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Kurzfassung

Diese Arbeit prasentiert die Ergebnisse der Messungen inelastischer J /W Mesonen in Photopro-
duktion und tief inelastischer Streuung bei HERA. Die Daten wurden mit dem H1 Experiment
wahrend der HERA |l Datennahmeperiode aufgezeichnet. Der untersuchte Photoproduktions-
Datensatz entspricht einer integrierten Luminositit von £ ~ 315 pb~ !, wihrend fiir die Elek-
troproduktionsanalyse Daten mit einer integrierten Luminositit von £ ~ 166 pb~' verwen-
det wurden. Beide Analysen werden in einem mittleren Elastizitatsbereich der J/¥ Mesonen
(0.3 < z < 0.9) durchgefiihrt. Der kinematische Bereich der Photoproduktionsanalyse ist
definiert durch Q% ~ 0GeV?, 60 < W,, < 240GeV und Pry > 1GeV?, wohingegen die
Untersuchung der Elektroproduktion auf 3.6 < Q2 < 100 GeV?, 50 < W,, < 225GeV und
P% . > 1GeV beschrdnkt ist. Hierbei bezeichnet P%. , den Transversalimpuls des J/¥ Mesons
im ;yp Schwerpunktsystem. 7

In beiden kinematischen Bereichen werden einfach und doppelt differentielle Wirkungsquer-
schnitte mit verbesserter Genauigkeit im Vergleich zu friiheren Analysen gemessen. Die Pola-
risation der erzeugten J/¥ Mesonen wird mit Hilfe einer Anpassung an die Zerfallswinkelver-
teilungen cos(©*) und ¢* untersucht.

Die gemessenen Wirkungsquerschnitte werden mit verschiedenen theoretischen Vorhersagen
verglichen. Die erfolgreichste Beschreibung der Daten gelingt einem Modell, das einen kt Fak-
torisierungsansatz im ‘Color Singlet Model’ (CSM) nutzt, in dem Korrekturen hoherer Ordnung
beriicksichtigt werden. Auerdem werden Vorhersagen von Rechnungen im Rahmen des CSM in
fihrender und nachstfithrender Ordnung untersucht. Die Polarisationsvariablen werden, zusatz-
lich zu den CSM Vorhersagen in fiihrender Ordnung, mit Rechnungen im Faktorisierungsansatz
der NRQCD verglichen.

Abstract

This thesis presents measurements of inelastic photoproduction and electroproduction of J/W¥
mesons in ep scattering at HERA. The data was collected by the H1 detector during the HERA Il
running and corresponds to an integrated luminosity of £ ~ 166 pb~" in the photoproduction
analysis and £ ~ 315 pb! in the electroproduction analysis. In both analyses the elasticity
of the J/W meson is restricted to a medium range of 0.3 < z < 0.9. The kinematic range
of the photoproduction analysis is defined by Q%> ~ 0GeV?, 60 < W,, < 240GeV and
Pry > 1GeV?, whereas the electroproduction analysis is restricted to 3.6 < Q? < 100 GeV?,
50 < W,, < 225GeV, and P% > 1GeV. Here P7., denotes the transverse momentum of
the J/¥ in the yp center of mass frame. 7

In both kinematic ranges, single differential and double differential cross sections are measured
with increased precision with respect to previous analyses. The polarisation of the J /W mesons
is studied in fits to the decay angular distributions cos(©*) and ¢*.

The measured cross sections are compared to different theoretical predictions. The most suc-
cessful calculation in describing the data accounts for higher order corrections by using a kp
factorisation ansatz in the color singlet model (CSM). In addition, this thesis reviews the de-
scription of the data by calculations at leading and next to leading order in the CSM. The
polarisation variables are compared to calculations in the factorisation ansatz in NRQCD, in
addition to the leading order CSM predictions.
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CHAPTER 1

