points y; in the top diagrams of Fig. and the fit
parameter p0 is calculated:

1
2 . o 2
ot = ;(yz p0) (6.12)

Accordingly, the uncertainty opp;; introduced by the kinematic fit with reaction
hypothesis pp — pprt7~7 and with a constant FRH energy resolution reads as
orrirn1 = 0.030. This value is in agreement with the maximum differences between
the data points presented in the top left panel of Fig. and the fitted red line.
Including a 6 dependent energy resolution reduces the uncertainty to ogp;;1 = 0.005.
Unfortunately, the number of expected n — 777~ 7" events shows, even after intro-
ducing the 6 dependent [FRH]| energy resolution, a strong correlation with respect
to varying values of P(szp—mpn*ﬂ'*’y’y’ 4) (see blue data points in bottom right panel
of Fig. [6.14). For probabilities < 30%, the variation is nearly zero, but increases
linearly for larger probability values. Naively, a similar dependence between the
number of expected events and the chosen fit probability would be expected for
both decay channels, since the reconstruction of protons and their implementation
in the kinematic fit algorithm is identical. The only difference is the number of
photons requested by the reaction hypothesis, which might indicate that neutral
particles are described differently in the measured and simulated data set. This
would be in agreement with the observations made in Fig. [6.13] However, at this
stage it is unclear, why the two decay channels are affected differently with respect
to different fit probabilities. This is another issue, which has to be checked carefully
in the future.
The influence of choosing a different minimum probability P(Xip_)ppﬁrw,él) on
the relative branching ratio is studied by fixing the selection of P (Xgpﬂppﬁﬂ_ . 4) to
(Xﬁp_)ppﬁﬂw, 4) > 0.2 and varying P(XZpprﬂﬂT*v ,4) in steps of 0.05. The results
of this study are displayed in Fig. [6.15]excluding (left) and including (right) an angle
dependent resolution of the [FRH] scintillators. The corresponding uncertainties are

dThe acronym ndf denotes the number of degrees of freedom.
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Figure 6.15: Relative branching ratio = Fr=r0) for P(pr—>pp7r+7r*’y’ 4) > 0.2 as a
function of different cuts on P(Xz%pﬁppﬂ*ﬂ*w’ 4). Left: Without 6 dependent FRH resolu-

tion correction and Right: With 6 dependent FRH resolution correction. The PDG-value
for the relative branching ratio is represented by the blue box. The error bars of each point
represent the statistical error. The red lines represent a fit of a constant function to the
data points.

calculated according to Eq. [6.12] because of the reasons discussed above. This leads
to oxriz = 0.019 for a constant [FRH] energy resolution and oypye = 0.009 if the
resolution is angle dependent.

Finally, the total uncertainty introduced by the kinematic fit is obtained by: opp; =
VO i1 + Oopiso- This leads to ogpy = 0.036 if the@ energy smearing is angle in-
dependent. If the simulated energy resolution of the [FRH|is made angle dependent,
the total uncertainty is: oppy = 0.010, which is nearly a factor of four improvement,
compared to the previous case.

This result, as well as the distribution shown in the top right frame of Fig.
lead to the conclusion that the effect of a # dependent energy resolution of each
FRH module either has to be implemented in the simulated data set, or signifi-
cantly reduced within the measured data. Otherwise, the kinematic fit algorithm
treats simulated and measured protons differently and the obtained efficiencies are
inadequate. In the following, all presented results include the 6 dependent [FRH]
energy resolution within the simulated data set.

6.6.1.3 Correlation between the E,-distribution and the kinematic fit
probability

4) and
P(X;p_)ﬁﬂ_w, 4) on the photon energy distribution is studied in the same way as
discussed above. The results are shown in Fig. [6.16] All diagrams displayed in
the top row are obtained for a fixed selection of P(x> . - +4) > 0.2 and a
varying cut on P(Xipqppﬁww,ﬂx). Diagrams in the bottom row correspond to a
fixed P(széppﬁﬂ_v, 4) > 0.2 and a varying P(x2,_ . .,4). The left column of
Fig. [6.16] shows the photon energy distributions for different probability cuts. The
corresponding « parameters and their fit errors (according to Eq. are presented
in the right column.

The various cuts on the fit probability were performed in steps of 0.1, as the two
extreme scenarios P > 0.1 and P > 0.9 are represented by red / blue markers in
the diagrams shown in the left panel of Figl6.16] The distributions plotted there

have negative entries for energies £, < 0.035GeV because a clear detection of an

The effect of choosing different minimum probabilities P (Xf;p_wﬁr, "
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Figure 6.16: Left:  E,-distribution in the n-rest frame for different -cuts

on 2P(x§p_)ppﬂ+7r_7,4) and2 P<><§p—>pp7r+7r—w74) > 20% (top), different cuts o'n
P(pr—mpﬂ*W’W’ 4) and P(pr—>pp7r+7r*w 4) > 20% (bottom). The extreme case P > 0.1 is

indicated by red spherical markers and P > 0.9 is represented by blue rectangular markers
respectively. The bottom left diagram shows no red marker, because they are superposed
by the blue data points. Statistical errors are represented by the error bars. The purple
solid lines correspond to a simultaneous fit of Eq. to all E,-distributions, except the
one indicated by the blue rectangular markers shown in the top left panel. Right: FEach
distribution in the left frame was fit by Eq.[2.29 and the « parameter is plotted as function
of the corresponding cut on the fit probability. Here, the error bars correspond to the pa-
rameter error, obtained from each individual fit. The red line refers to a constant function,
which was fit to the data points. The fit results are shown in the rectangular box.

eta signal in the corresponding missing mass projection bin is not possible due
to large background contributions. Therefore, all distributions shown in the left
panel of Fig. have been fit by Eq. without considering photon energies
E, < 0.035GeV[] The data points shown in the top left diagram of Fig. [6.16] show
a uniform pattern and thus stem from a common distribution. This observation is
confirmed by the purple solid line, which represents a simultaneous fit of all £,-
distribution (except the blue coloured one) with Eq. [2.29]

The blue coloured data points show a clear deviation from this uniform pattern.
They correspond to a probability cut P(sz_)ppﬁﬂw, 4) > 0.9 and therefore suffer
from insufficient statistics in the corresponding missing mass spectra.

The a-values deduced from each of the E,-distributions are presented as a function
of the kinematic fit probability P(Xf)pﬁppﬂﬁr, ,»4) in the right column of Fig. [6.16]
The error bar of each point comprises the uncertainty related to the background cor-
rection of the individual missing mass spectrum as well as the statistical error of the

¢For P(Xipﬂppﬂ‘*'ﬂ_’y’ 4) > 0.9, the left fit boundary was changed to 0.06 GeV because of nega-

tive or an unreasonably large number of entries.
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n-peak content. Within those errors, the a-parameters follow a constant pattern
with respect to P(x? Xopp—sppm-- - 7,4). This observation is approved by a reduced x?
value, obtained from fitting a constant function (see red line in top right diagram)
to those points. One striking feature of the top right correlation diagram in Fig.
is, that the average a-value changes abruptly from ~ 0.28 GeV 2 to ~ 0.4 GeV 2
for kinematic fit probabilities larger than 60 %.

One hint for the explanation for that effect is given by the error bars which increase
with increasing fit probability. Choosing larger kinematic fit probabilities leads to
larger statistical fluctuations within the individual photon energy distribution and
thus increases the fit error of . In order to get a better insight into this problem, the

2
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Figure 6.17: Photon energy distribution obtained for choosing events with
+,4) > 0.8. The solid red and black dashed curves correspond to a fit of
llll ™ '}/
Eq 2.29 to the data points for o being a free parameter (red curve) and being fixed to

0.229 GeV 2 (black dashed curve).

measured photon energy distribution related to P(pr—>pp7r+7r 2 4) > 0.8 has been
fit by Eq. [2.29 with two different a-parameters. The results of that study are shown
in Fig. [6.17] The solid red curve is obtained by fitting Eg. 2.29 to the data points
without any constraints on «. The black dashed curve is deduced from a fit with a
fixed a-value of 0.229 GeV 2, which was determined in Section [6.2] for kinematic fit
probabilities P(Xf;p_mpﬁf 7,4) > 0.2. Both fit curves overlap and refer to similar
reduced x? values. Thus, neither of the two presented a-parameters is preferable.
This leads to the conclusion that the enhancement shown in the top right diagram
of Fig. at probabilities > 60% is rather connected to the statistical fluctuations
within the corresponding £, -distribution than to a systematic effect caused by the
kinematic fit. Therefore, using Eq. to estimate the kinematic fit related uncer-
tainty o.p;1 would be inappropriate in this case, because the individual error of the
individual a-parameter has to be taken into account.

Thus, the uncertainty related to varying the kinematic fit probability is given by the
parameter error +0.059 GeV 2 of p0 displayed in the top right diagram of Fig.[6.16]
Another issue, related to the scenario shown in Fig. is the sensitivity of the
shape of the photon energy distribution to different o values. The black dashed
and red solid curve are hard to distinguish by eye, even though the corresponding «
values are different. According to that, the shape of the photon energy distribution
predicted by Eq.[2.29 has a certain insensitivity to different o parameters.
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The bottom row of Fig. [6.16 shows the correlation between the photon energy dis-
tribution and the probability P(pr_)pp7r+7r W,4). Varying the probability has an
influence on the number of expected n — 77~ 7" events (see previous section),
which is used to correct the photon energy distribution for background contribu-
tions from those events. As shown in the previous section, the number of expected
n — wta~ 7% events increases with increasing fit probability P(sz_)ppﬁﬂ,w,él).
Thus, a correlation between the photon energy distribution and P(x? 4)
is expected.

However, the bottom row of Fig. [6.16] shows a negligible correlation: All photon
energy distributions related to different values for P(y? Xopp—pprtn—y? 4) have the same
shape and thus, only the distribution related to the blue data points is visible.
Hence, the a-parameter is insensitive to the correction of n — 77~ 7% events. This
statement is supported by the considerably small y2-value. Additionally, the er-
ror bars show no significant variation with respect to P(Xf)p_)ppﬁﬂ, 7774) and are
~ 0.153 GeV 2.

These observations correspond to case 2 discussed in Appendix [G] and thus the pa-
rameter error of p0 (see box in bottom right diagram of Fig. can not be taken
to estimate the uncertainty related to varying P(Xﬁpﬂppﬁﬂ_w,ll). Thus, Eq.
is used instead in order to decouple the (constant) « fit errors from fluctuations
caused by different cuts on P (Xipappwﬁr*w’ 4). This leads to opi2 = 0.019 GeV 2
and the total systematic error for « related to the kinematic fit is given by opp; =

v0.0592 + 0.019%2 GeV 2 = 0.062 GeV .

All photon energy distributions shown in the left panel have been fit simultaneously
by Eq. (see purple curves in top and bottom diagram) in order to have a cross
check for the error estimation method displayed in the right column of Fig.[6.16] The
results of both multiple fits are in good agreement with the parameters extracted
from fitting a constant function to the different a parameters. This indicates that
both approaches are valid for estimating the systematic uncertainty. The benefit of
the method presented in the right column is that the dependence between the indi-
vidual o parameter and the kinematic fit probability can be investigated separately.
Additionally, possible correlations between the « fit error and analysis cuts can be
studied. However, to judge the final result or uncertainty each a value should always
be investigated in combination with the associated £, distribution.

Xpp—pprtm=ry?

6.6.1.4 Correlation between the (7w, ~) opening angle and the kinematic
fit probability

The systematic uncertainties for the opening angle between a charged pion and the
single photon are studied as discussed in the previous section. Fig. summarises
the angular distributions and their corresponding (-values (determined according
to Eq. as a function of different kinematic fit cuts. All distributions presented
in the left column show an enhancement for angles 0.45 < cos Z(7*,v) < 0.55,
which was already observed in Fig. [6.6] Therefore, this region is not included when
determining the 3-value.
The results are similar to those obtained in the previous section: The angular
distributions related to different probabilities P pr—>71'+7r ,4) follow a uniform
slope (see purple solid curve in top left frame of Fig. |6.18 The effect of different
(X;p_,ppﬁﬂ_w, 4) values is not visible in the bottom left dlagram because all dis-
tributions overlap. The corresponding [g-parameters follow a constant pattern with
respect to different selections of P(x2, . +r»4) o8 P(X2 i r s 4). The un-

125



CHAPTER 6. DECAY OBSERVABLES OF n — ntn vy

certainty of 3 related to selecting different probabilities P(x? 4) is given

pp—ppr Ty’

by the error 0.021 of p0, displayed in the top right panel of Fig. m The error of
each data point depends on the chosen probability, because of the correlated statis-
tical fluctuations. Hence, the individual errors have to be taken into account for the
final error determination. Additionally, the reduced y2-value of ~ 0.16 indicates a
reasonable error estimation by the fit.

The individual errors of § with respect to different probabilities P<X—>pp7r+7rww 4)
(see bottom line of Fig. are constant ~ 0.054. Taking Eq. into account
leads to 0.018, which is identical to the error shown in the box in the bottom right
diagram of Fig. [6.18] The uncertainty estimated via fitting a constant function is
not adequate because only the fit error of Eq. is incorporated within this value.
Thus, the error on [ related to P(Xf)p—mpﬂ*W*’y’y’ 4) is estimated via Eq. to be
orriz = 0.012 and the total uncertainty is given by opy; = 0.024.

The solid purple curves presented in the left column correspond again to a multiple
fit of Eq. [2.34] to all opening angle distributions. The fit results are in agreement
with the values deduced from fitting a constant to the individual -values (see red
inserts in the right panel of Fig. [6.18]).
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Figure 6.18: Left: Opening angle distribution between the positive pion and the
single photon in the (nt, 7~ )-rest frame for: different cuts on P(x? 4) and

) ‘ ) pp—>pp72r+ Ty’

(Xpp—pprta—nny = 20% (top), different cuts on P(x,,, v - ,4) and P(x, oy >
20% (bottom). The extreme case P > 0.1 is indicated by red spherical markers and P > 0.9
is represented by blue rectangular markers. Statistical errors are represented by the error
bars. All distributions have been fit at once by Eq. which is represented by the
purple solid line. Right: Fach distribution in the left frame was fit by Eq. and the (8
parameter is plotted as function of the corresponding cut on the fit probability. Here, the
error bars correspond to the parameter error from each individual fit. The red line refers

to a constant function, which was fit to the data points.
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6.6.2 Uncertainties related to the split-off rejection

As mentioned in Chapter 5] the parameter A can not be increased to any value, be-
cause at some point the efficiency correction fails and the shape of the photon energy
distribution will change. Fig. [6.19|shows the reconstruction efficiency of n — w7~
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Figure 6.19: Reconstruction efficiency of n — w7~ obtained from Monte Carlo simu-

lations as function of the photon energy E. in the n-rest frame (top row) and the opening
angle between the positive pion and photon in the dipion rest frame ( bottom row). The
coloured markers represent different cuts on the minimum probability P (> Xpp—spprtm—n? 4).
The diagrams shown in the left column correspond to the split-off rejection condition

E, > % and the right column is obtained for E. > %

as a function of the photon energy (top row) and the pion-photon opening angle (bot-

tom row). The green, blue and red points correspond to P(Xﬁpﬂppﬁﬂ— 7,4) > 0.2,

P(X;p_wp7T+7r ,»4) > 0.5 and P(x? Xipppprta—rys ) = 0.9, respectively. The left column
of Fig. 6.19|is obtained for accepting photons with £, > % The right column
4degx GeV

corresponds to reconstructed events with £, > aes: The opening angle effi-
ciency presented in the bottom row shows no values < 0, thus there are no efficiency
gaps for the analysis parameters presented here.

By definition of the split-off rejection condition, the reconstruction efficiency as a
function of the photon energy is directly correlated to the split-off rejection parame-
ter A. Comparing the two diagrams displayed in the top row of Fig. [6.19|shows that
no regions with zero efficiency occur for A = 2deg x GeV and different kinematic
fit probabilities. The large efficiencies visible at £, ~ 0.2GeV are because this is
the kinematical limit. Bins with zero efficiency occur at E, < 0.02GeV because
deposited hits with energy smaller than 20 MeV inside the calorimeter are rejected
(see Chapter |3)).

Choosing photons via A = 4deg x GeV leads to regions with zero efficiency for
E, < 0.0375GeV. This energy range can not be recovered in the final spectrum.
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Larger values of A (not shown here) lead to bins with zero efficiency at even larger
photon energies and thus influence the shape of the final distribution. However,
since photon energies < 0.035 GeV are rejected from fitting Eq. 2.29) to the photon
energy distribution (see Section , the value A = 4deg x GeV was considered
to be the maximum limit of the split-off rejection parameter. If A is chosen to be
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Figure 6.20: Left: Two proton missing mass distribution as a function of the single pho-
ton energy (top) or the pion-photon opening angle (bottom). Both diagrams are obtained
for P(x? 4) > 0.2, P(x? 4) > 0.2 and A = 1deg x GeV. The black

; \VApp—pprt Ty’ pp—pprt T YY), o )
lines in each diagram represent a projection window for the two proton missing mass dis-
tribution. Right: Proton-proton missing mass distribution (top / bottom) deduced from
the projection shown in the (top / bottom) left frame. FEach distribution is described by
MC simulations (yellow shaded area), using: 1 — wtn~~ (blue curve) for the signal region
and pp — ppr T~ + pp — pprtr— 70 folded with a 4th order polynomial (red curve) for
the background. The purple dashed lines are drawn to visualise the signal region. The

acronym S/B denotes the signal to background ratio.

too small the multiple-pion background is not rejected sufficiently. This situation is
presented in Fig. [6.20f The diagrams displayed in the left column present the two
proton missing mass as a function of £, (top frame) or the pion-photon opening an-
gle (bottom frame). The split-off rejection parameter was set to A = 1deg x GeV,
without changing the conditions on the kinematic fit probability.

The top left diagram in Fig. [6.20]shows a strong population of background events at
energies I, < 0.05 GeV, compared to Fig. 6.3 This leads to difficulties in subtract-
ing the background and determining of the eta peak content (see top right diagram
in Fig. and compare to the corresponding spectrum shown in Appendix ,
which effects the final £, -distribution. The same conclusions might be drawn for
the diagrams presented in the bottom row of Fig.[6.20, Comparing those to Fig.
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shows, that using A = 1deg x GeV for split-off rejection is not efficient enough to
reject background contributions at cos[Z(7",v)] < —0.8 and cos[Z(7F,~v)] > 0.8.
Those observations will be important for the following discussions.

The influence of different split-off rejection conditions E., > ﬁ on the final re-
sults is investigated, by varying the parameter A. For that purpose, both minimum
fit probabilities are fixed to P(x? 4) > 0.2 and P(x? 4) > 0.2.

pp—ppr T Ty pp—ppr T T yy?

6.6.2.1 Correlation between the relative branching ratio and A

The influence of different A-values on the relative branching ratio is investigated in
the same manner as done in the previous section. In order to visualise the effect
of choosing different values for A, the split-off rejection parameter A is increased
from 1deg x GeV to 6deg x GeV. For each value, the relative branching ratio has
been calculated. The corresponding result is displayed in Fig. [6.21] The relative
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Figure 6.21: Left: Relative branching ratio as a function of the split-off rejection pa-
rameter. The statistical uncertainties of each point are represented by the error bars. The
red line represents a fit with a constant to the various points, excluding A > 4 deg x GeV.

branching ratio decreases with increasing A-parameter, indicating a strong correla-
tion. Ratios with A > 4deg x GeV were not considered for the constant line fit
because of the reasons explained above.

The resulting uncertainty is estimated according to Eq. [6.12] due to the large re-
duced x? value. The corresponding error is o4 = 0.016. This value does not change
significantly, if the ratio with A = 4deg x GeV is also omitted, because of the large
branching ratio value at A = 1deg x GeV.

A more detailed insight into this problem is given by the investigation of the differ-
ential distributions, which are discussed in the following two sections.

6.6.2.2 Correlation between the E.-distribution and A

The dependence between the single photon energy distribution and the split-off re-
jection parameter A is presented in the left panel of Fig. The red and blue data
points highlight the extreme cases A = 1deg x GeV and A= 6deg x GeV, whereas
the green points refer to A = 4deg x GeV. Only photon energies < 0.1 GeV are
affected by a variation of A, which is in agreement to the observation made during
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Figure 6.22: Left: E. -distributions for different values of the parameter A. The red,
green and blue points represent the values: A = 1deg x GeV, A = 4deg x GeV and
A = 6deg x GeV. Right: a-values and errors obtained from fitting Eq. [2.29 to the
distributions shown in the left frame. A constant fit is performed to those values with
A < 4deg x GeV.

the study of efficiency gaps. Low statistics at photon energies < 0.035 GeV cause
negative y-values or strong fluctuations for A > 5deg x GeV. This effect is visible
by comparing the red, blue and green data points in the left frame of Fig. [6.22] The
left tail of the energy distribution seems to be shifted to higher energies when A is
increased and thus effects the final a-value shown in the right diagram in Fig. [6.22]
The different values do not follow a constant pattern with respect to a changing A.
This leads to a reduced x? value of ~ 2, obtained by fitting a constant function (see
red line in right diagram of Fig. |6.22)). The uncertainty predicted by the error of
p0 is 0.076 GeV 2, which is in the order of the error of oypy = 0.062 GeV 2. This
is unreasonable because the fluctuations of a with respect to different kinematic fit
probabilities (see right hand side of Fig. are much smaller than presented in
the right panel of Fig. [6.22] Thus, the uncertainty is estimated by Eq. and
reads as 04 = 0.217 GeV 2.

