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ABSTRACT

Mechanisms for particle production in proton-proton collisions at intermediate en-
ergies are studied within the COMPASS collaboration using the COMPASS spec-
trometer at the M2 beam line of the SPS at CERN. The possible production mech-
anisms are investigated using the production of the vector mesons w and ¢ and
include resonant diffractive excitation of the beam proton with a subsequent decay
of the resonance, central production and the related “shake-off” mechanism.

The data which were used for this thesis were collected in the years 2008 and 2009
with a 190GeV/c proton beam impinging on a liquid hydrogen target that was
surrounded by a recoil proton detector (RPD). The RPD is an integral part of the
newly developed hadron trigger system for which in addition several new detectors
have been build. The performances of both RPD and hadron trigger system are
scrutinised and efficiency parameters are extracted. A method for reconstruction of
recoil protons and for calibration is developed and described.

The production of w mesons is studied with the reaction pp — pwp, w — w7
and the production of ¢ mesons with the reaction pp — p¢p, ¢ — KTK~ for mo-
mentum transfers squared between 0.1(GeV/c)? and 1(GeV/c)?. The production
ratio o(pp — pop)/o(pp — pwp) is determined as a function of the longitudinal
momentum fraction xg and compared to the OZI rule prediction. A significant vi-
olation of the OZI rule dependent on xp is found and discussed with respect to
resonant structures in the pw mass spectrum. Removing the low pw/p¢ mass re-
gion which includes these structures eliminates the xp dependence. In addition, the
spin density matrix element pqo, i.e. the spin alignment, for both w and ¢ mesons
is studied. One study is performed in the helicity frame that allows to discriminate
resonant diffractive excitation. In a second study, a reference frame with respect
to the direction of the momentum transfer is chosen which allows to single out
central mechanisms like central production or shake-off. Dependences of the spin
alignment on the invariant mass of the proton-vector meson system and xg are
found. These dependences can be related to resonant contributions to the w meson
production. The discussion of all results with respect to the expected production
mechanisms concludes the thesis.
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ZUSAMMENFASSUNG

Produktionsmechanismen fiir Teilchenproduktion im mittleren Energiebereich wur-
den in Proton-Proton Kollisionen innerhalb der COMPASS-Kollaboration mit Hilfe
des COMPASS-Spektrometers am SPS Beschleuniger am CERN untersucht. Die ver-
schiedenen Produktionsmechanismen werden mittels Produktion der Vektormeso-
nen w und ¢ studiert und konnen die diffraktive Anregung des Strahlteilchens
mit anschliessendem Zerfall der Resonanz, zentrale Produktion und den damit ver-
wandten “Shake-off” Mechanismus enthalten.

Die fiir diese Arbeit verwendeten Daten wurden in den Jahren 2008 und 2009 mit
190 GeV / c-Protonen aufgenommen, die auf ein Fliissigwasserstofftarget trafen. Das
Target war von einem Riickstofiprotonendetektor umgeben, der ein integraler Be-
standteil des neuentwickelten Hadrontriggersystems ist. Fiir dieses System wurden
auflerdem einige neue Detektoren gebaut. Die Leistungsfahigkeit des RiickstofSpro-
tonendetektors und des Triggersystems wird untersucht und Effizienzen extrahiert.
Auflerdem wird sowohl eine Methode zur Rekonstruktion von Riickstofprotonen
als auch eine Methode zur Kalibration des Riickstofsprotonendetektors entwickelt
und beschrieben.

Die Produktion von w-Mesonen wurde in der Reaktion pp — pwp, w — nn~n
und die Produktion von ¢-Mesonen in der Reaktion pp — p¢p, ¢ — KK~
bei einem Impulsiibertrag zwischen 0.1(GeV/c)? und 1(GeV/c)? gemessen. Das
Produktionsverhiltnis o(pp — p¢p)/o(pp — pwp) wird als Funktion des lon-
gitudinalen Impulsanteils xp bestimmt und mit der Vorhersage durch die Zweig-
regel verglichen. Es ergibt sich eine signifikante Verletzung der Zweigregel, die
abhéngig von xg ist. Die Verletzung wird in Verbindung zu resonanten Strukturen
im pw-Massenspektrum diskutiert. Die xp-Abhédngigkeit verschwindet, wenn man
die Region niedriger pw- und p¢-Masse entfernt, die solche resonanten Strukturen
aufweist. Zusétzlich wird die Spinausrichtung bzw. das Spindichtematrixelement
poo fiir w- und ¢-Mesonen untersucht. Die Spinausrichtung wird im Helizitats-
system analysiert, welches fiir eine Abgrenzung von resonanten, diffraktiven An-
regungen geeignet ist. Auflerdem wird die Spinausrichtung in einem Referenz-
system mit Bezug auf die Richtung des Impulsiibertrags untersucht, mit dessen
Hilfe zentrale Prozesse wie zentrale Produktion oder “shake-off” abgegrenzt wer-
den. Auch hier wird eine Abhédngigkeit von xg und der invarianten Masse des
pw-Systems beobachtet. Diese Abhédngigkeit kann wieder auf die resonanten Struk-
turen in der Produktion von w-Mesonen zuriickgefiihrt werden. Die Ergebnisse
werden abschlieflend im Hinblick auf die verschiedenen Produktionsmechanismen
diskutiert.
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INTRODUCTION

The basic, point-like elementary particles are on the one hand leptons, such as the
electron, and on the other hand quarks, which combine and form more complex
objects like protons and neutrons. There are six types of leptons and six types of
quarks plus their respective anti-particles which can interact through four funda-
mental forces: gravity, electro-magnetism, weak interaction and strong interaction.
While gravity still lacks a description on the quantum level, the other three forces
could successfully be described within one theoretical framework, the so-called
Standard Model [73, 115, 127]. Being a relativistic quantum field theory, it combines
three fundamental concepts: forces are mediated by fields, these fields are quan-
tised, and they respect the relativity principle. The representatives of the force fields
are called bosons. W* and Z bosons carry the weak force, the photon carries the
electro-magnetic force and the gluon mediates the strong interaction. There are
several reviews and introductions to the Standard Model available, e.g. [87, 112].
The most complex of the three forces leading to a large variety of observed phenom-
ena is the strong interaction. It is mediated by mass-less spin 1 particles, the gluons,
which can couple either to quarks or to other gluons. Quarks are constituents of
strongly interacting particles which are called hadrons. The quarks themselves are
particles with spin 1/2 and occur as six different types, called flavours: up, down,
strange, charm, bottom, and top. Up to now, no excitation of any quark was found
and their size is constrained to be smaller than 1071 cm. Currently it is assumed
that they are point-like particles. The quark masses span several orders of mag-
nitude, starting from the lightest quarks at a few MeV/c? to the heaviest known
elementary particle, the top quark, with a mass of 172GeV/c?. The quarks have
electric charges Q of either +1/3 or £2/3. A peculiarity of quarks is that they are
not observed as single particles, but only in pairs or larger agglomerations because
of the so-called confinement. Particles made of two quarks are called mesons, par-
ticles with three quarks are called baryons. Besides the already mentioned spin
and electric charge, quarks have other important properties which are briefly sum-
marised in context of this thesis in Table 1. There are quantum numbers to distin-
guish the different flavours, which are not conserved in electro-weak interactions.
The strangeness S is —1 for a strange quark. Analogue quantum numbers exist for c
(charm, +1), b (bottom, —1), and t quarks (top, +1). Due to the similar masses of up
and down quarks, an SU(2) symmetry occurs, the isospin I, which is only broken
at the percent level. In analogy to the spin, the projection I3 along the quantisation
axis is —1/2 for down quarks and +1/2 for up quarks. It was introduced in an at-
tempt by Heisenberg and (later) Wigner to explain the similar behaviour of neutron
and proton for strong interactions.
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property d u s c b t
Q el. charge —1 +2 —1 +1 -2 +1
I3 isospin —3 +3 0 0 0 0
S strangeness 0 0 -1 0 0 0

Mass (MeV/c?) 48753 23707 9545 1275425 4180+£30 173070
+52 +72

Table 1: Quark properties [29].

The quantised field theory which describes the strong interaction is called Quan-
tum ChromoDynamics, or short QCD!. It describes the strong interaction analogue
to quantum electrodynamics. The charge equivalent in the strong interaction is
the colour charge. Quarks (respectively anti-quarks) have one of the three exist-
ing colours r, g, and b (respectively anti-colours 7, g, and b). No free quarks have
been observed, but only hadrons. Thus, only colour-neutral objects (colour singlets)
seem to be allowed by nature. This phenomenon is called confinement. Moreover,
strong interactions do not depend on specific colours, they are invariant under
colour transformations. Mathematically, this is expressed as a SU(3). symmetry
where the index c stands for colour. Colour singlets are combinations of either all
three colours (baryons) or a combination of a colour and the respective anti-colour
(mesons). Theoretically, more complex combinations of four, five, etc. quarks are
allowed, but are not found experimentally.

Gluons exchange colour between quarks. As the colour needs to be conserved at a
gluon—quark vertex, gluons must carry one colour and one anti-colour. The possi-
ble colour combinations are found exploiting SU(3). symmetry. Denoting the three
colours by 3 and the three anti-colours by 3, the combination yields 3 ® 3 = 8 @ 1.
The result is an octet with eight anti-symmetric combinations and a symmetric sin-
glet. The singlet itself is colour-neutral and therefore would not couple to other
gluons and quarks. Hence, only the eight antisymmetric gluons are responsible for
the strong interaction. Single gluons are confined like quarks, however combina-
tions of two or more gluons could form free particles which are called glueballs.
Another important feature of strong interactions is the so-called asymptotic free-
dom. The strong coupling gets weaker as the energy increases and the distance de-
creases. Asymptotic freedom allows perturbative QCD calculations at large momen-
tum transfers. In the non-perturbative range, a complete description is attempted
using lattice QCD [129] which introduce a discrete Euclidean space-time lattice.
However, many calculations are either not yet available or not yet precise enough.
Thus, phenomenological models have to be used to describe strong interaction at
the low energy scale, which are introduced in the following chapter.

This thesis concentrates on specific aspects of the strong interaction with the goal to
contribute to the comprehension of particle production at energies of about 200 GeV.
In the next section, a brief overview on the strong interaction is given. The pro-

An introduction is beyond the scope of this thesis and can be found within the review of Bethge et.
al. [29], whereas an extensive listing of resources on QCD can be found in [95].



INTRODUCTION

duction mechanisms are investigated at a momentum transfer squared between
0.1(GeV/c)? and 1(GeV/c)?. At this scale, gluon exchanges are not dominant and
the strong interaction can be described by exchanges of colour singlets (e.g. mesons)
in effective theories. In the quark model, a hadron constitutes of a combination of
quarks and/or anti-quarks which specifies the quantum numbers of the hadron.
The production of the well-known mesons w(782) and ¢(1020) is used as a “stan-
dard candle” or “chemical tracer” to investigate the mechanisms with respect to
the nature of the exchanged object. Due to the particular quark content of w and
¢ it becomes possible to trace the exchange of strangeness and isospin in the reac-
tion. In the quark model, such exchanges are illustrated by a simplified Feynman
diagram which depicts the path of the constituent quarks for the process (“quark
lines”). The phenomenological Okubo-Zweig-lizuka rule states that only processes
with connected quark lines are allowed. The rule predicts the yields of ¢ meson
production compared to the yield of w meson production. By studying possible
violations of this rule, also with respect to kinematical dependencies, it is possible
to investigate the importance of meson-exchanges. Furthermore, the spin of the w
and ¢ mesons allows to search for dependences on angular momentum. The spin
alignment of the mesons is expected to be influenced by the production mechanism
which allows for a study on the separation of different mechanisms.

The theoretical background for the outlined studies is summarised in Chapter 2.
The production is investigated by the reaction ppeam Ptarget — Ptast V Precoil, V =
w, ¢, which is measured at a beam momentum of 190 GeV/c in pp collisions. The
w mesons are detected via the decay w — 7177~ 71° and the ¢ mesons via the decay
¢ — KTK~. The measurement was performed in the years 2008 and 2009 with the
COMPASS spectrometer, which is presented in Chapter 3. There, details on the rel-
evant detectors for this thesis are given. In Chapter 4, the COMPASS recoil proton
detector (RPD) is explained in detail. The reconstruction and calibration methods
are described and the detector performance and efficiency is evaluated. The RPD is
a key detector in the trigger system, which is described in Chapter 5. Both chapters
include a description of the construction, the commissioning, and the operation of
RPD, trigger system, and its components. Furthermore, the performance of the trig-
ger system is discussed. The data selection and determination of the spectrometer
acceptance is described in Chapter 6. In addition, the extraction of the w and ¢ sig-
nals by a fit and a sideband subtraction method is shown. The physics analysis and
discussion of results follows in Chapter 7. After the presentation of the kinematical
properties of the data, the production ratio of ¢ to w as a function of the Feynman
variable xp is shown. Then, the spin alignment of the vector mesons and its de-
pendence on the discussed kinematical properties are studied within two different
reference frames. The combined information of all results is then discussed with
respect to the production mechanism. The thesis concludes with a summary of the
results.






THEORETICAL FRAMEWORK

In this chapter, an overview on the theoretical background for the analysis in the
following chapters is given. The subject of this thesis is the production of the vector
mesons w and ¢ in proton—proton collisions.

First the quark model for mesons is explained and characteristics of w and ¢
mesons are reviewed. A simple rule is found that allows for a prediction of the ¢
to w production ratio. After the introduction of the kinematic properties of the pro-
duction, the cross section and its spin dependence is discussed, which is connected
to the spin-density matrix. The spin density matrix relates the spin alignment of
the produced vector mesons to the production mechanism. The chapter concludes
with a discussion of several production mechanisms.

2.1 QUARKS AND MESONS

The naive quark model describes the characteristics of hadrons only by combina-
tions of their constituent quarks.They are characterised by the quantum numbers of
the bound system of quarks and antiquarks and the quantum numbers of the con-
stituents. These numbers are conserved in the strong interaction and are discussed
for quark-antiquark systems in the following.

The isospin I has already been introduced in the previous chapter. The possible
eigenvalues I3 in the projection along the quantisation axis are +1/2 for each
up/anti-down quark and —1/2 for each down/anti-up quark in a meson. The
strangeness S is given as —1 for each strange quark and +1 for each anti-strange
quark in a meson. The total spin of a hadron is composed of the two quark spins
of 1/2 each S = §1 + §2, thus it is integer. Additionally, angular momentum L
between the quarks can be involved, which combines with the individual quark
spins to the total meson spin | = L + 5. Angular momentum leads to mesons with
higher spins above | = 1. Parity describes the behaviour under a change of sign
of all space coordinates P ¥ (7) = ¥(—F). Elementary particles have intrinsic parity
which is opposite for quarks and anti-quarks, thus the parity is not only given by
the angular momentum and receives an extra sign: P = (—1):*1. The charge con-
jugation C, also known as C-parity, describes the behaviour of the transformation
of a particle to its anti-particle. The corresponding quantum number for mesons
is C = (—1)!*5. The charge conjugation is only defined for neutral systems. The
strong interaction does not discriminate between charge states, therefore a gener-
alised quantum number was introduced, the G-parity. It is a combination of a rota-
tion of the isospin around the second axis and charge conjugation, G=C exp(intlp).
The possible eigenvalues are G = (—1)/C = (—1)!+L+5,

A meson can be identified uniquely by its quantum numbers I¢ JFC, its mass and
the quark content. Mesons can also be classified with the help of the quantum num-
ber n, which is introduced for radial excitations. The radial numberv =n+L —1

]PC
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Figure 1: Meson spectrum taken from [17]: The mesons are classified in the standard nota-
tion JPC¢ plus radial excitation number n and their mass in case of excitations. The
vertical axis shows the radial number v = n 4 L — 1 which is correlated to the
mass. The spectrum is horizontally ordered by the orbital excitation L.



2.1 QUARKS AND MESONS

combines orbital excitation (angular momentum) and radial excitation and is re-
lated to the meson mass. Figure1l shows schematically the mass spectrum with
respect to v and L for mesons made of the lightest quarks u#, d and s and the com-
mon nomenclature. Larger meson masses are correlated to larger values of v and
L. For the lightest-ground state mesons, the explicit mass assignment is usually
dropped. The grey-shaded mesons are firmly established, which means that they
were found by experiments and there was agreement on the determined quantum
numbers.

In contrast to the combination restrictions of quantum numbers in the naive quark
model, QCD allows for further states. Such states with quantum numbers which
cannot be obtained by a combination of a quark and an anti-quark are called exotic
mesons. Predictions include exotic mesons with more than two quarks (tetra-quarks,
mesonic molecules) and states which include a gluonic excitation (hybrids), see [103]
for a review. In addition, states with only bound gluons and no quarks (glueballs)
are predicted. For a review on the experimental status, see [52]. An overview over
theoretical models is given in [102]. The COMPASS collaboration e.g. has found
evidence for the existence of an exotic meson, the 7r1(1600) with J°¢ = 1-*[14].
An approach to describe the light meson spectrum within group theory has been
found using SU(3)gavour, in which mesons are regarded as combinations of the
flavours u,d and s. The quark flavour states are eigenstates of the weak interac-
tion, while the observed mesons with a fixed mass are eigenstates of the strong
interaction and are not necessarily equal to the flavour eigenstates but rather a
mix. It is found that light mesons with up and down flavours fit SU(2)gayour Sym-
metry quite well because of the similar quark masses (m, ~ my). It was tried to
include strangeness in the model despite the larger difference of up and down
mass to the strange quark mass. In the SU(3)gayour model, a light g system can
be formed in nine different ways, analogously to SU(3). as explained in Chapter 1,
but now with flavours instead of colours. Figure 2 shows the meson nonets for spin
0 (pseudoscalar) and spin 1 (vector) mesons, ordered by charge and strangeness. As
expected, SU(3) favour Symmetry is broken, which is seen by comparing the masses
listed in Table2. If SU(3)gayour Symmetry was not broken, all masses would be
expected to be the same. The ¢ meson has a mass which is about 240 MeV /c?
higher than the w mass, mostly due to the different masses of strange and up-
/down quarks. The p and w masses differ by about 7MeV/c?, which means that
already SU(2)fayour is broken. Gell-Mann interpreted [70] the small deviations from
the expected average mass as mass splittings. He divided the strong interaction in
a strong part with unbroken SU(3)gayour Symmetry and a weaker part with broken
symmetry, which is responsible for the small mass splittings. Note that the quark
content of 17/’ and w/ ¢ differs, which is explained within the next section.

7
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K- K° K" K™
Q:—Jl\ Q\=/0\ Q=+l Q:—Jlﬁ Q\;& Q=+

Figure 2: Meson nonets for spin 0 (left panel) and spin 1 (right panel) particles, taken
from [59].

2.1.1 Vector mesons

The production mechanism is investigated with the help of the vector mesons w
and ¢. Their quark content is understood within SU(3)gayour, Where a possible
combination of quarks for the non-strange, neutral vector mesons yields

1 - 1 -
w1 = —(uti + dd + ss wg = — (uil + dd — 2s5 (1)
V3 ( ) V6 ( )
for the singlet and octet states, respectively. As already mentioned in the last sec-
tion, the w; and wg states are flavour eigenstates while the strong eigenstates in
general are a mixture, which can be parameterised as

(4)) _ (c?s(ﬂ) —sin(l‘})) <w1> )
w sin(¢)  cos(¥) ws

As an example, the ¢ meson is described as

P = (% cos(9) — % sin(ﬂ)) (uil +dd) + (—% sin(d9) — % cos(ﬂ)) (s5) (3)
It is found on the one hand that the ¢ meson predominantly decays into kaons,
which are particles containing strangeness (¢ — KK). Table3 shows that the ob-
served branching to KK is about five times higher than that of mesons with u and d
quarks, such as 77, 7~ or 7°. Hence, the ¢ meson seems to contain mostly strange
quarks. On the other hand, the w meson decays mostly into 7" 7~ 7°, and thus
seems to contain mostly up and down quarks.
If the ¢ is purely strange (ideal mixing), this requires cos(9;y) = v/2/3, i.e. 9;; = 35.3°.

Consequently, the quark content of the ideal w is \%(uﬁ +dd).

Equation 3 can be rewritten using cos(9;;) and takes the simpler form

¢ = —sin(0 — 0;y) (uid + dd) — cos(d — 0;4)(s5) 4)

The corresponding description for w reads

w = cos(8 — V) (uii + dd) — sin(® — 9;4) (s5) 5)
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Meson I Mass [MeV/c?] Quark content
pseudoscalars

0 1- 134.98 1/v/2(uai — dd)
ot 1~ 139.57 ud/ad
KO 1/2 497.61 ds
K* 1/2 493.68 us/ s
n 0t 547.85 1/+/6(uii + dd — 2s5)
n' 0t 957.78  1/+/3(uii + dd + s3)
vectors

o0 1t 775.49 1/+/2(uii — dd)
p* 1t 775.11 ud/ad
K*0 1/2 895.94 ds
K*+ 1/2 891.66 us/ s
w 0~ 782.65 1/v/2(uit + dd)
¢ 0~ 1019.45 s5

Table 2: Properties of the strong eigenstates of pseudoscalar (J*© = 0~") and vector mesons
(JP€ = 177)[29]. The index =+ at the meson name indicates charged mesons while
0 or no index indicate neutral mesons. Note, that the G-parity is not well-defined
for mesons with strangeness and hence not listed for these mesons in the table.
The quark content for charged particles is first listed for the positive meson, then
for the negative meson in the form +/—.

The real, physical mixing angle can be determined by eliminating w; in Equation 2,
leaving

tan?(9) = (my — myg)/ (Mg — My). (6)

However, wg is not a physical state and only represents the universal mass of
the multiplet in case of exact SU(3)favour Symmetry. The wsg mass can be deter-
mined as shown by Okubo and Gell-Mann by mass differences of other known
mesons [70, 107, 108]. With the help of the afore-mentioned ansatz by Gell-Mann, a
phenomenological parameterisation for the meson masses is found with the form
Lo

M:m0+m15+m2(l(1+1)—15) (7)
where myg is the mass due to the strong part of the interaction, and m;, and m;
are the masses due to the weak part. With this ansatz one finds M, = mg + 2my,
Mgy = mo +mq +1/2ma, Mgz = mo — mq +1/2my and Mg = mg. Eliminating
my and mjy leads to the relation 1/2 M. +1/2 Mg = 1/4 M,y + 3/4 Mys. The

9
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masses of K*0 and K*0 are the same, hence the Okubo-Gell-Mann mass formulal
follows as

4MI<*0 - Mp

M o =
w8 3

— 0.936 GeV /¢? (8)
Applications of such mass predictions turn out to be precise at the percent level
in the baryon sector, where SU(3)gvour applies in the same way and the same
mass relations can be found. However, comparing the physical masses of different
mesons, a better mass relation can be found when the squares of masses are used.
This method results in Mg = 0.929 GeV /2.

Inserting Mg and the meson masses from Table2 in Equation6, the physical
mixing angle is determined to be ¢ = 39° with a difference to ideal mixing of
00 = ¢ — 9y = 3.7°. This means that w and ¢ are close to pure states, but not en-
tirely, and decays into mesons containing other than the dominant flavours of the
vector meson are allowed and observed, e.g. ¢ — w7t~ ¥ in 15.3% of all decays.

Meson Mass [MeV/c?] Width [MeV/c?] Branching

w 782.65 + 0.12 8.49 + 0.08 w— 1t 1 89.9%
w — Y : 8.3%
¢ 1019.45 +0.02  4.26 +0.04 ¢ — KTK™ :49.9%

¢ — KIKY : 34.2%
¢ — ntn 70/ pm:15.3%

Table 3: Properties of the vector mesons w and ¢ [29] including branchings to the most
relevant channels. The short and long living K° eigenstates of the weak interaction
are denoted K and K.

2.1.2  The Okubo-Zweig-Ilzuka rule

The successful description of the observed mesons by SU(3)g.your and the obser-
vation that meson decays conserve the original flavours of the constituents lead
to the conclusion, that the initial flavour is transferred to the final state in a de-
cay. This flavour flow can be imagined as quark lines from the vector meson to its
decay products. Okubo [109], Zweig [134, 135] and lizuka [86] formulated indepen-
dently the phenomenological rule that all processes with disconnected quark lines
are forbidden, which is today known as the OZI rule. This rule does not only hold
for decay processes, but also for production mechanisms. Formulated in terms of
production, there is no probability to produce strangeness from non-strange initial
states. lizuka wrote this condition as the ratio of production amplitudes

,_ V2 A(AB = C + 53) I o
~ A(AB — C+uii) + A(AB — C+dd)

It was later shown that no explicit parameterisation is necessary to derive the mass relation. For the
derivation with symmetric constraints, see [71].
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with A and B the initial, non strange particles and C and D the reaction products.
The production amplitudes .A[99] of the physical ¢ and w mesons are compared
in the next step. For this, Equations4 and 5 are rewritten as a matrix equation:

<(p> _ (— sin(A9) — cos(A¥) > (uﬁ + dd_> (10)
w cos(AY)  —sin(Ad) s§
and inverted
(uﬁ + dd_> _ (— sin(A9)  cos(Ad) ) <cp> . (11)
s§ —cos(A®) —sin(AD) w

With this and the notation A(AB — C + (uii +dd)) = 1/v2(A(AB — C + uii) +

A(AB — C+dd)), Equation9 can be written as a ratio of ¢ and w production
amplitudes

A(AB — C +53)
~ A(AB — C+ (uii +dd))
—cos(® — 9;5)A(AB — C+ ¢) — sin(¢ — 9;3) A(AB — C + w)
" —sin(® — 8;7) A(AB — C+ ¢) + cos(d — 894) A(AB — C + w)
—A(AB — C+ ¢) — tan(d — 0;4) A(AB — C + w)

= 12
~tan(9 — 0, A(AB — C + ¢) + A(AB = C + ) 12
which is solved for the ratio of ¢ to w production
A(AB — C + (P) Z + tan(z9 — ﬂid)
=— . (13)
.A(AB — C+ (U) 1-Z tan(l9 — 191‘,1)
The OZI rule states that Z = 0. Thus, Equation 13 simplifies to
AAB=CH) _ nio—o,). (14)

A(AB = C+ w)

The production cross section ¢ is given [66] by the square of the absolute value of
the production amplitude A and a phase space factor f = 1cy/Tcw

- 47” AP (15)

The term 7cx represents the phase space density of the final state CX. Inserting the
deviation from ideal mixing ¢ — 9;; = 3.7° which was derived in the last section,
the production cross section ratio R of ¢ to w mesons is predicted:

R=0(AB = C+¢)/0(AB = C+w) = f tan?(8 — ;) =4.2-107° f. (16)

The OZI rule is found to be well fulfilled in many experiments at different ener-
gies. An overview of measurements and implications of a possible violation will be
discussed in Chapter 7.