Introduction

The field of high energy physics in the 1950’s and 1960’s was marked by various
discoveries of new particles. Most of these particles (hadrons, resonances) decay
by strong interactions and thus have a very short lifetime. The hope of the physi-
cists was to explain this particle zoo within a simple substructure model. In 1963
the ‘quark model’ was introduced independently by Murray Gell-Mann and George
Zweig. In this model the hadrons are identified as combinations of two (qg, mesons)
or three (qqq, baryons) quarks. All known hadrons of that time could be build up
by only three quarks, which were called up, down and strange (u,d,s). A big success
of the quark model was, that it predicted the existence of new hadrons which were
soon discovered, like the {2~ (sss) meson in 1964. Existing problems of the devel-
oping theory were solved by introducing a fourth quark flavour called charm (c),
predicted in 1970 by Sheldon Lee Glashow, John Iliopoulos and Luciano Maiani.
It took however some years to prove the existence of this fourth quark flavour ex-
perimentally. The discovery of a new resonance in 1974 became later known as the
‘November revolution of particle physics’. Two groups around Samuel C. C. Ting in
Brookhaven (‘J’) and Burton Richter in Stanford (‘Y’) discovered independently the
J/¥ meson at a mass of 3.1 GeV. The J/¥ meson was identified as being a bound
state of a charm and an anticharm quark (charmonium). The importance of this
discovery was realized immediately and only two years later Ting and Richter were
awarded the Nobel Prize in 1976.

Up to now the J/W meson is an outstanding particle from both the experimental
and the theoretical point of view. It can be produced in large numbers in strong
interactions, but decays into charmed hadrons can not occur, since its mass is below
the threshold of two charmed mesons. This explains the narrow decay width of
the J/¥ meson (I'yy ~ 95keV) and results in an unusually large electromagnetic
branching ratio into two muons or electrons of BR, =~ 12%. The leptonic decay
channels provide a very clean event signature and most kinematic quantities can be
calculated from the two precisely measurable lepton tracks.



Nowadays, the theory of strong interactions between quarks and gluons, quantum
chromodynamics (QCD), is well understood. In the presence of a hard scale it allows
precise predictions in perturbative calculations (pQCD). In particular processes in-
volving heavy quarks can be calculated in pQCD, since the large quark masses
provide a hard scale on their own. However, up to now no calculations exist which
describe all aspects of J/W¥ meson production properly. The analysis of J/¥ meson
production thus poses an interesting challenge to the theory and the description of
perturbative QCD and the non perturbative formation of the bound cc state.

At HERA two different production mechanisms for J/W mesons are accessible, the
elastic and the inelastic process via boson gluon fusion (BGF). In BGF the incoming
lepton is seen as a source of photons interacting with a gluon from the proton
via formation of a qq pair. In diffraction the photon fluctuates into a qq state
which subsequently interacts with the proton without the exchange of quantum
numbers. Depending on the virtuality Q2 of the photon, two kinematic regions are
distinguished. In photoproduction (yp) the beam lepton is scattered under a small
angle and the emitted photon is (quasi-)real. The region of electroproduction (DIS)
starts at virtualities of few GeV?, where the scattering angle of the beam lepton
becomes large enough to be within the acceptance of the main detector.

This thesis presents the results from the analyses of inelastic photoproduction and
electroproduction of J/W mesons at the H1 experiment. To study the production
process differential and double differential cross sections are measured. To study
the helicity structure of the J/W mesons, the polarisation variables o and v are
extracted. In addition, the cross section of W(2S) mesons relative to the J/¥ cross
section is measured in photoproduction. The data are compared with theoretical
predictions of the color singlet model (CSM) in leading and next to leading order
and to a kr factorisation approach in this model.

The thesis starts with a discussion of the theoretical frame work of heavy quark and
inelastic J/¥ meson production at HERA. The second chapter explains briefly the
HERA accelerator and the relevant components of the H1 experiment. Subsequently
the identification of decay leptons (chapter 4) and the analysis triggers (chapter 5)
are described. Chapter 6 introduces the cuts which are used for the selection of the
event sample. The results of the photoproduction and electroproduction analyses are
presented in the chapters 7 and 8. The thesis finishes with a conclusion in chapter 9.