The distribution presented by the red markers (see left panel of Fig. corre-
sponds to A = 1deg x GeV. The fluctuations visible at photon energies < 0.05 GeV
are caused by background contributions from pp — ppnT7~, which have been shown
in Fig. [6.20] For the reasons discussed above, photon energies < 0.05 GeV were not
taken into account for fitting Eq. [2.29] to the red marker points.

6.6.2.3 Correlation between the (71, ~) opening angle and A

Finally, the opening angle distribution between 7 and 7 in the dipion rest frame
is investigated for A-values between 1deg x GeV and 6 deg x GeV. The results are
presented in Fig. [6.23]

Angles with 0.45 < cos[Z(n",7)] < 0.55 are not considered for determining the
[B-parameter. All data points shown in the left frame of Fig. follow a uniform
pattern, except the red labeled data points. Those values correspond to events with
E, > l‘ie(fr;ff)v. The reason for the enhancements visible at cos[Z(nT,7)] < —0.5
and cos[Z(7T,7)] > 0.5 are the strong population of pp — pprTn~ events which
can not be completely corrected by the background subtraction routine. The whole
distribution does not allow for a reasonable fit by Eq. [2.34] because the additional
[-parameter compensates the large fluctuations rather than describing a physics
related effect. Thus, the corresponding angular distribution has only been fit in the
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Figure 6.23: Left: Distribution of the cosine of the pion-photon opening angle for dif-
ferent split-off rejection conditions. The scenarios A = 1deg x GeV and A = 6deg x GeV
are highlighted by red and blue markers. Right: Obtained (3-values and errors, from fit-
ting the distributions in the left frame using Eq.[2.34 Split-off rejection parameters with
A > 4deg x GeV were not taken into account for fitting a constant function (red line) to
the various (3-values.

range [—0.8,0.8] (According to the observations made in Fig. [6.20{). The resulting
uncertainty is given by Eq. [6.12] to be g4 = 0.086.

6.6.3 Luminosity effects

As discussed in Section [3.2] the interaction rate between the beam and target pro-
tons is correlated to the adjusted pellet rate and beam intensity. This effects the
reconstruction efficiency within the calorimeter [18].

It was pointed out in Chapter 3| that pulses stemming from the calorimeter crystals
are about several us long. Thus, the capability of the calorimeter to distinguish
between two signals that hit the detector within a certain time window, is limited.
This effects both, the track reconstruction and the reconstruction inefficiencies on
the other hand, due to pileup effects and detector dead time.

To first order, this effect scales with the number of photons |18]. Accordingly chan-
nels with different number of photons might have a different reconstruction efficiency,
depending on the instantaneous luminosity.

6.6.3.1 Correlation between relative branching ratio and different lumi-
nosities

The top left panel of Fig. shows the distribution of the pellet rate (black dis-
tribution), obtained for the 2010 ppn data. The luminosities achieved during the
experiment are monitored via elastic pp scattering events, which are counted by
“trigger 177 (see blue distribution in left diagram of Fig. [6.24)). The ratio of those
rates Lusser l7rate joyrqhortional to the instantaneous luminosityﬂ. The most prob-

Pellet rate
able value for the pellet rate is achieved at ~ 7.5kHz and ~ 330kHz for trigger
17. This corresponds to a luminosity of ~ 3 - 103! cm™2s~!. The top right frame

of Fig. shows the missing mass distribution after reconstructing n — w7~
events as function of the ratio between the pellet and trigger 17 rate. The maximum
rate is found for a ratio of 40. For each luminosity interval ¢ on the x-axis with

. Trigger 17 rate ,
10-7 < < 10- 1 6.13
b= Pellet rate  — (i+1) ( )

fFor a detailed description see [18].
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Figure 6.24: Top left: Pellet and trigger 17 rate. The dominant rates are ~ 7.5kHz
for the pellet counter and ~ 330 kHZ for the trigger 17 counter. Top right: Two proton
missing mass after requesting: P(x? Xpp—spprtn—n? 4) > 0.2 and B, > =727 2deg><GeV as function of

the ratio between the pellet and trigger 17 rates, which is proportwnal to tl)’:e instantaneous
P(n—onta”y)

L(n—mtm=n0)
vals. The red line represents a fit with a constant function and the blue bar corresponds the
PDG-value for the relative branching ratio [10]. Horizontal error bars represent the width

of the luminosity range and vertical error bars correspond to the statistical uncertainty.

luminosity. Bottom: Relative branching ratio for different Iuminosity inter-

the projection of the missing mass is computed and the number of expected n —
77~ is determined. The same procedure is repeated to determine the number
of expected n — w7~ 7" events as a function of luminosity. The corresponding
relative branching ratio is calculated and plotted versus the luminosity interval,
which is shown in the bottom line of Fig.[6.24] The statistical uncertainties shown
in that diagram are correlated to the of different luminosities (see right panel of
Fig. |6.24). Thus, the error bars increase for larger luminosities and have to be
taken into account for the error estimation. The reduced y? obtained from fitting
a constant function to the data points in Fig. is 0.63 and thus supports the
hypothesis that the relative branching ratio is constant with respect to different
luminosity intervals. The uncertainty caused by varying the luminosity is given by
the error of p0 and reads as oy, = 0.001.
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6.6.3.2 Correlation between the E,-distribution and different luminosi-
ties

The procedure discussed in the previous section was repeated for the photon en-
ergy distribution and the corresponding a-value was determined. The width of the
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Figure 6.25: Left: Photon energy distribution for three different Iuminosity inter-

vals. The luminosity ranges 0 < ZIhgserlfrate — g5 3y  Idggerlirate — g gpq

o 17 Pellet rate Pellet rate
60 < %ﬁ < 120 are represented by red, green and blue coloured markers respec-

tively. Right: a parameter deduced from the spectra shown in the left panel. Horizontal
error bars correspond to the luminosity range and vertical error bars represent the fit error
of each o value. A constant function is fit to all data points, as indicated by the red line.

luminosity intervals chosen here is different than presented in Eq. [6.13] in order
to provide sufficient statistics for the individual photon energy distribution. The
three luminosity ranges are presented in the left frame of Fig. [6.25. The sum of the
three distributions shown there is equal to the overall photon energy distribution
presented in Fig. 6.4, The distribution indicated by green markers (see left panel of
Fig. has the largest number of entries because the corresponding luminosity
range is mostly populated (compare top right panel of Fig. [6.24)).

The « value obtained for each luminosity range as well as the corresponding fit er-
ror are shown in the right panel of Fig. [6.25 The distribution of the data points is
in agreement with a constant function, as indicated by the reduced y2-value. The
uncertainty is given by the error of p0: oy, = 0.119 GeV 2.

6.6.3.3 Correlation between the (7T, ~) opening angle and different lu-
minosities

The pion-photon opening angle distribution is studied for the same three different
luminosity ranges, that were discussed in the previous section. The results are
displayed in Fig.|6.26/and the individual g-values show (within the errors) a constant
pattern with respect to different luminosity ranges. The corresponding uncertainty
related to the fit shown in the right panel of Fig. |6.20]is given by: o0y,,, = 0.048.

As presented in the previous section, the angular distribution obtained for luminosity
ranges 30 < Hgger lirate @) (see green markers in left panel of Fig. has the

) Pellet rate
largest integral.
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Eq.[2:34 Horizontal error bars correspond to the Iuminosity range and vertical error bars
represent the fit error of each 8 value. A constant function (see red line) is fit to all data
points.

6.6.4 Determination of the n-peak content

The last issue which shall be discussed within the study of systematic uncertainties
is the determination of the n-peak content after background subtraction. For that
purpose, four different scenarios have been investigated:

1.) The n-signal peak obtained from measured data (after background subtraction)
might be different from the simulated signal due to different implementations
of detector effects (e.g. the 6 dependent FRH energy resolution). Therefore,
the n-peak content is determined from the simulated  — 77~ missing mass
distribution, in order to test for any inconsistency.

2.) The fourth order polynomial in Eq. is replaced by a third order poly-
nomial, in order to check the sensitivity of the results with respect to the
background determination.

3.) The integration range: [0.53 GeV/c?,0.56 GeV/c?| for determining the con-
tent of the n-peak is changed to: [0.48 GeV/c? 0.61GeV /c?]. A poor fit of
the background outside the peak region would lead to enhancements after
background subtraction. Therefore, increasing the integration window allows
to check for the background subtraction performance, which effects the final
n-peak content.

4.) Same issue as discussed in 3.), but the integration window covers the missing
mass range: [0.4 GeV/c? 0.65 GeV/c?.

The results for those analysis conditions are displayed in Figures[6.27 and [6.28] The
various coloured differential distributions shown in the left column of Fig. [6.2§] fol-
low a common pattern, except the photon energy distribution indicated by purple
marker points. This plot is obtained by using Eq.[5.1§ with a third order polynomial.
Entries within the range E., € [0.1 GeV,0.15 GeV] seem to be enhanced for scenario
2 compared to the other distributions. However, a fit (which is not displayed here)
showed, that this distribution is in agreement with the shape predicted by Eq. [2.29
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Figure 6.28: E.-distribution and a-parameter (top row) and pion-photon opening angle
distribution and 3 (bottom row) as a function of the four different analysis conditions
mentioned in the text.

with a = (0.114 4 0.146) GeV 2. The E,-distribution representing scenario 4 (blue
data points in top left frame of Fig. [6.28] shows non-reasonable structures for en-
ergies between 0.12GeV and 0.15GeV. This is related to the description of the
background within this energy region (see corresponding spectra in Appendix [E).
Negative entries occur and are taken into account due to the large integration win-
dow. This results into reduced bin contents as shown in the top left diagram of
Fig.[6.28] Those entries are not taken into account for fitting Eq. 2.29]

The systematic errors are calculated according to Eq. for the cases shown in
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Fig. and the second row of Fig. |6.28, The error of a for varying the n-peak
content is given by the error shown in the right panel of Fig. [6.28].

6.6.5 Summary of the investigated systematic effects

All observables and the systematic uncertainties corresponding to different analysis
conditions are listed in Table The largest uncertainty of the relative branching

Observable Uncertainty related to: Total error

OkFit 04 Olum Opeak Osys

L—=t="% | (010 | 0.016 | 0.001 | 0.005 0.020

T'(n—ntn—=wo)

a [GeV™2] || 0.062 | 0.217 | 0.119 | 0.084 0.269

B 0.024 | 0.086 | 0.048 | 0.137 0.170

Table 6.2: Summary of all uncertainties for the determined observables of n — w+n ™.

The total error oy, represents the quadratic sum of all errors presented in the second,

third, fourth and fifth column: o4y, = \/O']%Fit + 0'124 + qum + O'geak

ratio and « is provided by the split-off rejection condition and thus dominates the
total systematic error.

The relative branching ratio has the total systematic error of 0.020. This observa-
tion is not surprising because the relative branching ratio is related to the overall
missing mass spectra of the reconstructed n — 77~y and n — 777 7" events.
Those distributions are only sensitive to the reduction of event candidates and thus
have a certain robustness with respect to changing analysis conditions.

The situation is completely different for a@ and 3. These observables are deduced
from distributions, which are directly connected to the kinematics of the decay par-
ticles and thus show a higher sensitivity. This also explains the large error for a and
[ caused by varying the split-off rejection parameter A. By definition, the split-off
suppression condition removes photons depending on their energy and opening angle
with respect to charged tracks. Depending on the choice of A, a cut into the signal
region of n — w7~ is performed, which finally influences the distributions of the
kinematic variables of this decay. However, this analysis method is essential for the
suppression of dominating background contributions stemming from pp — pprta™
events. Future studies will deal with an optimisation of that analysis tool, in order
to decrease the corresponding systematic uncertainty.

Changing the luminosity has the largest impact on «, because the high rates predom-
inantly influence the performance of the calorimeter, which is used to reconstruct
photons.

The systematic errors estimated for o within this work are of the same order as the
corresponding errors determined in |7]. Though, uncertainties related to varying the
kinematic fit probability are found to be smaller within this analysis.
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The largest systematical uncertainty for 3 is related to the determination of the
n-peak content, which has to be investigated further.

6.7 Summary and discussion of the results

After calculating the decay related observables for n — 77~ and estimating the
analysis dependent uncertainties, the obtained results are discussed and compared
to previous measurements.

F(n—ntn—y)
I'(n—»ntn—=n0)

6.7.1 Result for the relative branching ratio

Using the ratio determined in Eq. and the systematic uncertainties listed in Ta-
ble leads to the final result displayed in Fig. [6.29, The results obtained from

o

N

I
T

0.22 N/D: 0.2188 + 0.0088 [I' (T TrYy) = 65.7€V]

0.2 ; + HLS: 0.1875 + 0.0094 [ (n - 1T Tty) = (56.3+ 1.7)eV]

0.18

0.16

0.14

0.12 Box anomaly only: 0.119 + 0.0048 [I(n— 1'Tty) = 35.7eV]

| | | |
01 Gormley et al. Thaler et al. CLEO KLOE This work

Figure 6.29: Summary of the measured (blue markers with error bars) and theoretical
predicted (coloured boxes) relative branching ratios. The error bars of each point represent
the sum of the statistical and systematical errors.

theoretical predictions and previous measurements, which have already been dis-
cussed in Chapter [2] are shown for comparison again.

The absolute value of the relative branching ratio determined here is in agreement
with the ratio obtained from Gormley et al However, the large error bars (which
are dominated by the systematic error) do not exclude any of the previous results
shown in Fig. [6.29 and thus none of them is clearly rejected by the recent measure-
ment.

From a theoretical point of view, the branching ratio found within this work sup-
ports the pion-pion interaction model implementing Hidden Local Symmetries or
using a N/D structure, which matches vector meson dominance and one-loop chiral
corrections at once. The model is also confirmed by the KLOE result (see
Fig. 6.29), whereas the N/D structure model is only in agreement with the current
result due to the large systematical error. The theoretically predicted branching
ratio including pion loop corrections and higher order momenta (O(p®)-+1-loop) is

&If the error of the Gormley et al. result is taken into account.
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rejected by the current result. The relative branching ratio predicted by considering
the box anomaly term only (i.e. no final state interactions are included) is presented
by the yellow coloured box in Fig.[6.29 All measured data points show a clear de-
viation from this value and therefore indicate that final state interactions have to
be included in the description of the decay n — w7 7.

6.7.2 Result for the a-value

Fig. [6.30] summarises the a values determined in previous measurements (also see
Chapter Z[) as well as the a-parameter found within this work. The coloured bars
represent the a-values and their corresponding errors deduced from different theo-
retical approaches, which include final state interactions between the pions. The «
value for describing the photon energy distribution related to the box anomaly term
only is —1.7 GeV~2 which is not presented in Fig.[6.300 The a-values presented by

g 41— Measured n- 'ty
[ Measured n' - ' Tt
a - n Yy
- B
3E
Zj | |
1
= = 2
B 0, = (0.23 % 0.01)GeV |
O et -
- — -2
Oogysnionp = (0-7 £ 0.1)GeV
-1 SR S | R R
o a, Ga Cry, L A hi
mi & e a ter 8t g Ms 200 STAL B, RS S4 (Da" % o Wo,-/(

AR/?EL

Figure 6.30: Summary of the measured (red and blue points) and theoretical predicted
(coloured bars) a-values. The black dashed line corresponds to o« = 0. The error bars
of all measured values include the statistical, systematical and the theoretical error of
0.02 GeV~—2 EI], whereas the width of the coloured bars represents the error of the corre-
sponding theoretical a-value.

the KLOE and WASA-at-COSY collaborations are larger than one and in agreement
to each other within the error bars. The o-distance n between the a-value found
within this work and previous measurements is calculated according to:

n— ‘Oéprevious — tghis Work| (614)

O previous + Othis work

where Oprevious / Othis work correspond to the error bars of aprevious / Cthis work Dre-
sented in Fig. [6.30 The benefit of Eq. is that the o-distance does not depend
on the choice of one particular error of a (i.e. no can either be read as noinis work Or

naprevious) .
Accordingly, the a-value found within this work is ~ 1.30 away from the previous
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WASA-at-COSY result and ~ 1.70 away from the KLOE result. Furthermore, the
tendency towards a-values > 1 GeV ™2 , which is indicated in Fig. [6.30, is not re-
produced by the recent a-parameter.

However, the result obtained within this thesis is in agreement with ayrg = 0.23 GeV ™2
and therefore supports the model. Due to the large (systematic) error the cur-
rent a-value does not exclude o = 0 and a/p = 0.64 GeV 2. The same observations
were made for the current value of the relative branching ratio discussed in the pre-
vious section. Thus, both measured decay observables of n — 77~y (i.e. the
E.-distribution and the relative branching ratio) are consistent with respect to each
other.

As pointed out in Chapter [2| each a-parameter is related to a different physical
interpretation: For a = 0 the pion-pion interaction would be solely described by
the pion vector form factor (see Eq. . This factor is universal and applicable
on every reaction including interacting pions. A non-zero value for o on the con-
trary indicates a reaction specific contribution from pion-pion interactions, which
is described by different theoretical models. Assuming a non-zero a-parameter for
the recent measurement, the pion-pion-interaction, which contributes to the box
anomaly term would be described by a vector meson dominance model, which in-
corporates hidden local symmetries or an N/D structure.

6.7.2.1 Comparison with the previous WASA-at-COSY result

Another important issue within the recent discussion is a direct comparison of
the photon energy distribution obtained from the two different WASA-at-COSY
data sets. Fig. shows a comparison between the £, -distribution based on the
pp — ppnln — wTm 7| (blue points) data set and the previous WASA-at-COSY

& 1 pd-Henn-Ti'my]
B +_ .
5w+ PP-ppn[n-TUTY]
0.8—0('0
0.6—
0.4—
0.2—
Owwerg® L 1 11
0 0.02 0.04 006 008 0.1 0.12 0.14 0.16 0.18 0.2

E, in n-rest frame [GeV]
Figure 6.31: Photon energy distribution obtained from the pd — 3Hen[n — w7 ~]. (red
solid circles - values taken from |7]) and pp — ppnln — w7 ~4] (blue solid rectangles)
data set. Both distributions are scaled to the same height. The red and blue solid curves
represent Eq. with o = 1.89 GeV~2 and o = 0.229 GeV 2, respectively. The black
dashed curve corresponds to a fit of Eq. to both measured distributions at once with
a fixed parameter o = 0.

hThe results of the CRYSTAL BARREL and the GAMS200 collaborations are not taken into
consideration for this discussion because their a values correspond to the reaction ' — w7~ 1.
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measurement (red points), using the pd — *Hen[p — 777~ 7| reaction. The red

distribution is shifted towards smaller photon energies with respect to the blue one.
The largest deviation between the two distributions is located at photon energies
E, < 0.1GeV. For photon energies < 0.035GeV the blue coloured distribution
has zero entries, as explained in Section [6.2] A simultaneous fit of Eq. with
fixed & = 0 to both data sets (black dashed line in Fig. [6.31]) shows that the result
gained within this work is rather in agreement with v = 0 than with the previous
WASA-at-COSY result.

6.7.2.2 Sensitivity study

The following study is related to item ii) in Section and deals with the sensitivity
of the photon energy distribution £, with respect to different a-values which has
also been mentioned in Section [6.6.1.3] The corresponding results are displayed in
Fig. @ The variation of o with respect to the shape of the E,-distribution is
investigated in the following way: In a first step the photon energy distribution is
calculated for a-values which are increased in steps of 0.05 GeV 2 between —2 GeV 2
and 3GeV 2 (see black points in top frame of Fig. [6.32). The number of bins as
well as the bin width (5MeV) of this distribution are chosen to be the same as
for the two distributions shown in Fig. [6.31] The statistical error in each photon
energy bin is set to zero (see black points in top frame of Fig. , because an
ideal E,-distribution with sufficiently large statisticﬂ in each energy bin is assumed.
The black points shown in the top frame of Fig. [6.32] represent such a distribution
with @ = 0.2GeV ™2 The height is scaled to the height of the measured distribu-
tion shown in Fig. . For each a-value the corresponding F.-distribution is fit by
Eq. 2.28 Eq. [2.29 with o = 0 and Eq. with o = 1.89 GeV 2, respectively

The bottom frame of Fig. [6.32] shows the probability of each of the three fits as a
function of the corresponding a-value (blue solid, red solid and black dashed lines).
Each probability distribution has a plateau at one with a certain width which is
directly connected to the bin width and the statistical error of the calculated £,-
distribution. According to the red solid curve shown in the bottom panel of Fig.[6.32]
E.-distributions with a bin width of 5 MeV and a-values between —0.4 GeV~? and
0.4 GeV~? are compatible with a photon energy distribution described by Eq.
with a = 0. This feature explains the situation shown in Fig. [6.17] and moreover
indicates the maximum achievable sensitivity of o with respect to an E.-distribution
with negligible statistical fluctuations (i.e. the total available ppn data set is anal-
ysed) and a bin width of 5 MeV.

Assuming that sufficiently large statistics are provided, the sensitivity can be in-
creased (i.e the width of the plateau is decreased) if the width of each photon energy
bin is decreased. But a smaller bin width is connected to less entries in each bin and
might cause statistical fluctuations due to background subtraction. Therefore, the
E., bin width can be increased as long as the statistical error of the bin content does
not increase significantly. Otherwise, the sensitivity is not improved by a smaller
bin width.