11
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2.2 SCATTERING PROCESSES

The vector mesons analysed in this thesis are produced in a scattering process,
where a beam proton collides with a target proton. In this section, first general
kinematic aspects for exclusive measurements are discussed, followed by the pa-
rameterisation of cross sections with the S-Matrix approach. In the next step, the
spin of the involved particles is included in the approach, which leads to the spin-
density matrix formalism. The spin-density matrix relates the spin alignment to the
production process.

2.2.1 Kinematics and cross section

The total cross section o1yt includes elastic scattering and production of particles
by inelastic scattering, oiot = Ue] + Oinel. Absorption effects are not considered. The
cross section of a given process is connected to the square of the scattering ampli-
tude via Equation 15. The optical theorem relates the forward amplitude f(0) for
elastic scattering, i.e. the amplitude for scattering at zero degrees, to the total cross
section [111]:

ot = %Imf(o) (17)

where p is the momentum of the scattered particle in the overall centre-of-mass
frame. This means that the resulting cross section for elastic scattering can be con-
nected to the cross section for the production of particles. Two particles scatter
from initial states |1) and |2) to final states (3| and (4| with corresponding four-
momenta p1, p2, p3, pa- A set of Lorentz-invariant variables is chosen to describe
the kinematics of the process:

s = (p1+p2)° = (p3+pa)’ (18)
t = (p1—p3)® = (p2—pa)’ (19)
u = (p1—pa)*=(p2—ps)° (20)

withs+t+u =Y ml2 and the invariant masses ml2 = plz. The variables s, t, and u
are called Mandelstam variables. The centre-of-mass energy of the system is given
by /s, which is in the case of a fixed target experiment

V5 = /2B my + i 4 3 (21)

with beam particle |1) and target particle |2).

The scattering of particles involves the transfer of an intermediate exchange particle.
With the help of the Mandelstam variables, three cases of the intermediate particle
exchange are distinguished, depicted in Figure 3, where the horizontal direction
represents the time while the vertical direction represents the momentum coordi-
nate. The squared four-momentum of the exchange particle then equals either s, t,
or u and denotes the name of the process, as e.g. the s-channel process shown in
the left panel. The physical region of a process is given by the available phase space
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2

for the reaction. For instance in the s-channel, the relation s > (m7 + m5)= must be

fulfilled.

In our case, the t channel process is the most important. Mathematically, it is con-
venient to calculate the parameters first in s-channel processes and afterwards tran-
scribe the results to the t-channel with a crossing relation as will be explained later
on.

] AR~ AR )

0 2 g n D

Figure 3: Fundamental two particle scattering processes. Left panel: s-channel, middle
panel: t-channel, right: u-channel. The horizontal direction represents the time
while the vertical direction represents the momentum coordinate.

The scattering matrix (S-Matrix) relates the initial state and the final state in a
scattering process [57, 61]. The probability of the scattering to happen is given by
the square of S-Matrix element (34|5|12):

Piy 34 = | (34]S]12)|* = (12|S"|34) (34|5]12) (22)

The S-matrix has to respect unitarity for a interpretation as a probability for the
process: SST = 1. Processes with the same initial and final state are usually sepa-
rated from the S-matrix, leaving the T-matrix that is governing transitions i — f for

i # f:
(fIS|i) = 65 +i(2m)*s* (P — P;) (fITli) (23)

with P; being the sum of all initial state momenta and Pr the sum of all final
state momenta. The probability is connected with the scattering cross section via
Equation 15 and yields

012530 = (271)40% (Pay — Prp) |(34|T[12) [* f (24)

with f = 1/(4|p1|V/s) being the available phase space[111]. The crossing rela-
tion [124] states that the amplitude for the s-channel process 12 — 34 can be an-
alytically continued to the amplitude for the t-channel?® process 13 — 24

A1234(8, 1) = A3,54(L,9) (25)

which is done simply by replacing one incoming particle with an outgoing anti-
particle with opposite momentum and vice versa. Thus, the relations obtained above
for the s-channel case hold for the t-channel, as well. The cross section has a de-
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Figure 4: Total and elastic cross sections as a function of /s and py,p for pp collisions (upper

panel) and pp scattering (lower panel). Taken from [29], for reference to the data
origin see ibid.

pendence on the energy /s and the momentum transfer ¢. The energy dependence
has been measured over a wide range. In Figure4 taken from [29], the total and
elastic cross section for pp scattering and pp scattering are plotted as a function of
V/s and pyp for pp collisions (upper panel) and pp scattering (lower panel). Three
general observations can be made, starting first with the total cross section being
either constant or changing very slowly as the energy increases. Second, the cross
section of pp and pp collisions show the same behaviour at higher energies and

2 This can be also done for the transition amplitude of the u-channel.
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converge at the same values. Third, the cross section varies smoothly with increas-
ing energy and shows no structures. The dependence on the momentum transfer
is related to the spatial structure of the scattered particles. The cross section as a
function of the momentum transfer |f| exhibits different structures as can be seen
in the upper panel of Figure5, taken from [72]. The data is shown for several val-
ues of piyp,, ranging from 3 GeV /c to 1480 GeV /¢, as indicated in the figure legend.
At low t < 0.5(GeV/c)?, the cross section exhibits a steep slope which is then
followed by a diffractive pattern. This observation reminds of the diffraction phe-
nomenon of light scattering off a black disc. In analogy to this, in the diffractive
model or optical model the slope of the t-dependence is interpreted as the spatial
dimension of the resolved structure when the elastic cross section is parameterised
as do/dt = A exp(—Db|t|). With this parameterisation, the radius of the resolved
object is approximated by R = 0.3v/bfm when inserting the slope b in units of
(GeV/c)~2[111]. The lower panel of Figure 5 shows the slope b as a function of pj,y,.
Typical values are found to be between 5 and 13 (GeV/c) 2. This exponential pa-
rameterisation results also in a more simplified parameterisation of the total cross
section. The relation doy/dt = (77/p?) (doe/dQ), where dQ denotes the solid an-
gle in the centre-of-mass frame, and the insertion of the squared forward amplitude
|£(0)|> = (do /dQ)g—g in Equation 17 lead to

doy o2,
= ; 2
( dt )t:O 167 (26)

Comparison of the coefficients in Equation 26 and the exponential parameterisation
leads to the elastic cross section

do, o2,
d—tel(s, ) = e exp(—b(s)|t)). 27)

The integration of this formula over ¢t yields then the relation

2

Uto
Uel(s) = 167Ttbt(s). (28)

It should be noted that deviations of this behaviour are usually treated with a
different ansatz. The exponential parameterisation is usually generalised to the

form do,/dt = A exp (— YN bn|t|”> for the determination of the slope by a fit
to the cross section, see e.g. [40, 111].

2.2.2  Spin Alignment and Spin-Density Matrix

Gottfried and Jackson argued [79] that the spin alignment of a particle is linked to
its production. In the case of a resonance decaying into two or more particles, the
spin of the resonance is reflected in the angular distribution of the decay products.
In the case of particle production by the exchange of an intermediate particle, the
angular distributions of the products reflect the spin of the intermediate particle.
The distributions are obtained from the angle between a spin analyser, which is
sensitive to the spin of the particle, and the quantisation axis of the chosen reference
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frame. The choice of a well-suited analyser and reference frame will be discussed
later. If boosted to the rest frame of the studied particle, the angular distributions
reveal the magnetic substate m. In the case of vector mesons, Gottfried and Jackson
find that a substate m = +1 exhibits a sin? dependence, whereas a substate m = 0
exhibits a cos? dependence. In the following, Gottfried’s and Jackson’s derivations
are briefly revisited, concluding in the introduction of the spin density matrix.

In the last section, only spin-averaged processes have been considered, where an
implicit sum over all spin states occurred. Writing the sums explicitly, one obtains

do o 1 P2 T B 2
dQ ~ (251 +1)(2s1+1) sp; ;‘<A4A2|T(t’s)|)‘3“>‘ 29)

with sq, sp being the spins of particles 1 and 2. The symbol A; denotes the different
spin projections on the momenta of the particles, which are known as helicities:
A;i = (5;- B;)/|5; - ;| The transition matrix element T(t,s) is now spin-dependent
which is denoted by the tilde.

As already mentioned before, a boost to the rest frame of particle 4 has to be per-
formed. The direction of momentum transfer AP = p; — p3 is a natural choice for
the quantisation axis. In this system, the helicity of particle 4 is the same as its
magnetic substate m. Note, that the direction of AP in the new reference system
corresponds to the negative of the direction of particle 2. The boost from any ref-
erence system to the new reference system can be expressed by a rotation by the
three Euler angles «, B, y. This rotation is performed using the Wigner D-matrices
and results in

<m;A§|T(f,S)|A2A1>: )3 <mA§|T(t/S)|A§A1>'D]gm(“/ﬁz’r)- (30)
AsAsAy

In the next step, the transition matrix p,,,, from helicity m to helicity m’ is intro-
duced, which is commonly known as the spin-density matrix:

(mlplm'y =N Y {mAg] T(t,9)[Ash1 ) (m'Ag|T(t,5) AeAa ) (31)
AyAzA

with N as the normalisation. The spin density matrix is hermetian (p+p = 1), sym-
metric (p;; = pj;), and positive semi-definite. The trace of the matrix corresponds
to the total transition probability for all helicities, Tr{p} = 1, while the trace of the
squared matrix defines the grade of mixture of different helicities, 0 < Tr{p?} < 1.
A trace Tr{p?} = 1 corresponds to a pure state with only one helicity. The dimen-
sion of the spin-density matrix is given by dim(p) = 2J + 1, thus resulting in a
three by three matrix for the case of vector mesons.

The angular dependent part of the cross section now reads

W (¢,cos0) = [Ao]> Y D}y 2. Puw D, (32)
mm’
with a normalisation factor |Ag|?>. The D-functions in the case of vector mesons
simplify the last equation to
W (¢, c0s0) = | Ag|? (p11 sin®(8) + poo cos(8) — v'2p10 cos(¢) sin(20)

o cos(2g) sin’(8))
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For the case of unpolarised initial state particles, one can integrate over ¢. The
normalised cross section then simplifies to

3
W(cosf) = Z(l — poo + (3000 — 1) cos? 6). (34)

There is only one element of the spin-density matrix left which describes the full
angular dependence of the cross section. This element corresponds to the spin
alignment of a vector meson. For po9 = 1/3, angular distributions are isotropic. As
already mentioned, there is a pure sin? 6 dependence for pgy = 0 and the vector
mesons are in the magnetic sub-state m = +1 with respect to the quantisation axis.
Finding pgo = 1 gives a pure cos? § dependence and corresponds to m = 0.

2.3 PARTICLE PRODUCTION

In this section, more complex processes for particle production than shown in Fig-
ure 3 are included in the discussion (see Figure7).

2.3.1 Kinematics

Up to now, mainly the final state was discussed without intermediate steps such
as resonance production with a subsequent decay. In such more complex cases, the
description of particle production requires the introduction of additional kinemati-
cal variables. If the process involves the excitation of an initial particle, a minimum
momentum transfer tn;, is necessary for the excitation. The reduced momentum
transfer ' for an excitation of particle 1 to the final state resonance 3 as shown in
the left panel of Figure7 is given as

|t = [t = [t|min (35)
with

|t| = m% +m§ —2E1E3 +2|p1||]93| cos 013

|tmin = m3 +m3 — 2E1E3 +2|p1]| ps]
2 212

(3 ;”1) (36)
4F2
This approximation holds for the case of large values of /s > [t|. Furthermore,
there is more than one momentum transfer in the case of processes with more than
one exchange. For example in the central process depicted in the middle panel
of Figure7, there are momentum transfers between target and recoil proton (t;) as
well as between beam and scattered proton (¢;) with possibly different magnitudes.
Feynman [67] introduced the variable xp to describe the longitudinal momentum
sharing between the final state particles:

p= B P (37)
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where p; is the longitudinal momentum in the centre-of-mass frame and (p;)max
its maximum value. The excess energy ¢ for a reaction AB — CD is given as
¢ = /s —mc — mp where mc and mp are the masses of the particles C and D,
respectively.

2.3.2  Exchange models

Several models have been developed to explain the observed cross section be-
haviour. The one pion exchange model (e.g. [121]) is already able to describe low-
energy cross sections well up to energies of 10GeV. In this model, a single pion
exchange graph is assumed for which the necessary parameters are taken from wN
scattering data. Several meson exchange models have been discussed [89], however
they have never been able to describe the full shape of the cross section especially
at higher energies.

After a partial wave expansion of the cross section in terms of Legendre polyno-
mials, a very successful generalisation is found within Regge theory [114]. Several
ideas for a categorisation of the known mesons (and baryons) were inspired by the
observed increase of mass with higher orbital angular momentum. In particular,
the squared mass shows a linear dependence on the angular momentum which
suggests [48] the parameterisation ¢ = a(m?). Figure 6 (taken from [60]) shows the
squared mass versus the quantum numbers ] of mesons in the quark model for
the so-called w family (left panel, I = 0, q7 states) and the ¢ family (right panel,
I = 0, s5 states). The calculated masses in the quark model (depicted by diamonds)
fit well to the experimentally confirmed mesons (depicted by dots). The straight
lines correspond to a x? fit to the calculated mass values and are called Regge
trajectories. In the Regge model, the exchange process is extended to include the

M2 A2
M= 4 - M

2340

1 27 3 P 6 1 2 3 s 6

J J
Figure 6: Regge trajectories for the w (left) and ¢ family (right) taken from [60]. The cal-
culated squared masses of the author’s model are depicted by diamonds. The
experimental data from [29] are given by dots with error bars and corresponding
meson names. The straight lines correspond to a x? fit to the calculated mass
values. The ordinate M? is given in units of (GeV/c?)2.

exchange of more than one specific meson. The exchange is parameterised by a
Regge trajectory and thus includes the possibility to exchange different quantum
numbers at different mass/energy scales. The orbital angular momentum is no
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longer considered as a discrete value, but can take arbitrary complex values. The
cross section parameterisation follows [57, 111] as

do_ 2 S 20((1’)—2
97 _ S0y (O) 38)

where h is the amplitude for a specific production mechanism. The exponent is
parameterised as «(f) = wo + a1t with an intercept ag in the order of 0.5 for most
of the parent (i.e. lowest lying) Regge trajectories. The mass scale is denoted by
so, which is about 1GeV/c? for pp collisions. Hence, Equation 38 in the case of pp
collisions takes the form

do 2 (5 202 21In(s/sp)aqt
d m‘()' (O) ‘ (39)

Compared to the diffractive model, the exponential slope b in the Regge model is
given by b = 21In(s/sp)ay. For low values of ¢, this results in a 1/s dependence of
the cross section.

The Regge model predicts cross sections for low values of /s with a precision of
a few percent compared to measured values. However, at high values of /s, the
cross section stays constant respectively rises slowly (see Section2.2.1), which is
in contrast to the Regge model prediction. Following an idea by Gribov [81], this
behaviour is attributed to another Regge trajectory with x¢ ~ 1, which does not cor-
respond to any meson exchange. The pseudo-particle connected to this trajectory
is called the Pomeron. In QCD, a Pomeron exchange is interpreted as a multi-gluon
exchange much like a gluon ladder. The Pomeron has to be a colour singlet, has
no electric charge, and carries vacuum quantum numbers. It has a positive/even

parity.

2.3.3 Production mechanisms

X <f‘wt
- Pbeam

v

DPbeam Dfast  Dpeam Pfast

DPtarget DPrecoil Ptarget Precoil

Ptarget Precoil

Figure 7: Mechanisms for exclusive vector meson production at high energies. Left: Reso-
nant single diffractive excitation of the beam proton to a resonance X with subse-
quent decay. Middle: Central production. Right: Non-resonant single diffractive
scattering of the beam proton.

The analogy of the cross section behaviour to observations in diffractive phenom-
ena inspired the model of diffractive dissociation [65, 77]. In a t-channel Pomeron
exchange, the beam particle is excited into a resonance conserving charge, isospin
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and C-parity, but with potentially different spin and parity. In the present case of
vector meson production, this means that the beam particle is excited into a N* res-
onance, which subsequently decays into a vector meson and a proton, see Figure 7,
left panel. The target particle receives a small recoil but stays intact. The process
has a strong forward peak in the angular distribution.

Central production for vector mesons is a non-resonant process, see Figure 7, mid-
dle panel. A Reggeon or Pomeron from the target and a Reggeon or Pomeron from
the beam particle fuse in a central vertex. This means that there are two momentum
transfers t1,t, which are determined from the differences of the four momenta of
incoming and outgoing proton at the lower vertex (t;) and at the upper vertex (t).
The production of w and ¢ in Pomeron-Pomeron collisions is forbidden because
of G-parity conservation. Central Production is characterised by large xr gaps be-
tween all three final state particles. In the centre-of-mass system of the process,
the forward proton peaks at xp = 1 and the recoil proton at xg = —1. The vector
meson is produced around the central value of xg = 0, hence the name central pro-
duction. In pp collisions, central production was extensively studied by the WA102
collaboration at CERN, see e.g. [92] for an experimental summary and [97] for a
phenomenological discussion.

A special case of non-resonant production is the shake-out of a g pair from the
nucleon sea[62, 63], which gets on-shell when interacting with a Pomeron from
the other nucleon. In the case of shake-out, a larger xg gap is expected between
the recoil particle and the other two particles, but not necessarily between the fast
proton and the vector meson. The shake-out process seems to be furthermore de-
pendent on the momentum transfer t, which gives a scale to resolve structures in
the nucleon such as possibly pre-formed, virtual vector mesons in the sea. Another
related process is by bremsstrahlung, i.e. the radiation of a vector meson in the
initial or final state. These processes are summarised in the right panel of Figure 7.
Central production, shake-out and bremsstrahlung can be considered as similar
processes in different regions of phase space.

Another theoretical possibility is a central Pomeron-Odderon fusion. An Odderon
is similar to the Pomeron but with odd/negative parity, charge conjugation and G-
parity. Since this process involves no quark lines, it has to reflect pure SU(3)gavour
symmetry. Hence, the ¢ production rate should be of the same order as the w rate
with the only difference given due to the different w and ¢ mass.

21






THE COMPASS SPECTROMETER, DETECTORS AND
TRIGGER SYSTEM

23






EXPERIMENTAL SET-UP

The COmmon Muon Proton Apparatus for Structure and Spectroscopy (COMPASS)
is located in the North Area of CERN, the European Organisation for Nuclear Re-
search. CERN facilities include a wide range of particle accelerators as shown on
Figure8, ranging from anti-proton beams of a few MeV to the world’s currently
highest energy collider, the Large Hadron Collider (LHC). in 1996, the COMPASS
collaboration proposed [28] a fixed-target experiment with a versatile two-stage
magnetic spectrometer to commonly study both the spin structure of the nucleon
and the hadronic spectrum, respectively. The spin structure is studied using high-
intensity polarised muon beams at energies of about 100-200 GeV/c? impinging
either on a polarised °LiD target or a polarised NHj target. These inclusive or
semi-inclusive measurements require a high luminosity, particle identification and
a large angular acceptance. The setup for muon beams is detailed in [2]. For hadron
spectroscopy, the measurements are performed using hadron beams impinging ei-
ther on an unpolarised liquid hydrogen target or on unpolarised solid disks (Pb,
Ni, W, C). Here, exclusive measurements are required, thus a hermitical experimen-
tal set-up is necessary which comprises a detector for the measurement of target
recoils.The full setup which is used for data taking with hadron beams will be
described in [10].

The collaboration was formed out of originally two separate proposals, HMC and
CHEOPS: In 1987, physicists of the European Muon Collaboration (EMC) discov-
ered that the spin of the nucleon is not completely given by its valence quarks
which contribute only about half to the total spin of 1/2h. HMC [104] planned to
continue the studies of EMC and the the successor experiment SMC on the nu-
cleon spin structure with a stronger emphasis on the role of gluons. CHEOPS [15]
proposed to study the hadron spectrum, with the aim to observe the first exotic
charmed and doubly-charmed hadrons. Due to a strong overlap of the layout of
both proposal, a common collaboration out of HMC and CHEOPS was founded fi-
nally, the COMPASS collaboration, with the aim to combine both physics programs
in one multi-purpose experiment.

3.1 BEAM LINE

As depicted in Figure 8, the primary proton beam for COMPASS is accelerated first
in LINAC2 followed by the PSB complex and the PS. From there, it is injected in
the Super Proton Synchrotron. SPS began operation in 1976 and was capable of
accelerating various types of particles up to 450 GeV prior to the necessary adjust-
ments for LHC operation. Today, it is used to inject 400 GeV proton beams into the
LHC and provides beams to so-called production targets in order to to produce
secondary or tertiary beams for COMPASS and other experiments. The SPS proton
beam is extracted into the North Area (NA) target area and split by magnets to

25



26 EXPERIMENTAL SET-UP

CERN Accelerators

(not to scale)

CMS

LHC

COMPASS

ALICE LHC-b

s protons

— @Ntiprotons

— [ONS
neutrinos to Gran Sasso (1)

LHC: Large Hadron Collider
SPS: Super Proton Synchrotron 730 km
AD: Antiproton Decelerator

ISOLDE: Isotope Separator OnLine DEvice

PSB: Proton Synchrotron Booster

PS: Proton Synchrotron

LINAC: LINear ACcelerator

LEIR: Low Energy lon Ring

J I Rudolf LEY, PSDivision, CERN, 02.09.96
CNGS: Cern Neutrinos to Gran Sasso Rl am) Aoptel by Antoncls b6l R, ETT Div.

in collaboration with B. Desforges, SL Div., and
D. Manglunki, PS Div. CERN, 23.05.01

Figure 8: CERN accelerator complex. The COMPASS experiment is situated in the North
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3.1 BEAM LINE

be able to be delivered simultaneously to the production targets. The SPS beam
is delivered during time periods (so-called “spills”) of 9.6s once every about 45s,
the latter depending on LHC filling periods and beam usage of other experiments.
The primary beam impinges on the different targets and is extracted under a fixed
angle by which the maximum extractable momentum for the secondary beam is
defined. Extraction angles vary for the different production targets, including 0 de-
gree extraction which makes the use of primary beams possible, as well. For the
COMPASS Tb6 target, the typical extraction angle is about —25mrad in the hori-
zontal plane and +10mrad in the vertical plane for negatively charged beams [69].
The angle is given by both the positions of the extraction dipole magnets and their
present current. There are multiple choices for production targets in terms of ma-
terial and dimension: An empty target (air), in which the protons scatter in the
residual gas and from which a very low intensity beam is extracted, a Silicon tar-
get, and one out of four Beryllium targets, which are 80 mm wide, 2 to 3 mm high
and 40, 100 or 500 mm thick. The intensity of the extracted beam increases with the
target thickness.

o ¥ M2 Beam Line ©
H v H
- > el n
o o gtno - =
2 52 9z=2 G 2@ = 3 <]
ag g 82% n = = =
I alh
T6I|:| Il Il | |
-~ 1234 - N ] : ] ] :
XXHVHV 5 g booa13 ! ' Qs :
FF coLLs T e Q17

vV v > o>y > © H VH
o~ < T
< >> :\"—'“:;:to> & Y~ ~ © o H H
[a =] [=] ] [=] [a)al -~
olcsZ 2 SCRs & ~ 1 E 20522028 0 £ 3 Z2uzze 2=
Q19 358 B 26 o Z3 E2z3m%5 2 zF G mSamd ¢ 292
= » o =0 " = [Nl
m 5o
! ; " (e i ||| " P””
(7]
il 1{ly Ny 2 _
- 2 g 20« ] ¥ o -
z 3588 3y o ©a 2 T ge gg o3 + EaN 5 & MWCT ss
@ <« & o o= ;05 oo ogEE 88382 19+20 5 0 0
9+10 zZ @ O13+14 L O = L 17+18 o
1 1 1 L
700 m 900 m Not to Scale

Figure 9: The M2 beam line in the North Area of CERN.

The secondary beam enters the M2 beam line, which is about 1.3km long. The
beam line is depicted in Figure 9. Initially, the beam momentum range is restricted
with a set of magnetic bends and collimators with a spread of about 10 GeV. Then,
the beam is transported through alternately focussing and defocussing quadrupole
(FODO) sections over most of the distance. In the last stage, the beam momentum
is set to 190 GeV/c with BEND6. The beam momentum spread peanm is 3GeV/c.