Although the analyses themselves are performed independently, they would not have
been possible without the use of the analysis framework, reconstruction algorithms,
and calibrations developed and implemented by many H1 collaborators over the
last twenty years. In parallel to the analyses my main contribution in the H1
collaboration was the improvement of the read out software of the muon detector in
order to activate the third trigger level. In addition I have been on call to support
the shift crews in all aspects concerning the muon system and served as librarian
for the muon finding software in the object oriented analysis framework H100.



CHAPTER 2

Charmonium Production

2.1 Kinematics in ep Scattering

The interaction between electrons and protons at HERA can be described by the
exchange of a gauge boson as illustrated in the generic feynman diagram for ep scat-
tering in figure 2.1. Here k and P denote the four momentum vector of the incoming
lepton and proton respectively, k' and P’ the four momentum of the scattered lepton
and the hadronic finale state X (HFS) accordingly. The negative square of the four
momentum transfer q defines the virtuality Q? of the exchanged gauge boson

Q' =-q’=—(k— k). (2.1)

There are neutral current processes (NC) with the exchange of a y or Z° and charged
current (CC) processes, where a W* boson is exchanged. In charged current pro-
cesses, the beam lepton transforms into a neutrino

NC: e*fp — e*X CC: ep —>(w7€) X. (2.2)

The propagator of the weak interaction via the heavy Z° or W* bosons is suppressed
by a factor Q*/(Q* + Mgy ;) with respect to the electromagnetic interaction via a
photon. Due to the high mass of the gauge bosons of the weak interaction

Mw+ =~ 80.4 GeV (2.3)
Mo ~ 91.2 GeV (2.4)

this process can be neglected in neutral current processes up to virtualities Q2 of
the order of 1000 GeV?2.

At HERA the minimal resolvable distance at the largest possible values of Q? is
§ ~ 10~*¥ m. This value can be estimated according to the uncertainty relation of
Heisenberg (0 - |q| ~ 1), which leads to ¢ ~ 2m,x/Q?>.

The photon virtuality Q? is used to separate the two kinematic regions of ‘quasi’ pho-
toproduction (vyp) and electroproduction (DIS). In photoproduction the exchanged
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e, Ve(k')

X(P)

Figure 2.1: Generic feynman diagram for electron proton scattering. The bold letters
indicate the four momentum vectors of the particles.

photon is quasi real with vanishing virtuality (Q* ~ 0 GeV?) and the beam lepton
leaves the detector through the beam pipe. Towards larger angles of the lepton, the
virtuality of the photon increases. The electroproduction regime (Q* > 3.6 GeV?)
is defined by the presence of the scattered lepton in the main detector.

Two additional Lorentz invariant variables are defined in addition to the photon
virtuality Q?

2
X = Q(QTCI and (25)
P-q

In the QPM, x is interpreted as the fraction of the momentum of the proton which
is carried by the struck quark. y denotes the fractional beam lepton energy carried
by the (virtual) photon. Since this energy is absorbed in the hadronic final state, y
is also called ‘inelasticity’ of the event.

It is common to define two more variables which can be approximated, by neglecting
the masses of electron and proton, as

s = (k+P)?~4 EE, (2.7)
szyp = (q + P)2 ~ _Q2 +s-y, (28)

where W, is the center of mass energy in the photon proton rest frame (i.e. the
invariant mass of X). The squared ep center of mass energy s = (318 GeV)? relates
the three kinematic variables Q?, x and y as

Q*=s-x-y, (2.9)

hence only two out of the three variables are independent at fixed beam energies.
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Reconstruction of the Kinematics

At HERA both the scattered electron and the hadronic final state are measured,
whereas only two out of these four quantities are necessary to calculate the kinematic
variables x, y and Q2. The kinematics of DIS at HERA are thus overconstrained by
the measurements and it is possible to combine these measurements in different
methods to reconstruct the kinematics.

Electron Method
In the electron method, all kinematic variables are calculated from the mea-
sured quantities of the scattered lepton

Eeo O

Vo = 1— 5 -sinZ( 5 ) (2.10)
Ou

Q = 4EeEe,-c052< 5 ) (2.11)

where E, denotes the nominal energy of the lepton beam (E, ~ 27.5GeV),
E. the energy of the scattered lepton and ©. the angle relative to the beam
axis. The energy and the angle of the scattered lepton can be measured very
precisely. This method is sensitive to initial state photon radiation (ISR),
which reduces the actual lepton beam energy.