The same conclusions can be drawn for the blue solid and black dashed curves
presented in Fig. [6.32 The blue curve shows that the shape of an [, -distribution
provided by the simplest matrix element can be described by the model independent
approach with a = —1.7GeV ™2

Using a bin width of 5MeV and assuming sufficient statistics, the photon energy

IThis condition can be realised by analysing the total 2010, 2012 and 2008 ppn data set.
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Figure 6.32: Top: Calculated photon energy distribution (black points) for a =
0.2GeV 2. The horizontal error bars represent the chosen energy bin width of 5MeV. The
calculated distribution is fit by Eq. (blue curve) and Eq. for « = 0 (red curve)
and o = 1.89 GeV 2 (black, dashed curve), respectively. Bottom: Probabilities for fitting
Eq. (blue curve), Eq. with a = 0 (red curve) and o = 1.89 GeV 2 (black, dashed
curve) to the calculated E.-distributions obtained for different a-values (see x-axis). The
coloured boxes represent the theoretical as well as the experimental values for o which
have been discussed in the previous section. The statistical errors of each measured value
is not included, because negligible statistical fluctuations in each energy bin are assumed.
The black arrows point to the a-values measured by KLOE, WASA-at-COSY and within
this thesis.

distributions previously measured by KLOE and WASA-at-COSY are compatible
in shape according to the black dashed curve.

However, comparing all three probability curves indicates that the maximum achiev-
able sensitivity of « is sufficient to clearly distinguish between photon energy dis-
tributions related to the simplest matrix element and dipion final state interactions
described by o = 0 or o = 1.89 GeV 2. Furthermore, E,-distributions predicted by
the N /D or the pion-1-loop model can be separated from those described by the pion
vector form factor only. Unfortunately, a clear distinction between the [HLS| model
and o = 0 is not possible within this maximum sensitivity (see solid red curve and
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purple box in the bottom panel of Fig. |6.32). The results shown in Fig. are
consistent with those displayed in Fig. [6.30; The a-value found in this work clearly
rejects the previous WASA-at-COSY and KLOE result but is in agreement with an
E,-distribution predicted by the pion vector form factor or the [HLS model. The
N/D model is not confirmed in Fig. [6.32 because the statistical error of a is not
taken into account.

According to the results presented in this section the remaining ppn data have to
be analysed in order to improve the sensitivity of o with respect to the measured
photon energy distribution and to make a clear statement of the underlying model
to describe the dipion final state interactions.

6.7.2.3 Cross check with the s..-distribution

As pointed out in Chapter [2, the squared two pion invariant mass distribution s,
is sensitive to contributions from final state interactions between the charged pions
in 7 — 77~ and related to the E,-distribution via Eq. Thus, both distribu-
tions should be described by the same a-parameter with respect to Eq. [2.29

Fig. [6.33] shows the s,.-distribution obtained after background subtraction and ef-
ficiency correction. The background subtraction is performed in the same way as
presented in Section|6.2] i.e. the two proton missing mass distribution is corrected for
background in s,,-bins. The width of each s..-bin is directly correlated via Eq.[2.32]
to the bin width of the Ev—distributionﬂ and thus determined to be: 5.5 MeV?. The

3
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Figure 6.33: Two pion invariant mass squared distribution s., for n — wtax~~ after

background subtraction and efficiency correction. The blue curve represents a fit of Eq.
and the red curve corresponds to a fit of Eq. respectively. The measured as well as
the fitted distributions are kinematically limited according to Eq.[2.31}

remaining entries after background subtraction are corrected for efficiency according
to Eq. [6.6] using the proper s,,-distribution generated by Pluto. The final distri-
bution shown in Fig. [6.33]is kinematically limited according to Eq. [2.31] However,
mass values larger than 0.26 GeV? are not observed [{|in Fig. due to the lack of

TUsing: 5MeV = {E, (bin i +1) — B, (bin 1)} "B 1 (s (bin 1) — sor(bin i + 1)},

kThis invariant mass region corresponds to photon energies E, <0.035GeV in Fig. which
could not be determined for similar reasons.
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statistics in the corresponding missing mass spectra. Fitting Eq. (blue curve
in Fig. and Eq. (red curve in Fig. to the measured s, -distribution
shows again, that two pion final state interactions have to be taken into account, in
order to describe the decay n — w7 7.

The corresponding a-value (see red inset box in Fig. is, within the fit-error,
in good agreement with the a-parameter obtained from the E.-distribution pre-
sented in Section Thus, both results are consistent and show, that the E,- and
the s..-distribution equally describe contributions from two pion final state inter-
actions. Additionally, the simultaneous investigation of both distributions allows to
cross check the obtained a-parameter, which was done in this section.

6.7.3 Result for the 3-value

Fig. shows the (-parameter determined within this work in comparison with
results obtained in previous measurements. The current result is (according to

0.6
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0.2

-0.2—

| | | |
Gormley et al. Thaler et al. Jane et al. PhD thesis CFR This work

Figure 6.34: Summary of measured 3 values. The red solid box represents the PDG-
value [10] for f3.

Eq. ~ 1.30 away from the PDG-value. Considering the fluctuations and shape
of the distribution shown in Fig. the [-value is rather compensating these fea-
tures than being related to a C-violating process.

Thus, deviations from 3 = 0 could not be proven beyond doubt within this work.

6.7.4 Discussion

The questions posted in Section [2.6| can be answered in the following way:

i) The relative branching ratio found within this work does not allow for a clear
statement about a trend towards values 2 0.2 (Gormley and Thaler results)
or < 0.19 (CLEO and KLOE results). Both values are confirmed within the

large error bars.

ii) The a-parameter obtained from measuring pd — *Hen[n — 77 9] is not
confirmed within this work by 1.30. The « value found here is in clear agree-
ment with the theoretical prediction given by the model (see Fig. [6.30)).
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However, predictions made by the N/D-structure-model and o = 0 are not ex-
cluded due to the large systematic error. Further studies (see Sections
and showed, that a clear distinction between o = 0 and o # 0 with
respect to the shape of the E,-distribution is not possible within this work.

iii) The relative branching ratio and the E,-distribution were determined inde-
pendently from each other within this work. Both decay observables are
(within the given errors) consistent with the theoretical models presented in
Section except for the pion-1-loop-model (see item ¢) in Section .

However, the fact, that the G-parameter is not in agreement with zero within the
error bars weakens the statements made in ii). The pion-photon opening angle dis-
tribution and the £, distribution are obtained from the Dalitz-plot and therefore
are not independent variables. A change in the shape of one of the two distributions
leads to a change in shape of the other one. If it turns out, that the angular dis-
tribution will change as a result of more detailed systematic studies, it is expected
that the photon energy distribution will change as well. How strong the impact of
that change on the final a-parameter will be can not be predicted.

The underlying statistics for all distributions shown here is based on 77904 4 532
reconstructed 7 — 7wt7 ™y events after subtracting multi-pion background and con-
tributions from n — 77 7° ﬂ This is about five times more statistics than in
the previous WASA-at-COSY experiment [7]. According to that, one would naively
expect a factor v/5 ~ 2.2 improvement within the statistical error of a.. The cor-
responding statistical error found in the recent analysis is 0.153 GeV 2, which is a
factor of ~ 1.6 better and quite in agreement with the expected improvement. The
underlying statistics for the KLOE results is about a factor three larger [6].

As pointed out at the beginning of this chapter, the recent results are obtained for
analysing 42% of the 2010 ppn data set. Due to the large (and dominating) system-
atical uncertainties, this portion of analysed data is sufficient for the aims presented
in Section i.e. more analysed data decreases the statistical error, but does not
effect the systematical uncertainties. However, the remaining ppn data (i.e. the
remaining part of the 2010 data set plus the complete 2012 data set) have to be
analysed, as discussed in the following section.

6.8 Future aspects and plans

The major issue for future investigations is a more detailed study of systematic ef-
fects, aiming for a reduction of the systematic errors. Additionally, the sensitivity of
a with respect to the £, distribution has to be increased in order to distinguish be-
tween the various pion-pion interaction models. Therefore, the remaining ppn data
set has to be analysed, in order to increase the statistics in low populated experi-
mental conditions (e.g. low / high luminosity ranges which could no be investigated
within this work). Increasing statistics might also allow for a better description of
the F,-distribution in the range of £, < 0.035GeV.

Another important topic will be the understanding (and maybe correction) of the
0 dependent energy resolution of the Forward Range Hodoscope layers. As
it was pointed out in Section [6.6.1.2] this dependency leads to a large systematic

'The number of reconstructed n — 7+~ events presented in Section[6.1]includes contributions
from n — 7770 events.
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uncertainty with respect to changing the kinematic fit probability. This investiga-
tion is also connected to the study of the correlation between the relative branching
ratio and a varying probability P(Xipéppﬁﬂ_w, 4).

According to Table[6.2] one of the largest uncertainties on all observables is provided
by the split-off rejection condition. This analysis method has to be investigated in
more detail and might be refined, in order to reduce the corresponding uncertainty.
The efficiency obtained for reconstructing n — w7~ events is ~ 2%, which was
sufficient for rejecting a large amount of background and to determine the observ-
ables of n — w7~ ~. On the other hand, a large fraction of the signal is lost because
of the chosen minimum kinematic fit probability. Most of the signal events are lo-
cated at fit probabilities < 0.2, where the largest population of background events
is found too (see left panel of Fig. . However, this acceptance will be optimised
in order to profit from the large statistics within the ppn data set.

Finally, the obtained result on o has to be validated, which is directly connected
with finding the reason for the non-zero (3-parameter. All those studies will hap-
pen in the framework of a common ppn analysis module, which allows to access all
charged n decays. Studying decays with a similar topology (e.g. n — ete ) or a
common underlying reaction (e.g. n — w7 v* v* — ete™) allows for systematic
cross checks and investigation of the various analysis conditions from different point
of views.
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Chapter 7

Summary and Outlook

The decay n — 77~ was analysed within this work with respect to the deter-
mination of the relative branching ratio % and the single photon energy
distribution £,. Both observables allow to study contributions from charged pion fi-
nal state interactions, which dominate the box anomaly term beyond the chiral limit.
The E.,-distribution was fit by a model independent approach using one parameter
(a) to describe the shape and therefore contributions from final state interactions [4].
A reaction independent description of the pion-pion interactions by the pion vector
form factor is realised by o = 0, whereas any reaction specific interaction processes
are related to a # 0.

The n-mesons were produced in the reaction pp — ppn at 1.4 GeV beam kinetic
energy, using the COSY accelerator and the reaction pp — ppnln — 777~ 7] was
measured with the WASA detector. The data were taken in three different run pe-
riods in 2008, 2010 and 2012. The analysis of  — 7" 7=+ performed in this work is
restricted to 42% of the data set acquired in 2010.

This data set was preselected in order to reduce contributions from multi-pion pro-
duction reactions and to decrease the average file size per run. Therefore, a threshold
of 0.4 GeV /c* was applied on the proton-proton missing mass and at least one pair
of oppositely charged particles in the Central Detector was requested. The resulting
data subset is suitable for the investigation of all charged n decay channels. Detec-
tor resolutions were adjusted in the simulated data with respect to the resolutions
obtained for the measured data. A calorimeter ring wise energy calibration was
applied for the reconstruction of simulated neutral tracks which allowed for a con-
sistent description of the 7° — v and 1 — 77 invariant mass distribution.

The relative branching ratio %m was determined by analysing the decay
channels n — 7t7~ vy and n — 77~ 7% simultaneously. Additionally, the analysis of
n — w7~ was used to correct for background contributions stemming from this
channel and to monitor the calorimeter calibration and photon energy resolution via
the decay 7 — ~v. Background contributions stemming from multi-pion produc-
tion reactions, which are a competing process to the n production, were suppressed
by implementing a least squares kinematic fit algorithm. In doing so, a minimum
kinematic fit probability of 20% was selected for the reconstruction of n — 77~y
and n — 77770 events. In addition to that, falsely reconstructed low energy pho-
tons with a distance close to charged tracks in the Central Detector were rejected.
The latter condition is important for the analysis of 7 — 77~ ~, because the corre-
sponding measured signal is dominated by the background reaction pp — pprta™
which has in combination with a falsely reconstructed photon the same final state
configuration.
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The final analysis of n — 777~ led to 77904 +532 reconstructed n — 77~ events
after background subtraction and correcting for contributions from n — 777",
This number is about a factor of five larger than obtained in the previous WASA-
at-COSY result [7].

The relative branching ratio determined in this work was found to be:

L(n — 7w y)

= 0.197 £ 0.00144,¢ & 0.02,,,¢ 7.1
I'(n —» mtw—x0) tat Y (7-1)

which is in agreement with all results obtained from previous experiments [5, /6,
10/19,20], due to the large systematical error. The result presented in Eq. is in
agreement with the theoretical value predicted by the model [2], which includes
vector meson dominance terms in addition to the Wess-Zumino-Witten Lagrangian.
According to this model, dipion final state interactions are basically described by
v — V[V — 7tn7] transitions |2|. This model is also confirmed by the measured
branching ratio from the KLOE collaboration [6].

Due to the error in Eq. [7.1] the recent value for the relative branching ratio is also
consistent with the theoretical model described in Ref. 1], which describes pion-
pion interactions in a way that contributions from vector meson dominance as well
as pion loop corrections are included.

The single photon energy distribution E,, which was determined in this work, is
described by the model-independent approach [4] presented in Eq. [2.29}

a = (0.229 + 0.153,,4; £ 0.269,,, £ 0.024c0r) GeV 2 (7.2)

This value is, like the relative branching ratio in Eq. [7.1] consistent with the [HLS}
model, but does not exclude the a-value obtained according to Ref. [1]. The a-
parameter presented in Eq. is, within the errors, also in agreement with a = 0.
This value corresponds to a description of dipion final state interactions based on
the pion vector form factor, which does (unlike the models in Ref. [1,2]) not depend
on the underlying decay.

Previous measurements of a performed by the KLOE- [6] and WASA-at-COSY
collaboration [7] are in agreement for o > 1GeV ™2 and therefore do not support
any theoretical model presented in Ref. |1,/2,3]. Those measured results are not
confirmed within 1.70 and 1.3¢ by the current result.

Eq. was additionally cross checked by determining the two pion invariant mass
squared distribution s, (see Section , which is directly connected to the
dipion final state interactions. The corresponding a-value is, within the statistical
error, in excellent agreement with Eq. [7.2]

The results found within this work show clearly, that a description of the decay n —
77~ by the box anomaly term without including dipion final state interactions
is not possible. Furthermore, they are consistent with respect to each other in the
sense that both results support the same theoretical models.

Detailed systematic studies showed that the largest contribution to the systematical
error of the relative branching ratio and « is related to the rejection of low energy
photons in the calorimeter. Systematic effects related to the selection of a minimum
kinematic fit probability were reduced by a factor ~ 4 by implementing a polar angle
dependent energy resolution of each layer within the Forward Range Hodoscope
of WASA.

Future plans for the analysis of 7 — 77~ deal with the analysis of the remaining
2010, 2012 and 2008 ppn data sets which allows for a more detailed investigation of
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systematic effects. This will decrease the statistical error, but also might increase
the systematic uncertainty. The rejection condition of low energy photons as well as
the investigation of the angular dependence of the [FRH]| resolution will be a major
part of ongoing systematic studies. All these aspects aim for an optimisation of the
analysis of n — 777~ and a validation or refinement of the current results for the
relative branching ratio and a. The outcome of this procedure will (hopefully) be a
closer insight into the dynamics of the anomalous decay n — w7~ 7.
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Appendix A

Preselection statistics

The file size of each data run (numbered from 16304 to 22015) within the 2010
ppn data set is presented in Fig. [A.1] The black crosses refer to the initial file size
without applying any preselection condition. The file size per run obtained after
requesting the conditions discussed in Section [£.4.2] and after file compression are
indicated by red crosses respectively. The run numbers from 18181 to 18756 are
missing, because they correspond to the pp — ppr® calorimeter calibration runs.
The average file size per run is ~ 21 GB before and ~ 1.9 GB after the preselection.

@ 30¢
e r Before preselection
S .[ @ ¥
= 25— c ¥ 5 i
b C it =] kit
o N ; S
[} - c -
® 20— ¢+¢++:'9:* + o +
u + =
AL A A Bt Tey
L . + S e + +++ N +
15— ++ + L i T_U H + o+ +H + +
Co+tF 4 0 + + s
B 1DL+ + i + +1 “+ Es + "cL +
-+ + zt++ . Ci:‘ . ++ + oy
- + o+t +1. 9 + ++
0 # o s Hhy N
- B +3 +: i + + + +
I HH 4 # T + + 7+ + + ++
C ﬁg + £ oo i, + +,
S Taptw Ll kg After preselectivpn® -
- r + + + o+ +
0; iy h i T R | i 1 |++|+|| ‘; |+ 1 | i
16000 17000 18000 19000 20000 21000 22000

Run number

Figure A.1: File size per run as a function of the individual run number of the 2010 ppn
data set. Black (red) crosses represent the file size per run before (after) preselection.
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Appendix B

Adjusting the simulated FRH / SE
energy resolution

The simulated energy resolutions were matched with respect to measured data, as
discussed in Chapter [ Table summarises the two parameters (a and b), that
have been used in Eq. for performing a ring wise calibration of the simulated
photon energy. The global correction factor in Eq. [4.6]is given by: fgos = 1.037. The

Photon energy correction parameters

174 — -0.060706 1.01121
173 — -0.0575 1.00257
172 — -0.0612668 1.00305
171 — -0.0593213 1.00756
170 — -0.0545738 1.00796
169 — -0.0535801 0.998877
168 — -0.0583401 1.00211
167 — -0.0590154 1.00318
166 — -0.0591715 1.00367
165 (— -0.0605256 1.00491
164 — -0.0592541 1.0044
163 (— -0.0577397 1.00606
162 (— -0.0598845 1.0065
161 — -0.0596076 1.00691
160 (— -0.0595231 1.00775
159 — -0.0546106 1.00451
158 — -0.0573295 1.0078
157 — -0.0438095 1.00373
156 — -0.0231114 0.994635
155 — -0.018589 0.994128
154 — -0.00859154 0.994596
153 — 0.0301995 0.982863
152 — 0.022397 0.980943
151 — -0.0250515 1.02637
a b [VGeV]

Table B.1: Parameter a(i) and b(i) of Eq. as a function of the ring number i within
the calorimeter.
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APPENDIX B. ADJUSTING THE SIMULATED FRH / SE ENERGY
RESOLUTION

resolution of each layer within the Forward Range Hodoscope (FRH|) was made angle
dependent for the simulated data, according to the description in Section [4.5.2] The
difference between the measured and simulated resolution is presented in Table [B.2]
The simulated resolutions 3, were obtained for a relative Gaussian smearing of
0.015 (see also Section [£.5.2). Finally, Ac(FRHi,6) is used for smearing the simu-
lated resolution again, according to step 5 in Section [4.5.2]

2
data

AG(FRHi,0) :VU (FRHI,0) - U;C(FRHi,G)

FRH5 |— 0.0052794 0.00493297 0.00518488 0.00531677 0.00612009

FRH4 |— 0.00458546 0.00520075 0.00615281 0.0064886 0.00852197

FRH3 |— 0.00540974 0.00547395 0.00636252 0.00747611 0.0103551

FRH2 |— 0.00428789 0.00477165 0.00516542 0.00551881 0.00773389

FRH1 [— 0.00802292 0.00784936 0.00752413 0.00713572 0.00725933

3'<0<6 6<0<9 9'<0<12 12°<0<15 15 <9< 18

Table B.2: Difference Ac(FRHi,0) between measured and simulated resolution as func-
tion of different FRH layers and 6 ranges.
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Appendix C

Error parameterisation

The values of the error of each reconstructed particle variable are listed below. They
correspond to the spectra shown in Section [5.4.3]

C.1 Errors of reconstructed proton variables

Error of proton kinetic energy

17.5 | 0.0663784 0.0624146 0.0706156 0.0624085 0.0641121 0.0637869 0.0926683 0.126013 0.126601 0.140307 0.260251 0.211586 0.217451

16.5 |} 0.0616887 0.0593768 0.0661881 0.0565933 0.0585961 0.0549577 0.0782505 0.0970448 0.12763 0.160916 0.265183 0.219607 0.189934

0 [deg]

15,5 | 0.062613 0.0596682 0.0669267 0.0595102 0.0641045 0.0610658 0.0707554 0.0979827 0.12431 0.137459 0.149641 0.237406 0.197235
145 | 0.0618587 0.0577376 0.0589971 0.047223 0.0475907 0.0447422 0.0684784 0.0854013 0.107108 0.124995 0.242688 0.202048 0.180108
13.5 | 0.0624375 0.0577793 0.0560334 0.0462874 0.0476938 0.0456144 0.0663996 0.0894855 0.119149 0.146523 0.228557 0.214868 0.181068
12.5 | 0.0622712 0.0578934 0.0570283 0.0483611 0.0490486 0.0420598 0.0628212 0.0885164 0.111078 0.139656 0.234621 0.204302 0.179464

11.5 | 0.063158 0.0612174 0.0579182 0.0459387 0.045548 0.0419758 0.0683881 0.0970416 0.10687 0.118869 0.137942 0.199248 0.172115