27



28

EXPERIMENTAL SET-UP

In addition, the last stage of the beam line comprises CEDAR detectors for beam
particle identification (see Section 3.1.1).

The very large pionic component of the secondary beam partly decays along the
line into muons and muon neutrinos, providing therefore a naturally polarised
muon beam. Beryllium absorbers with a total length of 9.9m can be moved into
the beam to filter out the remaining hadrons, therefore leaving a tertiary muon
beam. For physics with hadron beams, the absorbers are moved out. The momen-
tum spread of secondary particles is much lower (1%) than that of tertiaries (about
3-5%), which means that the leftover contamination of muons is cleaned up easily
by changing the momentum acceptance of the FODO sections. The use of muon
beams involves different additional techniques, which are explained in e.g. [2] and
references therein. Both, negatively and positively charged hadron beams can be
selected. The composition of particles in the beam depends strongly on the chosen
energy as depicted in Figure 10 taken from [88]. The beam momentum of 190 GeV /c
beam momentum is chosen for a maximum kaon yield in the negative beam, which
is used for most of the spectroscopy measurements at COMPASS. The same momen-
tum is chosen for the positive beam for a better comparability of measurements. For
a momentum of 190 GeV /¢, the positive beam consists of 74.6% protons, 24% pions
and 1.4% kaons whereas the negative beam consists of 96.8% pions, 2.4% kaons and
0.8% anti-protons [20] at the entrance of the experimental zone. Typical intensities
for the hadron beams are 108 particles per spill which is limited by the allowed
radiation in the experimental zone.

The minimum reachable beam spot size (RMS) at the COMPASS target is 3 mm.
Due to the special requirement of having a beam with minimum divergence within
the CEDAR detectors (see Section3.1.1) and to minimise the radiation exposition
of the electromagnetic calorimeter ECAL2 close to the beam, the beam is focused
33 m downstream of the target. Thus, the spot size at the target increases horizon-
tally to 8mm RMS and vertically to 7mm RMS with a local divergence of 80 yrad
(horizontal) times 200 urad (vertical).

For calibration purposes, also an electron beam can be provided. At 100GeV/c
primary beam momentum, there is also an electron component of about 10% in
the beam. The entergy of this component is spread due to the energy loss by
Bremsstrahlung after moving a thin lead plate with a thickness corresponding to
about one radiation length into the beam line. Different energies are selected by
BEND6 which provides points of fixed energies for the calibration of the electro-
magnetic calorimeters, as described in Section 3.4.3.

3.1.1 Beam Particle Identification

Beam particles are identified through CEDAR detectors (ChErenkov Differential
counter with Achromatic Ring focus). They are located in the beam line tunnel at
about 30m upstream of the COMPASS target. The particle identification is based
on the Cherenkov effect: Particles travelling at a higher velocity than the speed of
light in the traversed material emit light in a certain angle relative to their flight
trajectory. The angle of emittance is anti-proportional to the velocity of that particle
and to the refractive index of the medium, cos@ = 1/(Bn). Different beam particles
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Figure 10: Hadronic beam composition as a function of the beam energy for positive (left)
and negative (right) beams at the COMPASS target position. The black lines
correspond to protons (left) and antiprotons (right), the red lines to pions and
the green lines to kaons. The figure is taken from [88].

with the same momentum can therefore be discriminated by either measuring the
angle - which is exploited by the RICH detector - or detecting light in a specific
angle relative to the beam by adjusting the refractive index for the detection of spe-
cific particle types. The latter is done with the CEDAR detectors, as illustrated in
Figure 11: Two types of beam particles with the same momentum enter from the left
side into a gas medium, usually helium or hydrogen for momenta in the order of
100 GeV/c. Due to their different velocities, the particles emit Cherenkov light in dif-
ferent angles, indicated by red and green colour for the two types. The Cherenkov
light is then focused onto a detector plane. For the correction of chromatic aber-
ration, several lenses and a mirror are used. The result is a ring of light for each
particle type at the detector plane. A diaphragm is installed in front of a set of eight
photomultiplier tubes (PMTs) in order to select only one specific Cherenkov angle.
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quartz window diaphragm  light path lense vessel

condenser  corrector  helium vapour-deposit mirror

Figure 11: COMPASS CEDAR detectors: Two particles with the same momentum but dif-
ferent masses traverse a light gas-medium and emit light in different angles rel-
ative to their path. The light is focused and collected by photo multiplier tubes.
By choosing a specific pressure of the helium gas, the opening of a diaphragm
is selected to fit the ring radius of a specific particle type.

The PMTs are separated from the gas medium by a quartz window to prevent diffu-
sion into the tubes which would degrade their lifetime considerably. The CEDARs
at COMPASS are operated with helium at a pressure of 8-15bar depending on the
type of particle to be identified. The pressure together with the temperature fix the
density of the gas which is directly connected with the refractive index. By chang-
ing the pressure in the vessel, the refractive index is therefore adapted to choose
the Cherenkov angle such that only light from a certain type of particle passes the
opening of the diaphragm. One CEDAR detector can only be used to identify one
type of particle. Hence, two detectors are used to either identify protons and pions
for the positively charged beam or kaons for the negatively charged beam.
Depending on the separation of the light rings, the beam particle is identified by
the CEDARs when at least 4 PMTs per detector respond at the same time in the case
of positive hadron beams and at least 6 PMTs at the same time for negative particle
beams. The efficiency and purity of the CEDARs depends very much on the tem-
perature and the pressure within the vessel. Both are monitored and the pressure
can be adjusted remotely to correct for variations. The pressure and temperature
values are stored and can be used to calculate instant purity and efficiency values
which can be used in a later analysis. Further details and technical specifications
can be found in [39] and [88]. The CEDARs are also used in the trigger system as
described in Section 5.6.

3.2 SPECTROMETER

In this section, the spectrometer layout is described. Only a short summary over
the most important features of the spectrometer set-up are given. The essential
detectors for the particle identification used in this thesis are described in more
detail.
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Figure 12: Top view of a sketch of the COMPASS setup as used for data taking during the
hadron campaign. For details, see the text and [10].
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3.2.1 Target region for hadron spectroscopy

The target region is specific to the physics programme as explained in the introduc-
tion of this chapter. For hadron spectroscopy, it contains the target itself, a beam
telescope, a recoil detector, a vertex telescope and veto detectors (see Figure13).
The beam enters from the left through the silicon microstrip beam telescope (see
e.g.[35, 80] and references therein). The detectors are placed within vacuum cham-
bers and cooled to a temperature of 200K in order to prevent damage as a result of
radiation [110].

Three different configurations of the target are used for measurements. For diffrac-
tive data taking, a liquid hydrogen target is used. It has a diameter of 35mm and
is 400 mm long. The liquid hydrogen corresponds to 4.5% of a radiation length (Xy)
and 5.5% of a nuclear interaction length (A¢) along the beam direction. The diam-
eter is chosen to be four times the 8 mm RMS of the beam spot plus margin for
beam alignment inside the volume. After initial cooling, the hydrogen in the cell
has a temperature slightly below the boiling temperature of about 20K. The cell
itself is a cylinder made of a thin Mylar foil with a thickness of only 0.125mm to
reduce any material in the path of recoiling particles from the target. The mylar
cell is placed within an evacuated aluminium cryostat which has a wall thickness
of 1.8 mm around the cell, which limits measurements of recoil particles to mo-
menta above 100 MeV /c. The cryostat is connected to a refrigerator system which
holds the equipment for cooling. Alternatively, the full target system can be re-
moved from the central structure and can be replaced by a holding structure with
solid target foils. This configuration has been used for Primakoff data taking with a
4.3 mm thick nickel disk and for a short diffractive data taking with both lead and
tungsten foils of different thicknesses in the holder.

The target is surrounded by two concentric rings of scintillators which are part of
the recoil proton detector (RPD). Its purpose is on the one hand to trigger on recoil-
ing particles emerging from the target volume and on the other hand to identify
those particles by measuring the time-of-flight between the inner ring and the outer
ring. Chapter 4 is dedicated to a detailed description of the detector.

The target is followed by a silicon vertex telescope inside a conical cryostat. The
detectors are similar to the silicon detectors used in the beam telescope.

Both upstream and downstream of the target, there is additionally a system of veto
detectors installed. Details on these detectors are explained in Chapter 5.

3.2.2 Large and Small Angle Spectrometer

The COMPASS spectrometer is a large acceptance open dipole spectrometer. The
set-up is depicted in Figure12. It consists of two parts: the large angle spectrom-
eter (LAS) with the dipole magnet SM1 between the target region and the muon
identification system MW1, and the small angle spectrometer (SAS) around the
dipole magnet SM2. Both spectrometer stages comprise similar setups which are
optimised for the specific range of particle momenta and expected particle flux.
The momentum acceptance ranges from about 1 GeV/c to 60 GeV/c in the LAS and
50GeV/c up to nearly the beam momentum of 190 GeV/c in the SAS. The overall
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Figure 13: Schematic drawing of the target region. The beam enters from the left side
through the silicon microstrip beam telescope. The liquid hydrogen target in
the centre is surrounded by the recoil proton detector (RPD).

angular acceptance is £180mrad for charged particles. The detectors in the LAS
comprise thin dead zones and central holes corresponding to the angular accep-
tance of the SAS.

Charged Particle Tracking

Both spectrometer stages include micro pattern gas detectors (GEMs [91, 116], Pix-
elGEMs [21, 90], MicroMegas [96]) and scintillating fibre stations (SciFis[37, 84])
for small and very small angle tracking. For large angle tracking with rather low
occupancies, i.e. the percentage of either time or area on which the detector is be-
ing hit by particles, the LAS is equipped with drift chambers (DCs[2]) and straw
tube detectors (Straws [43]). The SAS has both multi-wire proportional chambers
(MWPCs [2]) and Straws, as well as very large drift chambers. The large area DCs
described in [41] were refurbished and upgraded with a digital read-out for the
COMPASS data-taking.

The achieved momentum resolution is about 0.3% for tracks identified with SM1
and 0.1% for tracks identified with SM2 [2].

Calorimetry

The spectrometer comprises both hadron and electromagnetic calorimeters in each
stage. Calorimeters measure the energy of particles by the detection of showers
originating from particles passing through matter. In COMPASS, several types of
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calorimeters are used. The hadron calorimeters are used for detecting pions, pro-
tons, and kaons and to distinguish between pions and muons. The hadron calorime-
ters are sampling calorimeters that consist of alternating layers of an absorber
material and an active material for the detection of the shower particles, usually
scintillators. For details on HCALI, see [126]. HCAL?2 is described in [2]. The elec-
tromagnetic calorimeters ECAL1 and ECAL2 are homogeneous calorimeters with
lead-glass cells. They are presented in more detail in Section 3.4.

Muon identification

Muons do not interact strongly and therefore traverse large amounts of material
without any interaction. Because external Bremsstrahlung is suppressed due to the
high mass of the muon, energy is mostly lost by multiple scattering, which amounts
to only small energy losses through the spectrometer set-up. Two thick absorbers
are equipped with drift tube tracking detectors installed at the most downstream
position of each spectrometer stage. Having passed through calorimeters and the
absorber material, only muons can generate signals in the trackers downstream of
the absorbers. The LAS features an iron absorber plus trackers (MW1 [1]) while
the SAS has a concrete absorber plus trackers (MW2 [42]). Additionally, muon ho-
doscopes [32] are installed downstream of each absorber which are used in the
muon trigger as well as for muon identification.

Trigger

A new trigger system has been build to accommodate the need of detecting com-
plete events. Several triggers select events for specific processes. Both diffractive
and central production feature a proton recoiling from the target. The system for
this process triggers on recoil particles and the incoming beam and suppresses
events with particles outside of the spectrometer acceptance.

A part of the new trigger system uses the same components as have been used
in the muon programme, mainly the veto counters (indicated by “Veto trigger” in
Figure 12). Several new detectors have been specifically build for triggering pur-
poses: A beam counter (BC) with the same transverse size as the target cell gives
the possibility to detect and trigger on beam particles impinging on the target. The
RPD (see Chapter 4) is used to trigger on recoiling particles coming from the target.
The Sandwich Veto detects both charged and neutral particles, which would be nei-
ther detected by the RPD nor the spectrometer. Another veto system made of the
two beam killers (BK) is used to prevent recording of events for which the beam
has not been scattered in the target. Several other detectors have been introduced
to fit the needs for specialised data taking, such as measuring Primakoff events
(TN — 7N7) or events with higher multiplicities. Details on the trigger system
and trigger concept are explained in Chapter 5.

3.3 PARTICLE IDENTIFICATION WITH THE RICH

The first stage of the spectrometer is equipped with a Ring Imaging CHerenkov
detector (RICH) for identification of charged particles. The detector itself measures



3.3 PARTICLE IDENTIFICATION WITH THE RICH

the velocity of a passing particle which can be used to determine its mass when
used in combination with its momentum measured by the deflection in SM1.

3.3.1 Basic principle

Particles travelling at a higher speed than the light speed in the traversed material
emit light in a certain angle relative to their flight trajectory, which is given by the
velocity B of the particle and the refractive index n of the material:

1
cosf = ,B_n (40)
Combining Eq. 40 with the known energy—-momentum relation E = \/m? + p?, with
m denoting the mass, p denoting the momentum and E being the energy of the
particle, and combing this with B = p/E, the mass of the particle can be determined

by
m=pvn?cos?0—1 (41)

The method works only for particles with p > 1/n, which means that there exists a
lower boundary for slow particles. For very high momenta, the angular differences
of different particles are very small, thus the particle identification is also limited
in this case.

In the RICH detector, particles cross a large containment of a so-called “radiator”
material and emit light along their trajectory. Similar to the CEDAR detectors, the
light can be focused by a system of mirrors and lenses onto a plane. The only dif-
ference is that the particles do not necessarily have to follow the same path. As a
result, the resulting ring image on the focal plane is located at arbitrary positions.
Measuring the photons in the focal plane with the help of a large array of photo
detectors, the ring image can be reconstructed. The radius of a ring directly corre-
sponds to the velocity of the original particle. The ability to distinguish between
different particle types is hence limited by the imaging resolution of the system.

3.3.2 Layout

Figure 14 shows the layout of the COMPASS RICH detector (RICH-1) (see [3, 5]
and references therein). On the left panel of the figure, a charged particle enters the
radiator volume from the left side and emits Cherenkov light. The detector vessel
is 3.3 m long, has a height of 5.3 m and a width of 6.5 m. For the radiator gas, C4F
is chosen with a refractive index of 1.0014[125] and a high transparency for UV
light yielding thresholds for particle identification of about 2.5, 9 and 17 GeV /¢ for
pions, kaons and protons respectively.

For the detection of Cherenkov photons, two different types of detectors are used.
The central part with high occupancies is equipped with fast multi-anode PMTs [4].
The outer part is equipped with Csl-coated MWPCs behind quartz glass. The eval-
uation and analysis of the ring images is done via a log-likelihood method, as
described in [5].
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Figure 14: COMPASS RICH detector. Left: Schematic view of a particle passing the radiator
vessel and emitting Cherenkov light. The light is focused and then detected by
photo detectors. Right: Design concept.

The setup includes also a steel beam pipe in the central area of the detector which
is filled with Helium to prevent an excess of light due to passing beam particles
which have not interacted in the target volume.

34 ELECTROMAGNETIC CALORIMETERS

Both LAS and SAS, respectively, are equipped with electromagnetic calorimeters,
abbreviated as ECALs.

3.4.1 Measuring particle energies with ECALs

Electromagnetically interacting particles at high energies experience energy losses
when passing through matter mainly due to bremsstrahlung and pair production
processes. In the former process, charged particles emit a photon when passing
through the field of a nucleus. The latter process describes a photon turning into a
pair of an electron and positron, also in the presence of a field. Both processes usu-
ally alternate until the energy of the involved particles is no longer high enough to
create a pair. The multiplicity of charged particles increases with each turn, hence
the term electromagnetic “shower”. The shower properties are given by the radia-
tion length X( and the critical energy E..;, which are both given by the material.
The radiation length is the thickness of material after which the energy of an elec-
tron has been reduced to 1/e¢ of its original value. The critical energy is the energy
at which the loss due to bremsstrahlung equals the collision losses. If the electron
has lost so much energy that it falls under the critical energy, the shower stops. An-
other characteristic for describing a shower is its transverse dimension. Assuming
the shower evolving like a conus through the material, the so-called Moliere radius
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Ry is the opening at which 90% of the total shower energy is deposited. Therefore,
it is an important quantity to determine the size of an individual detector in order
to be able to measure the full energy deposit. The Moliere radius is given by

X
Ry = 21 Mev 2olem] (42)

crit

In most electromagnetic calorimeters, the produced photons are measured with
photo detectors. The amount of collected photons is proportional to total deposited
energy in the calorimeter and is a good measurement of the particle energy if typ-
ically 10 Xy are traversed in the calorimeter. A special type of detector material
is lead glass, in which the conversion electrons emit Cherenkov light when pass-
ing through. Measuring the energy loss follows again the same principle with the
difference that now the Cherenkov light needs to be detected.

3.4.2 Layout

ECAL1

286 cm

397 cm

Figure 15: Layout of ECALL. The central part features GAMS cells. The MAINZ cells are
placed on both the top and the bottom of the central part. OLGA cells are used
for the left and right sides.

The calorimeter ECALL1 is a homogenous calorimeter built of lead glass cells. It
is located 15m downstream of the target and has a width of 3.97m and a height
of 2.86m with a central hole of 1.07 by 0.61 m?. The angular acceptance is 37 to
136 mrad in the horizontal direction, and 21 to 98 mrad in the vertical direction,
therefore smaller than the angular coverage of 180 mrad of the tracking detectors.
The detector consists of 1500 lead glass cells of three different types, arranged as
depicted in Figure 15: The central part is equipped with GAMS [36] cells, the part
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Parameter Units GAMSrad.hard. GAMS MAINZ OLGA
LG type TF101 TF1 SF57 SF5
Density g/cm? 3.86 3.86 5.51 4.08
Rad. length cm 2.74 2.54 1.55 2.55
Total thickness Xo 15.2 16.4 23.3 18.5
Moliere radius cm 3.7 4.7 2.61 4.3
Refractive index 1.67 1.65 1.89 1.67
Length cm 45 45 36 47
Surface cm? 3.8 x 3.8 3.8 x 3.8 75 x7.5 14.1 x 14.1
PMT type FEU-84-3 FEU-84-3 EMI 9236KB  XP2050

Table 4: Overview of the different lead glass cells of ECAL1 and ECAL2.

on the top and bottom of GAMS is equipped with MAINZ [9] cells and the left and
right side features OLGA [19] cells. As lead glass is a very expensive material, the
cells were re-used from older experiments. Their origin is reflected by the name.
Table 4 summarises the key features of the cells. The transverse size of the GAMS
cells is much smaller than the Moliere radius which means a typical shower in
this region will be spread over several cells. Showers in the OLGA part are mostly
contained in one cell.

The Cherenkov light of the individual cells is detected by PMTs. The PMTs are
read-out with sampling ADC [101] electronics which consist of shaping units and
the ADCs themselves. The shaping unit stretches the PMT signal to length in the
order of 100ns while the ADC samples the signal amplitude every 12.5ns. As de-
scribed in Section 5.5, there exists also an algorithm to extract precise timing from
the SADC information. The energy resolution or /E of the different lead glass types
was measured to be 0.07/+vE + 0.01 for GAMS, 0.06/+E + 0.04 for MAINZ and
0.06/+E + 0.01 for OLGA [94].

ECAL?2

The calorimeter ECAL2 is placed 33 m downstream of the target and covers an area
of 2.44 x 1.83 m?, which is an angular acceptance of 1.3 to 39 mrad in the horizontal
plane and between 1.3 and 29 mrad in the vertical plane. ECAL2 has a small hole
of 2x2 cells at the position of the beam.

ECAL2 consists of 3068 calorimeter cells of three different types, but unlike ECAL1
they all have the same transverse dimensions of 38.3 x 38.3 mm?. They are arranged
as shown in Figure 16 in a matrix of 64 by 48 cells. The outer part is made of the
same GAMS cells as have been used for ECAL1. Closer to the centre, radiation-hard
GAMS cells are used, see Tab. 4. In ECAL2, Shashlyk type cells are used in the very
central, high-occupancy region, which are conceptually different from lead glass
cells. Shashlyk cells are much more radiation-hard than lead glass cells and hence
put in areas close to the beam, where the radiation is the highest. A photograph
of a Shashlyk cell is shown in Figure17. Shashlyk cells are made of alternating
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183 cm

244 cm

Figure 16: Layout of ECAL2. The inner part is equipped with Shashlyk type cells, the part
surrounding with radiation-hard GAMS cells. The outer part consists of GAMS
cells which are also used for ECALL.

layers of lead and scintillator plates (Sandwich concept) where the lead acts as an
converter due to its high density. The emerging shower particles pass through the
scintillator layer and produce scintillating light throughout the material. The light
is collected by wavelength shifting fibres and detected by PMTs like in the case of
lead glass cells. The energy resolution g /E of the Shashlyk cells was measured to
be 0.07/'E + 0.01[94].

Figure 17: Shashlyk calorimeter cells. Left: upstream face of an cell, with four central hold-
ing rods and 16 wavelength shifting fibres. Right: Full cell with downstream face
up front.

3.4.3 Calibration

Both ECALSs are mounted on moveable platforms which allows for the possibility
to reach each cell of each ECAL with the beam. Electron beams with different
energies are used for initial calibration. At the beginning of each year of data taking
and after important changes on the detectors themselves, the ECALs are newly
calibrated. ECALL1 is calibrated with a beam energy of 15GeV, ECAL2 with an
energy of 40 GeV.
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The calibration procedure involves two steps. First, the energy range of the calorime-
ter is set. This is done by choosing the high voltage (HV) of each PMT to create
signals of up to a maximum of 2V in the desired energy range due to the voltage
limit of the SADC and shaper modules. The higher the HV setting, the lower is
the accessible energy range, but the better is the energy resolution. An optimised
setting needs to respect the expected maximum energies in a sector of the ECALs
as well as the best achievable amplification for a good energy resolution. Naturally,
HV settings should not exceed the maximum allowed amplification of the used
PMT and allowed current on the voltage divider. During the procedure, the ECAL
to be calibrated is automatically moved in the inter-spill break to allow the beam to
hit one cell after the other. The signals in each cell are then checked for the correct
energy range and the HV setting is adapted accordingly. For ECAL1, the dynamic
range is set to detect energies of up tp 60 GeV in GAMS cells, 30 GeV in MAINZ
cells and 20 GeV in OLGA cells. For ECAL2, the dynamic range of the central cells
is set to a maximum energy of 150 GeV and to 60 GeV for the outermost two rows
and lines for diffractive data taking. For Primakoff data taking, the maximum range
for the innermost cells is then extended to 200 GeV. In a second step, the procedure
is repeated after the new HV settings are applied to obtain the final calibration con-
stants. Due to the fact that in particularly the GAMS and Shashlyk cells in general
do not contain a full shower and hence not the full energy, the sum of all signal
amplitudes coming from the surrounding cells is also considered and compared
to the known beam energy. From this, calibration coefficients to translate signal
amplitudes to energies are calculated and used in the physics analyses.

3.4.4 Monitoring

Both ECALs are equipped with monitoring systems which provide light of a cer-
tain wavelength and thus energy to each individual cell. In case of ECALL, a laser
system distributes light from a single laser source to each cell. For ECAL2, there
are eight different LED light sources. Both systems are activated in the inter-spill
break with a pulse frequency of about 1-10 Hz, which allows for a spill-based mon-
itoring of the signal amplitudes and thus the gain of each PMT. The information
is also provided online in the detector control system and enables fast reactions to
possible problems in the calorimeters. Typical parameters which affect the stability
are either temperature-related, such as day/night variations or instabilities in the
HYV supply. The information of the monitoring system is used during data process-
ing to correct the above mentioned calibration coefficients for time variations. The
monitoring system itself is also crosschecked for instabilities with the help of photo
diodes which are supplied with light from the laser and each LED.

Monitoring trigger

The stability of the ECALSs is essential for many measurements in the hadron spec-
troscopy programme, also within a spill period. The beam intensity is constant over
the spill, which results in variations of PMT gains due to intensity related effects.
Therefore a dedicated monitoring trigger was designed which automatically stops
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the physics data taking, flashes the monitoring laser and LEDs, and resumes with
data taking about 10 times per spill. The system is set-up with the help of a gate
generator, which is gated itself by the begin of spill signal (BOS) and the end of
spill signal (EOS). During a monitoring period, the gate signal inhibits all trigger
signals at the level of the refresh discriminators, see Chapter5 for details. After
a break of about 250ns, the laser and LED system is enabled. The gate signal is
furthermore fed to the trigger controller in the same way as a physics trigger and
timed in to trigger the data taking at the arrival time of the laser and LED pulses
in the calorimeters.
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The Recoil Proton Detector (RPD) is used to detect and identify recoiling particles
from the target volume by measuring their time-of-flight and energy loss. The detec-
tor is also a part of the trigger system, see Section 5.3. It consists of two concentric
scintillator cylinders (“rings”) surrounding the target. Charged particles emerging
from the target at polar angles from about 50° to 90° with a minimum momentum
of 270 MeV /¢ are measured. The corresponding minimum velocity is f = 0.28. Pos-
sible recoils include protons, pions, kaons and electrons with momenta up to about
1GeV/c. For the measurement of relevant physics processes, the separation of pro-
tons from other recoil particle types is required. This requirement is also demanded
for the trigger system. Due to the limited time for a trigger decision, an online pro-
ton separation within 500ns is necessary. The detector concept is based on the
recoil detector of the GAMS NA12/2 experiment at CERN [13] and is adapted to
the dimensions of the liquid hydrogen target.