Jacquet Blondel Method
The Jacquet Blondel method uses only the quantities of the hadronic final
state (HFS) to determine the kinematic variables

yig = ! Y (E-P,), (2.12)

2-E,
HFS
1
Q2, = N p2. 2.13
JB 1— ym 1%35 T ( )

The sums run over all particles in the hadronic final state (excluding the
scattered lepton if present). The method from Jacquet and Blondel is used in
photoproduction and charged current analyses.

> Method
The ¥ method is a modification of the JB method. Instead of the nominal
lepton beam energy E, a ‘measured’ lepton beam energy is used. This beam
energy »  (E —P,) /2 is calculated from the hadronic final state and the scat-
tered lepton. The advantage of this method lies in the fact, that the beam
energy can be reduced by initial state photon radiation. Without ISR the

measured beam energy yields the nominal beam energy due to the conserva-

tion of energy and momentum (> (E — P,) "R 9 B, & 55 GeV). The sum
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over the squared transverse momenta of the particles in the HF'S is replaced
by the squared transverse momentum of the scattered lepton pQT’e

vy = —Hg(E_P X (2.14)
1
Q= T Pl (2.15)

e Method
The eX method is a combination of the electron and the ¥ method. The four
momentum transfer Q2 is calculated from the scattered lepton only

O
Q% = 4EeEe,-cosz< 5 ) (2.16)

while the inelasticity y is calculated according to the > method

> (E-P)
Vor = o (2.17)

Y (E-P,)

At the H1 experiment ) | (E — P,) is calculated using information from the calorime-
ters and the trackers. The information from tracks is generally preferred in this sum,
and in order to avoid double counting calorimeter cells along the extrapolated track
are not taken into account, except for very high energy deposits where the calorime-
ter is superior to the track measurement.

In the photoproduction part of this analysis, the Jacquet Blondel method is used
for the calculation of the kinematics, while the eX method is used for the electro-
production sample.

In order to describe the kinematics of more exclusive measurements, more variables
are necessary to model the kinematics of the process. In the analysis of J/W¥ mesons,
the Lorentz invariant elasticity z is essential

SSE-P,

L Pyw-P yyjw g

q-P y Y E-P,
HFS

(2.18)

In the proton rest frame, the elasticity z denotes the fractional energy of the virtual
photon transferred to the J/¥ meson z = E;y/E,*. The elasticity z is a powerful
observable as it allows to discriminate between inelastic and elastic production of
J/W¥ mesons. As explained in section 2.8, the elastic processes are located at z < 1.
The inelastic process takes place over the whole elasticity range with vanishing phase
space towards very large elasticities.



2.2 Inclusive Cross Section

The differential neutral current cross section can be written as a function of x and
Q? as

2 2

d®op, 4T

xdQ? ~ xQf

. [yQX -Fy (X, QQ) +(1—y)-Fy (X, Q2)} , (2.19)

where o denotes the electromagnetic coupling constant and F;(x, Q?) and Fy(x, Q?)
are structure functions. The parity violating contribution from the structure func-
tion F3 is neglected in equation 2.19.
Introducing the structure function Fy, (x, Q?) = Fy — 2xF;, which is related to lon-
gitudinally polarised photons, equation 2.19 transforms to

d%oe, 2ma?

dxdQ? ~ xQf [(1+1- Y)z) Fy (x,Q%) —y* FL(x,Q%)].  (2.20)

The longitudinal structure function Fy, is kinematically suppressed with respect to
F,, except for the kinematic region at high inelasticities y and high virtualities QZ.
In the limit of vanishing photon virtuality, all photons are transversely polarised.
The leading order cross sections without radiative corrections in the equations 2.19
and 2.20 are called ‘Born cross section’.