10.5 0.0654127 0.0606486 0.0590254 0.0450023 0.0464102 0.0374578 0.0654366 0.0849787 0.107309 0.137895 0.139196 0.207819 0.178395
9.5 | 0.0683088 0.0598935 0.0574739 0.0459762 0.0440341 0.0459297 0.071188 0.0871236 0.10695 0.121314 0.158445 0.203206 0.176816
8.5 | 0.0695016 0.0645827 0.0575427 0.0448086 0.0422129 0.0408539 0.0644519 0.0838356 0.106004 0.13341 0.158162 0.192551 0.170323
7.5 | 0.0688868 0.0637917 0.0589122 0.0453312 0.0408489 0.0435152 0.0694109 0.0836349 0.107972 0.134244 0.228903 0.203479 0.180406
6.5 | 0.0696433 0.0631249 0.0582263 0.0440616 0.042713 0.0421842 0.0673512 0.0850296 0.107227 0.122059 0.158498 0.194414 0.173055
5.5 | 0.0697131 0.0647008 0.0590659 0.0447267 0.0414271 0.0387747 0.0625603 0.0924907 0.10765 0.146402 0.148375 0.20129 0.167654
4.5 [ 0.0707233 0.0656075 0.0584207 0.0439073 0.041365 0.0389691 0.0640118 0.0849593 0.106719 0.130627 0.154015 0.191435 0.175011
3.5 | 0.0730436 0.0658066 0.0621743 0.0455338 0.0428486 0.0403716 0.06783 0.0849439 0.106935 0.133729 0.148563 0.202176 0.182397

0.075 0.125 0.175 0.225 0.275 0.325 0.375 0.425 0.475 0.525 0.575 0.625 0.675
E., [GeV]
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Error of proton 6 angle [deqg]

§ 17.5 F 0.200061 0.140297 0.121886 0.120304 0.0879475 0.0841204 0.0839543 0.0783732 0.0750832 0.0926802 0.100166 0.0982176 0.084273
3 16.5 } 0.207656 0.160784 0.133744 0.129727 0.109968 0.105629 0.102293 0.0964078 0.0976307 0.0983616 0.093533 0.0907012 0.10084
® 15.5 F 0.220779 0.165811 0.138488 0.123859 0.121937 0.115027 0.109263 0.112074 0.103902 0.101052 0.105587 0.0979729 0.0964772
14.5 | 0.224185 0.175286 0.137903 0.126478 0.121855 0.122136 0.114353 0.112223 0.115786 0.112581 0.108564 0.0994561 0.106065

13.5 } 0.221849 0.173758 0.147932 0.13153 0.125563 0.125081 0.119267 0.117581 0.111317 0.116085 0.118375 0.109138 0.102476

125 | 0.22733 0.178404 0.141103 0.131353 0.131095 0.125251 0.120405 0.117551 0.113466 0.107635 0.117988 0.108277 0.107889

11.5 | 0.231991 0.183356 0.144439 0.137275 0.130828 0.122768 0.123901 0.115348 0.116427 0.10908 0.113206 0.111814 0.118366

10.5 | 0.236785 0.182684 0.142429 0.137482 0.123831 0.128936 0.123359 0.121091 0.119441 0.115896 0.114378 0.113329 0.109548

9.5 | 0.238567 0.173887 0.143062 0.138442 0.129896 0.127485 0.124904 0.118459 0.114876 0.116443 0.11295 0.111553 0.107265

8.5 I 0.229645 0.17376 0.143972 0.141388 0.132538 0.128903 0.11967 0.121464 0.113876 0.117211 0.111218 0.111651 0.10396

7.5 |} 0.242139 0.182888 0.146155 0.139033 0.133756 0.124975 0.124309 0.118523 0.11629 0.119818 0.10871 0.117816 0.102718

6.5 | 0.235936 0.187384 0.147672 0.134493 0.137242 0.124904 0.125042 0.121456 0.115505 0.121187 0.114406 0.113983 0.114031

5.5 | 0.240615 0.184734 0.143771 0.141772 0.13118 0.128016 0.125084 0.119118 0.123373 0.119849 0.115431 0.109515 0.111506

45 | 0.24362 0.181496 0.151989 0.137645 0.133753 0.129217 0.127302 0.119951 0.120132 0.119202 0.115376 0.11897 0.108951

3.5 | 0.235218 0.182925 0.148281 0.142396 0.143025 0.133706 0.12446 0.12313 0.121249 0.123618 0.120827 0.113889 0.115888

0.075 0.125 0.175 0.225 0.275 0.325 0.375 0.425 0.475 0.525 0.575 0.625 0.675

E., [GeV]
Error of proton @angle [deg]
-

g 17.5 F 0.831299 0.66241 0.668327 0.632417 0.625318 0.603844 0.605693 0.540146 0.513113 0.509962 0.497614 0.461717 0.463501
E 16.5 | 0.880859 0.695165 0.718615 0.660462 0.645619 0.641797 0.573358 0.540249 0.538715 0.51374 0.495925 0.490669 0.466864
@ 15.5 | 0.947303 0.76916 0.791981 0.718815 0.70869 0.688595 0.602812 0.582066 0.57676 0.539577 0.505975 0.486858 0.524296

145 | 1.02668 0.831742 0.86612 0.801558 0.758204 0.715892 0.627117 0.595524 0.569399 0.563118 0.543887 0.514489 0.531965
13.5 | 110875 0.853788 0.894454 0.820172 0.781827 0.747804 0.656493 0.634903 0.606856 0.591085 0.603382 0.545203 0.572633
125 | 1.22387 0.951841 1.01249 0.918024 0.84759 0.767512 0.721992 0.664165 0.651044 0.644343 0.619903 0.612314 0.577823
115 | 1.25444 1.03903 1.09509 0.968129 0.900782 0.809188 0.765787 0.687002 0.700717 0.676882 0.680938 0.637527 0.655005
10.5 | 1.43189 1.15693 1.34937 1.09927 0.963887 0.848259 0.819904 0.749907 0.7349 0.710009 0.748313 0.70759 0.688839
95 | 161743 1.52588 1.52281 1.15971 1.00627 0.914355 0.848315 0.825077 0.841103 0.819023 0.793276 0.747743 0.797603
8.5 | 180876 1.6228 1.55116 1.26334 1.09738 0.993151 0.922518 0.913459 0.898073 0.85909 0.817309 0.855215 0.84491
7.5 |} 2.04502 1.63228 1.6769 1.34515 1.17581 1.08316 1.04666 1.03595 0.968906 0.937302 0.992588 0.987195 0.940182
6.5 | 238423 1.85604 1.81282 1.4717 1.31037 1.26682 1.15469 1.12613 1.13303 1.13138 1.0708 1.06437 1.11418
55 } 270715 2.12979 1.96647 1.71075 1.52861 1.40957 1.38021 1.30799 1.28414 1.23111 1.27466 1.29486 1.20877
45 | 336131 2.58715 2.2422 2.05189 1.82626 1.75949 1.61343 1.58777 1.52645 1.62034 1.46967 1.53277 1.50533
3.5 | 4.46498 3.1607 2.70557 2.46302 2.26438 2.11532 2.08421 2.08049 2.07534 1.89867 1.94296 1.88511 1.92948

0.075 0.125 0.175 0.225 0.275 0.325 0.375 0.425 0.475 0.525 0.575 0.625 0.675
E,, [GeV]
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C.2

0 [deg]

Ring number in calorimeter

167.5
162.5
157.5
152.5
1475
1425
137.5
1325
1275
1225
1175
1125
107.5
102.5
97.5
925
87.5
82,5
715
72.5
67.5
62.5
57.5
52.5
475
425
375
325
275
225

167.5
162.5
157.5
152.5
1475
1425
137.5
1325
1275
1225
1175
112.5
107.5
102.5
97.5
925
87.5
825
715
725
67.5
62.5
575
52,5
475
425
375
325
275
225

Errors of reconstructed pion variables

Error of pion kinetic energy

- 0.426965 0.629304 0.573314 0.528077 0.647141 0.559146 0.394636 0.418913
F 0.392122 0.473502 0.521861 0.544262 0.580267 0.605093 0.460307 0.35447
- 0.241406 0.225644 0.225253 0.378307 0.453713 0.620804 0.450161 0.391501
F 0.158139 0.147045 0.191105 0.188449 0.25351 0.218724 0.26093 0.301183
I 0.111088 0.112988 0.11861 0.129132 0.154737 0.14909 0.173318 0.185783
- 0.089615 0.0788728 0.079793 0.0850453 0.0958347 0.101237 0.115836 0.1204
- 0.0732086 0.0661759 0.0716007 0.0759239 0.0850205 0.093891 0.102646 0.109861
- 0.0717009 0.0634489 0.0681059 0.0724123 0.0829178 0.0866538 0.101086 0.10283
- 0.0716725 0.0623413 0.0697641 0.0767906 0.083276 0.0911194 0.102671 0.109942
- 0.0696031 0.0620368 0.0689073 0.0792462 0.0845705 0.095297 0.1042 0.110264
- 0.0669128 0.061851 0.0683899 0.0780205 0.0877653 0.100881 0.10787 0.11825
- 0.0703066 0.0607962 0.0704748 0.0814408 0.0921325 0.105029 0.108569 0.123738
- 0.0678854 0.0627361 0.0721897 0.0835172 0.0930131 0.103069 0.112644 0.122189
- 0.0700684 0.0651759 0.0731749 0.0865524 0.0937085 0.107722 0.113245 0.125068
- 0.0686616 0.0650498 0.0738356 0.0822746 0.0929279 0.104215 0.11497 0.129513
o 0.068197 0.0661987 0.0728823 0.0865432 0.0959951 0.107005 0.115007 0.123163
- 0.0684948 0.062522 0.0741249 0.0811461 0.0943508 0.110529 0.113596 0.127218
- 0.070275 0.0610211 0.0736888 0.0802647 0.0915096 0.100559 0.11224 0.122735
F 0.0700562 0.0641376 0.0688223 0.0795276 0.0880233 0.100038 0.111346 0.120331
- 0.0692717 0.0623638 0.0701895 0.0788318 0.087631 0.0973046 0.105235 0.114123
- 0.0702028 0.0637806 0.0710965 0.0762634 0.0882582 0.0999656 0.0982 0.115711
F 0.0697075 0.0627668 0.0691886 0.0756006 0.0842129 0.0959651 0.103828 0.106687
- 0.0716656 0.0615241 0.0681749 0.0765546 0.0844301 0.0914946 0.101436 0.108352
+ 0.0752866 0.0635979 0.0713611 0.0766807 0.0834786 0.0938007 0.105799 0.110229
I 0.0901896 0.07725 0.0815823 0.0934569 0.0984285 0.105789 0.117215 0.119694
- 0.11684 0.112345 0.119223 0.137752 0.153803 0.156415 0.182905 0.176037
- 0.168352 0.158181 0.184479 0.198953 0.198427 0.252757 0.250511 0.298291
F 0.230957 0.236785 0.303571 0.331766 0.387425 0.341077 0.417459 0.523674
o 0.373592 0.455221 0.497939 0.536552 0.57042 0.580366 0.45043 0.365832
0.035 0.085 0.135 0.185 0.235 0.285 0.335 0.385
E,, [GeV]
Error of pion 8 angle [deg]
I 1.73758 1.52522 1.92429 1.41577 2.37796 1.87938 2.705 2.46129
- 1.7622 1.2054 1.51477 1.01706 0.762409 0.704288 0.726691 0.834952
- 1.4833 1.12574 0.973468 0.844368 0.767654 0.654789 0.681921 0.616292
- 1.14855 0.854751 0.767725 0.711012 0.638841 0.604796 0.608024 0.581856
- 1.10173 0.761568 0.669471 0.604541 0.573014 0.549192 0.521157 0.503812
I 1.0313 0.669455 0.548728 0.513427 0.474574 0.46194 0.459424 0.44623
- 1.04332 0.65097 0.556698 0.524877 0.5007 0.481391 0.47805 0.467834
F 1.00117 0.696671 0.608518 0.584939 0.559674 0.544151 0.549671 0.531385
r 1.04208 0.747495 0.687265 0.63202 0.629428 0.630071 0.616088 0.592325
- 1.14687 0.779557 0.73094 0.711169 0.690161 0.672136 0.665271 0.659697
F 1.10946 0.828486 0.782342 0.749067 0.749858 0.762298 0.733221 0.705269
- 1.18351 0.874559 0.825049 0.804564 0.806554 0.772128 0.769143 0.784261
- 1.22179 0.923733 0.874919 0.864809 0.816046 0.84795 0.801947 0.79141
F 1.33042 0.993606 0.920252 0.882783 0.872194 0.882887 0.843289 0.85023
F 1.34493 1.00097 0.950275 0.913884 0.893113 0.886835 0.857499 0.876488
- 1.33255 0.977245 0.910211 0.906757 0.894358 0.897561 0.892861 0.864449
I 1.33524 0.981101 0.923399 0.883201 0.877516 0.857061 0.872797 0.851664
- 1.22072 0.928238 0.893772 0.855504 0.851647 0.831199 0.83381 0.820353
- 1.16812 0.8733 0.839801 0.806484 0.806864 0.784105 0.776322 0.780926
F 1.12351 0.856649 0.787123 0.767095 0.751886 0.756471 0.746791 0.728127
- 1.10921 0.818096 0.736953 0.705302 0.694002 0.673421 0.676412 0.677086
- 1.05635 0.745362 0.676622 0.64205 0.635213 0.620859 0.61954 0.610612
- 1.04363 0.704762 0.627218 0.588805 0.562061 0.559212 0.54954 0.553198
- 1.02961 0.670092 0.585044 0.529138 0.517612 0.495929 0.491818 0.47938
- 1.02663 0.679089 0.565566 0.51269 0.483538 0.470642 0.456278 0.453266
o 1.12553 0.765522 0.658067 0.623797 0.571543 0.556436 0.533367 0.505911
- 1.27964 0.909014 0.817065 0.707046 0.651063 0.613083 0.600366 0.581593
F 1.49049 1.1668 0.935055 0.849142 0.753338 0.696808 0.641311 0.628431
o 1.71592 1.50736 1.03195 0.874914 0.782014 0.769341 0.844031 2.33958
0.035 0.085 0.135 0.185 0.235 0.285 0.335 0.385
E., [GeV]
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APPENDIX C. ERROR PARAMETERISATION

Ring number in calorimeter

C.3

Ring number in calorimeter

167.5
162.5
157.5
152.5
1475
1425
137.5
1325
1275
1225
1175
1125
107.5
102.5
97.5
925
87.5
825
775
725
67.5
62.5
575
525
475
425
375
325
275
225

174
173
172
171
170
169
168
167
166
165
164
163
162
161
160
159
158
157
156
155
154
153
152
151

Error of pion gangle [deg]

- 299138 29.8699 30.2431 30.6008 30.9192 3.61657 2.43311 2.82615

- 11.0192 13.4545 29.044 29.4914 3.89409 2.48739 2.06404 1.80063

- 4.27929 3.55699 3.70903 3.77651 3.16207 2.40591 1.82466 1.33316

- 2.7765 2.0945 2.00617 2.03855 1.79238 1.61829 1.44672 1.1222

- 2.22751 1.5317 1.39008 1.31997 0.908407 1.11434 1.00982 0.882505

F 1.84894 1.31001 1.15831 0.730768 0.68592 0.654651 0.728543 0.654326

- 1.64274 0.978438 0.830751 0.764829 0.596833 0.608028 0.591015 0.550791

F 1.53622 0.884226 0.742982 0.685263 0.658365 0.559552 0.541442 0.505487

F 1.39191 0.825817 0.670798 0.626969 0.591132 0.539541 0.521549 0.48612

- 1.30841 0.777751 0.643641 0.599035 0.555791 0.520546 0.499121 0.48854

F 1.25293 0.758481 0.65723 0.614447 0.600738 0.537766 0.50913 0.482659

- 1.22854 0.749409 0.612259 0.573297 0.534301 0.532711 0.497604 0.47685

- 1.22456 0.750427 0.635423 0.566074 0.546964 0.533367 0.491466 0.476231

F 1.28339 0.766268 0.66667 0.633335 0.5611 0.532054 0.510077 0.493893

- 1.25918 0.764996 0.677692 0.642439 0.577969 0.535407 0.510929 0.495408

F 1.28084 0.761202 0.663184 0.629182 0.619595 0.561273 0.512343 0.495895

I 1.28406 0.768333 0.642178 0.598503 0.550424 0.54506 0.523904 0.487074

- 1.25904 0.73907 0.649166 0.578321 0.548016 0.517389 0.492558 0.474309

- 1.32802 0.739034 0.681139 0.529767 0.539521 0.520427 0.489963 0.477931

- 1.27921 0.756229 0.658422 0.582312 0.543518 0.518871 0.489285 0.486166

I 1.31292 0.777359 0.64271 0.595029 0.556553 0.529608 0.505535 0.486454

- 1.35622 0.813208 0.676091 0.619948 0.59852 0.558532 0.521068 0.494163

F 1.48996 0.874946 0.745966 0.694744 0.666233 0.582432 0.550338 0.513211

- 1.37988 0.880862 0.737006 0.658653 0.623152 0.60485 0.598434 0.551122

- 1.99447 1.11032 0.908833 0.850535 0.690783 0.759779 0.700425 0.657527

F 2.45085 1.57508 1.4274 1.34899 1.08391 1.1391 1.01872 0.904561

- 3.0422 2.43948 2.36779 2.27961 1.9294 1.6469 1.4267 1.11793

F 4.42609 3.72102 3.83144 3.696 3.09329 2.66446 1.71241 1.48134

- 7.45554 28.7203 28.7221 28.9253 4.45229 2.5243 1.99943 1.8237
0.035 0.085 0.135 0.185 0.235 0.285 0.335 0.385

E,, [GeV]
.

Errors of reconstructed photon variables

Error of photon kinetic energy

F 0.243856 0.204585 0.150876 0.130727 0.114327 0.104639 0.095085 0.100943 0.0931612 0.0879756

F 0.227292 0.152626 0.12207 0.10991 0.0986271 0.0926083 0.0850853 0.0797104 0.0796634 0.0711443

F 0.235567 0.160377 0.118271 0.106961 0.0947369 0.0845062 0.0760502 0.0783545 0.0722897 0.0693271

F 0.229211 0.159969 0.142264 0.117554 0.108895 0.093155 0.0918793 0.091953 0.079272 0.0837868

- 0.2398 0.146959 0.136152 0.119877 0.105981 0.0965847 0.0921331 0.0887385 0.079923 0.0860833

- 0.20596 0.144732 0.12504 0.107226 0.0998147 0.0837814 0.0781911 0.073471 0.0687471 0.0666833

- 0.201075 0.144013 0.117584 0.100922 0.0906274 0.0860095 0.0824739 0.0722819 0.0672545 0.065413

- 0.227623 0.139948 0.11877 0.103251 0.0941027 0.0820225 0.0744901 0.0736658 0.068465 0.0656804

- 0.207652 0.149097 0.116226 0.099437 0.0905994 0.0807418 0.0756264 0.070473 0.0659734 0.0642176

- 0.230402 0.146009 0.114701 0.102385 0.092116 0.0822168 0.0743329 0.0701007 0.0658591 0.0638847

- 0.192157 0.145076 0.119491 0.100782 0.0901931 0.0835687 0.0730173 0.0697421 0.0669475 0.062758

- 0.197303 0.149575 0.115609 0.103026 0.0912053 0.0819395 0.079025 0.0726406 0.0693297 0.0669088

- 0.204424 0.138453 0.114432 0.10243 0.0917969 0.0803353 0.0757253 0.0710694 0.0670481 0.0632019

- 0.189842 0.144566 0.121836 0.0997601 0.0886233 0.0831259 0.0757845 0.0698411 0.0705391 0.0627727

- 0.216577 0.141348 0.122949 0.0973973 0.0919492 0.0810793 0.0765459 0.0710279 0.066734 0.0664174

- 0.205523 0.14614 0.113479 0.098825 0.0889565 0.0783884 0.0752835 0.0701144 0.0652304 0.0619276

o 0.19971 0.144112 0.115195 0.100834 0.0912765 0.0874143 0.077267 0.0735144 0.067295 0.065944

F 0.185941 0.155373 0.124573 0.103921 0.0944744 0.0882079 0.0798822 0.0755676 0.073019 0.0693616

F 0.213197 0.154974 0.13754 0.116501 0.11033 0.0996125 0.0904003 0.0880302 0.082826 0.0804354

- 0.216262 0.147297 0.129621 0.119206 0.10686 0.101453 0.0959907 0.090818 0.0882254 0.0809255

- 0.225322 0.16481 0.150858 0.140146 0.130394 0.123185 0.110085 0.110252 0.110206 0.103971

- 0.216769 0.164539 0.155182 0.148655 0.128039 0.130464 0.124251 0.112753 0.0982809 0.107613

- 0.239725 0.145607 0.136151 0.110919 0.103403 0.0985153 0.0912502 0.0841504 0.0870445 0.0833982

F 0.224261 0.161123 0.132856 0.117664 0.113177 0.101834 0.103153 0.0886307 0.0970476 0.0967491

0.045 0.095 0.145 0.195 0.245 0.295 0.345 0.395 0.445 0.495
E., [GeV]
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APPENDIX C. ERROR PARAMETERISATION

Ring number in calorimeter

Ring number in calorimeter

174
173
172
171
170
169
168
167
166
165
164
163
162
161
160
159
158
157
156
155
154
153
152
151

174
173
172
171
170
169
168
167
166
165
164

162
161

159
158
157
156
155
154
153
152
151

Error of photon 6 angle [deg]