In this chapter, a short overview over the basic principles of time-of-flight detection
with scintillation counters is given. The detector set-up and read-out are described.
Then, the commissioning and calibration is explained. The chapter concludes with
the determination of the performance including efficiency and obtained resolu-
tions.

41 TIME-OF-FLIGHT MEASUREMENTS
4.1.1 Basic principles

The time-of-flight (TOF) of a particle between a start counter and a stop counter in a
certain distance from each other can be used to determine the particle velocity [83]
. Adding another information makes it possible to identify the particle, e.g. with
the particle momentum or it’s energy loss in the traversed material. The velocity is
determined by B = L/(ct, — ct1) where L is the distance between the two detectors
and #; and ¢, are the times measured by start counter (1) and stop counter (2).
The velocity B = v/c is given by the particle mass and momentum, f = p/E =
m2c* + p?c?. Abbreviating t = t, — t1, the mass of a particle is determined as

c2t?
with a resolution of
om _ dp 5 (Ot  OL
m—p+’y<t+L> (44)

with v = 1/4/1 — B2. With the safe assumption that the distance between start
counter and stop counter is well measured, the time resolution is to be minimised
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when constructing a time-of-flight detector. The mass determination is limited by
the speed of the particle, which enters Equation44. In practice, the mass is often
not directly determined because the required time resolution cannot be achieved.
In fact, it is only important to distinguish between different types of particles, e.g.
to separate protons from pions. Two types of particles 4 and b with the same mo-
mentum differ in their time-of-flight by

At = % <\/p202 + mict — \/pzc2 + m%c‘l) (45)

Series expansion of Equation 45 for low momenta p < m; shows that At is domi-
nated by the mass difference m; — my:

At = %(ml —my). (46)

The separation At should be generally larger than the resolution é¢, and commonly
36t < At is demanded for safe separation.

In the COMPASS case, a typical separation of a recoil proton from a pion within
a momentum range of about 0.3GeV/c to 1GeV/c is required. With a distance
of 63 cm, this corresponds to a necessary separation of Af(0.3GeV/c) = 5.6ns to
At(1GeV/c) = 1.7ns. Thus, a resolution of better than J¢t = 560 ps is required for
separating protons from pions.

Further details on time-of-flight techniques and modern applications can be found
in [93] and [83].

4.1.2 Time-of-flight measurements with scintillation detectors

The ambitious requirements for the time resolution in a TOF measurement can only
be met with a fast detector. Often, organic (“plastic”) scintillators are used in com-
bination with photomultiplier tubes (PMTs), which is also done for the COMPASS
RPD.

The mean energy loss of a charged particle traversing a polyvinyltoluene scintillator
with a momentum higher than about 100 MeV/c is approximately 2 MeV /cm [29].
The energy is converted to photons due to admixed dye with a yield of about one
photon per 100eV energy loss. The fast response comes at the cost of photons in
the UV range, which are either shifted to wavelengths suitable for standard PMT
application or detected with UV-sensitive PMTs. Additional fluorescent dyes are
admixed which absorb the photons and re-emit them at a different wavelength to
decrease the absorption of light in the schintillator. This leads to a complex time
structure of the detected light, usually rising fast to a maximum and decreasing
slow afterwards. The time structure is affected by the scintillator geometry because
of late arrival of the photons due to reflections on the surfaces. The time resolution
is the better the steeper signal rises. The signal is also attenuated in the scintilla-
tor. The attenuation length determines the effective number of photons which are
collected by the PMT read-out. Between scintillator and PMT, usually a matching
element is used, called light-guide, which has a close to the same refractive index,
e.g. polymethylmethacrylate.
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PMTs are vacuum tubes with vapour-deposited photocathodes. Incident photons
can knock out electrons from a powered photocathode (photoelectric effect), which
in turn hit further powered electrodes (“dynodes”) and hence are multiplied by
secondary emission. The electrons are collected on an anode, giving an electrical
signal. Its amplitude is proportional to the number of photons and hence the energy
loss of the original particle in the scintillator. The time from the arrival of the
incident photons to arrival of the electrons at the anode is called transit time. Its
spread oppr depends on temperature and the quality of the PMT and enters the
overall time resolution.

The time resolution of a scintillating detector is approximated [83] as

02 4 020 + OB 7
(St = \/ * &2 + U;fz/o (47)

N

where o, denotes the scintillator resolution due to its material properties and N is
the number of photoelectrons at the cathode. Here, the rise time is most important,
which is the time between reaching 10% to 90% of the maximum light output. The
resolution g, is given by scintillator and light-guide geometry and is optimised
by ray-tracing simulations and prototype tests [33]. The resolution ¢, , is due to the
read-out electronics. As the key criteria for the RPD design and construction, these
resolutions were optimised, as will be discussed in the next section.

42 SET-UP

As depicted in Figure 18, the two scintillator rings are located at a radial distance
of 12cm (inner ring, “A”) and 75 cm (outer ring, “B”) from the target centre which
is aligned at the zero beam line.

The inner ring [33] consists of 12 scintillator elements with dimensions of 50 cm X
6.6cm x 0.5cm, each element covering 30° of the azimuthal angle ¢. The selected
material is BC404 [123] from St.Gobain. As shown in Table 5, it features a fast rise
time of 0.7 ns and a high light yield of 68 % compared to the one of anthracene on
the expense of a short attenuation length. The light guides design is a result of ray-

Density 1.032 g/cm?
Refractive index 1.58
Light yield (in units of anthracene) 68 %
Attenuation length 140 cm
Rise time 0.7ns
Decay time 1.8ns
Wavelength of max. emission 408 nm

Table 5: Material characteristics of BC404 plastic scintillator (St.Gobain [123]).

tracing simulations and prototype tests. Several geometries were tested with the
only constraint of having all PMTs outside of the forward spectrometer acceptance.
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Figure 18: Schematic side-view of RPD and target.

Fish-tail geometry and adiabatic geometry yield similar results for time resolution,
slightly favouring the fish-tail for a better light propagation speed. Hence, fish-tail
light-guides have been chosen and were produced at KPH/Mainz. They are glued
to the scintillators at a polar angle of 15°, bending away from the target. Thus,
there is no material inside the 11° forward acceptance of the spectrometer. Both the
scintillator elements and the light guides are enwrapped with a thin aluminised
mylar foil and loosely enclosed in thin black PVC tape for light tightness. This is
a result of attenuation length measurements with different wrapping foils with a
207Bi source.

The outer ring is segmented in 24 elements with dimensions of 173cm x 20cm
x1cm produced at IHEP Protvino [16]. The end part of the scintillators are used
as light-guides. They are twisted and melt to fit to a cylinder with 3.9 cm diameter.
Each element is wrapped with aluminised mylar and black PVC tape and covers
an azimuthal angle of 15°. Each inner ring counter faces 3 outer ring counters as
viewed from the target.

All elements are read-out at both ends using EMI/Thorne 9813KB photomultiplier
tubes. The PMTs are enclosed in both mu-metal and soft iron shieldings to protect
against magnetic fields. For the expected high rates, special transistor-based voltage
dividers were designed and built to allow for a stable operation in rate of up to 5-
10 MHz with signal amplitudes of up to 5V.

The read-out is designed to cope with the high dynamical ranges which are needed
to cover signals from minimum ionising particles to stopping protons. Figure 19
shows the calculated energy losses in Ring A versus Ring B for pions and protons
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Figure 19: Calculated energy losses in Ring A and B for pions and protons emerging from
the target at different polar angles (50° and 90°).

emerging from the target at different polar angles (50° and 90°) with a fixed mo-
mentum of 0.3GeV/c. The energy loss in Ring A ranges from 2MeV to 18 MeV
while the energy loss in B ranges from 4MeV to 30 MeV. The energy loss of a min-
imum ionising particle is 1 MeV in A and 2MeV in B, see Section 4.1.2. In order to
estimate the necessary dynamical range, the light attenuation in both scintillator
and light-guide have to be taken into account as well. According to a simulation
by the CEA Saclay group, the lowest signal to be detected in the inner ring has an
energy of 0.28 MeV and 0.26 MeV for the outer ring. Tuning the PMT amplification
for the maximum signal amplitude of 5V, the lowest signal from the inner ring
PMTs reaches about 75mV. For the outer ring PMTs, the smallest signal is 35mV.

Figure 21 depicts the electronic read-out scheme for the RPD. All 72 analogue sig-
nals are transported to the read-out area outside of the experimental zone, where
they are connected to active 8-fold splitters [33]. The splitters were designed and
build at the electronics workshop of KPH/Mainz. They have 5 outputs reproducing
the original signal amplitude, plus one 70% output, one 20% output and one 10%
output. The latter one is used for monitoring purposes. All splitter channels include
a remotely controllable correction for DC voltages with a bias voltage. The chan-
nels are furthermore terminated by 50 Ohm resistors in both directions to prevent
damage due to wrong connections. The input voltage respectively the amplitude is
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limited with one Schottky diode per channel and can be varied from 0 to 5V. Dur-
ing operation it was set to 4.2V, which is the maximum amplitude expected after
the signal attenuation in 50 m long cables. The signals are first inverted and then
passively and symmetrically split to 6 channels. An amplification with a asymmet-
rically operated (-12 V,+3 V) operational amplifier follows, which allows for signal
rise times of 1.8ns. The signals are again inverted. One of the channels is after-
wards passively split to 0.7:0.2:0.1, resulting in 8 outputs total. The output voltage
is stable within 5mV with no detectable noise (< 1 mV) at rates up to 55 MHz.

The 70% and 20% splitter outputs are put to analogue shapers, which stretch the
signal in preparation for read-out with 12-bit sampling ADCs [101]. The two-fold
ADC read-out allows for a better resolution for smaller signal amplitudes.

Two outputs of the splitters are con-

nected to LeCroy 4413/4416 leading tout; it t
edge discriminators with two thresh- N

olds per PMT channel. The two thresh- AN /

olds are used for a time-walk correction.
Time-walk is a feature of leading-edge
discriminators, where the output/trig-
ger time varies with the amplitude of
the analogue signal. As illustrated in
Figure20, the thresholds sample the Figure 20: Determining signal slopes by sam-
slope of the signals at the times #; and pling with two thresholds.

t>. The slope then is used together with

the ADC information to extrapolate to the signal start time #p, which is determined
with a better precision than 6t = t, — t;. The digital signal from the discrimina-
tors is converted from ECL to LVPECL and fed to F1 TDCs [68]. The TDCs have a
resolution of 64 ps which dominates the read-out resolution.

For the trigger system, two splitter outputs of each PMT channel are fed to leading
edge discriminators (LeCroy 4413/4416) with two different thresholds, respectively,
with the exception of the downstream signals of the inner ring. The latter are fed to
constant fraction discriminators (CAEN V812), which are less affected to time-walk.
The analogue signals of the outer ring are added by a summing unit built at KPH/-
Mainz [33]. Operational amplifiers are used to add two input channels to one out-
put signal. The symmetric supply voltage of +7.5V limits the input signal ampli-
tude to 1.2V for each channel. The output amplitude is then amplified by a factor
of 5/3. For the maximum of two inputs of 1.2V, the sum is 2.4V, hence the maxi-
mum output amplitude after amplification is 4 V. Afterwards, the signal is actively
split, keeping the same output amplitude on two output channels. The first output
is used for the trigger logic, the second output is monitored with ADCs. Further
details of the signal processing for the trigger are explained in Section 5.3.

The RPD is equipped with a laser pulser system which allows for online calibration.
The system consists of a green semiconductor laser (Team Photonics NG 10120-110)
with a wavelength of 532 nm [44]. The laser pulses have an energy of 2.2 uJ with a
duration of 0.53ns and are repeated with a fixed frequency of 8.7kHz. The laser
beam impinges on a glass sphere working as a beam splitter to which 36 glass
tibres are connected. They are directly coupled to the scintillator material at the
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Figure 21: Electronic read-out scheme for the RPD. For details, see text.

middle of each inner and outer ring element. The laser can be remotely controlled
from outside the experimental area and is only activated during checks outside of
physics data taking.

4.3 COMMISIONING

The two RPD rings are mounted on a steel barrel, which can be rotated around the
central axis. After assembly, the RPD with a fully equipped inner ring and a 25%
equipped outer ring was tested in the muon beam halo. The barrel was positioned
perpendicular to the beam. Five scintillation counters on each side were placed
along the elements as external references. The measurement was used to check the
basic properties, such as the achieved spatial resolution éz and time resolution Jt.
The resolutions obtained were 5t = 200 ps £50 ps and éz = 2.7 cm £0.5 cm for the
inner ring elements and 6t = 400 ps +50 ps and éz = 5.0cm £0.5 cm for the outer
ring elements, which is well within the specifications given in Section4.1.1. The
attenuation lengths of the elements of both rings were measured and found to be
of the order of 60 cm.

Afterwards, the RPD was fully equipped and installed in the experimental area, but
without the liquid hydrogen target placed inside, which was not yet available at
the time. The RPD was aligned on the zero beam line. As a mimic for liquid hydro-
gen, a polyethylene cylinder was used for first calibrations. The cylinder matched
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the 10% interaction length of the liquid hydrogen target. The amplifications of the
PMTs were equalised by setting the high voltage on the voltage dividers such that
the observed amplitudes of the calibration laser was the same for all channels. Af-
terwards, the signal amplitudes were checked with beam on the target. The PMT
amplification was again adjusted for each channel in order to fully cover the al-
lowed signal range. The smallest signals were found to be about 60mV for the
inner ring (75mV expected) and 30mV for the outer ring (35mV expected). The
discriminator thresholds were set accordingly with 30 mV as the low threshold and
60mV as the high threshold.

44 RECONSTRUCTION AND CALIBRATION

The purpose of the offline reconstruction is the determination of the kinematical
parameters of the recoil particle.

4.4.1 Reference frame and alignment

The reconstruction is performed in the RPD reference frame. The z axis is the cen-
tral axis of the target. The y axis is the vertical axis in the upward direction and
x = z X y. The point of origin of the system is set at the upstream end of the tar-
get. The scintillator combination AOBO corresponds to an azimuthal angle ¢ = 0°.
The element numbering is done in the mathematical positive direction in the RPD
reference frame.

The RPD was centred on the beam line during installation. Misalignments are
within the precision of the installation survey and quoted to be below 1mm in
each direction. However, the RPD reference frame has an offset in z with respect
to the COMPASS frame and might be still slightly tilted. Therefore, the RPD recon-
struction makes use the beam trajectory as a more precise z axis, which is measured
for each vertex with the beam telescope. As the beam enters the target with slightly
different angles and positions, the z axis is different in each event. The beam tra-
jectory yields the z axis for the analysis in this thesis, which in turn leads to better
alignment of RPD and spectrometer.

4.4.2 Preselection

ADCs and TDCs provide information about the signal amplitudes and time hits
from the discriminated PMT signals. The time-of-flight for a recoil particle from
the inner to the outer ring is 2ns for B ~ 1 particles at 90° and 10.5ns for g ~
0.28 particles at 50°. A time window for physical signals is selected to reduce the
background from recoils which do not belong to the measured event. The window
is determined by the maximum propagation time in the inner ring of 3ns, the
maximum propagation time in the outer ring of 7ns, and the maximum difference
between a hit at the entrance and at the exit of the target cell of 1.5ns. Comparing
the extreme cases, this results in a maximum difference of 20ns which has to be
taken as the minimum width for the time window. Compared to the trigger time,
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the signals arrive about 970ns later due to the signal propagation in the cables
and electronics. This offset is subtracted. In addition, channel-by-channel timing
variations occur due to different transit times in the PMTs and slightly different
cable lengths. These variations are in the order of a few ns. For the preselection, the
time window of 20 ns is hence doubled and all hits within 40 ns around the trigger
time are selected.

443 Track determination

The schematic geometrical view of the RPD elements and the target is shown in
Figure18. The recoil particle hits a scintillator element i at the time t; and the
coordinate z; along the longitudinal direction. Each possible combination of an
upstream and corresponding downstream PMT is used to determine (z;, t;):

Céff i L;

Zi = 2 (tlup — town — teorup — lcor,down) T 2 + Zz)ffset,up T Z:)ffset,down (48)

4l i i i Li/2+ Zf)ffset,up + Z:)ffset,down
ti —tup + tdown - tcor,up — teor,down + Ci
eff

(49)

where ti,p is the hit time of the upstream PMT and # is the hit time of the

down
downstream PMT. The following offsets and constant have to be evaluated.

ol ¢+ The effective propagation speed of light c! s¢ in element i is determined by
the correlation of hit times and positions in the scintillator elements. The slope
is determined by a linear fit to the z — ¢ relation. Due to the low resolution in
z, the method is refined with an analysis of elastic pp — pp and pt — pm
scattering. It is used to predict the z position of the recoil hits in the RPD
elements with the help of the scattered particle which is more precise than
the measurement with the scintillator.

e t. .. As described in Section 4.2, the measurement of the signal slope is used

. : i i
for the time-walk corrections teor,up and ¢ cor down"

. Zéffset: The two offsets Zi}ffset,up and Zéffset,down are used to compensate off-
sets in z for different elements in the RPD coordinate system. The obtained z
distributions are shifted such that they start at z = 0. This is done for both up-
stream and downstream signals and absorbs time differences due to different
offsets because of different cable lengths and PMT transit times.

* L[;/2: The centres of the outer and inner ring elements are shifted with respect
to each other for matching the geometrical acceptance of 50° to 90°, as seen in
Figure 18. Thus, half the length L; of the read-out element is added to respect
this geometry.

Hits with a reconstructed position outside of the scintillator fiducial dimensions
with a generous safety margin of 20 cm are discarded, as well as pile-up hits for
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which the outer ring was hit before the inner ring. If one PMT has more than 3 hits
in one event, they are discarded as noise.

Reconstructed hits for the inner ring elements are associated to hits in the three
corresponding outer ring elements. A straight line (track) for each hit combination
is then extrapolated backwards to the target. The vertex reconstructed with the
spectrometer and beam telescope which is closest to the track is used as the track
origin. Figure 22 shows the difference Az = zrpp — Zspectrometer VEIrsus Zspectrometer
for the AO B0 hit combination in elastic pp scattering. The difference Az is calibrated
in order to be centred around 0. The green bars depict the target volume. The
width of the distribution along the ordinate is the spatial resolution. It is obtained
with several Gauss fits to Az along the abscissa. The mean spatial resolution of an
inner ring/outer ring combination is the average value of the determined widths,
integrated over the abscissa. Values are typically between 3.5 cm and 4 cm.
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Figure 22: Difference of the reconstructed vertex z position with the one obtained by the
spectrometer versus the spectrometer z position for the A0 BO hit combination
in elastic pp scattering. The red boxed distribution is the original one, the blue
crosses are the results of Gaussian fits along the ordinate.The green lines delimit
the target volume. The mean spatial resolution ¢ is the average value of the
determined widths, integrated over the abscissa.

Combinations of all vertices with all hit combinations are stored as well for cases
in which a physics analysis needs a dedicated vertex—track assignment.
In the next step, the track length between the inner and the outer ring is deter-

mined by d = \/ (zB —z2)2 + A%, with Ayp = 65cm being the radial distance

1
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between inner and outer ring. With the time-of-flight t = & — 4

B consequently is

B _ A2+A2
‘B:i: \/(Zl Zl) AB (50)

ct c(tP — )

, the recoil velocity

From Equation 43, the recoil momentum can be determined if some mass m for the
recoil particle is assumed

_ m . mp
P= /-1 1-P

Here, the recoil particle is assumed to be a proton due to the observations made in
Section4.4.4.

In order to determine the recoil momentum at the interaction vertex, the momen-
tum has to be corrected for the rather large energy losses of slow recoil particles
in the target volume and in the inner ring. The energy losses for protons with dif-
ferent momenta and the different crossed materials are tabulated and added to the
reconstructed momentum respecting the proton path. For the lowest detectable mo-
menta p ~ 0.3GeV/c, the amount of target material crossed is crucial. Therefore,
an extrapolation of the track to the interaction vertex has to take into account any
transverse displacements (x,y) from the beam line axis. The azimuthal resolution
of the RPD is not enough to resolve (x,y) of the vertex. Therefore, the coordinates
of the nearest vertex that was reconstructed with the spectrometer are used.

The position measurement is also used

(51)

to determine the polar angle 6, with x10° pPp-pp

cos = (z§ —z,)/d. The azimuthal an- € [

gle ¢ is determined from the azimuthal @

position of the hit element. Initially, pis 6

determined with the outer ring element 57

number m: ¢/ = {27 m. Afterwards, ¢ :

is corrected with the inner ring. An in- 4-

ner ring element hit i directly facing the 3-

outer ring element m = 2i yields no

correction. A combination of the inner 27

ring element i with outer ring element 1

m = 2i = 1 yields a correction of ¢cor = 05‘ TR 1 G A I
-3 -2 -1 0 1 2 3

i%%n, so the azimuthal angle is deter-
mined with ¢ = $&7(m + 1(m — 2i)).
This leads to two different ¢ resolutions
depending on the inner and outer ring

@RPD - @ Spectrometer [rad]

Figure 23: Difference of the azimuthal angle
¢ measured with the RPD and the

combination, 7, = 15 _ 43° and of ?pectrometer for elastic pp scatter-
15° 12 lng.
— — o 3
Op2 = 5 = 2.2°. Due to the non point-

like shape of the beam impinging on
the target, the hit combinations are not uniformly distributed. Therefore, the indi-
vidual contributions of 0y and 0y, are not easily calculable and hence determined
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by a measurement. Figure 23 shows the difference of ¢ measured with the RPD to
the one measured with the spectrometer for elastic pp scattering. The measured
angular resolution is 0, = 5° which is close to the expected resolutions.

The angular information is combined with the measured momentum and the full
track information is available. After the above described reconstruction, a set of
tracks matching to the found vertices is available for event selection and physics
analysis.

444 Energy loss

The energy losses in the inner and outer ring are available from the SADC measure-
ment. The calibration is done using the known kink seen in the AE,4 versus AEp
distribution (see Fig, 19) which marks the transition region from a fully stopped
proton loosing all energy to a proton barely passing an element. The measured val-
ues after calibration in Figure 24 show a good agreement to the estimated values in
Figure 19. Without any assumptions for the energy loss measurement, only protons
are seen in the measurement, so the pion background seems negligible.
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Figure 24: Energy loss in ring A versus energy loss in ring B for the AOBO combination in
elastic pp scattering. Only protons are seen without a background from pions or
minimum ionising particles.
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4.5 PERFORMANCE

The efficiency is determined with elastic pp scattering. Events recorded with the
beam trigger (see Section 5.1) are selected, which have one incoming and one out-
going positively charged track and one reconstructed vertex to avoid ambiguities.
The track momentum of the outgoing track must be within a window of 6.3GeV /¢
around the nominal beam momentum of 190 GeV/c. The window corresponds to
+2 times the beam momentum spread. Furthermore, the beam particle must be
identified by the CEDARs. The recoil proton kinematics is calculated from the scat-
tered forward proton. In order to use momentum conservation, the beam energy
must be known. As there is no measurement of the beam energy but only of the
beam direction, the energy is calculated with mass assumptions as outlined in Ap-
pendix C of [117] and Appendix B of [128], here for the special case of a proton
beam:

" E p cosf
Eveam = (1 — —P) / (1 _ Dscattered + |Pscattered| >
Escattered mp mp

+ (mi”ﬁscgttered|cose> / (1 . mp )
2Escattered Escattered

where 1, denotes the proton mass and 6 denotes the scattering angle with respect
to the beam trajectory. The scattered particle is assumed to be a proton. Predictions
for recoil protons are selected, which are in the geometrical acceptance of the RPD
(50° < 6 < 90°). Initially, there is no cut on the recoil momentum to be able to
measure the momentum threshold of the RPD. The efficiency € with respect to a
kinematical variable is calculated by the ratio of found hits in an RPD element to
the number of expected hits from elastic scattering. The efficiency is determined

with respect to the transverse recoil momentum pr and the vertex z position along
the target.

(52)
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Figure 25: Efficiency with respect to the transverse recoil momentum pr determined with
elastic pp scattering. Left: Efficiency for A0. Right: Efficiency for BO.

Figure 25 shows the efficiency for the representative elements A0 and BO with re-
spect to the transverse momentum pr. The distribution is flat and below 5% for
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low pr. This remaining efficiency originates from noise or pile-up protons, i.e. ad-
ditional protons in the event coming from another interaction vertex. The efficiency
starts to rise at the expected threshold at which protons start to reach the outer ring
and reaches the maximum value of about 82% for A and 87% for B. The momen-
tum threshold is determined by fitting an error function folded with a first degree
polynomial to the efficiency distribution. The threshold pr = (0.27 £0.01) GeV/c
is uniform for all elements and agrees with the expected value. Going to higher val-
ues of pr, the time-of-flight gets smaller and thus the measurement is not always
precise enough to reconstruct p reliably. Due to the natural limitation g < 1, this
results in a dropping efficiency.

The final distributions for €(z) are determined with an additional cut on the trans-
verse momentum pr > 0.27 GeV /¢ to assure that a potential recoil proton candidate
has not lost too much energy in the traversed material and is able to reach the outer
ring. Figure 26 shows the efficiency for the representative elements A0 and B0 with
respect to the vertex position z. The overall efficiency is determined with a straight
line fit to the distribution in the range of -68cm < z < -28cm (target volume).
The efficiencies vary from 85% to 90% for all elements. The determined efficiencies
are tabulated and used as an input for the detector response in the Monte-Carlo
simulation of the RPD.