For historical reasons, the measured ep cross sections in the photoproduction part
of this analysis are transformed into yp cross sections. In the Weizsiacker Williams
approximation (WWA, [BGMST74]), the incoming electron is seen as a source of pho-
tons. At small x < 1072, where the interaction time with the proton is much smaller
compared to the lifetime of the virtual photon [Lev95], the process e*p — e*X can
be factorised into the emission of a photon from the electron and the subsequent
interaction of this photon with the proton. Splitting the photon flux @, into a lon-
gitudinal @ and a transverse ®! (depending on the polarisation of the photons),
the Born cross section can be expressed as

do?
dyd(52 = (D'\T/<Y> Q2) ’ Og‘p(y? Q2) + (DIf;<Y> Q2) ’ O-};p<y7 Q2)7 (221)
where UyTp and crgp denote the cross sections for transversely or longitudinally po-

larised photons respectively. The flux of transversely polarised photons (D$ in the
WWA is given by

Q 1
O = —— . (1 —y+ =y 2.22
TomyQ? ( Ty ) (222)
and the ratio of the two fluxes defines the polarisation factor ¢
DL 1 — y
e(v) = L = - 7 2.23
e (223)
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Using the polarisation factor, equation 2.21 can be transformed to

1+€eR
1+R’

2
d®oep T

dxdQ? 7

(2.24)

’ (UVTp + 6UVLP) = (D$ "Oyp -
—_———

Iyp

where R = 0513 / a$p denotes the ratio of the cross sections for longitudinal and for
transverse polarisation. In the limit of small y, the polarisation factor ¢ is close to
one (€ ~ 0.99) and the Born cross section is well approximated by

d?c.

efp __ nT
dde2 ~ (DVO'VP (2'25)

or, after integrating equation (2.25) over y and Q?, as

Ymax Q?ﬂax
Tetp = / dy / dQ? (D?; (y, Q2) “Ovp (Wwp@’)? Q2) (2.26)
Ymin  Qf,

where the limits for the four momentum transfer are given by the kinematic mini-
mum Q2. = m?.y?(1 —y)~! and the upper Q* boundary of the photoproduction
analysis Q2 = 2GeV2.

Since the cross section 0., is completely independent from the photon flux @3, both
can be integrated independently, leading to

2
Ymax Q max

sy = oW+ [ ay [ a0? @l (r.@?) (2.27)
Ymin Qlin
Typ ((Wap)) - @, (2.28)

where @, denotes the integrated photon flux and o, ((W,,)) corresponds to the ~p
cross section at a certain mean energy of the photon proton system (W.,). Using
the integrated photon flux @, the yp cross section can be derived from the ep cross
section via the relation

o(yp—J/¥YX)= o (efp— J/¥X). (2.29)

1
o,
In the kinematic range of this analysis the integrated photon flux @, for photopro-
duction was determined to be @, ~ 0.1012. For the cross section as a function of
W,,, the photon flux factor has to be calculated for each cross section bin of the
analysis and the differential ep cross section do(e*p — J/¥ X/dW.,,) transforms
into a total yp cross section o(yp — J/¥ X)(W,,) in bins of W.,,,.

The factors for the bins in this analysis are listed in table 2.1.

8



Wop [GeV] (W) [GeV] D,

60 — 240 116.12 0.1012

60 — 80 69.31 0.0267
80 — 100 89.44 0.0190
100 — 120 109.51 0.0143
120 — 140 129.56 0.0111
140 — 160 149.59 0.0088
160 — 180 169.62 0.0071
180 — 210 194.19 0.0082
210 — 240 224.24 0.0061

Table 2.1: Photon flux factors @, for the photoproduction analysis using an upper
Q? boundary of Q2 ~ 2GeV?2. The first line corresponds to the integrated flux for the
analysis range 60 < W, < 240, below the flux in the used analysis W.,,, bins is given.

2.3 Factorisation and Parton Evolution

In the quark parton model (QPM), introduced by Richard P. Feynman in 1969
[Fey69], the proton consists of three point like partons with spin 1/2. Later James
Bjorken and Emmanuel Paschos [BP69]| identified these partons with the quarks,
which were postulated by Murray Gell-Mann and George Zweig before [GM64,
Zweb64a]. Deep inelastic scattering of electrons with protons at large Q? is viewed
as an elastic interaction between the electron and a single free parton. Without
interactions between the partons the structure function F5 is expected to be scale
invariant, i.e. it should be independent of Q? and only depend on the fraction of
proton momentum carried by the struck quark [Bjo69]

Fo(x) = x - Ze? - (%) (2.30)

Here the sum is built over all partons i, e; denotes the (electrical) charge of the parton
and £(x) corresponds to the probability to find a parton with a certain momentum
fraction x.