F 2.07673 1.99013 1.71632 1.57049 1.49156 1.41944 1.3015 1.30123 1.29858 1.2171
- 1.59961 1.48426 1.46357 1.37334 1.35249 1.30211 1.2771 1.19663 1.13721 1.09309
o 1.53261 1.49095 152173 1.50671 1.4478 1.37103 1.33816 1.25366 1.24434 1.16289
o 1.72912 1.99862 1.87381 1.71999 1.73325 1.62146 1.52193 1.43371 1.4293 1.34605
- 1.95745 1.82615 1.67027 1.55825 1.46003 1.40983 1.34593 1.29704 1.24829 1.21792
- 1.3981 1.35867 1.33812 1.26495 121712 1.14583 1.11189 1.04772 0.989471 0.977374
- 1.49214 1.40742 1.30673 1.26474 1.17705 1.13418 1.08086 1.06785 0.990489 0.95
- 1.66725 1.5534 1.46219 1.37255 1.29287 1.18409 1.14726 1.08828 1.05842 1.00576
- 1.78846 1.69585 1.51477 1.50715 1.36625 1.29893 1.20873 1.16322 1.11282 1.05016
- 1.84302 1.65868 1.64795 1.50817 1.38964 1.32353 1.25414 1.22741 1.15561 1.10836
- 1.88008 1.81775 1.67967 1.53213 1.45778 1.37473 1.28084 1.23049 1.18263 1.13957
- 1.98426 1.83188 1.72223 1.59555 1.55818 1.47197 1.38294 1.31039 1.26622 1.16921
- 1.97646 1.84248 1.74492 1.61161 1.58158 1.42981 1.37461 1.30758 1.24047 1.19959
- 1.98923 1.90948 1.7096 1.63793 1.51092 1.4197 1.37572 1.29374 1.21478 1.17653
- 1.97369 1.73078 1.64751 1.59751 1.42394 1.41536 1.30252 1.23376 1.1899 1.1616
- 1.93524 1.71059 1.63181 1.52669 1.50333 1.34873 1.27039 1.20441 1.15536 1.10898
F 1.80021 1.62205 1.58606 1.43923 1.35743 1.24412 1.1988 1.17002 1.11205 1.06416
o 1.72158 1.61423 1.4938 1.39557 1.28503 1.21072 1.18042 1.12746 1.06139 1.02027
o 1.67327 1.48693 1.37852 1.28924 1.22798 1.1267 1.09906 1.01561 0.961047 0.938177
- 1.89632 1.61565 1.45099 1.3688 1.28215 1.21595 1.14594 1.08945 1.07858 1.00903
- 261422 2.09475 1.99495 1.91144 1.72136 1.62702 1.52287 1.43624 1.37858 1.33328
- 2.48155 2.31216 2.11024 1.99344 1.91151 1.86069 1.7377 1.7069 1.64429 1.60329
- 2.19801 1.8873 1.69716 1.63235 1.56035 1.45668 1.36012 1.30719 1.26304 1.24688
F 2.23344 272911 2.30107 2.0879 1.846 1.78185 1.67206 1.6445 1.52045 1.50096
0.045 0.095 0.145 0.195 0.245 0.295 0.345 0.395 0.445 0.495
E., [GeV]
Error of photon g angle [deg]
F 3.39835 3.29478 3.42184 3.45397 3.22062 3.18001 3.02931 2.9152 2.96539 2.81569
- 3.23336 2.93394 2.91561 291175 2.87213 2.72645 259217 2.51786 2.53384 2.31231
- 2.85087 2.82076 273571 2.5042 241728 2.40905 2.28795 2.27088 2.09911 2.09661
- 2.95863 2.64987 2.67566 2.27249 2.34973 2.27834 211977 2.07755 2.09391 1.98916
I 2.26096 212547 1.98948 1.99568 1.88522 1.8277 1.75729 1.65655 1.55121 1.53846
- 2.10785 2.19308 1.97986 1.90537 1.81641 1.64335 1.62604 1.59989 1.45263 1.43401
o 2.1984 2.06659 1.92162 1.69708 1.66868 1.61768 1.49514 1.4654 1.36771 1.30364
- 2.1386 1.95302 1.83899 1.77087 1.65179 1.56396 1.45653 1.36848 1.33821 1.26083
o 2.16074 1.95472 1.7817 1.69896 1.60137 1.50359 1.46811 1.39281 1.35036 1.28148
F 2.14711 1.97605 1.79346 1.73141 1.58395 1.55436 1.46534 1.38494 1.31494 1.27456
F 2.06547 1.85042 1.83209 1.72556 1.58558 1.50064 1.40983 1.39105 1.32126 1.27781
F 2.06629 1.94328 1.81976 1.71142 1.58024 1.50667 1.4558 1.3862 1.32441 1.3026
F 2.17348 1.97315 1.82084 1.72723 1.66038 1.53088 1.49322 1.42171 1.33588 1.30306
F 2.0561 1.93991 1.84281 1.6875 1.6471 1.52532 1.47812 1.35725 1.33801 1.28032
- 2.15883 1.90727 1.74272 1.80971 1.57883 1.50556 1.45122 1.37852 1.32303 1.25566
F 2.18287 1.9417 1.8569 1.71783 1.61751 1.51337 1.47679 1.40223 1.3299 1.27558
F 2.18423 1.95073 1.82526 1.67814 1.63321 1.53891 1.45842 1.40177 1.35085 1.27538
- 2.22863 2.04125 1.83157 1.80007 1.52612 1.53691 1.45989 1.34794 1.37612 1.27993
- 2.20377 2.01004 1.72908 1.68095 1.57932 1.50043 1.42894 1.33622 1.29992 1.29813
I 2214 1.93734 1.86984 1.81341 1.71166 1.60365 1.4968 1.45067 1.40846 1.36422
r 2.23882 2.03581 1.93469 1.88508 1.81447 1.77312 1.6711 1.64127 1.59416 1.55461
o 3.72755 3.10072 2.96214 2.88229 2.58672 2.55623 2.50889 2.39961 2.39735 2.28542
- 4.35929 3.8201 3.63336 3.65588 3.49086 3.22521 3.14618 3.02159 2.93499 2.9837
F 5.16286 5.44231 5.19665 5.00353 4.84825 4.86504 4.73129 4.46696 4.46025 4.20965
0.045 0.095 0.145 0.195 0.245 0.295 0.345 0.395 0.445 0.495
E,., [GeV]
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APPENDIX C. ERROR PARAMETERISATION

The offsets (with respect to the Gaussian distribution of true minus reconstructed
particle variable) of all particle variables are presented in the following. The values
correspond to the spectra discussed in Section [5.4.3]

C.4

175

16.5

0 [deg]

155
145
135
125
115
10.5
9.5
8.5
75
6.5
55
4.5
35

17.5

16.5

0 [deg]

155
145
135
125
11.5
105
95
85
75
6.5
55
45

35

Offsets of reconstructed proton

Offset of proton kinetic energy

variables

[ 0.0187897  0.00638101  0.0140881 0.0164991 0.0144122 0.0157534 0.0378986 0.0430873 0.0197045 0.0103589 0.0876312 0.0510904 0.0142175
I 0.0161622  0.00482486 0.00970695 0.00764075 0.0082532  0.00507514  0.0199633 0.0175963 0.0183989 0.0395876 0.0786697 0.0418581  -0.00873946
[ 0.0124965 0.00390951 0.0077691  0.00879539  0.0102641  -0.00183225 0.011593 0.0136981 0.0129256 0.000499644 -0.0101699 0.0414461  -0.0103857
[-0.00942029 0.00084247 0.00520327 0.00453702 0.00536539 -0.00872317 -0.00183896 0.00848988 0.00764876 0.00373596  0.0611038 0.0321502  -0.00573981
[F0.00983737 0.00188573 0.00472526 0.00544775 0.00654628 0.00289035 0.012776 0.0185822 0.0186993  0.00689698  0.0651107 0.04078 -0.00293637
|- 0.00836479 0.00129325 0.00526237 0.00465012 0.00643692 0.00181369 0.0079433 0.0163422 0.0117033 0.00748774 0.063563 0.0346438  -0.00496545
[ 0.0102786  0.00268605 0.00379142 0.00421325 0.0048429 0.000823905 0.00809569  0.0145704 0.0121937  0.00376243 -0.000776566 0.0340278  -0.0010312
I- 0.00749892 0.0021354 0.00469804 0.00474275 0.00611311 -0.00262304 0.00356869 0.0144821 0.00696212 0.00878804 -0.00263655 0.0375538  -0.00225966
I 0.0082056 0.00103564 0.00392527 0.00461255 0.00546107 0.0126446 0.0214797 0.0202301 0.0123026 0.00922505 0.00769481 0.0360649 0.00174653
[0.00682122 0.000788427 0.00428621  0.0034256  0.00481697 0.00939477  0.0158584 0.0181913 0.0119998 0.0157582 0.0372023 0.0390291  0.00179255
[-0.00841289 0.000801904 0.00477428 0.00492793 0.00410876  0.0132379 0.0173977 0.0186098 0.019938 0.0179501 0.0635271 0.0485808  0.00464266
[F0.00725127 0.00144023 0.00336008 0.00446046 0.00506163  0.0116269 0.0144927 0.0172194 0.0159042  0.00405944  0.0100122 0.0351936  0.00345068
[-0.00748729 0.00136436  0.0040323  0.00486596 0.00518879 0.00703264  0.0104361 0.0128621 0.0143269 0.0246174  0.00938927 0.0403573  0.00253017
[ 0.0059832  0.00106844 0.00459836 0.00372692 0.00427729 0.00549905 0.00783635 0.0139752 0.0141622 0.0109173 0.0148949 0.0331209  -0.00267464
I-0.00578794 -0.000271735 0.00708138 0.00485763 0.00601895 -0.000912948 0.00280325 0.00960993 0.0117723 0.012552 0.00281079 0.0365492 0.000302236
0.075 0.125 0.175 0.225 0.275 0.325 0.375 0.425 0.475 0.525 0.575 0.625 0.675
E., [GeV]
Offset of proton 6 angle [deg]
I 0.100378 0.0754154 0.0616083 0.0532535 0.0351101 0.033578 0.0332981 0.0305395 0.025657 0.0310458 0.0380039 0.0371898 0.0310266
| 0.0939253 0.0698689 0.0442202 0.0425997 0.0310321 0.0271012 0.0257081 0.0220007 0.0216041 0.0177239 0.0175747 0.0163088 0.017104
I 0.0721172 0.0507449 0.0307086 0.0226764 0.0203876 0.0157224 0.0122422 0.0111221 0.0107891 0.0094277 0.0102488 0.00414947  0.00425014
I 0.0665969 0.0404541 0.0208027 0.0168029 0.0156953 0.0114137 0.0112011 0.0112604 0.0108408 0.0112602 0.00538241  0.00524962 0.00559059
I 0.0531869 0.0353705 0.0186465 0.0156692 0.0115242 0.0122702  0.00762368 0.00736399 0.00459492 0.00638077 0.00319565 0.00489816 0.00646597
I 0.0474092 0.0311085 0.0153772 0.0117437 0.0113472 0.00907454  0.00618808 0.00453917 0.00546219 0.00590305 0.00231995 0.00479061  0.0037134
I 0.0401038 0.0261282 0.0117498 0.0116274 0.0092365  0.00617807 0.00425373 0.00293309 0.00340244 0.00113489 0.00223282 0.00357613 0.00543819
I 0.0379742 0.0244077  0.00990876  0.0093522 0.0094791 0.0070699  0.00161493  0.0033807 0.00250129 0.00431427 0.00354006 0.00176298 0.00467915
I 0.0314632 0.0167996 0.0099568 0.0101127 0.0067649  0.00667005 0.00506685 0.00392039 -0.000351115 0.00442516 0.00200489 0.000997965 -0.00173735
[ 0.0286126 0.0188986 0.0105584  0.00750071  0.0100058  0.00671765 0.00694701 0.00479356  0.0040912  0.00692768  0.0025299 0.00249104  0.00486737
I 0.0234725 0.0163968 0.00950866 0.00705372 0.00621912 0.00480656 0.00637856 0.00452961 0.00278858 0.00167791 0.00720371 0.00212846 0.00154174
I 0.0275414 0.0137144  0.00613004  0.0034135 0.00879961 0.00762165 0.00390087 0.00225002 0.00414415 0.00242339 0.000837159 0.000863668 0.00228824
[ 0.0136388  0.00776003 1.36304e-05 0.00314817 0.00234003 -0.00138443 0.00364169 -0.00185301 0.00151865 0.00125141 -0.000381212 0.000160914 -0.000354019
I-0.00611137 0.00809031 0.00316147 -0.00110747 0.00199945 0.00410511 0.00162113 0.00237952 0.000833202 -0.00122502 1.00402e-05 -0.00357318 0.0022716
[-0.00763163 -0.000305086 -0.00273522 -0.00268555 -0.00289414 -0.00381611 -0.00321622 -0.00260591 -0.0041502 -0.00250931 -0.00619404 -0.00170675 -0.00376177
0.075 0.125 0.175 0.225 0.275 0.325 0.375 0.425 0.475 0.525 0.575 0.625 0.675
E., [GeV]
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0 [deg]

C.5

0 [deg]

175
16.5
155
145
135
125
115
10.5
9.5
8.5
75
6.5
55
4.5
3.5

167.5
162.5
157.5
152.5
1475
1425
1375
1325
1275
1225
1175
1125
107.5
102.5
97.5
92,5
87.5
825
775
725
67.5
62.5
57.5
525
475
425
375
325
275
225

Offset of proton @ angle [deg]

[ 0.571406 0.466708 0.296563 0.245929 0.164588 0.142311 0.03743 0.0343465 0.0587404 0.117319 0.161528 0.223579 0.288145
| 0.454808 0.389264 0.171738 0.138789 0.0856886 0.045618 0.00390588  0.00548719  0.0342318 0.076621 0.134278 0.192149 0.259902
| 0.378728 0.299169 0.0676903 0.0419937 -0.019678  -0.00638759  -0.0145202 -0.027601  -0.00172849  0.0475321 0.0872531 0.169943 0.234011
I 0.301637 0.250818 -0.0295892  -0.0459248 -0.067947 -0.0389535  -0.0120481 0.000931543 -0.00616635 0.0339592 0.085414 0.136934 0.182276
I 0.21486 0.197125 -0.0652145  -0.0747035 -0.0946992  -0.0656444  -0.0635318 -0.0448383  -0.0282131 0.00928249  0.0564191 0.111258 0.190874
I 0.121788 0.116772 -0.217558 -0.160074 -0.15344 -0.110698 -0.0774856  -0.0680767  -0.0531933  -0.0204762 0.0231871 0.0809816 0.147684
| 0.0322684 0.0187435 -0.341725 -0.262485 -0.221828 -0.182755 -0.145396 -0.123129 -0.105987 -0.0559785  -0.0044634 0.0345621 0.109996
IF -0.158231 -0.130264 -0.670655 -0.395594 -0.304436 -0.215121 -0.175133 -0.149479 -0.119963 -0.0834554  -0.0451432 0.0227059 0.0869073
I -0.30273 -0.406293 -0.78761 -0.466716 -0.341595 -0.287534 -0.222496 -0.202019 -0.175523 -0.144012 -0.0786005  -0.0542343  0.0477003
[ -0.391665 -0.558507 -0.828539 -0.498508 -0.384707 -0.307372 -0.275781 -0.213366 -0.203226 -0.177982 -0.103444 -0.0609457  0.0430992
[ -0.531533 -0.450139 -0.934116 -0.570751 -0.449931 -0.371354 -0.302606 -0.268851 -0.23132 -0.184253 -0.132768 -0.0754668  -0.0168602
[ -0.641575 -0.505852 -1.01878 -0.596704 -0.488223 -0.415637 -0.344671 -0.279121 -0.277048 -0.214111 -0.161911 -0.113826 -0.0595795
[ -0.732255 -0.640496 -1.04373 -0.63513 -0.520215 -0.408923 -0.352936 -0.286358 -0.290233 -0.217922 -0.166313 -0.122044  -0.0129744
[ -0.854219 -0.723951 -1.11831 -0.6523 -0.527887 -0.501263 -0.405459 -0.324614 -0.327113 -0.239573 -0.180127 -0.0985152 -0.119167
I -1.01294 -0.832792 -1.08387 -0.686291 -0.529786 -0.473845 -0.349012 -0.278913 -0.238681 -0.223597 -0.131957 -0.1461 -0.0388804
0.075 0.125 0.175 0.225 0.275 0.325 0.375 0.425 0.475 0.525 0.575 0.625 0.675
E., [GeV]

Offsets

of reconstructed pion variables

Offset of pion kinetic energy

I 0.0189604 0.143377 0.250046 0.0230665 0.292182 0.187666 -0.0332045 -0.136058
F 0.192732 0.182704 0.23524 0.223983 0.254054 0.241727 0.0844653 -0.0330622
o 0.0522229 0.00540937 -0.0294341 0.0238098 0.0527951 -0.0364761 0.0493683 0.0230488
F 0.0343091 -0.00839593 -0.00563804 -0.0209898 0.0167795 -0.0331689 -0.00823864 0.0028828
F 0.0310122 -0.00532317 -0.0111059 -0.0130173 -0.0132049 -0.00728822 -0.00915069 0.00556177
o 0.0222501 -0.00704704 -0.00981763 -0.010713 -0.00906874 -0.0109875 -0.0058901 -0.00290843
F 0.0290227 0.00157669 -0.00296592 -0.00693124 -0.00294472 -0.00406669 -0.00476652 0.000949954
F 0.0379802 0.00651796 0.00142768 0.000957018 0.000699123 -0.00016868 0.00253424 0.0014933
o 0.0423244 0.00988407 0.00704628 0.00564999 0.00444965 0.00582468 0.00827349 0.00844802
F 0.0453356 0.0152235 0.0101536 0.00802975 0.0104208 0.00921171 0.00862665 0.00647564
F 0.0475375 0.0191205 0.0121661 0.0120588 0.010141 0.0124773 0.0158332 0.0133636
F 0.050328 0.0203888 0.0136435 0.0132754 0.0131796 0.0162014 0.0143963 0.0158154
F 0.0521512 0.0214246 0.0167617 0.0141708 0.0157815 0.0165864 0.0167107 0.0176654
F 0.0544152 0.0214933 0.0163482 0.0166763 0.015475 0.018401 0.0181324 0.0183739
F 0.0532182 0.0217914 0.0167028 0.0166982 0.0169387 0.0151969 0.011976 0.0191961
F 0.0531235 0.0222335 0.0165049 0.0168 0.0172856 0.0177147 0.0136444 0.0155918
F 0.0525319 0.0205431 0.0173102 0.0131473 0.0159908 0.0177927 0.0161414 0.0200714
F 0.0527965 0.0204963 0.0163129 0.0140262 0.0158334 0.0161826 0.013855 0.0209835
F 0.0502795 0.0193892 0.0137701 0.013023 0.0145291 0.0145394 0.0157023 0.0156065
o 0.0497739 0.0176226 0.0131335 0.0101015 0.0134794 0.0124825 0.0105279 0.0112269
o 0.0448784 0.015432 0.0100907 0.00791002 0.0116557 0.009477 0.00895164 0.0116176
F 0.0408828 0.0107745 0.0078439 0.00452846 0.00558527 0.00713706 0.00622093 0.0068409
o 0.0362493 0.00606745 0.00158131 0.00205047 0.00285629 -0.000197936 0.00203298 0.00313699
F 0.0288634 0.00192338 -0.0032553 -0.00672004 -0.00341947 -0.00512291 -0.00188466 -0.00151949
F 0.022658 -0.00463542 -0.0108722 -0.0100196 -0.0086219 -0.0110981 -0.00556871 -0.00537289
o 0.0274138 -0.0059841 -0.0065224 -0.00978009 -0.0137223 -0.00760901 -0.00388104 -0.00676789
F 0.0350099 -0.00361027 -0.00556706 -0.00325329 -0.0214844 -6.77467e-05 0.00702279 0.0147495
F 0.0367246 -0.00335691 -0.00325087 -0.00382173 0.0369992 -0.00246837 0.0331165 0.0592969
F 0.173627 0.180205 0.178927 0.233217 0.275787 0.234372 0.0874759 -0.0623795
0.035 0.085 0.135 0.185 0.235 0.285 0.335 0.385
E., [GeV]
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Ring number in calorimeter

Ring number in calorimeter

167.5
162.5
157.5
152.5
1475
1425
1375
1325
1275
1225
1175
1125
107.5
102.5
97.5
92,5
87.5
825
775
725
67.5
62.5
575
52.5
475
425
375
325
275
225

167.5
162.5
157.5
1525
1475
1425
137.5
1325
1275
1225
1175
1125
107.5
102.5

925
87.5
825
775
725
67.5
62.5
57.5
52.5
475
425
375
325
275
225

Offset of pion 8 angle [deq]