Efficiency 89% * 0.8% Efficiency 91% + 1%
> 1c > 1
e + e
5 0.9E F@@EHE;;H?{H( 5 0.9F j(
£ E o E
£ o8- + £ o8 J(
0.7F 0.7
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055 055
045 0.45
035 0.3
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0.1 0.1
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z [cm] z [cm]

Figure 26: Efficiency with respect to the vertex z position determined with elastic pp scat-
tering. Left: Efficiency for A0. Right: Efficiency for BO.

The correlation of the measured momentum transfer |¢| between forward tracks and
the RPD for elastic events is presented in the upper panel of Figure 27. It shows a
clean correlation up to momentum transfers of |t| = 0.4 (GeV/c)?. The correlation
for higher proton momenta is decreased due to the smaller momentum resolution,
which is shown in the lower panel of Figure 27. The momentum resolution of the
RPD is 5% for low momenta and becomes worse for higher momenta due to the
small time-of-flights.
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and measured with the spectrometer. Lower panel: Momentum resolution of the

RPD with respect to the recoil momentum.
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The trigger system for hadron beams is designed to select exclusive event candi-
dates. A fast and precise response within 500 ns to 900 ns from the trigger detectors
including signal processing is needed to provide the time reference for the readout
of all detectors. A physics trigger consists of three sub-triggers: beam-defining el-
ements to select beam particles crossing the target, veto detectors to reject events
with tracks originating outside of the target or outside of the spectrometer accep-
tance, and specific detector systems to account for the different physics cases. The
latter are the proton trigger (5.3) that is used for measurements of diffractive scatter-
ing and central production processes with momentum transfers || > 0.07 GeV?/c?,
the multiplicity trigger that completes the coverage towards lower values of |f| for
reactions with higher charged tracks multiplicities (5.4) and the calorimeter trig-
ger [85] that is used for Primakoff (TN — mN+) data taking. Figure 28 shows
schematically the location of the main trigger elements in the spectrometer. In ad-
dition to the main physics triggers, a set of auxiliary triggers is available for align-
ment, monitoring and calibration tasks.

The trigger used for the analysis in the following chapters is the diffractive trigger
DTO0 which is based on the proton trigger.

. HCAL1 HCAL2
Sandwich P ~
Veto —— — —

E SciFi1 (Beam trigger) \ I Beam

Killer2

Beam
Killer1

T T — sw2( | |

Beam

Counter
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1w | /
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» Hodoscope / | Hogg‘ggpe [
% Vetos ECAL1 AN

Mulitplicity Counter ECAL2

Figure 28: Arrangement of trigger elements in the spectrometer (schematic side view, not
to scale).

5.1 BEAM TRIGGER
The beam trigger selects incoming beam particles and is used to define the time

reference of an event. In addition, it reduces the geometric acceptance of the beam
in the transverse plane to match the target geometry.
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511 Set-up

The beam trigger uses a scintillating fibre station (SciFil) and a beam counter as
trigger detectors. SciFil is located 7 m upstream of the liquid hydrogen target. It
consists of two planes with 6 x 16 readout channels in each projection. There are
6 multi-anode photomultiplier tubes per plane, which read out 16 fibres channels
each. In addition, the multipliers are read out at the last dynode stage, thus giving
6 analogue sums for the X and Y plane of the detector, respectively.

The beam counter is located 50 cm downstream of SciFil and consists of a round
scintillator disc as depicted in the right panel of Figure30 that is centred at the
beam. The disc has the same diameter as the target (3.2 cm) and 4 mm thickness.
The scintillator material used is BC404 [123]. Light from the disc is transported with
an air light guide to the photomultiplier tube read-out. The light guide is a thin,
black PVC tube covered in the inside with aluminised Mylar foil with an internal
reflection of better than 92 % [33]. The 35 cm long tube is connected to a single
EMI 9813KB photomultiplier tube. It is equipped with a voltage divider for high
rates which stands beam rates of up to 10 MHz. The beam trigger is given by the
coincidence of the time-leading discriminated beam counter signal and the logical
OR of the 6 analogue sums of the SciFil X plane.

5.1.2 Performance

The efficiency is determined by comparing hits in the beam counter with coinciding
hits in the SciFilX plane to coincidencing hits in both SciFilX and Y planes. Am-
biguous hits outside a time window of 1ns for the coincidence are rejected from the
analysis. The efficiency is uniformly distributed on the disc’s surface at 99% and
is depicted in the left panel of Figure 29. The distribution features some statistical
fluctuations due to the limited data sample that was used for the analysis.

For monitoring purposes, the efficiency is checked every week during data taking.
A welcome side-effect of this method is the check of alignment of the beam counter
with respect to SciFil which can be monitored quasi-online. SciFil is aligned with
the beam line and thus with the centre of the target. For the determination of the
beam counter alignment, a circle with the beam counter diameter is fit to the distri-
bution in order to retrieve the coordinates of the centre.

The time resolution of the beam trigger with respect to the SciFil Y plane is mea-
sured to be 450 ps & 50 ps (see Figure 29). The SciFil time resolution is measured [2]
to be 400 ns, hence the unfolded beam trigger resolution is in the order of 200 ns.
The beam trigger is always used as the time reference of a physics trigger system.

5.2 VETO DETECTORS

The veto system consists of two scintillation counters (“beam killers”), a sandwich
veto detector and a hodoscope veto system. It inhibits false physics triggers.
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Figure 29: Left: Beam counter efficiency distribution in transverse coordinates in the COM-
PASS reference system. Right: Time resolution of the beam trigger, the blue line
is the result of a Gaussian fit.

5.2.1 Beam-killers

Two scintillating counters with a similar design as the beam counter are positioned
along the beam axis of the spectrometer at zy =+15m and z; =+33 m. Photographs
in Figure 30 show the two beam killer in the experimental area. The only difference
of the beam killer set-up to the beam counter is the larger 35 mm diameter of the
scintillator disks and the increased thickness of 5 mm. The purpose of the beam
killers is to inhibit a trigger signal coming from non-interacting (i.e. non-scattered)
beam. Using the beam-killers introduces an angular cut-off of 6 = 0.97 mrad with
respect to the nominal beam axis. The diffractive trigger rate is reduced by a factor
of 2.

5.2.2  Sandwich Veto Detector

A sandwich veto detector [118] is used to detect charged and neutral particles
which are outside of the angular acceptance of the spectrometer. Reactions, where
such particles are dominantly produced, are either inelastic, non-diffractive or re-
actions where target protons are diffractively exited.

The sandwich detector is segmented in 10 elements which form a central hole
matching the acceptance of the spectrometer. Each element consists of a 2m x 2m
stack of five layers of steel-covered lead plates and scintillators with a total thick-
ness corresponding to 5.1 radiation lengths. The lead layers are 5 mm plates with
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Figure 30: Beam killer detectors and beam counter. Left: BK1 at z; =+15m. Middle: BK2 at
zp =+33m, attached to the electromagnetic calorimeter ECAL2. Right: Scintilla-
tor disc of the beam counter with holding structure. The disk is surrounded on
one half with aluminised mylar to reflect the scintillator light in direction of the
photomultiplier tube.

a 1 mm steel wrapping for stability reasons. Each scintillator layer is formed by a
pair of 80 x 20cm? scintillators lying side-by-side. The first three layers of scintil-
lators have a thickness of 10 mm while the other two layers are 5 mm thick. Light
emitted from the scintillator is collected using wavelength shifting fibres connected
to Phillips XP2020 PMTs with passive voltage dividers.

The efficiency for detecting minimum ionising particles is determined from the
reconstruction of events without any veto condition in the trigger system and is
found to be larger than > 98%. The veto efficiency for different particle species
is determined with the help of MC simulations. It is larger than 95 % for pions
> 50MeV and larger than 90 % (80 %) for photons > 100 MeV (> 50 MeV). Exclusive
events triggered by the diffractive trigger are enriched by a factor of 3.5.

5.2.3 Hodoscope Veto System

The hodoscope veto system is the same as the one used for the muon programme.
It consists of three parts: The beam line veto hodoscope system is installed at z =
—20 m, the Vetol system is located at z = —7.5 m and the Veto2 counter at z =
—1.5 m with respect to the target. A detailed description can be found in [2, 32]. The
veto has the task to inhibit the trigger from beam particles which do not cross the
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target. These particles are in particular harmful for the detection of recoil protons as
they create large signals in the RPD’s scintillator strips which are aligned parallel
to the beam axis. Without the hodoscope veto system, large multiplicities in the
proton trigger logic are introduced. The suppression factor on the proton trigger
rate is 10, on the diffractive trigger it is 2.

5.2.4 Veto Dead Time

The veto system introduces a dead time for data taking due to fake coincidences.
The overall dead time is measured by comparing the rate of the diffractive trigger
with an off-time veto signal to the diffractive trigger rate without any veto con-
dition. The off-time signal is the veto signal delayed by 64 ns, which corresponds
to coincidental veto hits well outside the normal timing. The measurement is per-
formed after all important changes in the trigger system and for the start of each
physics programme, e.g. for data taking with negative and positive beams on liquid
hydrogen, for solid targets, Primakoff data taking etc. For the typical beam inten-
sity, the dead time is 13%-16% for both positive and negative beams. Higher veto
rates because of back-scattering from solid targets are not observed. For Primakoff
data taking, the dead time is reduced to 8%-10% due to the lower beam intensity.

5.3 PROTON TRIGGER

The proton trigger selects events with recoiling particles originating from the tar-
get material. It uses the RPD signals for two purposes: (1) target pointing and (2)
discrimination of protons from pions and delta-electrons.

5.3.1 Principle and Implementation

Target pointing is ensured by allowing only combinations where hits in one scintil-
lator of the inner ring are followed by a signal in one of the three corresponding
outer ring scintillators, see Figure 31, left.

The discrimination of protons and pions is carried out by triggering on the energy
loss in each ring of the RPD. The energy loss is linearly correlated to the signal
amplitude of the PMTs. Therefore, two discriminator thresholds are used to con-
strain the correlation of energy losses between the inner and outer ring, as shown
on the right panel of Figure 31 that shows the expected energy loss in both rings.
The shaded area is a result of the combination of a low threshold for the inner ring
and a high threshold for the outer ring and vice versa. This area includes pions and
electrons and is excluded from triggering.

Signal processing

The trigger signal processing starts with the analogue signal of each RPD PMT.
The signals are split as described in Section4.2. Subsequently, two of the eight
output signals of the splitter modules for each PMT channel are discriminated by
LeCroy 4416 and 4413 leading edge discriminators, except the ones for the inner
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Figure 31: Left: Allowed combinations for target pointing in the RPD part of the proton
trigger. Right: Calculated energy loss of the incident recoil proton in the two
layers of the RPD. The region rejected by the trigger logic is shaded.

ring downstream PMTs. The latter require a better precision, independent of the
signal amplitude. Consequently, constant fraction discriminators of the type CAEN
V812 are used.

The coincidence of low thresholds signals for upstream and downstream PMTs of
the inner (resp. outer) ring is written A" (resp. B{*“). The coincidence of the
two high thresholds signals receives the subscript “High”. Hence, the trigger logic
function for recoil protons has the expression:

2i+1
L L High High 1,
RPD = \/Alg;gwn \/ (AfwBS" v A BLev)
i=1 j=2i—1

The function is implemented in a single CAEN V1495 FPGA module which is fed
by the logic signals from the output of the aforementioned discriminator modules.
At each 40 MHz clock signal, the system checks for the presence of a hit in any of
the inner ring downstream PMTs and then opens a 50ns coincidence window for
the three allowed geometrical combinations. The resulting trigger signal is affected
by a large variations due to the time-of-flight variations. Therefore, it is again put
in coincidence with the corresponding downstream signal of the inner ring (“re
timing”) to make use of the intrinsic time resolution of about 180 ps.

Tuning

The discriminator thresholds are chosen after performing online calibration runs
for the RPD with the unbiased beam trigger. During the online calibration, the sig-
nal amplitudes of outer and inner ring PMTs are compared for a set of different
discriminator thresholds. The results are checked against the theoretical expecta-
tions shown in Figure 31, right panel, and possible contributions due to detector
noise. The latter is measured to be typically 1-2mV and hence negligible. The final
set of thresholds is found to be the same for all allowed combinations of inner and
outer ring. It is 30 mV for the low and 60mV for the high threshold.
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High Level Trigger Functions and Forward Hodoscope

The proton trigger system features the possibility to suppress elastic scattering
events. Elastic events feature a back to back correlation of the scattered particle
with the recoiling one. Therefore, by requiring an azimuthal anti-correlation of the
recoiling particle with the fast scattered particle, a condition for elastic events can be
identified and a veto condition for such events can be applied. The recoil particle is
identified by the proton trigger whereas the forward particle requires an additional
detector, the so-called forward hodoscope which is explained in Appendix C. The
anti-correlation for RPD and forward hodoscope is applied in the proton trigger
FPGA board. Two trigger signal outputs are available: one with and one without
the elastic veto condition. The overall proton trigger rate is reduced by 25 % when
applying the elastic veto. In the final data taking, the diffractive trigger was set-up
without the elastic veto due to the low reduction effect.

5.3.2  Diffractive Trigger

The diffractive trigger DTO is introduced to enrich exclusive events from diffractive
dissociation or central production. Both processes have a recoiling proton in the
final state. Consequently, the proton trigger is used in the diffractive trigger.

Set-up

The diffractive trigger is the combination of beam trigger, veto system and proton
trigger. The motivation for this set-up stems from the large number of background
events accepted by the proton trigger due to secondary particles from the beam
line or the material surrounding the target. Such particles traverse through large
parts of the scintillator elements of both inner and outer rings, respectively. They
are the origin of large energy losses, which can be mistaken for proton candidates.
Due to the large rate of secondary particles, a fake coincidence of two uncorrelated
secondary particles or a fake coincidence of a secondary with a low energy proton
stopped in the inner ring may occur. The beam trigger confines beam particles
effectively to the transverse target dimensions. The veto system covers the front
surface of the RPD and thus inhibits events from particles crossing the RPD rings
along the scintillator elements. Therefore, both systems reduce events from the
proton trigger caused by secondary particles. The proton trigger rate is reduced by
a factor of 10 if beam trigger and vetos are applied.

Performance

The efficiency for the diffractive trigger is studied with elastic pp scattering events,
similar to the method described in Section4.5. Elastic pp events are selected by re-
quiring a single, positively charged track emerging from a single primary vertex
within the target material. The selected events must have been triggered by either
one of the beam triggers or a random trigger to ensure an unbiased sample. In
addition, the CEDAR detectors identify the beam particle as a proton by require-
ment of multiplicities > 3 in both detectors. Another important condition is the
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Figure 32: Upper left: DTO efficiency as a function of the vertex location along the beam
axis. Upper right: Efficiency as a function of the recoil particle’s transverse mo-
mentum pr. Lower panel: Efficiency as a function of the azimuthal angle ¢. Local
variations of the efficiency are due to the gaps between the RPD scintillator ele-
ments.
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energy of the scattered proton. Only tracks with energies of the beam (191 GeV)
within a £20 = 6.3 GeV window are chosen to guarantee exclusive elastic events.
The recoil proton track is predicted from the scattered proton kinematics, see Sec-
tion4.5 for details. The predicted track is required to be within the acceptance of
the RPD, which means a polar angle 55° < < 90° and a transverse momentum
pr > 0.27GeV/c. Gaps between RPD scintillator elements are not treated and ob-
served as local inefficiencies. The efficiency is determined as the ratio of events
which have a diffractive trigger flag in addition to the aforementioned triggers
tulfilling the criteria explained above and the expected triggers. The efficiency is
presented as a function of the vertex position along the beam in Figure 32, upper
left panel. It is uniformly 76.5% £ 0.2 % in the target volume (shaded area in the
tigure) and drops slightly at the target borders. The trigger threshold is determined
as a function of pr of the recoil particle with a fit of an error function to the data.
For this study, the pr > 0.27GeV/c cut is released. The results are shown in Fig-
ure 32, upper right panel. The measured threshold of (0.27 £0.1) GeV/c reproduces
the theoretical value for recoil particles which are able to reach the outer ring of
the RPD. The trigger reaches full efficiency at pr = 0.3GeV/c. Above, the effi-
ciency drops mainly due to the RPD efficiency behaviour explained in Section 4.5.
It should be noted that most of the relevant events are in the low pr region with
high trigger efficiency because of the steeply falling cross section with increasing
pr- The efficiency as a function of the azimuthal angle ¢ is relatively uniform (see
Figure 32, lower panel), but shows local variations of the efficiency in the order of
5-10% due to the gaps between the RPD scintillator elements.

The trigger purity is a measure of the percentage of useful events in all triggered
events. It is approximated by the percentage of interaction vertices with one or
more outgoing tracks in the target material for DTO events. The purity is 91 %, for
the best alignment achieved so far and hence a lower limit.

54 MULTIPLICITY TRIGGER

A multiplicity trigger was built in order to complete the full range of momen-
tum transfers —t for final states with charged particles towards events with |f| <
0.07 (GeV/c)? which are outside the acceptance of the proton trigger. The multiplic-
ity counter [133] as depicted in Fig. 33 consists of 12 trapezoidal-shaped scintillator
slabs read out by EMI 9813KB photomultipliers with active voltage dividers, sim-
ilarly to those of the RPD. The detector has a central hole of 3.2cm diameter. It
covers the 180 mrad charged-particle acceptance of the spectrometer at z = +1.7m,
which projects to a disk surface with a radius of 31 cm. It was upgraded in 2009
with a central scintillator disk covering the hole and read out by two photomul-
tipliers. In order to minimise the material in the active area, the photomultipliers
for the inner disk are connected through an 83 cm long air light guide made of a
tube skeleton of 15 ym aluminised mylar inside a 150 ym thick plastic coating. All
scintillators have a thickness of 3 mm, corresponding to 0.71 % radiation length.
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Figure 33: Schematic drawing of the multiplicity counter.

55 CALORIMETER TRIGGER

The calorimeter trigger selects high-energy photons detected by ECAL2 within
12x12 cells excluding 3x4 cells around the beam hole as depicted in Figure 34. The
trigger is implemented in the existing FPGAs of the ADC readout, thus the trigger
decision is slower compared to the other triggers. The sum of the time-correlated
energies of a selected region of cells is compared with a programmable threshold.
The typical accuracy is o = 4.35GeV for a 60 GeV threshold. The time resolution is
in the order of 1ns. Further details can be found in [85] .

5.6 CEDAR TRIGGER

Besides the usual data taking with these detectors, the CEDARs can also be used
for trigger purposes. The analogue PMT signals are split for the standard read-out
and trigger electronics. The analogue signal is fed into a discriminator for each
individual PMT. The discriminator thresholds are chosen to suppress electronic
noise. All eight digital signals from the discriminators are put in a multiplicity logic
unit from which multiplicity signals of 6, 7 and 8 can be used as a trigger signal.
Usually for negative beams, where the CEDARs are used for kaon identification,
the multiplicity 6 signal of the CEDAR is used as the trigger signal. In this case,
the CEDAR trigger is called kaon trigger (KT). For positive beams, the possibility
to trigger on types of beam particles is not used.
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Figure 34: The active area of the ECAL2 trigger (shown in blue). The cells shown in orange
are rejected due to high rates.

5.7 PHYSICS TRIGGERS

The final physics triggers are summarised in Table 6 alongside with typical trigger
rates.

Physics triggers are combinations of the beam trigger, the veto system and one of
the specialised trigger systems described before.

The diffractive trigger composition has been described before. The typical trigger
rate for data taking with negative beams is 180 000 per 10's spill at the typical beam
intensity, for positive beams it is 240 000.

The two parts of the multiplicity trigger, the outer multiplicity counters and the in-
ner counter, are applied as two independent triggers. The LT1 multiplicity trigger
requires one or more hits in the outer multiplicity counter. The threshold per ele-
ment is set to reject noise and selects charged particle multiplicities of one or larger.
The trigger has typically 370 000 attempts per 10s spill and is prescaled with a fac-
tor of 7 to allow data taking with other triggers, as well. LT1 is also used to take
data with the condition of two hits in order to select final states with higher masses
contributing with a trigger rate of 140000 per 10s spill. The LT2 trigger requires
an energy deposit corresponding to 1.6 MIPs! or higher for a multiplicity of 2 or
more in the inner counter which results in a trigger rate of 620000 per 10s spill. It
is used with a prescaling factor of 8. The second configuration of LT2 requires an
energy deposit equivalent to 2.5 MIPs for a multiplicity of 3, likewise in the interest
of enriching final states with higher masses. It has a typical trigger rate of 260 000
per 10s spill.

The main Primakoff trigger (Prim1) uses the calorimeter trigger with a 60 GeV
threshold. It has a trigger rate of 260000 per 10s spill. The secondary Primakoff

1 minimum ionising particle
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Sub-trigger Logical composition

Beam trigger (BT) SciFil A beam counter

Beam Kkiller veto beam killer 1 A beam killer 2

Veto Sandwich V veto hodoscopes V beam killer veto

CEDAR trigger CEDAR1 multiplicity A CEDAR2 multiplicity

Physics trigger Logical composition Rate /10s
Diffractive trigger DTO BT A proton trigger A veto 180k
Multiplicity trigger LT1 BT A 1 (later 2) el. of outer ring counter A veto 370k (140Kk)
Multiplicity trigger LT2 BT A amp. inner disk > 1.6 MIPs (later 2.5 MIPs) A veto 620K (260K)
Primakoff trigger Priml BT A calorimeter trigger (> 60 GeV) A veto 260k
Primakoff trigger Prim2 BT A calorimeter trigger (> 40 GeV) A veto 450k

Kaon trigger KT BT A CEDAR A veto 30k

Table 6: Overview of sub-triggers, vetos and physics triggers used for data taking.

trigger (Prim2) has a threshold of 40 GeV on the calorimeter trigger and runs with
a prescaling factor of two. Its purpose is to monitor the Prim1 trigger threshold
and allows for studies beyond pion polarisabilities. It has a trigger rate of 450 000
per 10s spill before prescaling.

The kaon trigger (KT) is used as a kaon-enriched beam trigger for luminosity mon-
itoring via K — 3 71 decays and for systematic studies. The typical trigger rate is
30000 per 10s spill for running with the negative hadron beam.

Further auxiliary triggers are set up for monitoring purposes, systematic studies
and alignment purposes. They include two beam triggers of which one described
in Section 5.1. The other beam trigger is the coincidence of both SciFil planes and
thus has a quadratic transverse acceptance of 3.9 x 3.9cm?. It is required for the
alignment procedure. The Veto Inner trigger and Halo triggers make use of the
hodoscope veto system to detect straight halo tracks for muon data taking, which
is utilised in the alighment procedure. Finally, the detected decay products of a
radioactive Na-22 source are exploited as a random trigger signal. Alternatively,
the output of an electronic noise generator can be used for random triggers.

The trigger signal is fed into a prescaler module which (1) allows to apply prescal-
ing factors in order to in-/decrease priorities within the available triggers and (2)
performs an overall logical OR of all trigger signals. The latter is used as an input
to the trigger control system (TCS, see [113]), which controls the read-out of all
detectors. Each individual trigger signal is also monitored with scalers and TDCs.
The TDCs are used to define the so-called trigger mask which contains information
about the fired triggers. The prescaler and TCS are both clocked with 38.88 MHz. In
addition, the signals of the individual sub-triggers and trigger detectors themselves
are monitored with TDCs and scalers. The individual signals of the multiplicty
counter are monitored by sampling ADCs.
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DATA SELECTION AND SIGNAL EXTRACTION

The data analysed in this work were collected in the years 2008 and 2009. Only
data with the liquid hydrogen target is considered that was recorded with the DTO
trigger (see Chapter 5). For the extraction of the w and ¢ meson signal, the data se-
lection is split two-fold: First, common criteria for both vector mesons are applied.
Second, specific cuts are used to select the prt* 7w~ 7%p channel, from which the w
signal is extracted later, and the pKTK~p channel, from which the ¢ signal is sin-
gled out. The apparatus acceptance is determined with a Monte-Carlo simulation
and used together with the determined detector efficiencies to correct the invariant
mass distributions of the two channels. The w and ¢ yields are determined with a
fit and a sideband subtraction method. The chapter concludes with an overview of
the systematic uncertainties.

6.1 EVENT SELECTION

The recorded raw data first undergo several calibration and correction procedures
specific to each detector system. Then, tracks and interaction vertices are recon-
structed with the software package CORAL!. The full procedure is internally re-
ferred to as “production”. For the physics analysis, the processed data are analysed
within the PHAST? framework which provides access to the relevant information
about tracks, vertices, calorimetry and particle identification. The data sample is
taken from the COMPASS data taking periods 2008W39 and 2009W29 to 2009W33
with a positive hadron beam.

6.1.1 Event topology and common data selection

Both channels which are investigated have the same topology with respect to
unidentified, charged particles. For practical reasons, the data are preselected be-
fore further cuts for a specific channel are applied. Common selection criteria are
the DTO trigger flag, the target cut, the number of charged tracks in an event, and
the identification of the beam particle and the target recoil.