First measurements at x ~ 0.25 confirmed the assumption of scale invariance, be-
cause the scaling violation is very small in this kinematic range [FK72|. In the middle
of the 70’s first scaling violations were observed in uN [F74] and vN [dG*79] scat-
tering. Today, HERA measurements, in a much larger x range and at larger values
of Q?, prove the scaling violation of Fy impressively (cf. figure 2.2). Towards low
momentum fractions x the structure function F, rises strongly as a function of Q?,
while it falls off at large values of x.

Few years after the QPM, a new theory of strong interactions, the quantum chro-
modynamics (QCD), was introduced by Murray Gell-Mann with the aid of Harald

9
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Figure 2.2: Structure function F5 as measured in fixed target experiments and at HERA.
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Fritzsch and Heinrich Leutwyler [FGML73|. In QCD a new quantum number, the
color charge (red, green or blue), is assigned to all quarks. Accordingly, antiquarks
are ‘anti’-red, ‘anti’-green or ‘anti’-blue.

Due to the non abelian SU(3) nature of QCD, the gauge bosons of the strong in-
teraction, i.e. the gluons, carry color charges and couple to each other. The color
charge of gluons is made of a color and an anti-color.

The self coupling of the gluons in the QCD introduces gluon radiation from gluons
(g — gg), in addition to gluon splitting into a quark antiquark pair (g — qq) and
gluon radiation from a quark (q — qg). These processes lead to the steeply rising
amount of quark pairs in the proton towards low values of x, which explains the
observed scaling violation of Fs.

The calculation of these processes is difficult in pQCD, because the gluon radiation
and gluon splitting are connected to divergent integrals. Parts of the divergences are
moved into parton distribution functions £ (x, u7) (PDF) by introducing a cut off at
the ‘factorisation scale’ ;. Reliable calculations in perturbative QCD (pQCD) can
only be achieved for large values of the factorisation scale (1 > Aqep ~ 200 MeV).
The remaining ultra violet divergences are absorbed in the running coupling a5 (),
which then depends on the ‘renormalisation scale’ (p,). The strong coupling diverges
in the limit p, — Aqcp.

Due to the gluon self interaction, the running of the renormalised coupling is contrary
to that of the electromagnetic coupling constant. At small distances (large Q?) oy
is small, towards larger distances (lower Q?) oy increases. This leads to the two
phenomenons ‘asymptotic freedom’ and ‘confinement’. Asymptotic freedom means,
that at high energies, i.e. at small distances, the quarks act as if they were free
particles. Confinement means that particles with color charge are confined to color
neutral hadrons, hence no free quarks or gluons can be observed.

The cross section factorises into a cross section for the hard subprocess &; which is
calculable in perturbation theory and the parton distribution function f£(x, },L?)

1
dofep = eX) = 3 [ e 1) - o6, (). ). (2.31)
19

0; can be calculated in perturbation theory, depending on the center of mass energy
in the partonic system after the evolution v/3, the strong coupling being o, the
factorisation scale being , and the renormalisation scale being ..

A common factorisation scale is s =Q?. For f(x, u?) > 0, the parton distribution
function f;(x, u}) gives the probability that a quark or gluon with momentum fraction
x enters the hard scattering at a certain Q2. The f£(x, u}%) is expected to be universal
and independent of the hard subprocess. This means that a f£(x, u}%) determined
in an inclusive measurement at HERA can be used in order to predict exclusive
processes and to calculate predictions for other proton colliders like the LHC.

11
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Figure 2.3: (a) Feynman diagrams and splitting functions considered in the evolution
equations. (b) an exemplary parton ladder (only gluon radiation) which is calculated
during the parton evolution.