I -3.44147 -2.87195 -3.94648 -4.2302 -6.09416 -5.39169 -6.90948 -6.60489
- -1.04669 -0.969215 -0.768702 -0.474989 -0.351724 -0.452293 -0.339089 -0.38146
F -0.0985071 -0.0978099 -0.144824 -0.136572 -0.120815 -0.0958316 -0.103577 -0.117761
- 0.028293 -0.017837 -0.00896312 -0.00628271 -0.0380003 -0.0418025 -0.0319109 -0.0448946
- 0.00474791 0.00567849 0.00621498 0.000658982 -0.00995759 -0.0105751 -0.0169252 -0.011488
F 0.00314798 0.00104837 -0.00818808 -0.014725 0.000789418 -0.0122823 -0.00489976 -0.00492245
- -0.00472449 -0.0189525 -0.00806791 -0.00740027 -0.0152918 -0.00258155 -0.0058769 -0.0062525
- -0.00873992 -0.0200469 -0.0108872 -0.00939071 -0.0108256 0.00876869 -0.000749431 0.00544632
I -0.0120721 0.00859078 -0.00405007 0.000403011 0.00251964 0.000562583 -0.00920148 0.00436548
- 0.0106595 -0.00898635 0.00302876 -0.0138689 -0.00374797 0.00354283 0.00100586 0.00320743
- -0.00533252 0.0135992 0.00255116 -0.00770569 -1.30769e-05 0.0072831 -0.00380868 0.00202353
- 0.00447254 0.00838911 0.000156995 0.003284 0.0120368 0.00230222 -0.00243716 -0.00958365
- 0.0274952 0.0101439 0.00515443 0.00700933 0.0149922 0.00300717 -0.00143721 -0.0033358
- 0.0334417 0.0295642 0.00996417 0.0322375 0.0108356 0.0160906 0.0197252 0.0116153
o 0.034278 0.0242711 0.0137159 0.0149012 0.0176738 0.0289476 0.014249 0.0185424
- 0.00828892 0.0181714 -0.0163555 -0.00247506 -0.001149 -0.016626 -0.0012029 -0.0125651
- -0.0734423 0.00402935 -0.00834695 -0.00214638 0.00132387 -0.00600543 0.00875375 -0.00860559
- -0.00473149 0.00420299 -0.00519434 0.0167285 -0.00751972 -0.00355256 -0.00219132 -0.0048634
- 0.000247473 0.00432382 0.00152832 -0.00217422 0.014674 0.00720211 0.00733222 0.00234779
F -0.0331334 0.0159626 0.00780415 0.00102388 -0.00528411 0.00951042 -0.00303942 0.00910701
- 0.0113081 0.0150866 0.000126058 0.00815328 0.0132596 0.00396723 0.0142464 0.00881366
- 0.0127748 0.00948402 0.0113215 0.0302778 0.00586422 0.00892062 0.0165864 0.00595735
F 0.00152637 0.0109055 0.0159538 0.0139781 0.00916239 0.011024 0.0125388 0.0105442
- 0.0354552 0.0294862 0.00933345 0.0209961 0.0131504 0.0157473 0.0159026 0.0161298
- 0.000640481 0.0112614 0.0117871 0.00627251 0.0124855 0.0127198 0.0186656 0.0153002
F 0.0282266 0.00877999 0.0272367 0.0317109 0.0155643 0.0258742 0.0201187 0.0389442
- 0.0355292 0.0324801 0.0403322 0.0642381 0.0591217 0.0464026 0.059385 0.0661383
- 0.168937 0.159831 0.211802 0.152914 0.128556 0.146247 0.141407 0.118922
E 1.32899 1.2237 0.886417 0.555358 0.516235 0.47338 0.48429 0.515051
0.035 0.085 0.135 0.185 0.235 0.285 0.335 0.385
E., [GeV]
Offset of pion pangle [deg]
- -1.40327 -42.7743 15.0692 -15.359 -99.8367 -1.43751 -0.435686 -0.23892
F -3.76096 -5.15559 -34.9552 -31.2013 -0.78032 -0.303217 -0.128422 -0.131085
- 0.103772 0.131354 0.108161 0.176621 0.0443988 0.0214068 0.0493565 -0.00484761
F -0.134506 -0.0741664 -0.0758912 -0.0298145 -0.113428 -0.0789427 -0.05848 -0.0506425
I 0.0553428 0.00952852 0.0405232 0.0441908 0.000392114 0.0211514 0.0246944 0.0114725
- -0.038227 -0.0206692 -0.0278426 -0.0329099 -0.0144165 -0.0105238 -0.00420823 -0.0150961
F 0.0081159 -0.0128761 -0.0190205 -0.0107207 -0.00763194 -0.000604133 -0.00910193 -0.0111163
- -0.0121365 -0.0113056 -0.0157305 -0.01139 -0.0142078 -0.00126616 0.00202954 0.00306588
- -0.0494353 -0.0109096 -0.0103322 -0.00684911 -0.00645555 -0.00413271 -0.0110245 -0.0033635
- -0.00205354 -0.0156165 -0.00464437 -0.00249348 -0.0126347 -0.00699298 -0.0114998 -0.00506765
- 0.00866961 -0.00593829 -0.00252467 -0.00164282 -0.000368229 -0.00625113 -0.0158529 -0.00320201
- -0.000923697 0.0100867 9.35478e-05 -0.00708262 -0.00224422 -0.00276711 -0.0042272 -0.00431531
- 0.0122788 0.00694796 -6.2402e-05 -0.00677003 -0.00433475 -0.00368295 -0.0044523 -0.000783027
- -0.00490868 -0.00415413 -0.00426277 -0.00070731 00408472 0.00192336 -0.00910157 -0.00131087
- -0.021106 -0.0128699 -0.0114081 -0.00550074 -0.00459045 -0.0167158 -0.0089724 -0.00829932
- 0.00781689 -0.00517446 -0.0095979 -0.0052465 00632682 -0.0130883 -0.00322427 -0.00613078
- -0.00304152 -0.0109554 -0.008495 -0.00517327 .00127644 -0.0133443 0.00382783 -0.0114469
- 0.0130444 0.00258698 -0.0164765 -0.0010762 -0.00221476 -0.00244087 0.00104336 -0.00614465
F -0.00512063 0.0107136 0.0023755 -0.0070639 -0.00222972 0.0010661 0.00221308 -0.00541342
- -0.00393259 0.0108709 0.00479242 -0.0104958 -0.000768859 -0.00329836 -0.00753403 -0.00446888
- -0.00329277 -0.0115904 -0.00391813 -0.00299268 0.00110549 -0.00392123 -0.00655994 -0.00356491
F 0.0224703 0.0104414 -0.00347366 0.00091195 0.00110672 -0.00540426 -0.00408826 -0.000245085
- -0.0114019 -0.00199188 0.00517833 -0.00306538 -0.00174587 -0.00272565 -0.000728528 0.00157618
F -0.0198891 0.0021969 -0.00922808 0.000818726 -0.00556151 0.00634362 0.00923607 0.00265769
I 0.0318402 0.0116624 0.0109082 0.0205172 0.00441737 0.0173758 0.032088 0.0125327
- -0.0050539 -0.0193803 -0.0139317 0.00116058 -0.0385743 -0.0459115 -0.0163708 -0.0313617
- 0.137262 0.07941 0.0712898 0.104949 0.0677186 0.0659162 0.0520635 0.0273828
- 0.279951 -0.153184 -0.285314 -0.332001 -0.210639 -0.131979 -0.0815818 0.00704762
o 1.44862 38.4087 42.1664 27.7637 0.644967 0.286285 0.240793 0.240907
0.035 0.085 0.135 0.185 0.235 0.285 0.335 0.385
E,., [GeV]

162



APPENDIX C. ERROR PARAMETERISATION

C.6

Ring number in calorimeter

Ring number in calorimeter

174
173
172
171
170
169
168
167
166
165
164

162
161

159
158
157
156
155
154
153
152
151

174
173
172
171
170
169
168
167
166
165
164
163
162
161
160
159
158
157
156
155
154

152
151

Offsets of reconstructed photon

Offset of photon kinetic energy

variables

[ 0.000355877 0.000371352 0.00707476 0.00884249 0.0152492 0.0117507 0.0145289 0.0195439 0.0244555 0.0272662
I -5.81293e-05 0.016822 0.0105869 0.01208 0.0133303 0.0144518 0.0175932 0.0207687 0.0243127 0.0258329
I 0.00947163 0.0153933 0.0101459 0.0135498 0.010877 0.0128367 0.0122701 0.020377 0.0228182 0.0270007
I 0.00405783 0.00927019 0.00921737 0.00546102 0.00741203 0.00964868 0.00917094 0.0183259 0.0192798 0.0236202
I -0.0097846 -0.008929 0.00455816 0.00354927 0.00136625 0.00487174 0.0091686 0.0127966 0.0139678 0.0179898
I 0.0198377 -0.00722614 -0.00382316 -0.00637297 0.00130828 0.00222342 0.00585024 0.00851017 0.0143394 0.0162343
I -0.0205655 -0.0100192 -0.0152254 -0.00677211 -0.00717344 -0.00305969 0.000811205 0.00471772 0.0100166 0.0124703
I -0.0202387 -0.018482 -0.0162017 -0.0160385 -0.01069 -0.0072662 -0.00372882 0.00297718 0.00516824 0.00723632
I -0.0254207 -0.0180527 -0.0172447 -0.0170596 -0.0142258 -0.0095299 -0.00813741 -0.00229505 0.000828975 0.00743478
I -0.0192834 -0.0278122 -0.0231033 -0.0210642 -0.0158684 -0.012079 -0.00840294 -0.00625686 -0.00189558 0.00315748
I -0.0342011 -0.029854 -0.0286434 -0.0255135 -0.0237772 -0.0172156 -0.0117158 -0.0095324 -0.00520475 -0.000870344
I -0.0374403 -0.033082 -0.0296093 -0.030325 -0.0260151 -0.0217773 -0.0168219 -0.0119565 -0.0104367 -0.00514149
I -0.0386077 -0.0313122 -0.0337115 -0.032572 -0.0251896 -0.0240543 -0.0166856 -0.0148403 -0.0113959 -0.00781395
I -0.0488801 -0.0428492 -0.0397851 -0.0338522 -0.0278231 -0.0262058 -0.0213745 -0.0184144 -0.01544 -0.00824855
I -0.0484182 -0.0405825 -0.038347 -0.0380502 -0.0340801 -0.0296793 -0.024823 -0.0207281 -0.0155529 -0.0126716
I -0.0396223 -0.0365975 -0.0371274 -0.0350808 -0.0335331 -0.0318816 -0.0255328 -0.0227871 -0.0199004 -0.0146317
I -0.0536531 -0.0449817 -0.0459632 -0.037079 -0.0363588 -0.0314952 -0.0277374 -0.0252589 -0.0203328 -0.0169895
I -0.0574324 -0.0441268 -0.0393916 -0.0437879 -0.0378289 -0.0358163 -0.0324958 -0.0283333 -0.0230279 -0.023822
I -0.0615919 -0.0402324 -0.0471006 -0.0401162 -0.0362904 -0.0339454 -0.0301455 -0.0279346 -0.0249401 -0.0220886
[ -0.0534033 -0.0496698 -0.0390665 -0.0393315 -0.0385598 -0.0295231 -0.0312036 -0.0242769 -0.0240199 -0.0230367
[ -0.0651006 -0.0560858 -0.0462596 -0.0452557 -0.0384509 -0.0406507 -0.0391309 -0.031791 -0.0333478 -0.0293959
I -0.0740664 -0.0665269 -0.0603142 -0.0580621 -0.0642243 -0.0591841 -0.0630272 -0.0656832 -0.0673245 -0.0661185
I -0.0632404 -0.0506143 -0.0593296 -0.0558275 -0.0632434 -0.0618045 -0.0625119 -0.0653187 -0.0624238 -0.0629916
I -0.105093 -0.0920404 -0.0915791 -0.0891331 -0.0809556 -0.0833072 -0.0760658 -0.0731193 -0.071385 -0.0655473
0.045 0.095 0.145 0.195 0.245 0.295 0.345 0.395 0.445 0.495
E., [GeV]
Offset of photon 68 angle [deq]
F -1.32928 -1.42916 -1.34051 -1.34259 -1.34702 -1.33477 -1.32352 -1.36137 -1.28746 -1.28612
I -0.425003 -0.421789 -0.503672 -0.500667 -0.534289 -0.564552 -0.563023 -0.588018 -0.560319 -0.578985
I -0.400585 -0.383693 -0.445162 -0.542146 -0.585645 -0.614498 -0.604677 -0.594919 -0.598656 -0.607694
I -0.524181 -0.965352 -1.21423 -1.33617 -1.34125 -1.34721 -1.28826 -1.27523 -1.25295 -1.21125
o -1.55292 -1.64748 -1.61853 -1.62244 -1.58761 -1.55452 -1.50184 -1.45082 -1.37168 -1.34066
I -0.525548 -0.565269 -0.610384 -0.630454 -0.612825 -0.609873 -0.608182 -0.592696 -0.567312 -0.537705
o -0.14547 -0.173684 -0.225382 -0.237966 -0.234009 -0.271291 -0.265042 -0.25531 -0.268881 -0.249166
F -0.127028 -0.129498 -0.110585 -0.121349 -0.116583 -0.13713 -0.0924033 -0.0865129 -0.0750224 -0.0903724
F -0.067767 -0.121457 -0.101332 -0.0853392 -0.0849129 -0.0500564 -0.0386191 -0.0288369 -0.00691536 -0.0321417
I -0.114863 -0.080676 -0.102678 -0.0802436 -0.058635 -0.0512016 -0.0336786 -0.0337608 -0.0230078 -0.0225008
I -0.0496681 -0.0340885 -0.039862 -0.0112537 -0.0274532 -0.01717 -0.0303537 -0.00489625 0.0016156 -0.00296078
I 0.0347936 0.0554803 0.0293232 0.045212 0.059181 0.0384562 0.0235398 0.0436755 0.0239965 0.00725681
I -0.0382887 -0.00964136 -0.0331689 -0.00964592 -0.000531094 0.0054614 0.00505557 0.0128522 -0.00945088 0.00145015
I -0.0415089 -0.0360285 -0.0246352 -0.0487968 -0.0479183 -0.0375068 -0.0378934 -0.0334337 -0.0250742 -0.0357758
I 0.0214781 0.0208152 0.0279221 0.0326625 0.0123762 0.00531446 -0.0129825 0.00664569 0.00869347 0.00657335
I 0.0842104 0.123797 0.130688 0.119272 0.104359 0.0965327 0.0694891 0.0753203 0.0733828 0.0811532
- 0.142084 0.156551 0.166747 0.126414 0.124624 0.114075 0.0974165 0.101955 0.108123 0.100182
- 0.144069 0.130987 0.092068 0.106425 0.0887663 0.101932 0.102522 0.0814357 0.0955508 0.0697093
I -0.0497392 -0.0230489 -0.0467845 -0.0110637 -0.0405915 -0.0370833 -0.030629 -0.0561357 -0.0448303 -0.0670244
o 0.344939 0.354914 0.284326 0.264493 0.265378 0.234102 0.211628 0.210221 0.173638 0.131393
o 1.9295 1.88507 1.79309 1.66759 1.56384 1.45896 1.34178 1.25487 1.14873 1.06097
- 0.510595 0.86727 0.977986 1.05889 1.01893 1.00278 0.962385 0.889634 0.808048 0.723561
- 0.402171 0.498333 0.547764 0.641236 0.628454 0.641929 0.629829 0.600969 0.605956 0.626585
r 1.22943 1.8104 1.65477 1.5155 1.39699 1.34583 1.31243 1.24529 1.21139 1.13923
0.045 0.095 0.145 0.195 0.245 0.295 0.345 0.395 0.445 0.495
E., [GeV]
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Ring number in calorimeter

174
173
172
171
170
169
168
167

165
164
163
162
161
160
159
158
157
156
155
154
153
152
151

Offset of photon @angle [deg]

I -0.0288497 0.00799173 -0.0220995 0.075756 0.00153891 0.0474589 0.0465218 -0.0432489 0.0153859 0.0117753
I -0.05854 -0.0224062 0.0532399 0.00986933 -0.00945625 -0.00151111 -0.0408376 -0.0214734 0.00380123 0.0584945
I -0.119037 -0.0180628 0.0126668 0.0114739 -0.00564666 -0.01069 -0.014675 -0.0622355 0.0174416 -0.00500643
I -0.00801331 0.063887 -0.006741 -0.0204861 -0.00508423 -0.000113043 0.0128383 0.024099 -0.0515213 -0.0155426
I -0.000610305 0.00354146 -0.0183062 -0.00912521 -0.000659928 -0.00619392 0.0157886 0.0199919 0.00926716 -0.0163574
I 0.0437317 -0.019401 -0.0102362 0.041252 0.0398568 0.00887285 -0.0106248 -8.49479e-05 -0.03185 -0.0146645
I -0.0195881 0.00217054 0.0559914 -0.0927569 -0.00306955 -0.00321551 -0.00361592 -0.0107813 -0.0363285 0.00621655
I 0.0929564 -0.00258474 -0.00518448 -0.0167339 -0.0397393 0.000134935 -0.0327339 0.00469245 -0.0244164 0.0239099
I 0.0224182 0.0212453 -0.0291946 -0.0287286 -0.0158887 0.00827075 -0.00231689 0.00977357 -0.002704 0.00245422
I -0.00279156 -0.0103089 0.0166364 -0.0255148 -0.0112187 -0.0142801 -0.00223989 -0.00620907 0.00888395 0.000482088
I -0.000245193 0.00034593 0.0503336 0.02519 -0.00603413 -0.00380414 -0.00473 0.0255744 -0.00239627 0.00541788
I -0.000590305 -0.000404465 -0.0230363 0.0120367 0.00042103 0.0100828 0.00211145 0.0132004 0.0193273 0.00710581
I -0.0255603 0.00144654 -0.0227982 0.0239584 0.0158426 -0.037451 0.0027066 -0.00797212 0.00765821 0.0203217
I -0.00183077 0.0044039 0.0127657 -0.016449 -0.00530901 -0.0243752 -0.0172635 -0.0100612 0.015586 0.00710942
I 0.00314794 -0.0193658 -0.033018 0.00390151 0.0176635 -0.0281403 0.00937766 -0.00442485 -0.0020087 0.00514973
| 0.0488413 -0.00150736 0.00477465 -0.0170388 0.0154327 0.00524288 -0.00145562 -0.00174187 0.00609426 -0.00335059
I 0.0158954 -0.0558939 0.027382 0.00149592 -0.00676443 -0.0298393 0.00188448 -0.00624397 0.0141188 0.0132804
I -0.00354335 0.0161724 0.00878178 0.0215503 0.0451436 0.00249856 0.0260502 0.00615971 -0.00257153 0.00170837
I -0.0140959 0.0113861 0.0125539 0.0132904 0.000310401 0.0132054 0.00806424 -0.0194139 -0.0169952 -0.00505284
I -0.0060692 0.0482704 0.0069801 0.0109008 0.0149002 -0.01699 0.00371088 -0.00261385 0.00644306 -0.00437016
I 0.0619986 0.0337869 0.0269938 -0.0311831 0.0121264 -0.00484837 0.00432544 -0.0203489 0.0170169 -0.00016744
[ -0.0485583 0.02474 -0.0280678 -0.0222269 -0.020513 0.0235581 0.016394 0.0491998 -0.00877387 0.00633005
I -0.0275755 0.0550201 -0.0214848 0.00711648 -0.0734586 -0.0104372 0.0450472 -0.00260789 -0.0180059 0.0185768
I 0.0128117 0.0172627 -0.0363438 0.10201 0.173835 0.0415986 0.0296131 -0.0389256 -0.0215555 0.0916399
0.045 0.095 0.145 0.195 0.245 0.295 0.345 0.395 0.445 0.495
E,, [GeV]

The values of the error of each fitted particle variable are listed below. They

correspond to the spectra shown in Section

conditions presented at the beginning of Chapter [6]

C.7

0 [deg]

175
16.5
155
145
135
125
115
105
9.5
8.5
7.5
6.5
5.5
45
35

Errors of fitted proton variables

Error of fitted proton kinetic energy

and are obtained for the analysis

164

F 0.0659088 0.0440275 0.0396592 0.0296888 0.0406615

F 0.0306925 0.0402314 0.0407733 0.0348849 0.0293376 0.0242472

- 0.0496266 0.0436967 0.0399645 0.0360582 0.0353191 0.0268766  0.00400002

F 0.000378661  0.0530817 0.0404007 0.037668 0.0341203 0.0337247 0.0312706 0.0554314 0.0210001

F 0.236486 0.049318 0.0397483 0.0385295 0.034913 0.0359658 0.0332776 0.0419146 0.0296107

F 0.100827 0.0505511 0.0400988 0.0368912 0.0355617 0.0366237 0.0332302 0.0318788 0.0275515 0.0460019

F 0.103884 0.0519538 0.0420026 0.0370202 0.0346492 0.0389798 0.0358066 0.0310835 0.0243508  0.000375321 1.52624e-05

5 0.0389081 0.0452943 0.0399488 0.0367343 0.0351405 0.0399031 0.0360678 0.0309375 0.0407679 0.0237127  0.000377425

5 0.0444405 0.0486319 0.0402757 0.0378385 0.0371553 0.039776 0.0375045 0.0325397 0.0269814 0.0541693 0.0160029

I 0.0498776 0.050898 0.0391668 0.0354521 0.0354157 0.0405654 0.0408193 0.0338351 0.0287006 0.0512679 0.0474104

F 0.0507334 0.0469788 0.0388858 0.0366608 0.0380277 0.0414771 0.041378 0.0361433 0.0311003 0.0390561  0.000537567 0.0213125

r 0.0600742 0.0485382 0.0410164 0.0359905 0.037577 0.0411353 0.0415288 0.0375203 0.0307806 0.020356 0.0360754 0.0247785

- 0.0600484 0.043398 0.0371201 0.0371137 0.0367118 0.0430245 0.0427953 0.0384732 0.0349324 0.0289826 0.0539561 0.000377425

5 0.0445636 0.0512649 0.0383126 0.0350682 0.0347988 0.0446494 0.0418532 0.0387152 0.0346343 0.0325276 0.0411251  0.0287719

F 0.0585811 0.051632 0.0377266 0.0350897 0.0351622 0.0469839 0.044157 0.0397972 0.0354151 0.0361478 0.0424866  0.000378661
0.075 0.125 0.175 0.225 0.275 0.325 0.375 0.425 0.475 0.525 0.575 0.625 0.675

E,, [GeV]