Target cut and select criteria for charged tracks

Events with exactly one reconstructed interaction vertex within the target volume
are selected. An interaction vertex within the Phast/Coral framework is given by
the space point where an incoming (beam) track is scattered. Furthermore, events
with three charged tracks emerging from this vertex are chosen, two positively

1 COmpass Reconstruction and AnaLysis, http://coral.cern.ch
2 PHysics Analysis Software Tools, http://ges.home.cern.ch/ges/phast/
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charged and one negatively charged, resulting in an outgoing system with a total
charge of +1. Figure 35 shows the primary vertex distribution along the beam di-
rection (z, left panel) and in the transverse plane (xy, right panel) before cuts. The
target material is clearly visible in both projections. Along the beam direction, most
of the data in the event distribution stems already from the target due to the RPD
part of the DTO trigger logic, which ensures target pointing as described in Sec5.3.
In the transverse plane, the trigger acceptance matches the target cell diameter ow-
ing to the beam trigger (Section5.1). In the outer radial region of Figure 35, right
panel, a hint of a round structure is visible, which corresponds to the target cell.
For the further selection, only data within —68.4cm< z < —28.4cm and v < 1.6 cm
is used.

x10° 4
£ [
% A pp - preT®p pp- prrmr®p
i 2r © .- .not.acceptance corrected

not acceptance corrected

reconstructed vertex y coord. (cm)
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reconstructed vertex z coord. (cm)

-1 0 1 2 3 4
reconstructed vertex x coord. (cm)

Figure 35: Measured distributions of the reconstructed primary vertex for the given event
topology. Left: Projection in beam direction (z), right: Projection in the transverse
plane (xy). The data is exemplary taken for the 2008 part of data taking.

Beam particle identification

The positive hadron beam at a momentum of 190 GeV/c contains 71.5% protons,
25.5% 7" and 3.0% K. In order to select protons, a positive proton identification
is required in at least one of the two available CEDAR detectors. As described in
Chapter 3, each CEDAR detector uses eight photomultiplier tubes centred on a ring
surrounding the beam axis to collect light from the emission of Cherenkov photons
from the beam particle. For positive identification, a signal from at least four of
those photomultiplier tubes is required (multiplicity condition).

Recoil proton identification

The RPD is used to select events with exactly one recoiling particle. A further cut to
identify the recoil particle as a proton is not necessary as can be seen in Figure 36:
The energy loss AEg of the recoiling particle in the outer scintillator ring B is plotted
versus its velocity B. Only a band corresponding to the proton mass is seen, thus
the background from other recoil particles is negligible.
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Figure 36: Energy loss AEp of the recoiling particle in the outer scintillator ring B of the
recoil proton detector versus the recoiling particle’s velocity . Only one band
corresponding to the proton’s mass can be seen.

6.1.2 The prtt i~ np channel
Identification of the charged tracks

The channel has two positively charged particles, a proton and a pion, which have
to be discriminated. The RICH detector is used for particle identification. Figure 37
shows the distribution of the measured Cherenkov angles versus the track momen-
tum. The bands correspond to different particle types as indicated in the figure,
from which the different momentum ranges for particle separation are seen. Iden-
tification of 71" candidates is chosen because the momentum range for pion identi-
fication (momenta of 3GeV/c up to 50 GeV/c) matches the " phase space better
than the momentum range for proton identification matches the phase space for
protons. A likelihood ratio between pion hypothesis versus all other hypotheses
including background of 1.0 is applied to identify pions. The other positive track
in the event is assigned to be a proton. After the identification of a proton, the
negative particle is assumed to be a pion due to strangeness conservation.

Reconstruction of ¥ candidates

Neutral pions decay into two photons after a very short distance of flight in the
order of a few ten ym. The decay photons are measured with the help of the elec-
tromagnetic calorimeters ECAL1 and ECAL2 in the first and second stage of the
spectrometer, respectively. Hits in nearby cells of the calorimeters are combined
by the reconstruction software to a so-called cluster. A cluster is assigned to be
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Figure 37: Cherenkov angle (RICH detector) vs. momentum of charged particles.

a photon if there is no corresponding charged track candidate pointing to it. The
reconstruction of a 77¥ is done in two steps. The first step involves calibration correc-
tions and quality checks of the detector as will be explained in the following. The
second step consists of several cuts in order to identify the measured photons as
decay products of a 7t° where all possible combinations of two photons are probed
for 71° candidates.

Step 1 - Calibration and quality checks

Initially, malfunctioning ECAL cells are removed. There are three criteria for cell
rejection: A cell can be either broken, display very high count rates due to noise
or be located in a region where the photons traverse too much material to be reli-
ably detected. Dead and noisy cells are identified by observing holes or hot spots
in the cluster distribution as seen in Figure 38. These cells are also disabled in the
Monte-Carlo simulation. In the most upper and lower rows of ECAL2, the occu-
pancy is significantly lower compared to other regions as can be seen in the lower
panel of Figure 38. Photons emerging from the target need to traverse the hadronic
calorimeter HCALL1 to be detected in these cells, which is caused by an acceptance
mismatch of the first and second spectrometer part. This mismatch is also seen
with the help of Figure 38, upper panel, where the photon cluster distribution in
the x and y projection of the polar angle for both calorimeters is shown. There is no
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detector acceptance between the outer distribution, belonging to ECALI, and the
inner distribution, belonging to ECAL2.

The calibration of the electromagnetic calorimeters is done with a dedicated pro-
duction of a small data sample before the full data sample is produced. It has to
be refined to reach the necessary precision for this analysis. As a compensation
for an overall offset in the calibration, the cluster energies are rescaled by a factor
of 0.961 to centre the resulting ¥ peak at the PDG mass of 134.98 MeV /c?. This
correction is refined using the information of the LED and laser monitoring sys-
tems of the calorimeters. Due to a time-dependent drift effect in the gain of the
photomultiplier tube readout, the stability is checked on a run-by-run basis. The
resulting corrections are then applied on the analysis level. Figure 39 shows the
variation of the 71° mass peak (left panels) and width (right panels) for the 2009
data taking after laser and LED corrections for ECALL1 (top), ECAL2 (middle), and
the ECAL1/ECAL2 combination. Still, instabilities are observed which call for a re-
tined, additional correction method. The ratios of the observed peak positions with
respect to the nominal PDG mass are used to rescale the 7y energies. This procedure
is commonly known as ¥ calibration and usually done on a cell-by-cell basis. Due
to the limited statistics, the calibration was performed on a run-by-run basis for the
whole calorimeter due to the larger variations between runs than the lower vari-
ations which are observed between different cells. Runs are discarded for quality
reasons if the width of the mass peak is off by more than 10 MeV /c? from the mean
value or the width is more than 2 MeV/c? off the overall mean width. This is true
for the runs 77590-77724, where there seems to be a general stability issue as seen
in Figure 39.

Step 2 - ¥ identification

All possible combinations of two photons are probed for ¥ candidates. Thresh-
olds on the reconstructed cluster energies of 1 GeV in ECAL1 and 2 GeV in ECAL2
are applied to reject noise. All cluster times in ECAL1 and ECAL2 are checked
and required to coincide with the reconstructed beam track time within 3.2ns of
At = tpeam — teiuster- The found photon energies are used to calculate the photon
momentum by taking the ECAL resolution into account and assuming that the ori-
gin of the two photons is the interaction vertex. The three-momentum vector of a
photon is expressed in the following way (see e.g. [117]):

=1
=l

| °| (53)
where E, is the measured energy of the cluster, ¥ is the incident coordinate on the
calorimeter and X is the coordinate of the interaction vertex. The invariant mass
of each two photon combination is checked to be within a certain mass window,
depending on the calorimeter, around the ¥ mass peak. The data are divided into
three different cases, as shown in Figure 40: i) both photons are detected in ECAL1
(upper left panel) ii) both photons are detected in ECAL2 (upper right panel) and
iii) the photons are detected in ECAL1 and ECAL2, respectively (lower panel). The
different resolutions ¢ are determined from fits of a gaussian to the data and are
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Figure 38: Distribution of ¢y clusters. Top: Hit distribution in angular coordinates. The x
and y projection of the polar angle for both calorimeters is shown. Bottom: Hit

distribution of ECAL2.
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10.9MeV/c?, 6.5MeV /c? and 9.9MeV/c? for the three cases. The full range of the
photon-photon mass spectrum is depicted in Figure41l. The ¥ peak dominates
the spectrum. The structures in the lower mass region are attributed to 7° and
ete™ interactions in the spectrometer as outlined in [34]. These interactions are
confirmed with Monte-Carlo studies which reproduce the structures. The peak at
around 550 MeV /c? stems from two photon decays of 77 mesons.
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Figure 40: Invariant mass of the 7y system of different combinations of calorimeters in
which they were detected in. Upper left: Both photons are detected in ECALL,
upper right: both photons are detected in ECAL2, lower panel: one photon is
detected in ECAL1 and the other in ECAL2. The different resolutions ¢ are de-
termined from fits of a gaussian to the data and are 10.9MeV/c?, 6.5MeV/c?
and 9.9 MeV /¢? for the three cases, respectively.

In the next step, the combination of the two photons is constrained to the PDG
7¥ mass by scaling the photon energies. Figure42 shows the 77" 7~ invariant
mass spectrum before (left panel) and after (right panel) the mass constraint. After
constraining, the widths of both the 1 peak at about 550 MeV / c? and the w peak at
about 780 MeV /c? are reduced considerably by a factor of about two coming close
to PDG widths. The structure around 1300 MeV /c? is now also more pronounced
and could be a contribution from a,(1320).

6.1.3 The pK*K™~ p channel

This channel has the same topology for charged tracks, but in contrast to the
prtt 7t~ 1%p channel, the positive kaon has to be distinguished from a proton. Again,
the RICH detector is used to perform the identification. The yield of the pKTK™p
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channel is about ten times smaller compared to that of pr™ 7~ p, the former being
OZI-suppressed. Thus, a relatively high likelihood ratio of 1.3 has to be chosen for
a clean data sample with low backgrounds. In turn, this results in a lowered accep-
tance which is treated for purity. After identification of a K, the negative track is
assumed to be a K~ due to strangeness conservation.

6.1.4 Exclusivity and coplanarity condition
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Figure 43: Total energy of the forward system versus angular correlation of the recoiling
proton with the forward system.

The exclusive measurement of vector meson production means that all final state
particles (vector meson, beam proton, recoil proton) have to be measured and the
production of additional particles is rules out. This is ensured by both the energy
balance of all outgoing tracks and the coplanarity between the outgoing forward
system and the recoiling proton. In this section, the exclusivity criteria are dis-
cussed exemplary for w mesons for shortness and apply for ¢ mesons in the same
way. The energy balance and coplanarity for the data sample is depicted in Fig43.
Exclusive events are seen at the beam energy of 191 GeV and at A¢ = 0. The latter
will be introduced in the following.

All energies of the forward particles are summed up to calculate the total energy.
This energy is required to within a chosen window of +20},e,y = 36 GeV around
the beam energy. The total energy is shown in Figure 44 and peaks at the beam en-
ergy, as expected. The coplanarity reflects the transverse momentum conservation
and is checked by requiring that the azimuthal angle ¢y warq Of the outgoing fast
system and the azimuthal angle @, of the recoil proton are anti-correlated. The
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difference AQp = @rorward — Precoil — 7T is required to be smaller than 0.28, which
corresponds to an angle of 16°. This is two times the width of the peak in the
Ag distribution, which reflects mostly the overall azimuthal angular resolution of
the recoil proton detector. The inclusive background appears to be small after both
cuts, see Figure 44, where a restriction to the w mass region for an illustration of the
amount of useful signal compared to the data sample before exclusivity cleanup.
For a better comparison of the exclusive signal and the inclusive background, Fig-
ure45 depicts the invariant mass spectrum of the 771" 77~ system for exclusive
events and events outside exclusivity. Additionally, the exclusive events in the w
mass region are shown in order to get an impression of the reduction that is im-
posed by the cuts.
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Figure 44: Total energy of the forward pn’7i* 7~ system from the sum of all outgoing
particles. The peak is centred at 191 GeV which is the initial beam energy for
protons.

The final mass distribution of the K*K~ system after all cuts is shown in Figure 46.
The distribution features the prominent ¢ peak at 1020 MeV/c? which will be se-
lected later on. Several other structures are visible, such as a possible contribution
from a,(1320) and some f; or f, mesons around 1500 MeV /c2.

As one of the last steps before the signal extraction, the kinematic domain for both
vector mesons has to be determined. In order to ensure that both vector mesons
are compared within the same kinematic region, the influence of the spectrometer
set-up on the measurable phase-space has to be determined with a Monte-Carlo
simulation.
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6.2 ACCEPTANCE DETERMINATION

For the correct estimation of the w and ¢ meson yields, a Monte-Carlo (MC) sim-
ulation of the acceptance is mandatory. A comparison between generated physics
events — referred to as MC truth — and the reconstructed events after the MC simu-
lation reveals event losses. The result of this comparison is a differential acceptance
with respect to either the kinematics of the process, such as momenta and their
directions, or to characteristics of certain detectors, such as their dimensions or
dead zones. The simulation is divided in several parts: First, the dynamics of the
physical process is generated. Here, four-vectors of the initial and final state par-
ticles plus the interaction vertex are generated. In the next step, the particles are
propagated through the spectrometer. In particular, this includes the application
of magnetic fields, the calculation of energy losses due to passing through matter,
smearing effects due to multiple scattering, and production of J electrons, which
are knocked-out of an atomic shell after being struck by a high energetic particle.
For this, the generated data is handled by COMGeant?, a COMPASS-specific imple-
mentation of GEANT3 [46] developed at CERN. The simulation includes the full
geometry, response and material composition of each detector plus a description of
all passive material, e.g. absorbers. In the next step, the MC data in a similar way as
the real data during production by Coral. In addition, the detector response is also
simulated at this stage.

In order to be as much independent as possible from any physics assumptions,
a multidimensional acceptance determination is performed. The correction factors
are parameterised through a three-dimensional matrix in the variables ’, M,y and
xr of the fast proton. Each K™K~ or 177w~ 7" event from the collected data set is
weighted by the corresponding entry in the three-dimensional cell (', M,y and xf)
of the acceptance matrix. In a different approach, the results are re-calculated using
a different matrix where xr is replaced by the cosine of the helicity angle of the pV
system (cos ), as introduced in Section 7.3.2. The results differ by less than 1%.

6.2.1 Monte-Carlo generator

The vector mesons are generated with the ROOTPWA [82] generator, assuming that
the beam proton dissociates diffractively into a state X which then undergoes phase
space decay into a fast proton and a vector meson. Due to the multi-dimensional
approach for the acceptance determination, the full production mechanism and
decay do not have to be simulated and the generator is merely used to provide
an initial set of four-vectors.The t' dependence of exp(—6.5t') and the minimum
'=0.07 GeV?2 /2 is adjusted to match the real data in an iterative process. The events
are generated in 100MeV/c? mass bins, with 100000 events in each bin. In the
¢ case, the bins are between 2000 MeV/c?> and 6000 MeV /c? and in the w case
between 1700 MeV/c? and 6000 MeV /c?. The ¢ and the w mesons are generated
with zero width, which is a simplification with respect to reality and justified by the
small widths of the resonances. The three-body decay of w mesons is not treated

3 http://wwwcompass.cern.ch/twiki/bin/view/DataReconstruction/MonteCarlo
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by ROOTPWA, hence an additional step between ROOTPWA and COMGeant is
introduced that handles the decay separately. A beam parameterisation obtained
from real data is used as an input to the generator in order to achieve realistic
beam conditions, including the horizontal and vertical divergence of the beam for
any given position of the interaction vertex.

6.2.2 Trigger acceptance

The DTO trigger acceptance is dominated by the RPD trigger geometry. The imple-
mentation of the MC simulation is done on the PHAST level in contrast to most
other detectors or detector systems. This is necessary due to the special treatment
of the RPD. Within the RPD software package, an MC event is searched for hits in
the trigger detectors. Thresholds are applied and the detector efficiencies (see Sec-
tion 5.3.2) are being accounted for by choosing a random number between 0 and 1
and accepting the MC event for the region below the value of the specific efficiency.
All logic operations are performed and a single flag is returned, telling if the MC
event was accepted or rejected. In the debug mode, also specific information on
which detector rejected the event is also available.

6.2.3 Statistical uncertainty of the MC acceptance determination

The statistical error of an acceptance corrected invariant mass bin is }; w?. To be
precise, the statistical uncertainty rising from the limited MC statistics needs to be
propagated to the invariant mass distributions, as well.

The statistical error for the individual bins within the acceptance correction cannot
be calculated by error propagation because the generated and accepted MC events
are not independent. In Appendix B, the statistical error is derived similarly to [64].
The individual errors of the correction factors are afterwards calculated. the accep-
tance description is limited to the part of the phase space in which the statistical
error of the correction factors has to be five times smaller compared to the statis-
tical error in real data. Thereby, one can neglect the statistical MC uncertainty. As
shown later, the phase space restrictions for real data eliminate almost every region
of the MC phase space where larger errors are observed.

6.2.4 Results

The one-dimensional projections of the full acceptance as a function of My, t,
xr and cos @ are shown in Figure47 and Figure48. There is a slight dependence
on t' observed for both ¢ and w. The acceptance for cos6 is flat for both mesons.
The ¢ acceptance as a function of xr and M,y shows significant drops for the low
mass region and the medium and very high xr domain. This is a direct result
of the limited RICH momentum acceptance. A similar yet much less pronounced
dependence is also observed for the w acceptance. The range of available xf is
nearly twice as much, but the overall acceptance is smaller by a factor of about two
compared to the ¢ acceptance. The w and ¢ mesons share a reasonable acceptance
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in the region 0.6 < xg < 0.9, which will be used in turn as a restriction for real data
from now on.
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Figure 47: One-dimensional (integrated) acceptances for pp — ppw,w — ntn 70, as a

function of My, t', xr of the fast proton and cos 6, respectively. Cuts used in the
later analysis are marked in green.

6.3 DETECTOR EFFICIENCIES

The detector efficiencies are estimated in order to correct for the amount of unde-
tected particles. The most important contributions stem from the RICH detector
and the ECALs, which will be discussed in the following.

6.3.1 RICH

The RICH detector with its layout, material composition and read-out is fully de-
scribed in the MC simulation, which is used to determine the geometrical accep-
tance. The detector efficiencies can be estimated by MC simulations as well as by
real data. In Figure49, the K™ momentum distribution is shown for a small data
sample with real data in black and MC data in blue. The real data histogram is
sideband subtracted for a better comparison to the background-free MC data. The
shapes of the curves are different but the momentum range in the data is repro-
duced in MC data. However, the match between MC description and real data is
not precise enough to justify a use of MC-determined efficiencies. The determina-
tion with real data is more robust and is hence used. Decays of mesons and baryons
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provide a data sample. The K° decay provides a reliable source for pions, as does
the ¢ meson for kaons. Protons can be identified using A? decays to p7r—.

The event selection for ¢ mesons includes all steps as described in Section 6.1.1 ex-
cept the particle identification. The mass is determined from the negative particle
and one of the positive particles in the data sample, which results in a high combi-
natorial background. The ¢ signal is then extracted fitting a Breit-Wigner/Gaussian
convolution on top of a polynomial background to the data. This procedure is later
refined for high precision ¢ extraction, see Section 6.4. The uncertainty due to the
background subtraction on the extracted yields is about 5% in all fits. It is the main
contribution to the systematic uncertainties of this method and hence used for an
estimate of the systematic uncertainty for the RICH efficiencies.

Both A and K° decays share the same topology: An interaction vertex with an
incoming and an outgoing particle, and a displaced secondary vertex which has
two outgoing, oppositely charged particles. The restriction to exactly one outgoing
particle is made to avoid ambiguities in the association of the secondary vertex.
Due to the mass-symmetric decay of the K” and the mass-anti-symmetric decay of
the A, both particles can be identified via observed asymmetries in the transverse
momentum of the two decay products. In addition, regions with very low trans-
verse momenta are excluded because they most likely include positron-electron
pairs. The mass of the decay products hence can be assigned. The RICH informa-
tion is obtained separately with the given likelihoods as explained in Section6.1.
A comparison of this “true” information with the response of the RICH results in
probabilities for identification and misidentification. Both are binned with respect
to the track momenta and polar angles. In Figure 50, the lookup table for proba-
bilities to identify positive pions with a likelihood ratio of 1.0 is depicted as two-
dimensional histograms. On the upper left panel of the figure, the probability to
identify a positive pion correctly is presented. The two structures reflect the internal
structure of the RICH, which has two different read-out systems for the inner and
outer region, see Chapter 3. The overall efficiency strongly depends on both track
angle and momentum. For pions, the identification is possible for momenta up to
50GeV/c. The upper right and lower panels of Figure50 show the probabilities
for a misidentification as a proton (upper right panel) and for no hypothesis/back-
ground (lower panel). These tables are used for the RICH identification of pions in
the 77+ 71~ 70 case. Figure 51 shows the same quantities for the case of kaon identi-
fication with a likelihood ratio of 1.3 which is used in the K*K~ case. The binning
is coarse due to the small statistics available. The upper left panel shows again
the probability for identification while the upper right panel shows the probability
for a misidentification as a pion. The lower panel is again the probability for no
identification/background.

The rather low acceptance in the pK™ K™ p channel is caused by the requirement
of RICH identification of K*. In lack of a complementing RICH detector in the
small angle spectrometer, the acceptance of particle identification with respect to
the particle momentum is limited to 10-50 Gev/c for kaons.

As explained in Section 6.1.3, the positive kaon has to be distinguished from the for-
ward proton to avoid combinatorial background. Another important background
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originates in the p7t* 71~ p channel. Misidentified pions assigned to the kaon mass
contribute in particular to the low mass part of the invariant mass distribution.

6.3.2  Photon reconstruction effiency

The determination of the photon reconstruction effiency is an important part of the
correct estimation of w yields. In particular, the two photons from the 71° decay
traverse large parts of the spectrometer, which results in losses. In addition, the
ECAL simulation in the Monte-Carlo does not include a full simulation of energy
losses due to Cherenkov light emission in the cells. Hence, a crosscheck of the MC
results with real data is mandatory.

The photon reconstruction efficiency is determined by a comparison of branches of
a known resonance, involving neutral decay products. The w meson decays with
a 89.2% probability into 7971777~ and with 8.3% to 7%y. Comparing the yields of
the two branches and correcting for tracking efficiency for w7, the ratio corre-
sponds to the single photon detection efficiency assuming a cancellation of the 7r°
acceptances in the ratio. This estimate includes losses due to crossed material. It is
important, that the comparison is done for the same 7 phase-space.

The selection off the pwp,w — 7’y channel is similar to the charged channel, see
Section 6.1.1, but with one outgoing, unidentified charged track. The latter is as-
sumed to be a proton. Only events with three photons in the final state are selected
from which two have to be within the 77° mass windows (Section 6.1.2). The result-
ing invariant mass distribution is depicted in Figure 52. The w mass peak is visible
on a much higher background as compared to the charged w decay mode with a
signal to background ratio of about 1:3.5. Due to the low branching and the conse-
quent lack of statistics, a further differentiation with respect to the two calorimeters
and/or different cell types is not possible.

Table 7 summarises the results of the photon reconstruction study. In the charged
channel, 115000 events are found, which result after acceptance correction and tak-
ing into account the branching ratio in a yield of 1865000 w mesons. The neutral
decay mode yields 5600 events, which corrects to 1824000 w mesons. The differ-
ence between the two channels amounts to 2% which could be used as an estimator
for the systematic uncertainty due to the knowledge of photon reconstruction ef-
ficiency. The background subtraction error on the 7% channel is little below 10%
which in turn dominates the total systematic uncertainty. It is hence used as an
upper limit.

For the determination of the overall photon reconstruction efficiency, both channels
are separately compared in real data and MC data. For real data, the ratio of yields
corrected for the branching ratio are

89.2% - (w — 1)

= 44.5%
8.3% - (w — mtm—nY)

which has to be corrected for the reconstruction efficiency of the two charged tracks,
which is estimated to be 72%, see [117]. After correcting, the overall single photon
detection efficiency is estimated to be 32%, which translates to a 7" detection ef-
ficiency of roughly 10%. This number agrees well to previous estimates, such as
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in the 7~ 7% channel [105]. The same study was performed for MC generated
and reconstructed events, where one finds 35% for the photon reconstruction ef-
ficiency and 12.5% for the 7¥ detection efficiency. However, due to the described
uncertainties of the background subtraction, the efficiencies are only an estimate.

Channel Acc. (%) BR (%) Events in data  Corrected yield
w— 69 89.2 115000 1865000
w — 1y 3.7 8.3 5600 1824000

Table 7: Yields of w — t* 7w~ 7 and w — 7y after correcting for acceptance and branch-
ing ratio

6.4 SIGNAL EXTRACTION

The w and ¢ signals are extracted from the acceptance corrected invariant mass
distributions in bins of the studied kinematical variable such as xg, My, or cos 6.
The signal of the w mesons is extracted from the acceptance corrected 7w+t 7t
mass distributions of the pst* 71~ 7%p final state. The number of w candidates is
determined by fitting a combination of two Gaussians folded with the same Breit-
Wigner form (BW/Gj ) on top of a second degree polynomial background [25],
known as “Double-Voigt-Profile”. The folding procedure is done numerical and for
each iteration of the MINUIT minimiser. The fitting function has the form

0

a(BW/Gqp) + (1—a) (BW/Gy)
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where BW/G denotes the folded function. The two Gaussians take into account
different resolutions, e.g. originating from the LAS and SAS, both in tracking and
calorimetry.

For the ¢ meson, the signal is extracted from the acceptance corrected KTK™ in-
variant mass distribution of the pK* K™ p channel. The ¢ meson is located close to
the KK threshold. A single Breit-Wigner function folded with a Gaussian on top of
a background is used, where the background takes into account the phase-space
opening [25]. The background distribution function is defined as

a (m(KK) — m1)" (m(KK) — my)*

where a,my, my, nand k are the fit parameters.