APPENDIX C. ERROR PARAMETERISATION

0 [deg]

0 [deg]

17.5
16.5
155
145
135
125
115
105
9.5
8.5
7.5
6.5
55
45

3.5

175
16.5
155
145
135
125
115
105
9.5
8.5
7.5
6.5
55
4.5
35

Error of fitted proton 6 angle [deg]

r 0.117573 0.117312 0.123212 0.10482 0.228197

F 0.176686 0.131848 0.109792 0.114319 0.12112 0.0616843

- 0.17085 0.138991 0.132759 0.128108 0.11386 0.174235 0.0119999

- 0.111443 0.134321 0.135628 0.135588 0.135509 0.128344 0.128492 0.162667 0.119014

F 0.191762 0.179539 0.154434 0.141024 0.127482 0.134259 0.126805 0.157635 0.0844832

+ 0.17648 0.144274 0.148671 0.144229 0.131404 0.128088 0.127628 0.148366 0.129174 0.0689911

- 0.214703 0.189095 0.151774 0.150909 0.140956 0.133825 0.12628 0.156062 0.193144 0.0690852 0.000377425

- 0.228695 0.168602 0.16337 0.155302 0.135221 0.130318 0.132889 0.134399 0.179965  0.000363676 0.000377425

- 0.220298 0.178026 0.165995 0.147856 0.129831 0.130273 0.128846 0.120963 0.171156 0.170452 0.152886

r 0.221149 0.168243 0.164003 0.139709 0.142922 0.14068 0.13144 0.142324 0.142239 0.15866 0.172229

F 0.221698 0.162675 0.143109 0.150582 0.14059 0.133526 0.14422 0.144743 0.142682 0.181329 0.164783 0.495103

- 0.159493 0.196844 0.18131 0.150057 0.154423 0.136385 0.134827 0.132291 0.152413 0.176076 0.178647 0.168097

- 0.205908 0.208933 0.158529 0.145856 0.135932 0.14007 0.14774 0.148099 0.12854 0.179775 0.1722 6.83587e-05

I 0.209305 0.16658 0.171785 0.163108 0.146581 0.14183 0.137313 0.141515 0.135213 0.174026 0.166244 0.0771895

F 0.275633 0.225098 0.164926 0.166393 0.146194 0.168647 0.141493 0.145146 0.137465 0.147549 0.241331 0.163991
0.075 0.125 0.175 0.225 0.275 0.325 0.375 0.425 0.475 0.525 0.575 0.625 0.675

E., [GeV]

Error of fitted proton @ angle [deg]

F 0.736511 0.565187 0.490364 0.385158 0.168466

- 0.687325 0.533818 0.5104 0.504281 0.477656 0.586999

F 0.597941 0.569693 0.56265 0.557973 0.536923 0.530965 0.00323578

F 0.482181 0.755951 0.594288 0.610657 0.573316 0.570471 0.575577 0.955796 0.00420594

- 0.722548 0.672301 0.65009 0.617755 0.659687 0.580791 0.602593 0.920725 0.48722

- 1.15093 0.869233 0.808422 0.723597 0.687112 0.667456 0.677211 0.40629 0.166429 0.00567761

- 1.08291 0.925439 0.78977 0.757023 0.726215 0.705628 0.690475 0.679519 0.602146 0.651156 0.00377425

I 2.01259 0.788586 0.957706 0.768242 0.776294 0.722517 0.747534 0.781308 0.927925 0.33302 0.00377425

- 0.811438 1.03501 0.978417 0.88469 0.831178 0.817912 0.889301 0.833055 0.736605 0.520049 0.00181619

- 0.99876 1.24629 1.08422 1.0466 0.989 0.886455 0.897241 0.946732 0.895318 0.609172 0.208437

- 1.2868 1.22681 1.24315 1.12745 1.07361 0.984232 1.04693 0.963026 1.05471 1.19134 1.61983 145

I 1.28587 1.65916 1.33884 117272 1.18239 1.24696 1.25638 117737 1.14755 1.52276 0.976585 0.484453

F 1.34511 2.00065 1.64642 1.49336 1.34612 1.45241 1.34964 1.35383 1.4003 1.27178 0.972245 0.00377425

- 1.59238 217925 2.03704 1.70862 1.79364 1.78846 1.58607 1.72059 1.5993 1.96107 1.19718 0.00292517

F 3.25459 3.13123 2.90297 267238 2.40838 1.99184 2.07419 2.02774 213219 2.31952 1.66809 7.39334
0.075 0.125 0.175 0.225 0.275 0.325 0.375 0.425 0.475 0.525 0.575 0.625 0.675

165

E,, [GeV]




APPENDIX C. ERROR PARAMETERISATION

C.8

0 [deg]

0 [deg]

167.5
162.5
157.5
152.5
1475
1425
137.5
1325
1275
1225
1175
1125
107.5
102.5
97.5
925
87.5
82,5
715
72.5
67.5
62.5
57.5
52.5
475
425
375
325
275
225

167.5
162.5
157.5
152.5
1475
1425
137.5
1325
1275
1225
1175
112.5
107.5
102.5
97.5
925
87.5
825
715
725
67.5
62.5
575
52,5
475
425
375
325
275
225

Errors of fitted pion variables

Error of fitted pion kinetic energy

F 0.000377425

- 1.26895

F 0.154796

I 0.107016

- 0.084013

F 0.084722

- 0.0846111

- 0.0494426

- 0.0748987 0.000377425

- 0.0701512 0.0621339

- 0.0618655 0.0441958

I 0.0651449 0.111401

- 0.0627844 0.0498691

- 0.0595754 0.04749 0.000377425

o 0.0630796 0.0479772 0.0379681

- 0.0636025 0.0455081 0.0329337

- 0.0625371 0.0459022 0.0375198 0.015

F 0.0633658 0.0464965 0.0299989 0.0238404

- 0.0641519 0.0453645 0.0345923 0.0153031 6.83587e-05

- 0.0588449 0.0466057 0.0333272 0.0339079 0.154492

F 0.0654367 0.0531547 0.0394746 0.031755 0.0290102 0.021089

- 0.0724336 0.0512228 0.0404514 0.0342026 0.025963 0.0127492

+ 0.0746111 0.0551926 0.0463161 0.0352241 0.0281961 0.0222959 0.023381

I 0.090715 0.0654145 0.0504107 0.0411275 0.031731 0.0242437 0.0234422 0.000377425

- 0.0965475 0.081892 0.06481 0.047201 0.0372867 0.0299639 0.0331945 0.0115336

- 0.150649 0.119876 0.0790504 0.0730221 0.0595643 0.0381752 0.0306984 0.0306874

- 0.131572 0.276112 0.222936 0.254292 0.200277 0.184311 0.172975 0.0435173
0.035 0.085 0.135 0.185 0.235 0.285 0.335 0.385

E,, [GeV]

Error of fitted pion 6 angle [deg]

I 0.00179117

F 24.4469

- 3.53329

- 1.50198

F 1.4749

- 1.765

F 1.69339

r 1.58582

- 1.51113 0.000863869

F 1.59046 0.808748

- 1.54201 0.893561

- 1.62679 1.1245

F 1.25199 1.39831

- 1.29947 1.27304 0.564171

F 1.37094 0.815925 1.481

I 1.25161 0.884965 1.10585

- 1.12672 0.880715 1.13095 0.00999876

- 1.15011 0.819319 0.943418 0.607032

- 1.09622 0.837302 0.765664 0.907699 21.7408

- 1.0781 0.763583 0.755566 0.622378 0.706455

- 0.939646 0.721186 0.642106 0.541012 0.834935 0.620763

- 1.00392 0.667193 0.593076 0.561491 0.483908 0.959686

- 0.945751 0.638261 0.531781 0.500277 0.440644 0.460985 0.812981

- 1.03172 0.638228 0.539758 0.495862 0.457945 0.479819 0.748177 0.438278

o 1.12551 0.717548 0.63802 0.554223 0.539928 0.488543 0.497069 0.846079

- 1.23558 0.918266 0.699075 0.645294 0.734488 0.655883 0.545042 1.16556

F 1.58326 1.26595 1.22871 1.26067 1.44158 1.35302 1.61505 1.01863
0.035 0.085 0.135 0.185 0.235 0.285 0.335 0.385

E., [GeV]
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0 [deg]

C.9

Ring number in calorimeter

167.5
162.5
157.5
152.5
1475
1425
137.5
1325
1275
1225
1175
1125
107.5
102.5
97.5
925
87.5
825
775
725
67.5
62.5
575
525
475
425
375
325
275
225

174
173
172
171
170
169
168
167
166
165
164
163
162
161
160
159
158
157
156
155
154
153
152
151

Error of fitted pion @angle [deg]

- 4.11151
+ 7.46133
- 2.18078
o 2.26177
- 2.14493
F 2.12193
F 1.76582
- 1.85808 0.00188712
F 1.70774 0.831156
+ 1.57047 0.73278
- 1.53853 1.04768
F 1.47007 0.787691
- 1.48043 0.86695 0.662447
F 1.38634 0.883601 0.711226
I 1.37316 0.833674 0.616155
- 1.35431 0.819416 0.633119 0.0749999
- 1.13938 0.691288 0.652417 0.537493
- 1.35279 0.67946 0.611954 0.625846 0.00188712
- 1.1669 0.744107 0.584988 0.586374 0.478993
F 1.24191 0.75449 0.587721 0.536416 0.530452 0.593576
- 1.3027 0.776849 0.632776 0.564152 0.557631 0.59786
3 1.67889 0.871349 0.696134 0.589552 0.593371 0.560524 0.474531
- 1.8695 1.00083 0.817806 0.714569 0.637315 0.672013 0.557044 0.563348
- 2.13585 1.33418 1.09553 1.00685 0.913707 0.876228 0.744568 0.685996
- 2.64335 1.88172 1.60364 1.5917 1.38601 1.15042 1.05508 0.957459
F 3.17017 2.32999 1.86897 1.8211 2.10319 1.37607 1.09014 0.657058
0.035 0.085 0.135 0.185 0.235 0.285 0.335 0.385
E., [GeV]
.
Errors of fitted photon variables
Error of fitted photon kinetic energy
[ 0.320388 0.13131 0.08045 0.073437 0.0542983 0.0444137 0.0332347 0.0358028 0.0297274 0.00548793
I 0.266941 0.108796 0.0747187 0.0576816 0.0498746 0.0412316 0.0335858 0.0296962 0.00366226 0.0119999
I 0.275469 0.103289 0.0723367 0.0493209 0.0468491 0.0384909 0.0341537 0.0205235 0.0208107
I 0.127402 0.0925229 0.0572442 0.0482534 0.0449205 0.0378038 0.03173 0.0146238 0.000377425
F 0.151119 0.0879498 0.0584373 0.0467452 0.0401603 0.033472 0.0171661 0.038346
0121257 0.073232 0.0534016 0.032922 0.0335215 0.0294284 0.02278
I 0.0944794 0.0554815 0.0512642 0.0389618 0.0309265 0.0303679 0.0242163
I 0.110099 0.0688531 0.0422515 0.0325716 0.0245971 0.0275004
I 0.111353 0.0633605 0.0344236 0.02722 0.0290332 0.000375321
I 0.117389 0.0561939 0.0382177 0.027432 0.0357455
I 0.0978619 0.0621884 0.0350391 0.0325388 0.00300013
I 0.0922968 0.0389809 0.0325719 0.0397155
I 0.103983 0.0609498 0.0244361 0.0385934
I 0.0891626 0.0351393 0.0261096 0.030299
I 0.0809601 0.0596956 0.039331
I 0.0724851 0.0575911 0.0392135
I 0.0865599 0.059016 0.0740613
I 0.0725474 0.0564563 0.000378661
I 0.0763564 0.0564194
I 0.096198 0.02624 3.33155e-07
I 0.079431 0.0596264
I 0.0899335 0.0569085
I 0.0909719 0.0689928
F 0.124198 0.058741
0.045 0.095 0.145 0.195 0.245 0.295 0.345 0.395 0.445 0.495
E., [GeV]
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Ring number in calorimeter

Ring number in calorimeter

174
173
172
171
170
169
168
167
166
165
164
163
162
161
160
159
158
157
156
155
154
153
152
151

174
173
172
171
170
169
168
167
166
165
164

162
161

159
158
157
156
155
154
153
152
151

Error of fitted photon 8 angle [deg]

F 1.64048 1.53128 1.41208 1.34303 1.17522 1.1663 1.04168 1.00654 1.06088 0.834372
- 1.58038 1.99218 1.36626 1.32034 1.27064 1.20861 1.03292 1.10488 1.03486 0.220039
o 1.71986 1.57763 1.318 1.47405 1.36819 1.24392 1.25819 1.13484 0.964981
F 1.68908 256752 1.89013 1.87636 1.78616 1.5257 1.43957 1.59226 1.37114
I 1.68264 1.62909 1.64786 1.57702 1.46974 1.32574 1.38374 1.34448
- 1.58275 1.37993 1.32109 1.22693 1.19311 1.30196 0.88205
I 1.54409 1.44077 1.41413 1.35309 1.28568 1.30564 0.990685
- 1.71816 1.5619 1.54133 1.34248 1.3445 1.20589
- 1.77327 1.71927 1.52917 1.3319 1.48522 0.582641
- 1.87017 1.57274 1.42194 1.57277 2.07344
- 1.81214 1.56947 1.66975 1.53932 0.220039
- 1.94025 1.68344 1.79928 1.69789
- 1.87824 1.76304 1.71928 2.20261
- 1.86999 1.56636 1.67919 1.03928
- 1.84575 1.83009 1.90482
F 1.84279 1.67094 1.57988
- 1.6939 1.63506 2.1465
F 1.72959 1.55028 12.8088
+ 1.62727 1.68355
- 1.68907 1.59131 25
- 1.85185 1.80313
- 2.14333 2.28551
- 2.01793 1.89478
F 2.08469 1.8142
0.045 0.095 0.145 0.195 0.245 0.295 0.345 0.395 0.445 0.495
E., [GeV]
Error of fitted photon g angle [deg]
F 4.75625 3.29752 3.2449 3.01576 2.81549 2.58839 2.41184 2.43493 2.0595 1.68558
- 2.37874 3.07189 2.77843 2.64062 25224 2.21192 1.92307 2.0888 2.12185 0.449922
- 2.95307 271722 2.56523 2.31439 2.05987 1.83636 1.85583 2.01505 1.60973
- 251786 2.7505 2.37872 2.22456 1.65304 1.89236 1.8054 1.57344 1.2146
r 2.32078 2.23903 2.06099 1.58207 1.71739 1.25928 1.65425 1.16044
o 2.09928 2.09472 1.95142 1.73343 1.63237 1.51052 1.42746
o 2.12861 2.05061 177771 1.58223 1.05115 1.40944 1.26336
o 2.2618 1.94875 1.72283 1.5974 1.34829 1.31636
o 2.02707 1.85307 1.82307 1.64305 1.46314 1.339
F 2.03732 1.97863 1.75022 1.32575 1.16966
F 1.99092 1.85071 1.82779 1.49796 0.379973
F 1.92678 1.89907 1.73995 1.64137
F 1.90892 1.74542 1.71339 0.913799
F 1.95344 1.79648 1.6905 1.34011
- 2.04196 1.90722 1.77368
- 2.00291 2.02787 1.91275
F 2.13015 1.95447 1.31462
- 2.18812 2.04783 1.50783
- 2.19209 1.9997
I 2.2114 2.18289 0.0010416
r 2.2857 2.24756
- 3.65602 2.8004
- 4.90499 4.99204
F 3.81896 3.38903
0.045 0.095 0.145 0.195 0.245 0.295 0.345 0.395 0.445 0.495
E,., [GeV]
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Appendix D

Relative reconstruction efficiencies

The relative efficiencies of the various analysis steps presented in Chapter [5|are listed
in Table for reconstructing n — 77~ events. The corresponding efficienices
for the reconstruction of n — 777~ 7" are shown in Table respectively. The
last columns in each of the two tables corresponds to the product of the individual
efficiencies. Table summarises the absolute efficiencies after the basic analysis
steps shown in Chapter [5] including the preselection criteria presented in Chapter [4]
The event topology differs for n — 777~ and n — 777~ 7" by the number of
requested neutral tracks in the Central Detector. The product of the red highlighted
values in Table or and those presented in Table leads to the total
reconstruction efficiency for the corresponding 1 decay (which has also been shown

in Fig. |5.22)).

Relative efficiencies for the 1% analysis approach [%]
Reaction | PIDinCD | MMZ <0.01GeV?/c! | B, > 27257 || Product
n— TrTTy 59.98 94.03 95 53.58
n— ntr 7w’ 53.60 56.54 94.59 28.67
n—ete vy 1.21 99.16 96.03 1.15
pp — ppr 7w 51.53 55.67 94.98 27.25
pp — pprTT 67.12 97.19 37.21 24.27

Relative efficiencies for the 2"¢ analysis approach [%]
Reaction H E, > % ‘ (Xt mypd) > 0.2 ‘ H Product
n— wtTTy 95.12 18.22 17.33
n— ntr 7w’ 94.17 0.60 0.57
n— ete vy 93.54 0.03 0.03
pp — ppr Tl 94.63 0.56 0.53
pp — pprTwT 38.34 0.50 0.19

+

Table D.1: Relative efficiencies for reconstructing n — w7 n~ vy events after using the
two analysis approaches discussed within Chapter [l The reconstruction efficiencies for
the preselection, the proton identification, demanding time coincidences and requesting an
event topology are not included here.
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APPENDIX D. RELATIVE RECONSTRUCTION EFFICIENCIES

Relative efficiencies for the 1°¢ analysis approach [%]

Reaction

| PID in CD | MMZ: > 0.01 GeV?/c! | Select 7° | Product

P — 59.08 5.95 70.36 2.51
n— ntr 7w’ 53.60 43.45 99.99 23.27
n— ete ~ 1.21 0.84 10.17 0
pp — pprtn 0| 5153 4433 100 22.84
pp — pprTT 67.12 2.86 32.45 0.62
Relative efficiencies for the 2" analysis approach [%)]

Reaction | Select 7 | P(X2, . rinnrsd) > 0.2 | Product
n— Ty 50.69 2.79 1.41
n— ntr 7w’ 91.65 17.64 16.17
n—ete y 41.21 0 0
pp — ppr Y 92.17 17.75 16.36
pp — pprTw— 37.95 0.02 0.01

O events after using the

Table D.2: Relative efficiencies for reconstructing n — wrn~m
two analysis approaches discussed within Chapter [5. The reconstruction efficiencies for
the preselection, the proton identification, demanding time coincidences and requesting an

event topology are not included here.

Absolute efficiencies [%)] for:

Reaction n—orry| noatr A
n— Tty 11.75 2.04
n— wta—xY 11.39 7.39
n—etey 15.23 3.18
pp — ppr Y 6.76 4.40
pp — pprtwT 0.76 0.18

Table D.3: Absolute efficiencies for the basic analysis steps discussed in Chapter E] They
include the preselection conditions, proton identification, check for time coincidences and
requesting an event topology.
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Appendix E

Determining the E,-distribution

The photon energy bin-wise projected missing mass spectra that are used for back-
ground subtraction, are summarised in the diagrams below and obtained for the
analysis conditions: P(X;Qm—»ppﬁr ,4) > 0.2 and E, > %. The black crosses
represent the measured missing mass distribution. The background of each spec-
trum (red curve) is described by a fourth order polynomial folded with the simulated
phase space distribution of pp — pprTn~ and pp — pprtr—7¥ (see also Eq. .
The signal peak is fitted by the simulated n — 77~ signal (blue curve). The yel-
low coloured area in each diagram corresponds to the sum of signal and background
fit. The purple dashed lines indicate the integration window for determining the
n-peak content after background subtraction. The corresponding values (without
efficienicy correction) are plotted in each diagram. The entries, as well as the sta-

tistical errors, of the final background and acceptance corrected energy distribution
are listed in Table [E.11

@
8
8

Missing mass projection for E, [1[0.02 GeV,0.025 GeV]
n-peak content: -273 + 89

Missing mass projection for E, 0[0.025 GeV,0.03 GeV]
n-peak content: -421+ 106

250 Missing mass projection for E [1[0.03 GeV,0.035 GeV]
n-peak content: -78 + 105

N
8 R
8 &

]
g

Events per 0.65x10° GeV/c?
Events per 0.65x10° GeV/c?

0.
Ge Ge Ge
MiSSing 355 (1P P,P) [ 5] MSSITG 155 (P P [ MiSSing 355 (5,1, PP [SE]

250 Missing mass projection for €, 00.035 GeV,0.04 GeV]

Missing mass projection for E, 1[0.045 GeV.0.05 GeV]
[ n-peak content: 668 + 106

n-peak content: 1071+ 92

Events per 0.65x10° GeV/c?
Events per 0.65x10° GeV/c?

E 0 ; ; W,
82 045 05 055 06
MISSING Mass (9, Py o PyP2) [S5]

Missing mass (.., P,y PP,) [25Y]

% 250 by e F
s 3 0 3 r
& [ Missing mass projection for E [[0.05 GeV,0.055 GeV] K3 Missing mass projection for E, [[0.055 GeV,0.06 GeV] 8 ysof Missing mass projection for £ [0.06 GeV,0.065 GeV]
5 200[- N-Peak content: 1297 + 90 %5 n-peak content: 1548 + 85 % [ n-peak content: 1807 + 81
28 5 200F g f
) | 8 C \ g 200 '
3 ; ; s F ; ; SsTE :
g 150 g 150 m g r
s F : ’ : s o 5 150F :
8 100 | § § |
2 100 il 1 £ 100 o g r :
& °F & 1001 | | I \H« K\ W 100F

50~ s0f- b (! 50

i AT ! Bl
| 1 | L 1 | Y C | L
87 045 05 055 87 0.45 05 055 0.6 87 045 05

0.6
GeV’

171

55 0.6



APPENDIX E. DETERMINING THE E,-DISTRIBUTION

S a00f- S ¢ F
8 " F Missing mass projection for E, [1[0.065 GeV,0.07 GeV] 3 Missing mass projection for E, 0[0.07 GeV,0.075 GeV] § 300 Missing mass projection for E, [[0.075 GeV,0.08 GeV]
% 250f- N-peak content: 2422 + 82 % n-peak content: 2616 = 81 - n-peak content: 2764 £ 77
g 250p 3 5 250
s F 2 5F Iy
S 200 = i H S £ H
. 2 H
£ 1s0p £ : g
s F g : g
RS s ; 2
& F & i &
100 :
3 (I b b
sof- I !
£ e £ v )
| . A i | . ; | . N
045 05 055 0.6 B4 0.45 05 0.6 045 05 055

Missing mass (., Py P0,) [22Y]

Missing mass (PP, g PrP,) [%VJ

Events per 0.65x10° GeV/c?

Missing mass projection for E, [1[0.08 GeV,0.085 GeV]
n-peak content: 3331+ 82

Events per 0.65x10° GeV/c?

Missing mass projection for E, 0[0.085 GeV,0.09 GeV]
n-peak content: 3688 + 82

Events per 0.65x10° GeV/c?

Missing mass (P, P o PyP;) [%/J

Missing mass projection for E, [1[0.09 GeV,0.085 GeV]
n-peak content: 3738 + 80

L |

045 05 055 06
Ge

MisSing Mass (P, Py ge PP, [TVJ

I |

045 05 055 [
Ge

Missing mass (P, P e PyP;) [T:/J

N oW ow B A
} 8 8 3
& 8 38 8 &

Events per 0.65x10° GeV/c?

Missing mass projection for E, 0[0.095 GeV,0.1 GeV]
n-peak content: 4195 = 83

bl

Events per 0.65x10° GeV/c?

Missing mass projection for E, D[0.1 GeV.0.105 GeV]
n-peak content: 4211+ 84

Events per 0.65x10° GeV/c?

T

045 05 055 06
Ge

Missing Mass (P, Py ge PP, [TVJ

Missing mass projection for E, 0[0.105 GeV,0.11 GeV]
n-peak content: 4359 £ 83

ol

1 Il
0.45 05 0.6
MisSing mass (9, Py, oo PyP) [%VJ

t i
0.45 05 055
Missing mass (P, P, PP,

Prargor

© s
8 8 g
8 8 8

8
8
T T

Events per 0.65x10° GeV/c?

100|

Missing mass projection for £, (1[0.11 GeV,0.115 GeV]
n-peak content: 4610 = 86

50¢

8

Events per 0.65x10° GeV/c?
T

200~

100~

Missing mass projection for E, 0[0.115 GeV.0.12 GeV]
n-peak content: 4530 85

Events per 0.65x10° GeV/c®

| I
0.45 65 055 56
Missing mass (9, P,y oo PyP) [L;\/J

Missing mass projection for E, [1[0.12 GeV,0.125 GeV]
n-peak content: 4250 £ 80

0, "

i
055 0.6
Gev]

Wissng mss (0., Py P, 35

I
055 0.6

MISSING 1855 (3P0 (5]

055 0.6

g
8

H
8

3
8

Events per 0.65x10° GeV/c?

100|

Missing mass projection for £, (1[0.125 GeV.0.13 GeV]
n-peak content: 4769 = 82

" il
st

Events per 0.65x10° GeVic?

Missing mass projection for E, 0[0.13 GeV.0.135 GeV]
n-peak content: 4469 x 81

0.45 05 0.55 0.6

0.45 0.5 0.55 0.6

N oW ow s s
2888 8 &
8 & 83 8 3

Events per 0.65x10° GeV/c?

g

Events per 0.65x10° GeV/c?

Missing mass projection for E_(1[0.135 GeV.0.14 GeV]
n-peak content: 3866 = 78

|
A
) P
0.45 05 055 06
Missing mass (b, P,,..P.P) [%}

Prarger

172

K % 350
s S ¥
Missing mass projection for £, [(0.14 GeV,0.145 GeV] § % wissing mass projection for E, 0[0.145 GeV,0.15 GeV] $ _ F Missing mass projection for E, [0.15 Gev,0.155 GeV]
n-peak content: 4101+ 77 %, 350F- n-peak content: 3809 + 73 < n-peak content: 3374 + 67
3 30 8
S S
T 25( 5
g g
‘E 20¢ E
2 2
& 15 i
10(
5
)t e ottty L Lot i by £ 1 ulgpast
0.4 0.45 05 055 0.6 0.45 05 0.55 0.6 0.4 0.45 05
G IR g ey )55

0.55 0.6
PPy [C%V}

isSing MaSS (B, Py



APPENDIX E. DETERMINING THE E,-DISTRIBUTION

Events per 0.65x10° GeV/c?

Events per 0.65x10° GeV/c?

Events per 0.65x10° GeV/c?

Missing mass projection for
n-peak content: 3048 £ 65

E, 0[0.155 GeV.0.16 GeV]

05 055 06
Ge
MisSing Mass (P, Py ge PP, [TVJ

Missing mass projection for E, 0[0.16 GeV,0.165 GeV]
n-peak content: 2690 £ 62

Events per 0.65x10° GeV/c?

Missing mass (P, P e PyP;) [%VJ

Missing mass projection for E, 0[0.17 GeV,0.175 GeV]
n-peak content: 2120 52

i vy
05 055 0.6

MisSing mass (9, Py, oo PyP) [%VJ

Missing mass projection for E, D[0.175 GeV.0.18 GeV]
n-peak content: 1573 £ 50

Events per 0.65x10° GeV/c?

i T
055 0.6

Missing mass (P, P, PP,)

Prargor

2
REEEEEE

Missing mass projection for E_[1[0.185 GeV.0.19 GeV]
n-peak content: 996 + 40

el skt At A
3 05
Missing mass (p

e’

55 [
P2 [32]

Events per 0.65x10° GeV/c?

Missing mass projection for E, 0[0.19 GeV.0.195 GeV]
n-peak content: 529 £ 34

I |
0.45 05 055
Missing mass (p, ., |

06
PP (5]

»
R

n-peak content: 159 + 15

20F

Events per 0.65x10° GeV/c?

o

|

Missing mass projection for E, 0[0.2 GeV,0.205 GeV]

g

g
T T T T T

8

0

5

Events per 0.65x10° GeV/c?

Missing mass projection for E, [1[0.165 GeV.0.17 GeV]
n-peak content: 2329 £ 56

055 0,
MISSING 355 By Py 9 [S5]

Events per 0.65x10° GeV/c?

R AARARS

Missing mass projection for E, [0.18 GeV,0.185 GeV]
n-peak content: 1101 44

Lt iy
05 055 06

ISSIG M55, 0y Py Py 35

Events per 0.65x10° GeV/c®

Missing mass projection for £, (1[0.195 GeV,0.2 GeV]
n-peak content: 271+ 24

I
05

055

n-peak content: 50+ 9

Events per 0.65x10° GeV/c?

=
b

Missing mass (p, |

I
.

5

Missing mass projection for E, [1[0.205 GeV,0.21

i
055 0.6

PP, [%]

Plarge

173

0.55 0.6



APPENDIX E. DETERMINING THE E,-DISTRIBUTION

E,[GeV] (in n-rest frame) || Entries [a.u.] || Stat. error [a.u]

0.0225 —54494 17827
0.0275 —34868 8771
0.0325 —5101 6809
0.0375 29183 4645
0.0425 28772 3974
0.0475 42728 3724
0.0525 45490 3204
0.0575 55234 3111
0.0625 71674 3315
0.0675 86936 3056
0.0725 92972 3038
0.0775 110591 3295
0.0825 120456 3204
0.0875 133609 3232
0.0925 143169 3401
0.0975 152407 3365
0.1025 160190 3610
0.1075 175584 3767
0.1125 178192 3760
0.1175 179136 3801
0.1225 181874 3948
0.1275 191226 3785
0.1325 181379 3831
0.1375 176449 4129
0.1425 184653 3947
0.1475 176776 3822
0.1525 173339 3905
0.1575 148519 3525
0.1625 137880 3574
0.1675 126947 3402
0.1725 108857 2991
0.1775 84799 2962
0.1825 64242 2897
0.1875 51940 2378
0.1925 31650 1817
0.1975 14969 1570
0.2025 3450 361

Table E.1: Central values E, of photon energy bins and the corresponding entries with
statistical errors. The bin width is 5 MeV.
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Appendix F

Determining the pion-photon
opening angle distribution

The two proton missing mass spectra corresponding to the angular bins are shown
below for the analysis conditions: P( 4) > 0.2 and E, > %.
The background of the measured data spectra (black crosses) is described in the
same manner as presented in Appendix [E] The corresponding fitted distributions
are represented by the red coloured curves. The blue distributions are obtained
from a simulation of 7 — 77~ events, which is used to describe the signal region
of the individual missing mass spectrum. The sum of fitted signal and background
is indicated by the yellow coloured area in each diagram. The remaining peak
content after background subtraction is determined between the purple dashed lines
and written in each diagram. The final angular distribution after all corrections is
summarised in Table [F.1]
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DISTRIBUTION
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DISTRIBUTION

cos[Z(m*,7)] (in (7,7 )-rest frame) | Entries [a.u.] || Stat. error [a.u]

—0.975 20455 4959
—0.925 31706 5155
—0.875 39561 4291
—0.825 50932 4057
—0.775 67449 3553
—0.725 62628 3599
—0.675 85932 3629
—0.625 96392 3643
—0.575 103695 3684
—0.525 109173 3592
—0.475 112405 3765
—0.425 115235 3705
—0.375 121214 3754
—0.325 128858 3920
—0.275 136677 3825
—0.225 130655 3887
—0.175 131285 3863
—0.125 137239 3896
—0.075 134841 3812
—0.025 138752 3852
0.025 134697 3895
0.075 144403 3862
0.125 134869 3860
0.175 139332 3843
0.225 135146 3766
0.275 135442 3733
0.325 125932 3700
0.375 125290 3694
0.425 118439 3680
0.475 128318 3863
0.525 118919 3530
0.575 107800 3634
0.625 98503 3575
0.675 86696 3508
0.725 80104 3607
0.775 69643 3633
0.825 68104 38438
0.875 46771 4031
0.925 29657 4411
0.975 18486 4562

Table F.1: Central values of the cosine of the pion-photon opening angle bins and the
corresponding entries with statistical errors.
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Appendix G

Fitting a constant function to data
points

Suppose N data points v, ..., yy with errors oy, ..,on shall be fitted by a constant
p0 via a least squares fit. The parameter p0 is found by minimising:

e () &

i=1

The error Ap0 is calculated according to:

i :i <yz-— (pOiAp0)>2 (@.2)

0‘.
i=1 v

which corresponds to a 1o region for the parameter error of p0. Using the definitions:

1 |
R G.3
DY 9
_ y; — p0
=1 ?
and solving Eq. with respect to Ap0 leads to:
Ap0 = Folm £ 1/ (0?m)? + o7 (G.5)

Fitting a constant to any distribution of data points will lead, by construction of the
least squares minimisation technique, to m ~ 0. Thus, the parameter error Ap0 is
dominated by the errors o; of the data points y;, which allows for the approximation:
N
1 7-05
AOzia:i[ -ﬁ G.6
p t Z 0_2 ( )

=1

In case that all N data points have the same error ¢ = o; = const. leads to the
simplified relation: i

VN
A fit hypothesis is considered to be accepted, if all data points agree within o; with
the proposed model. This leads to (x?) = ndf and Var(x?) = 2 - ndf, where ndf
denotes the number of degrees of freedom. Hence, a fitted function is supposed to
describe the data set, if I’f—jf ~ 1. In the following, two extreme cases that are related
to fitting a constant function via Eq. to a set of data points, shall be discussed:

Ap0 ~ + (G.7)
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APPENDIX G. FITTING A CONSTANT FUNCTION TO DATA POINTS

Case 1: The data points y; do not follow the expected pattern within o; at all (i.e.
(y; — p0) >> o;). This leads to x> >> ndf. According to that and Eq. [G.6]
the discrepancy between y; and p0 is underestimated by the returned error
Ap0.

Case 2: The difference y; — p0 is much smaller than o;, which causes y? << ndf. In
this case, the fluctuations between y; and p0 are overestimated by ApO.

Assuming that the x? values returned by the least squares fit are distributed nor-
mally around ndf with ¢ = Var(x?) = v2 ndf, allows for a very rough estimate,
whether one of the two cases is applicable or not. A definition related to that issue
might be:

X - ndf) (G8)

v2 ndf

where k corresponds to the distance ko between the mean value ndf and 2, within
a normal distribution. Depending on the value of k, a quantitative judgement of
the obtained x? could be done. However, Eq. allows no absolute judgement of
a fit procedure. Fitting is and will always be a matter, where all available informa-
tion have to be taken into account. The equations listed here are only a help for
evaluating a fit procedure and therefore should be used with caution.

kE’
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Appendix H

L (n—ontny)
['(n—ntn—n0)’

Systematic studies for
o and 3

The variation of %’ a and ( with respect to different analysis or experi-

mental conditions are listed in the following sections. The error A, represents the
statistical error of %m, whereas the errors Aa / A of o / 3 are deduced
from fitting Eq. / Eq. to the F,- / opening angle distributions, respectively.
The selection of a m¥-candidate for the reconstruction of n — 7+t7~ 7% events is fixed
to 0.09 GeV/c? < Invariant mass (71,72) < 0.2GeV/c? for all systematic studies,

that are presented in the following.

H.1 Varying the kinematic fit probability

The selection of the minimum kinematic fit probabilities P(Xipqppﬁﬂ,v,él) and
2

(pr_,ppﬁﬂ_w,ll) is varied in steps of 0.1 and the split-off rejection condition is
fixed by: E, > Qi‘zfr;i%v. As discussed in Chapter@, the minimum fit probabilities
are increased in steps of 0.05 for studying systematic effects of the kinematic fit on
the relative branching ratio. The intermediate probability steps 0.05, 0.15, 0.25,...,

ete. for the relative branching ratio are not listed in Tables and

PO, —ppnin 3 [ 201][>02][>03]>04]>05]>06|>07][>08][>09
%m 0.201 | 0.197 | 0.192 | 0.190 | 0.190 | 0.192 | 0.194 | 0.194 | 0.191
+A o 0.001 | 0.001 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | 0.003 | 0.004

a [GeV ™7 0.286 | 0.229 | 0.189 | 0.314 | 0.313 | 0.202 | 0.403 | 0.431 | 0.378
+Aay; [GeV7? | 0.152 | 0.153 | 0.155 | 0.165 | 0.172 | 0.173 | 0.197 | 0.221 | 0.282
& 0.357 | 0.350 | 0.330 | 0.328 | 0.353 | 0.340 | 0.403 | 0.412 | 0.395
+AByi 0.053 | 0.054 | 0.056 | 0.059 | 0.062 | 0.066 | 0.075 | 0.087 | 0.114

Table H.1: Values of M a and 3 obtained for choosing different kinematic fit

(n—mtr—n0)’

probabilities P(X?Jp—mmﬂrw’ 4).
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(n—=mtr—y)

Table H.2: Values of T

T(n—nfr—0)’

probabilities P(x

4).

« and 3 obtained for choosing different kinematic fit

2
pp—ppr Ty

H.2 Varying the split-off rejection parameter A

The minimum kinematic fit probabilities are fixed to: P(X;%p—mperW*’y’ 4) > 0.2 and
(X;p—»ppw+7r—wa4) > 0.2. The split-off rejection parameter A is increased from
1 deg x GeV to 6 deg x GeV in steps of 1deg x GeV. Values of A larger than 4 deg x

GeV are not considered for the estimation of the systematic error (see Chapter [f]).

Aldegx GeV] | =1 | =2 | =3 =4 =5 =6
forr ) 10.218 (0197 [ 0188 | 0183 | 0178 | 0.172
£ A g1t 0.002 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001

a [GeV7?  [0.399 [ 0.229 | 0.034 | —0.091 | —0.189 | —0.337
+Aa [GeV™?] | 0.164 | 0.153 | 0.145 | 0.144 | 0.144 | 0.144
3 0.411 [ 0.350 | 0.291 | 0.214 | 0.140 | 0.048
+AB 0.071 | 0.054 | 0.050 | 0.049 | 0.049 | 0.050

Table H.3: Values of T—ontn—y)

L(n—nta—n0)’

conditions E. > ﬁ.
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APPENDIX H. SYSTEMATIC STUDIES FOR m a AND 3
PO —pprinyd) [ >01]>02[>03][>04]>05]>06|>07]>08]2>09
%jﬁ% 0.200 | 0.197 | 0.196 | 0.194 | 0.190 | 0.187 | 0.183 | 0.180 | 0.174
+A ot 0.001 | 0.001 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002
a [GeV 7] 0.234 | 0.229 | 0.240 | 0.233 | 0.248 | 0.252 | 0.266 | 0.275 | 0.280
+Aayp; [GeV7?] | 0.153 | 0.153 | 0.154 | 0.153 | 0.154 | 0.154 | 0.155 | 0.156 | 0.157
&} 0.350 | 0.350 | 0.348 | 0.341 | 0.340 | 0.337 | 0.348 | 0.328 | 0.315
+A B 0.054 | 0.054 | 0.054 | 0.054 | 0.054 | 0.054 | 0.055 | 0.055 | 0.054

L(n—mtmy)




APPENDIX H. SYSTEMATIC STUDIES FOR Wﬂ a AND 3

n—rtr—m0)?
H.3 Varying the luminosity range

4) >

The analysis conditions are fixed to P( 4) > 0.2, P(X2 ) pprtn e d) =
2degx GeV

0.2 and E, > =755=-= within this study. The luminosity ranges are varied according

Tt
to TablelHZ]anélH%
Tiigeer ITxate 17 0] | [10,20] | [20,30] [ [30,40] | [40,50] | [50,60]

Pellet rate

2
Xpp—pprta—ry?

foor ) 10195 | 0191 | 0193 | 0189 [ 0193 | 0.190
Ay | 0012 | 0.005 | 0.003 | 0.002 | 0.002 | 0.003

Tiigeer ITrate 1160, 70] | [70,80] | [80,90] | [90,100] | [100,110] | [110,120]

Pellet rate

Th—r™n=) 1 5190 | 0.199 | 0.204 | 0.213 0.189 0.227

T(n—ntr—=0)

At 0.006 | 0.011 | 0.013 0.015 0.017 0.032

Table H.4: Relative branching ratio %m obtained for different luminosity ranges

Trigger 17 rate

expressed as the ratio =5

Tigeer Trate [0 301 [ [30, 60] | [60, 120]

Pellet rate

a[GeV™? | 0.364 | 0.083 | 0.479
+Aa [GeV™?) | 0222 | 0.155 | 0.336

6] 0.446 | 0.332 0.420
+Ap 0.091 | 0.060 0.149

Table H.5: « and 3 values obtained for different Iuminosity ranges expressed as the ratio
Trigger 17 rate
Pellet rate
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APPENDIX H. SYSTEMATIC STUDIES FOR Wﬂ a AND 3

n—rtr—m0)?
H.4 Varying the signal peak integration

The analysis conditions are the same as presented in the previous section and no

specific luminosity range is chosen. A description of the different scenarios can be
found in Section [6.6.4

Scenario 1 2 3 4

Lo—rfr )| 9203 |0.197 | 0.192 | 0.193

I(n—ntr—70)

+Aga 0.002 | 0.001 | 0.002 | 0.002

a[GeV™? | —0.126 | 0.114 | 0.282 | 0.431
+Aa [GeV™? | 0.146 | 0.148 | 0.183 | 0.233

I} 0.211 | 0.468 | 0.199 | 0.206
+AS 0.056 | 0.054 | 0.084 | 0.097

Table H.6: Values Of%m, « and 3 obtained for different scenarios of determining

the n signal peak content after background subtraction.
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Appendix I

List of acronyms

CLEO Particle detector used at the Cornell Electron Storage Ring (CESR)
KLOE K LOng Experiment

WASA Wide Angle Shower Apparatus

QCD Quantum Chromodynamics

QED Quantum Electrodynamics

ChPT Chiral Pertubation Theory

EFT Effective Field Theories

VMD Vector Meson Dominance

HLS Hidden Local Symmetries

PDG Particle Data Group

CAD Computer-Aided Design

COSY COoler SYnchrotron accelerator
ANKE Apparatus for Studies of Nucleon and Kaon Ejectiles
PAX Polarized Antiproton eXperiments

FD Forward Detector

FRH Forward Range Hodoscope

FPC Forward Proportional Chamber

FTH Forward Trigger Hodoscope

CD Central Detector

MDC Mini Drift Chamber

PSB Plastic Scintillator Barrel

SEC Scintillator Electromagnetic Calorimeter

SQDC Slow Charge-to-Digital Converter
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APPENDIX I. LIST OF ACRONYMS

QDC Charge-to-Digital Converter

ADC Analogue-to-Digital Converter

TDC Time-to-Digital Converter

CERN European centre of nuclear physics research
HADES High Acceptance Di-Electron Spectrometer
WMC WASA Monte Carlo

GEANT GEometry ANd Tracking

MC Monte Carlo
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