In both cases, the Breit-Wigner width is fixed at the PDG value. The full BW-
Gaussian peak is integrated and gives the final particle yield. Figure 53 shows the
results of the fits in the xr regions 0.6-0.7, 0.7-0.8 and 0.8-0.9 for the extraction of
both w and ¢ yields, respectively. The signal part of the fit is marked in green, the
background in red and the overall result in blue. The typical x*>/ NDF for these fits
is 1.1 or better.

For illustration of the background and systematic checks, sideband subtraction is
used in addition. For a corrected distribution of e.g. My, events within +3¢ of the
M, + - 0 or Mg+g- distributions are taken and events in the sidebands from +4c¢
to £70 are subtracted.

A comparison of different fit models, including using a p-wave Breit-Wigner term
or removing one Gaussian term, respectively, gives an estimate of the systematic
uncertainties due to the fit model. The largest deviation between the different mod-
els observed is 5% which is used as the systematic uncertainty for the background
subtraction.

6.5 SUMMARY OF SYSTEMATIC UNCERTAINTIES

Most efficiencies (CEDAR, RPD, track reconstruction) cancel in a direct comparison
of ¢ and w yields due to the same selection. Systematic effects introduced by the
MC generator are generally small since a multidimensional acceptance correction is
applied and since we restrict ourselves to a kinematic region which is well covered
by the generator. The RICH detector has a much larger impact on the ¢ yield
than on the w yield since the accepted momentum range for kaon identification
is smaller. The total uncertainty from the RICH is estimated to be 5%. The photon
reconstruction efficiency is determined by comparing w decays into 7777~ 7" and
7% in both real data and MC with the assumption that the 70 efficiency is the same
in both channels. The deviation between measured efficiency and MC is found to
be below 10% and used as an upper limit for the systematic uncertainty arising
from the photon reconstruction. The uncertainty of the background subtraction was
studied with several fit models and estimated to be 5%. The quadratic sum of these
uncertainties results in a total systematic uncertainty of 12% for all results shown in
the forthcoming chapters, unless otherwise denoted.The uncertainty of the RICH
and photon reconstruction efficiencies are uniform with respect to variables such
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as My and the angular distribution which will be later discussed and do not apply
to results with extracted from distributions of these variables.
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Figure 53: 2008 and 2009 combined analysis. Left column: Fit to the invariant mass distri-
bution of the 7+ 7~ 7¥ system. Right column: Fit invariant mass distribution of
the KK~ system. From top to bottom: Different xp regions of the fast proton
with the intervals 0.6 < xr < 0.7, 0.7 < xr < 0.8 and 0.8 < xp < 0.9. The signal
is marked in green, the background in red and the overall fit in blue.



ANALYSIS OF PRODUCTION RATIOS AND SPIN ALIGNMENT

In this chapter, the measurements of production ratios and spin alignment are
presented and discussed as tools for the investigation of production mechanisms.
First, the kinematic distributions for t/, xp, My and their properties are discussed.
Later, the production ratio and spin alignments are surveyed in context of results
of earlier experiments. The chapter concludes with the discussion of the combined
results with regard to the production mechanisms.

7.1 KINEMATIC DISTRIBUTIONS

The acceptance-corrected #' distributions are depicted in Figure54 for w mesons
(upper panel) and ¢ mesons (lower panel). The ' distributions are obtained as
explained in Section 6.4.

The lines in Figure54 represent a fit with different models which are motivated
by the explanations given in Section2.2 and in [72]. For w mesons, the best fit!
is reached with two exponentials of the form Ajexp(t'/by) + Apexp(t'/by). The
achieved x?/NDF= 1.6 is about 20 times lower compared to a fit of a single ex-
ponential. The results for the two slopes are by = (—14.3 + 0.1 +1.8) /(GeV/c)?
and by = (—4.340.140.5)/(GeV/c)?. Neither of them are compatible with the
naive expectation of by ~ 10 for the overall behaviour of diffractive scattering,
but in general the slope is influenced by production of resonances. The exponential
shape however points to diffractive production. A similar fit[92] with two slopes
was performed by the WA102 collaboration that took data with pp collisions at
Vs = 29.1GeV (450 GeV beam energy). WA102 extracted nearly the same slope
byAl02 — (—3.8+0.2)/(GeV/c)?, but a different slope b}"A102 = (—245+0.1 +
0.5)/(GeV/c)?.

For ¢ mesons, fits of a single exponential are compared to a model with an addi-
tional constant background term, Aj exp(t'/b) + Aj. The best fit results were ob-
tained with the latter, with a x?>/NDF of 3.3 which is about 10 times better than the
one for a single exponential. The resulting slope is b = (—6.7 +-0.14+0.8) /(GeV /c)?.
The additional constant term hints to an admixture of another production process
and is expected for central production. WA102 also measured the slope b for ¢
mesons [92] with a comparable result of pWAL0Z — (=7.8+1.0)/(GeV/ c)2.

It should be noted again that the acceptance itself shows a t dependence, which
may influence the measurement. However, the determination of the slope is dom-
inated by the points with small uncertainties in the low ' region for which the
acceptance shows only a small ¢ dependence and is close to being constant. Hence,
the introduced systematic uncertainty is small compared to other systematic effects.

It should be noted that a fit of an exponential form with a linear background yields a slope of 7.9
at a comparable x?/NDF, however there is no preceeding application of such model.
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Figure 54: Acceptance corrected ' distributions for w mesons (upper panel) and ¢ mesons
(lower panel). A fit of two exponentials, Ajexp(t'/b1) + Azexp(t'/by), to the
t!, distribution yields the two slopes b; = (—14.3 4+ 0.1 + 1.8)/(GeV/c)? and
by = (—4.34+0.1+£0.5)/(GeV/c)?. A fit of an exponential plus a constant term,
Aqrexp(t'/b) + Az, to the tfp distribution yields the slope b = (—6.7+0.1 +
0.8)/(GeV/c)?.

Figure 55 illustrates the xp distributions of the final state particles before (upper
panels) and after (lower panels) applying acceptance corrections with w mesons
on the left side and ¢ mesons on the right side. In the upper panels for both w
and ¢ mesons, a gap between recoil particle and vector meson is seen, which is
explained by the gap of coverage between RPD and spectrometer for polar angles
from about 11° to 50° in the laboratory system. The distribution in the upper left
panel for w mesons and fast protons show a smooth overlap in the intermediate
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Figure 55: Upper panels: x distributions for pp — ppw, w — 7tn 7 (left) and pp —
pp ¢, ¢ — KTK~ without acceptance corrections. The filled areas correspond to
data in the region xg > 0.6. Lower panels: The same after acceptance corrections
in case that the fast proton fulfils 0.6 < xg < 0.9.

xp range as it is expected for diffractive production. The distribution for the ¢ case
(upper right panel) shows a ¢ accumulation in the more central region and, more
separated from this, an accumulation of the fast proton at high xg. This hints to
central production of the ¢ in contrast to the w case. The filled areas of the upper
panels correspond to the data in the region xg > 0.6. This restriction is necessary
due to the limited acceptance as explained in Section 6.2.4 and leads to an artificial
gap between the fast proton and the other final state particles. The lower panels
show the distribution after acceptance corrections with the additional restriction to
xp < 0.9, which is introduced to study w and ¢ mesons in comparable kinematic
ranges.

The acceptance-corrected invariant mass distributions of the pV system are shown
in Figure 56. In the case of w, the distributions again are obtained using sideband
subtraction. In the My, spectrum, shown to the left in Figure56, several struc-
tures — possibly resonances — on top of a smooth continuum are visible. Several
structures appear if the data is divided into finer bins in xg, shown in Figure57.
For higher xg, the cut-off on the low mass side moves to higher mass values. The
structures at higher masses are consistent with resonances listed in [29]. The left-
most structure is cut off on the low-mass side. In this mass region of about 1.8 to
1.9GeV/c?, there are mainly the N*(1875) with J¥ = 3/2~ and the N*(1900) with
JP =3/2%. At about 2.2 GeV/c?, the PDG lists N*(2190) with J¥ = 7/2~, N*(2200)
with J¥ = 9/2% and N*(2250) with [’ = 9/27. The structure at about 2.6 GeV/c?
could be N*(2600) with J* = 11/2~ and/or N*(2700) with J” = 13/2%. Notice-
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ably, the resonances above 2 GeV/c? all have high spin. A further investigation and
clarification of these structures requires a partial wave analysis, which is beyond
the scope of this thesis. However, it seems to be safe to assume that the low pw
mass region is dominated by resonances.

The p¢ mass spectrum is depicted in the right panel of Figure 56. The background is
subtracted using a fit (see Section 6.4) and the uncertainty from the fit is included in
the error bars. Consistent with earlier findings [29], the spectrum appears without
pronounced structures.
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the sideband method. Right: The My spectrum. The background is subtracted
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7.2 PRODUCTION RATIOS

The OZI rule is tested by the measurement of the production ratio Ry/.,, which is
the ratio of cross sections of ¢ to w meson production. As described in Section 2.1.2,
the OZI rule states that Ry, must only depend on the deviation from ideal mixing,
A6 = 3.7°. Disregarding any phase space factors, the value of Ry, is predicted to
be

0(AB—=C+¢) t .o -3
R = = Af) =421 =R 4
#/© = G(AB = C + w) tan®(A0) 0 0z1 (54)

if A,B,C are hadrons without strangeness. In many experiments, the OZI pre-
diction is found to be accurate up to the percent level. However, the prediction
turns out to be violated quite drastically in some reactions, such as pp annihilation,
pd — 3HeV, pp — pVp, and tp — mpV, where V denotes the vector mesons ¢ and
w. For the further discussion of these findings, it is helpful to define the violation
factor FOZI = Rgb/w/ROZI-

There are several ideas to interpret OZI violations. Two categories of explanations
emerged. The first considers “true” violation because there are simply no quark
lines involved [98] in the reaction. The reaction would thus be SU(3)gayour Symmet-
ric and the OZI rule would be maximally violated. The second category considers
the OZI evaded by intermediate states[31, 100, 119] or because of a strangeness
component in the nucleon[62, 63]. Another possibility for large OZI violations
could also be cryptoexotic baryon resonances (e.g. “pentaquarks”) decaying to
N¢ [122]. Up to now, there is no experimental support for this hypothesis.

721 Analysis

The 771~ 7% and KT K~ data are divided into three intervals of xg: 0.6-0.7, 0.7-0.8
and 0.8-0.9. In each interval, the acceptance corrected M (77t~ ") and M(KTK™)
yields are calculated using the method described in Section 6.4 and corrected for
the branching ratios of the w — 7wt 7~ 7° (89.2%) and ¢ — KTK~ (48.9%) decays,
respectively. The production ratio R ., (x) is then calculated in each xg interval:

do(pp — p¢p)/dxr (55)
do(pp — pwp)/dxg

R¢/w(xF) =

7.2.2 Results

The ratio Ry, (xF) is measured to be 0.019, 0.017 and 0.012 in the three intervals
of xp (0.6-0.7, 0.7-0.8, 0.8-0.9). This corresponds to an OZI rule violation Foz; of
45+0.6,4.0+£0.5 and 2.9 + 0.4, see Table 8. The contributions to the uncertainty on
Ry /w(xp) are listed separately, i.e. statistical uncertainty (stat.), uncertainty due to
background subtraction (fit), and systematic uncertainties (syst.). The uncertainty
of Fozj is the quadratic sum of the afore-mentioned contributions. Notice that the
violation seems to decrease with higher xg values. The average value of Ry,, =

99
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XF Rg/w(xg)  Stat. Fit Syst. Fozi
0.6-0.7 0.019 0.0003 0.0006 0.0023 4.5+0.6
0.7-0.8 0.017 0.0002 0.0004 0.002 4.0+0.5
0.8-0.9 0.012 0.0002 0.0005 0.0014 29+04

Table 8: Measured differential cross section ratios R/, (xr and corresponding OZI viola-
tion factors Fozy. The contributions to the uncertainty on R Jw(xF are listed sepa-
rately, i.e. statistical uncertainty (stat.), uncertainty due to background subtraction
(fit), and systematic uncertainties. The uncertainty on Foy; is the combined one.

0.0160 + 0.0003 4+ 0.0020 is consistent with the result from SPHINX [76], which is
0.0155 £ 0.0005 £ 0.0031.

The My, distributions (Figure 57) indicate that the production cross section is in-
creased due to the resonances. Therefore, a measurement of R/, will result in a de-
creased value by this effect. As no resonances are apparent above My, = 3.3GeV/c?,
an approach to observe the undistorted ratio is a study of data in the region above
this mass. Due to the different masses of ¢ and w, a different mass cut has to be
applied in the two channels. Instead, the same phase space region for both mesons
is selected by a cut on their momenta py, which are determined in the pV rest
system:

\/ (M2 = (my + mp)2) (M2, = (my — mp)?)
pv = 2 My - (56)
The value of M, = 3.3GeV/c? consequently corresponds to py =1.4GeV/¢, which
will be used as a cut for ¢, as well. Requiring py > 1.4GeV/c yields the ratios
of 0.034 and 0.032 in the two bins 0.7 < xg < 0.8 and 0.8 < xp < 0.9, respec-
tively, which corresponds to OZI violation factors of 7.9 1.1 and 7.6 £ 1.0. In the
0.6 < xp < 0.7 bin, the ¢ yield is insufficient for a reliable R/, estimate. The re-
sults together with the different contributions to the uncertainty are summarised
in Table9. Within experimental uncertainties, the OZI violation thus appears to
be independent of xp in the observed range with Foz; about 8. In order to re-
move the resonant region, the SPHINX analysis used a cut of 1GeV/c on the py
momentum, which is justified by the lower beam energy of 70GeV. The cut cor-
responds to mass values of My, of 2.6GeV/c? and M,y of 2.8GeV/c?. The upper
part of Table 9 shows Ry, for the SPHINX cut. The obtained value of Ry, of 0.032,
0.038 and 0.19 correspond to OZI violation factors Foz; of 7.6 1.0, 9.0 £ 1.1, and
4.5 + 0.6 respectively. For xp < 0.8, the results are consistent with the SPHINX re-

sult ZEXP I — 0,040 + 0.0004 +0.008, but with the remark that the SPHINX
xp range is not stated explicitly.

Figure 58 summarises the findings for Foz; with and without cuts on the vector
mesons momentum. The violation indeed appears to be lowered due to resonant
contributions, which are present if no cut is applied (green circles). The violation

varies from about 3 to 4.5 with a tendency to be lower for high xg. After removing
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the low-mass region and hence apparent resonant contributions, no dependence on
xr is observed and Foz; doubles to about 8 (red triangles).

pv (GeV/c) X Rg/w(xg)  Stat. Fit Syst. Foyg
> 1.0 0.6-0.7 0.032 0.0007 0.0013 0.0038 7.6+1.0
> 1.0 0.7-0.8 0.038 0.0006 0.0010 0.0046 9.0+1.1
> 1.0 0.8-0.9 0.019 0.0003 0.0005 0.0023 4.5+0.6
> 1.4 0.7-0.8 0.033 0.0013 0.0025 0.0040 79+1.1
> 1.4 0.8-0.9 0.032 0.0011 0.0017 0.0038 7.6 1.0

Table 9: Differential production ratios R/, (xr and corresponding OZI violation factors
Foz for different py cuts.
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Figure 58: Foz; as a function of xg with several conditions on the vector meson momentum
pv.

7.2.3 Previous findings

There is a long list of earlier measurements of Ry, which were done over a wide
energy range starting from threshold to beam energies up to 70 GeV. Table 10 gives
an overview of experimental results for Ry, in different reactions including results
from inclusive measurements, as well.

In general, proton—proton collisions exhibit large OZI violations, which seems to
favour explanations by the hidden strangeness component of the nucleon. Figure 59
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Reaction Pheam [GeV /] Rozy [1073] Reference
pp — pVp 2.85 3.8+02%03 [24]

pp — pVp 10 20+5 [23]

pp — pVp 24 26.5+18.8 [38]

pp — ntn pVp 24 1.24+0.8 [38]

pr = pVp(m ) w00 24 19+7 [38]

pp — XVp 70 164+ 0.4 [74]
popVe 0 1554605430 [76]
pp — XV 360 43 [12]

pp =tV 0.7 194+5 [51]

pp — p°V 0.7 13+4 [51]

pp — ttnV 1.2 173 [56]

pp — ntnV 2.3 17.5+3.4 [47]

pp =tV 3.6 97 [56]

pd — nV 0.1-0.2 156 + 29 [18, 78, 106]
pd — 3HeV 1.28-1.86 63 +527 [131, 132]
mtn — pV 1.54-2.6 21 +11 [53, 55]
ntp — ntpV 3.54 19411 [8]

mp — nV 5-6 35+1 [22]
np—nV 6 32+04 [50]
np—m Vp 10 613 [23]

np = atn Vp 19 57 [130]
TV 25 29409 58]
np — XV 360 14409 [11]

Table 10: Overview of Ry, measurements in different reactions. The beam momentum
Pbeam always refers to the first particle in the reaction. For further details, see text.
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Figure 59: Overview of R,/, measurements in pp collisions. The line represents the OZI
rule prediction of 0.0042 which is obtained without phase space corrections.

summarises the available data as a function of beam momentum. The DISTO [24]
collaboration measured Ry /., = 3.8 103 very close to the threshold, which at the
first look seems to show no violation at all. However, so close to the threshold the
ratio has to be corrected for the available phase space, which leads to a large cor-
rected value of about 53 - 10~3. The measurement closest to COMPASS energies is
the one from SPHINX[76] at 70 GeV beam momentum, with Ry,, = 15.5- 10~3.
As can be seen from the first panel of Table 10, the violation seems to be more
or less independent of the measured final state as long as it still has at least one
intact proton and the measurement is exclusive. The violation also seems to be
weakly dependent on the beam energy. With the exception of the DISTO point, all
measurements are in the range of about 15 - 1073 —-25-10"3. In Figure 59, the COM-
PASS result (right-most point) is compatible with other findings for pp collisions
at lower beam energy. There seems to be no obvious dependence of Ry, on the
beam energy.

The available data for annihilation experiments, mostly for pp, exhibits also large
OZI violations. The violation ranges from 91073 — 19 - 1073, again independent
of final state and energy. One more time, a possible explanation is found by a
hidden strangeness component in the nucleon. With this argument, the violation
in pion-induced reactions should be smaller, which is indeed observed. The lowest
panel of Table 10 summarises the results for such reactions. Interestingly, the results
vary a lot between similar final states, but also for different energies, so no clear
conclusion can be drawn. More details and an overview of further explanations can
be found in the review [106].
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7.3 SPIN ALIGNMENT

The spin alignment of vector mesons is highly sensitive to the production mech-
anism, as discussed in Section2.2.2. With the help of the spin-density matrix for-
malism, the spin alignment is determined from angular distributions of the angle
between an analyser and the quantisation axis of a chosen reference system. The
choice of a reference is specific to the investigated production process. For a bet-
ter illustration of the following discussion, Figure7 of Section2.3.3 is repeated by
Figure 60.

X Pfast
Pbeam Pbeam

Pfast  Pheam Pfast

DPtarget DPrecoil Ptarget Drecoil

Ptarget Precoil

Figure 60: Left: Resonant single diffractive excitation of the beam proton to a resonance X
with subsequent decay. Middle: Central production. Right: Non-resonant single
diffractive scattering of the beam proton.

For diffractive production (Figure 60, left panel), the quantisation axis along the
direction of the pV system in the rest system of the vector meson V' is well-suited,
especially if pV is the result of a resonance decay. The pV system with such a
definition of the quantisation axis is referred to as the helicity frame, originally
introduced by Gottfried and Jackson[79]. As discussed in the previous section, it
is observed that resonances play an important role in the pp — pwp cross section.
It was already noted in Section?7.1 that all possible resonance candidates possess
high spin, which means they have to transfer significant angular momentum in
their decay. This should be evident in measured angular distributions of the vector
mesons. A high anisotropy is expected if considerable angular momentum has to
be transferred. If p and V do not originate from the same vertex as would be the
case for central production, then isotropy is expected.

For central production (Figure 60, middle panel), the quantisation axis is chosen in
the direction of the momentum transfer from the beam proton to the fast proton.
If the fast proton and the vector meson stem from the same vertex (Figure 60, left
and right panel), e.g. from resonance decay, there will be no given direction and
isotropy is expected. If the production vertex of the vector meson is separated from
the vertex from incoming beam to fast proton, anisotropy is expected.

7.3.1 Analysis

The angular distributions are obtained as explained in Section 6.4. The data are
divided in 10 equidistant bins of | cos |, where 6 denotes the angle between the
chosen analyser and the selected quantisation axis. The analyser for ¢ is one of the
momentum vectors of the decay kaons. The w decays into three particles. As shown
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in e.g. [49, 79] or by explicit calculation of the D-functions, the corresponding angle
of three-body decays compared to two-body decays is the normal vector to the
decay plane.

Due to the quadratic cos f dependence of the spin alignment pg, the data is repre-
sented as a function of cos? 6. The spin alignment py is extracted by fitting a linear
function of the form a + bx, x = cos? 6 to the data points (full circles in the figures)
and then solving for Equation 34. In the figures of this part of the analysis, the error
bars represent the statistical uncertainty and the point-to-point uncertainty of the
background subtraction. Systematic effects such as efficiencies are flat with respect
to cos 6. They would show up as a constant, global shift of the distribution which
is absorbed in the fit as a normalisation constant. Thus, these types of uncertainties
do not contribute. In addition to the signal points, the background distribution in
the sidebands of the signal is shown by open circles in the figures.

7.3.2  Spin alignment with respect to the direction of the pV system

The angular distributions are determined in three equidistant xg intervals between
0.6 and 0.9. The interval 0.2 < xg < 0.6 is added for the w meson because the accep-
tance is still substantial in this region in contrast to the ¢ case. The distributions are
shown in Figures 61 for w and 62 for ¢. In both cases, the background distribution
is isotropic. It is noteworthy that the slope of the angular distributions is varying
with xp in the case of the w meson (see Figure 61), going from a negative slope in
the interval 0.2 < xp < 0.6 passing through isotropy in the interval 0.7 < xg < 0.8
to a positive slope in the interval 0.8 < xg < 0.9. No such behaviour is observed
in the case of the ¢ meson in Figure 62. Here, the distributions are isotropic within
uncertainties in all three xp intervals. The statistical uncertainty for the ¢ case is sig-
nificantly larger compared to the w case. Fitting a constant function to the angular
distributions of the ¢ meson yields a similar x> compared to a linear function.

The fit results for ppy are shown in Table11l and summarised in Figure 63. The
SPHINX collaboration measured pgo in pN — pNw, w — 7'y in the w helicity
frame. They studied the two regions of xp(w) > 0.79 and xp(w) > 0.86, which
corresponds to about xg < 0.2 and xp < 0.12 and obtained pgp = 1.0 £0.16 and
poo = 1.0 £ 0.22, respectively [75]. Due to the very different kinematic regime, the
SPHINX and COMPASS measurements are not comparable and the SPHINX re-
sults are only listed for the sake of completeness.

The same p,, > 1GeV/c cut as for the production ratio determination was ap-
plied in order to reject the low-mass region with visible resonances. Figure 66 in
Appendix A.1 shows the obtained angular distributions. The w meson alignment
with respect to the pw direction almost vanishes for p, > 1GeV/c and xg < 0.8
as it is expected for non-resonant production. However, the production ratio result
indicates that still resonances contribute at large xg which cannot be seen from the
angular distributions within the given uncertainties.

For the tighter cut p, > 1.4GeV/c, the angular distribution of the w meson decay
is isotropic for the high xg bin. The distributions are shown in Figure 67 in Ap-
pendix A.1. This is in line with the observation of the production ratio, where the

105



106

fg1a-0z<x <00 COMPASS 2008/9
1.2
=TT pp-pwp
[ |- Signa
12 S
0.8
0.6¢5
0.2 Py, = 0232+ 0.003
oo o, ¢, 0 1© e, , ° 9
00 0.2 0.4 0.6 0.8 1
cos?0
6\1 4
‘\ié S 07<x:<08 COMPASS 2008/9
1.2
=T pp-pwp
[ [ Signa
12 S
0.8
0.6 . .
0.4
r p=033+0.003
0.2 ®
RO ®@ © [S] [©] [S] (€] €] €]
C - | | P I
Cb 0.2 0.4 0.6 0.8 1
cos?0

Figure 61: Helicity angle distributions for the w meson. The full circles represent the angu-
lar distributions of cos? §. The distributions are obtained in different x regions
as described in the text. The open circles show the background distribution in

ANALYSTS OF PRODUCTION RATTOS AND SPIN ALIGNMENT

6‘ C
“g 14? 06< X< 0.7 COM PASS 2008/9
P pp-pwp
[ |-e-Signa
12 Soms
0.8
0.6
M
0.4—
0.2;@ e o o © o P, =0:289+0.04
C_ L | L L L | L L L | L L L | L L L
Gb 0.2 0.4 0.6 0.8 1
cos?8
% 14 08<x.<09 COMPASS 2008/9
v1.21
=S pp-pwp
[ |- Signal
112 o
0.8
0.6;/
0.4
0.2 Py = 0449+ 0.003
ze © 6 €] €] €] €] ]
L L | L | L L L | L L L | L L L
Cb 0.2 0.4 0.6 0.8

~
D

1
cos?0

QL4 07<x <08 COMPASS 2008/9
=12
=T s Pp-poep
o]
0.8
064 & ; :
0.4, . ’ +
0.2 Py = 035+ 0.02
C . PR T S S NS S S SN SO ST N NN SO N
Cb 0.2 0.4 0.6 0.8 cOsz(e)il.
COMPASS 2008/9
Pp-pep

®
|
€]
|

Py, = 0:39% 004

the sidebands.
‘% L4F 06<x.<07 COMPASS 2008/9
s12- Pp - PP
L Signd
e
0.8 %
06ks *
F '
0.4;) e e R ° o
0.2 Py =038 0.03
C . L | L L L L L L | L L L | P L
% 0.2 04 06 0.8 1
cos(6)
‘% 14F 08<x.<09
§1.2}
[ |- Signa
12 S
0.8—
0.6,
0.4~
0.2
C L L | L L
% 0.2 0.4
Figure 62

sidebands.

0.6

8 cosZ(E))1

: Helicity angle distributions for the ¢ meson. The full circles represent the angular
distributions of cos?f. The distributions are obtained in different xr regions as
described in the text. The open circles show the background distribution in the



7.3 SPIN ALIGNMENT

ratio becomes independent of xg for the tighter cut. There is no SPHINX analysis
with p,, cut available for comparison.

Reaction XF 000
pp — ppd, ¢ — KTK~ 0.6-0.7 0.38+0.03
py — ppd, ¢ — KTK~ 0.7-0.8  0.35+0.02
pr — ppp, ¢ — K"K~ 0.8-0.9 0.39 +0.04

0 0.2-0.6 0.2324-0.003
pp — ppw,w — w1l 0.6-0.7 0.289 4= 0.004
pp — ppw,w — wta 70 0.7-0.8 0.330 & 0.003

0 0.8-0.9 0.449 4-0.003
pp — ppw,w — wta 7% py > 1.0GeV/c 02-0.6 0.3040.01
pp — ppw,w — wta 7% py > 1.0GeV/c 0.6-0.7 0.3440.01
pp — ppw,w — ta 7%, py > 1.0 GeV/c 0.7-0.8 0.306 4 0.006

0

0

py — ppw,w — T

py — ppw,w — T

pp = ppw,w — 7, py > 1.0 GeV/c 0.8-0.9 0.463 £ 0.003
pp — ppw,w — w1, py > 1.4GeV/c 0.8-09 0.37 +£0.03

Table 11: Spin alignments pgy extracted from the helicity angle distributions for ¢ and w
production, the latter case with various cuts on p,,.

In order to study closer the role of resonances, a “scan” over the My spectrum
is performed. Figure 68 in Appendix A.2 shows the angular distributions and Ta-
ble 12 and Figure 64 the results for pgp. A clear dependence of pgyp on My, is seen,
which is consistent with the previous findings and can be explained by the exis-
tence of intermediate states or resonances. The dependence of pypy on xg seems to
be connected to the pgp dependence on M, via the observed intermediate states.
Different structures dominate the w production in the different xp regions, which
seem to dominate the spin alignment.

Due to the limited statistics, the ¢ data is divided into two mass bins for 2.1 GeV /c?
< Mpg < 2.6GeV/c? and 2.6GeV/c? < Mpy < 3.3GeV/c?. The corresponding an-
gular distributions are shown in Figure69 in Appendix A.2 and turn out to be
isotropic. This is in line with the p¢ spectrum in Figure56, which does not ex-
hibit apparent structures. Production of ¢ mesons via a resonance including possi-
ble cryptoexotic states [122] is therefore excluded in the studied kinematic region.
Since the acceptance is small close to Mpy=2.1GeV/c?, no conclusions can be drawn
concerning resonances close to the production threshold. In general, no baryon res-
onances are known to decay into p¢ [29]. This together with the close-to-isotropic
angular distributions indicates that the ¢ mesons are not produced via diffractive
excitation. A central/non-resonant production seems to be more likely within the
studied kinematical range.

In order to better compare pgp for ¢ and w within corresponding M,y ranges, the w
mesons are selected within the same py ranges as for the ¢ case. The last panel of
Table 12 shows the results for a high mass and a low mass bin. The angular distribu-
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Figure 63: Overview of results for pgo as a function of xg in the helicity frame with and
without cuts on the momentum p,,.

Q_8 _ helicity frame
0.45
: .o
0.40F ¢
0.35:_ 1/3 = no alignment * +
0.30F,
- )
025
C Ly
2.0 2.5 3.0 3.5
M, (GEV/c?)

Figure 64: Overview of results for pgy as a function of the mass of the pw system in the
helicity frame.
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Reaction My in GeV/ c? £00

02 <xp <09

pp — ppw,w — w0 1.8-2.0 0.292 + 0.002
pp — ppw,w — wta 1l 2.0-2.2 0.242 4+ 0.003
pp — ppw,w — 't 70 22-2.4 0.277 & 0.004
pp — ppw,w — wta 70 24-2.6 0.357 £ 0.004
pp — ppw,w — 't 70 2.6-2.8 0.415 4 0.004
pp — ppw,w — wta 70 2.8-3.0 0.424 + 0.005
pp — ppw,w — w0 3.0-3.2 0.427 + 0.006
pp — ppw,w — w70 3.2-34 0.402 £ 0.008
pp — ppw,w — 't 70 3.4-3.8 0.3540.01
0.6 < xp <09

pp — pp,p — KTK~ 2.1-2.6 0.39 +0.06
pp — ppp, ¢ — KTK~ 2.6-3.3 0.35+0.02

pp — ppw,w — wta 70 1.88-2.42 0.321 =+ 0.002
pp — ppw,w — wta a0 2.42-3.17 0.423 +0.002

Table 12: Upper section: pgy extracted from the helicity angle distributions for w production
in the region 0.2 < xg < 0.9 for different M, regions. Middle section: The same
but for ¢ production in the range 0.6 < xg < 0.9. Lower section: The pgy values
extracted for w within 0.6 < xg < 0.9 and in the corresponding mass range as in
the case of ¢ as explained in the text.

tions for the low mass bins for ¢ and w are fairly isotropic and the spin alignments
agree within uncertainty. However, the agreement seems to be coincidental because
the different slopes for the w case seem to average out in the studied mass region.
With the limited statistics of ¢ mesons, such an averaging effect cannot be ruled out
for the ¢ case, as well. The results for the high mass bin differ. While no alignment
of the ¢ is observed, the w alignment seems to be dominated by resonances in this
mass region.

7.3.3 Spin alignment with respect to the transferred momentum

The isotropic spin alignment for ¢ and the absence of resonances in the p¢$ system
hint to a different production mechanism where the ¢ does not originate from the
scattering vertex between incoming beam and fast proton, e.g. central production.
As discussed in the introduction to this section, a well-suited choice is the reference
system with a quantisation axis along the direction of the transferred momentum in
order to study central production. This quantisation axis is opposite to the momen-
tum transfer from the target to the recoil in the rest system of the vector meson. The
angle 6 is calculated in the rest system of the vector meson with the same analyser
as before.
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The angular distributions for w are shown in Figure70 and the distributions for
¢ in Figure 71, both in Appendix A.3. The extracted values of pgg are presented in
Table 13 and Figure 65. The angular distribution of the background (open circles) is
isotropic in all cases. Both ¢ and w mesons are aligned transverse to the direction of
the exchange Reggeon/Pomeron. The alignment is stronger when xp increases. In
production processes without an intermediate state or resonance, the vector meson
will “remember” the direction of momentum transfer of the incoming Pomeron
which in turn should affect the spin orientation of the vector meson. This is the
case in central production and when the vector meson is produced by a shake-out
of a gqq object in the proton. The alignment of the w meson reaches a maximum in
the 0.7 < xg < 0.8 region while it is slightly smaller in 0.8 < xg < 0.9.

As discussed in the previous section, the low mass region dominated by pw res-
onances are excluded by a py cut. The results with py > 1GeV/c and py >
1.4GeV/c show the same trend (increasing anisotropy with increasing xr) and are
consistent within uncertainties, see Figure72 in Appendix A.3 and for a summary,
Figure 65. This is a cross-check that this reference axis is indeed only weakly sen-
sitive to diffractive (resonant and non-resonant) production and strongly sensitive
to central production, as expected. Non-resonant diffractive production may con-
tribute at low and intermediate xg while central production should dominate at
high xp.

Reaction XF 000
pp — ppg, ¢ — KTK™ 0.6-0.7  0.51+0.03
pp = pp,¢ — KK~ 0.7-0.8  0.58 +0.02
pp = pp9, ¢ — KK~ 0.8-09  0.67+0.04
pp — ppw,w — w10 0.2-0.6  0.408 4= 0.002
pp — ppw,w — wta 70 0.6-0.7 0.492 +0.003
pp — ppw,w — w70 0.7-0.8 0.582 £ 0.002
0

pp — ppw,w — T 0.8-0.9 0.572 4-0.002
pp — ppw,w — wta 7, py > 1.0GeV/c 0-6-0.7  0.39 £0.01

pp — ppw,w — w1l py > 1.0GeV/c 0.7-0.8 0.527 4 0.005
pp — ppw,w — wta 7, py > 1.0GeV/c 0.8-0.9 0.577 £ 0.002
pp — ppw,w — ta 7, py > 1.4GeV/c 0.8-0.9 0.601 & 0.005

Table 13: Spin alignment pgg for ¢ and w production with respect to the direction of the
transferred momentum. In addition, results for different py cuts are given for w.

7.3.4 Previous findings
The MOMO collaboration measured po of the ¢ meson in pd — >He ¢ near the

kinematic threshold and the result was consistent with a complete alignment of the
¢ meson with respect to the incoming beam [30]. This is in sharp contrast to the
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Figure 65: Overview of results for py in the reference system with respect to the direction
of the transferred momentum with and without cuts on p,,.

case of the w meson, which is produced unaligned at the same excess energy and
the same initial state, as found by the WASA collaboration [120]. The alignment of
the w meson in pp collisions was measured close to threshold by the COSY-TOF col-
laboration [6]. An increasing value of poy was found for increasing excess energies,
ranging from pgyp = 0.17 to pgp = 0.24. It should be noted that the definition of the
w analyser for COSY-TOF differs by a rotation to the definition used in this thesis.
With the latter, the COSY-TOF results are all above pgg = 0.33 and decreasing with
increasing excess energy. The spin alignment was also measured in pN collisions at
a beam momentum of 70 GeV/c by SPHINX[75]. In the region of xp(w) < 0.2, the
w mesons were found to be aligned with results close to pgop = 1. The ¢ alignment
was measured at high energies by ACCMOR [54] and by STAR at RHIC [7]. In both
measurements, the spin alignment was found to be consistent with pgy = 0.33, i.e.
unaligned. Prior to the measurement presented in this thesis, the only known simul-
taneous measurement of ¢ and w alignment using the same experimental set-up
was performed by the SAPHIR collaboration [26, 27] in photoproduction. The spin
alignment for w mesons in the helicity frame ranges from ppp = 0.31 to ppp = 0.16
with a trend to lower pgp values for higher excess energies. The spin alignment
for ¢ mesons in the helicity frame was measured in one bin over the full range of
excess energies and found to be ppy = 0.25.
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74 DISCUSSION

The results of production ratio, spin alignments and their kinematic dependencies
are discussed in order to draw conclusions about the involved production processes.
The general observation is that w mesons appear to be produced in two different
processes while ¢ mesons are produced in one process. The process of exclusive
w meson production appears to be dominantly diffractive excitation of the beam
proton with the excitation into nucleon resonances followed by a two-body decay
N* — pw. In addition, w mesons are also produced in central/non-resonant pro-
cesses. Diffractive excitation is supported by the structures in the M., spectra in
Figs.56 and 57, which are consistent with known high-spin resonances [29], and
the significant alignment of the w meson with respect to the direction of the pw
system. The alignment is strongly dependent on My, and changes its slope when
scanning over the My, spectrum. Furthermore, the xz dependence of the align-
ment is correlated to M, and allows to enhance structures through cuts on xr. If
the vector meson is aligned with the path of flight of the pw system, it is safe to
assume that the spin alignment of a possible pw resonance was also in the same
direction. In a two body decay, resonances have to emit the vector meson with an
orbital angular momentum, ] =L+ ]p + ]V If the the vector meson is preferen-
tially aligned with the direction of the orbital angular momentum, then we expect
an increasing anisotropy of the vector meson decay in the helicity frame of the N*
with increasing spin of the resonance. In other words, high spin resonances lead
to spin alignments which are far off the central value of pgyp = 1/3. The observed
alignment is however close to this value, in the order of pyy ~ 0.4, so the production
of very high spin resonances can be excluded. The observation is still compatible
with the possible resonance candidates outlined in Section7.1.

The fact that no structures are visible in the p¢ spectrum and the observation that
the ¢ meson is unaligned with the p¢ system indicates that N* decays into p¢ are
suppressed and the OZI rule works. The observed small violation of the OZI rule by
a factor of 3—4 (see Table 1) indicates that diffractive excitation of resonances blow
up the pp — pwp cross section and therefore lower the observed violations. This
is in line with observations from SPHINX[76] where also N* production is evident.
An alternative, though more speculative explanation would be an admixture of
other, OZI-violating reaction processes, or a genuine violation as discussed in the
introduction of this chapter.

Removing the low-mass region with visible resonances by a cut in the vector meson
momentum in the pV rest system, py > 14GeV/c, ie. My, > 3.3GeV/ 2, the
picture changes significantly. The w spin is found to be no longer aligned with
respect to the pw system, consistent with the absence of resonances. Furthermore,
the OZI violation increases and reaches a value of about 8, independently of xp.
This is again in agreement not only with the SPHINX analysis [76] after removal of
the low-M,,, region, but interestingly also with data close to threshold as can be
seen in Table 10.

The high mass part of the Mpv spectrum shows no structures, but may still con-
tain N* resonances which probably are broad and largely overlap. The angular
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distributions are isotropic, which means that either low-spin resonances contribute,
however unlikely in this mass region, or the contribution of resonances is small.

In the high-mass continuum, the decays of w and ¢ mesons are both strongly
aligned with the direction of the momentum transfer. The similar behaviour of
the alignment together with increasing pgp values with increasing xr indicates that
the production mechanism is the same for w and ¢ in this region. This may point to
a central Pomeron-Reggeon fusion which produces a vector meson. The OZI viola-
tion then reflects a hidden flavour-flow with the emitted Reggeon. The observed xr
dependence of pgy with respect to the direction of the transferred momentum (pgg
increases with increasing xp) hints to this process since central production favours
large xg of the fast proton. Another, more speculative viewpoint of this reaction
is obtained assuming an alignment of the spin of the vector meson with the an-
gular momentum of its emission with respect to the direction of the transferred
momentum. Then, the transferred angular momentum has to be perpendicular to
this direction. We can regard these events as scattering of a Pomeron radiated from
the target proton and absorbed by a colourless object in the beam proton wave func-
tion, carrying some momentum fraction. This kind of mechanism may be associated
with non-resonant diffractive dissociation. In a very simple picture, the proton dis-
sociates into a proton plus a virtual (off-shell) vector meson V* (in [62, 63], this
process is referred to as a shake-out). If the Pomeron emitted from the target recoil
proton is absorbed by V* we would observe a free vector meson recoiling along the
direction of momentum transfer of the Pomeron. In other words, we expect that
at some resolution scale, the Pomeron should resolve structures in the extended
proton. The high OZI violation indicates a higher effective resolution scale in this
process and reflects the probability of finding a preformed ¢ meson relative to the
preformed w meson at a resolution scale near my ~ 1GeV/c?. The natural angular
momentum quantisation axis for such a process is the direction of the momentum
transfer mediated by the Pomeron as explained in Section 2.2.2. Both w and ¢ have
substantial alignment of their spins perpendicular to this axis, indicating a trans-
ferred orbital angular momentum. The latter is naturally oriented perpendicular to
the direction of momentum transfer if spin-orbit couplings occur.

It has been already noted that Pomeron-Pomeron fusion into a J'¢(I¢) = 1-=(07)
meson is forbidden due to G-parity conservation. Another theoretical possibility is
a central Pomeron-Odderon process. Since this process involves no quark lines and
the only difference between w and ¢ is the mass, the ¢ production rate should be
of the same order as the w rate reflecting perfect SU(3)avour Symmetry. This is in
sharp contrast to our data, in which the w cross section is thirty times larger than
that of the ¢.The data therefore show no evidence for Pomeron-Odderon fusion in
the studied kinematic domain.

As a summary of the discussion, in the pp — pw p case, there is strong evidence
for at least two competing production mechanisms: Diffractive excitation of the
beam proton into an N* resonance which subsequently decays into p w and central
production/non-resonant production that can also be viewed as a Pomeron scatter-
ing off a virtual vector meson-like object in the proton. In the case of ¢ production,
Pomeron-virtual vector meson scattering and Reggeon-Pomeron fusion should be
more important due to OZI suppression of the N* — p ¢ decays.
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A study on production mechanism by investigating vector meson production has
been carried out. The reaction ppeam Prarget — Past V Precoils V = W, ¢ is studied
with the COMPASS spectrometer at the M2 beam line at the CERN SPS accelerator.
The measurement was performed in the years 2008 and 2009 with a 190GeV/c
proton beam impinging on a liquid hydrogen target surrounded by a recoil proton
detector (RPD), which is a central detector for the analysis.

A method for reconstruction of recoil protons as well as a method for calibration
is introduced. The performance analysis shows that the detector works well within
design specifications. The measured time resolution of 6ty = 200ps for the in-
ner ring and Jtg = 400ps for the outer ring results in a combined resolution of
o = 450 ps which is well below the necessary resolution of 560 ps for pion—proton
separation. A spatial resolution along the beam axis of dz4 = 2.7 cm for the inner
ring and dzg = 5cm for the outer ring has been achieved. After data reconstruction
and offline corrections, the combined spatial resolution ranges from 6z = 3.5cm
to 4z = 3.9 cm depending on the inner and outer ring combination. The azimuthal
angular resolution of d¢ = 5° is in the order of the expected resolution of 4.3°.
The RPD efficiency including hardware performance and software reconstruction is
found to be between 85% and 90% depending on the inner and outer ring combina-
tion and is uniformly distributed along the beam axis coordinate. The momentum
resolution dp/p stays constant at 5% for proton momenta up to 370 MeV/c and
then rises by 3% per 100MeV/c for higher proton momenta. The recoil detector
and several newly build trigger detectors have been integrated in the new hadron
trigger system. This system comprises triggers for different physics objectives. The
main physics trigger selects events with recoil protons with an estimated efficiency
of about 75% and a purity of larger than 90%. Additionally, multiplicity triggers
extend the trigger acceptance towards lower momentum transfers, several moni-
toring triggers have been employed and an electromagnetic calorimeter trigger for
data taking for Primakoff physics has been implemented in the trigger system.
The analysis searches for w mesons via the decay w — 71771~ 7° and the ¢ mesons
via the decay ¢ — KK~ originating from proton—proton collisions. The mass dis-
tributions are selected within the same kinematical conditions and are corrected
for the spectrometer acceptance. The latter is determined with a multi-dimensional
Monte-Carlo simulation of the apparatus with respect to the kinematical variables
t', xg of the fast proton and the mass M,y of the fast proton and the vector meson.
The production ratio R/, of ¢ to w mesons shows violations of the OZI rule pre-
diction of 0.0042 ranging from a factor Foz; = 3 to a factor Foz; = 9 depending on
the kinematic region. For the pw system, the invariant mass of vector meson and
scattered proton, My, exhibits resonant structures. In addition, a significant spin
alignment of the w meson with respect to the direction of the pw system is found.
Both observations together suggest resonant diffractive excitation of the beam pro-
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ton as the main production mechanism for w mesons. No structures in the My
spectrum are observed in combination with isotropic spin alignment of the ¢ me-
son with respect to the direction of the p¢ system. This indicates that the decay of
resonances into p¢ is OZI suppressed and a diffractive excitation is disfavoured for
¢ production. The small observed violation of the OZI rule prediction by a factor
3-4 in this region is found to be low due to the higher w production cross section
which is inflated by pw resonances. The violation is found to be dependent on
the Feynman variable xg. Removing the region with visible structures by requiring
high masses My, > 3.3GeV/c? and corresponding M, masses leads to a signif-
icantly higher OZI rule violation of the order 8 & 1 independent on xg. Moreover,
the spin of both w and ¢ is found to be unaligned with respect to the pV system.
The behaviour of both vector mesons is similar in the system defined by the direc-
tion of transferred momentum. This indicates that the production mechanism in
this region for both w and ¢ is central Reggeon-Pomeron fusion with the observed
OZI violation reflecting a hidden flavour flow. A more speculative explanation of
the behaviour in this reference system is that the process is regarded as a Pomeron
resolving preformed colourless objects in the proton wave function. These off-shell
objects would be consequently ejected in a shake-out. In this case, the observed
OZI violation reflects the probability of resolving a s5 state in the nucleon.

Further studies on the production ratio Ry, with respect to the magnitude of the
transferred momentum squared || could yield more information on the scale de-
pendence of the studied production mechanisms. A first look at the || dependence
reveals that a much more refined analysis of the detector acceptance is necessary in
order to correctly describe the resolution and the time dependence of the scattering
angle which enters |'|. More information on diffractive excitations can be obtained
with a partial wave analysis to extract spin, parity, and resonance parameters of the
observed structures in the M, spectrum which is beyond the scope of this thesis.
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A.l HELICITY ANGLE DISTRIBUTIONS IN DIFFERENT XE REGIONS FOR W MESONS
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Figure 66: Helicity angle distributions for the w meson for p, < 1GeV/c. The full circles
represent the angular distributions of cos? 0. The distributions are obtained in
different xg regions as indicated in the figures. The open circles show the back-
ground distribution in the sidebands.
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Figure 67: Helicity angle distributions for the w meson for p, < 1.4GeV/c in the 0.8 <
xp < 0.9 region.
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A.2 HELICITY ANGLE DISTRIBUTIONS IN DIFFERENT MASS REGIONS
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Figure 68: Helicity angle distributions
(full circles) of the w meson in different
My, regions. From top left to bottom
right, mass ranges in GeV/ c?: 1.8-2.0,
22-24, 24-2.6, 2.6-2.8, 2.8-3.0, 3.0-3.2,
3.2-3.4, 3.4-3.8. The open circles show
the background distribution in the side-
bands.
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Figure 70: Angular distributions (full circles) with respect to the direction of momentum
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0.9. The open circles show the background distribution in the sidebands.
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Figure 72: Angular distributions (full circles) with respect to the direction of momentum
transfer for w with different vector meson momentum cuts. Upper panel: 0.7 <
xg < 0.8 region for py > 1GeV/c. Middle panel: 0.8 < xg < 0.9 region for
pv > 1GeV/c. Lower panel: 0.8 < xg < 0.9 region for py > 1.4GeV/c.The open
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circles show the background distribution in the sidebands.
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DETERMINATION OF THE STATISTICAL MONTE-CARLO
UNCERTAINTY

The acceptance in a certain phase space region is defined as w = é, where A is
the number of accepted and G the number of generated Monte-Carlo events. Using

error propagation, one finds for the statistical uncertainty o2, = %, which
is obviously wrong. Consider the case of 0 accepted events, independently of the
number of generated events. The statistical uncertainty from error propagation is
0 in this case, which means there is a full certainty on having no acceptance, even
if only 1 MC event was generated. Error propagation fails completely in a case
A = G, as well, resulting in allowed efficiencies of above 100% within uncertainty.

The probability of an acceptance p can be derived from a binomial distribution,
following [64]:

Wiphas = C gy P (1= ) 7)
where C is the normalisation. All p-independent terms can be absorbed in C, thus:
L= ! pA(l p)¢~4 dp. We use as a short-hand notation for the integral I(a,b) =
fo p)Pdp, wherea = Aand b = G — A.

The statlstlcal uncertainty is

0w = (p*) = (p)*
1w+2m)_<ua+Lm>2
I(a,b) I(a,b)
Partial integration of I(a +1,b):
a+1

+1

:bii(nmm—1w+1mn

_a+ 1
a+b+2
which results in

o (at2)(a+1) _<a+1>2
Y (a4+b+3)(a+b+2) a+b+2
C(A+1)(G-A+1)
~ (G+2)%(G+3)
G

In the later steps of the analysis, the data is weighted event-by-event with w™! = &.
The uncertainty on this value, 0,,-1, can be calculated directly from (72 In general,

c(y(x)) = g—z o(x), which means with y = x~: U| = |- 1| . The relative

uncertainties on w and w~! are thus the same.

I(a+1,b) = I(a,b+1)

I(a,b)

(58)

125






FORWARD HODOSCOPE

The forward hodoscope depicted in Figure 73 was build by the Bonn university
team and is installed at z =+33 m. It consists of 12 trapezoidal-shaped BC408 scin-
tillators (Figure 74, upper panel) connected to plexiglas light-guides (Figure 74,
lower panel). The dimensions of the scintillators are matched to cover 95 % of the
area at z =+33 m, in which scattered protons from elastic scattering events are ex-
pected. The RPD detects recoiling particles for polar angles 8 > 55°. Therefore, to
correlate a forward particle with the recoil, a minimum polar angle of 1.7 mrad for
the forward particle is required. The radial dimension of the inner hole of 55 mm
reflects this minimum polar angle. The light is detected by Phillips XP2900 PMTs
with active voltage dividers. The analogue signals are discriminated with a CAEN
V812 constant fraction discriminator at a threshold of 30 mV per channel.

thread rod

il
[
847 mm

787 mm

Figure 73: Forward hodoscope design.
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Figure 74: Upper panel: Design of one scintillator element for the forward hodoscope.
Lower panel: Design for the corresponding light-guide.
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