The validity of the factorisation is not yet proven generally, but only for deep in-
elastic scattering (DIS) in the ‘Bjorken limit’ (increasing Q? for a constant value
of x) [CS87] and a few other processes. The separation of hard and soft (i.e. non
perturbative) processes is not unambiguous, but depends on the choice of the fac-
torisation scheme. The calculation of the hard subprocess has to be adapted to the
used scheme.

Different parton evolution equations have been developed in order to predict f(x, u})
at any scale i, if the PDF is known at a starting scale po (f;(x, u3)). PDFs are ob-
tained experimentally by fitting the structure function to the data at a given starting
scale Ly, so that after the evolution the structure function is able to describe the
data at HERA and fixed target experiments at any scale p; = Q.

The evolution equations consider four archetypes of parton splitting at leading order,
which are shown in figure 2.3(a). A quark can split into a quark and a gluon or a
gluon can split into a qq pair or into two gluons. These processes are parametrised
in the splitting functions P;;(x) which give the probability, that the parton j emits a
new parton i with the momentum fraction z = x;/x;_;. The analysis of J/¥ mesons
takes place at rather small values of x (1072 —107*), where gluons and gluon splitting

12



dominate the proton. In the evolution equations several splittings are summed up,
leading to a so called ‘parton ladder’ (cf. fig. 2.3(b)).

The different approaches for the parton evolution equations imply a different order-
ing of the radiated gluons and require different parton distribution functions as input.
The partons can be either arranged according to their longitudinal momentum x;
(BFKL), to their transverse momentum kr; (DGLAP) or to their pseudo rapidity
n; (i.e. their angle ©;) (CCFM). In the following the evolution equations DGLAP
and CCFM, which are used in the Monte Carlo generators of this analysis, will be
briefly introduced. The BFKL' evolution equation is described in [KLF77, BL78§].

DGLAP
The DGLAP equations are the most widely used evolution equations, they
were published in the 70’s independently by Yuri Dokshitzer, Vladimir Gribov
and Lev Lipatov in the Soviet Union and by Guido Altarelli and Giorgio Parisi
in Italy |GL72,Lip75, AP77,Dok77|.

At large values of Q?, the leading contribution in the DGLAP equations are
strongly ordered by their transverse momentum (kr;;; > kr;) and the trans-
verse momentum of each parton is negligible compared to its longitudinal
momentum x; (‘collinear approach’).

The virtuality k? of the parton can be neglected compared to the factorisation
scale 1, and the virtuality of the subsequent parton ki2+1 and the calculation
of the splitting functions and the hard subprocess can be done ‘on shell’. The
kr dependence is integrated out of the parton distribution function f£(x, p./%)
and the calculation starts without initial k.

At too small values of x the approximation of collinear factorisation does not
hold and the DGLAP equations become invalid.

CCFM
In the early 90’s another evolution equation was published by Stefano Catani,
Marcello Ciafaloni, Fausto Fiorani and Guiseppe Marchesini [Cia88, CFM90a,
CFMO90b, Mar95]. CCFM interpolates between DGLAP, which is valid at
large values of x and BFKL, which is only appropriate at small values of x.
During the evolution in CCFM, only gluons are taken into account. The
order of the gluons in CCFM follows the angles ©; of the emitted gluon
(©; > O;_1). In the limit of small angles and rather large x, the momen-
tum fraction z; = x;/x;_1 becomes z; ~ 1 and the kt ordering of the DGLAP
evolution is recovered. While at small values of x, the CCFM evolution equa-
tions approximate the BFKL ordering according to the longitudinal momenta
of the gluons. The CCFM evolution is based on a kr unintegrated parton
distribution function A;(xg, kt°, p./%), which also depends on kyt. The initial
parton is allowed to be off shell (kr # 0), the factorisation of the cross section
still holds, but it has to take the kt dependence into account (kr factorisation).

1 Balitskii-Fadin-Kuraev-Lipatov
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Figure 2.4: Production of a c¢ pair via (a) direct photon gluon fusion and (b) in gluon
gluon fusion in a process with a resolved photon.

2.4 Heavy Quark Production

The dominant production process for heavy quark pairs at HERA is the boson gluon
fusion (BGF). The generic feynman diagrams for BGF with a direct and a resolved
photon are shown in figure 2.4. A gluon is emitted from the proton with a momentum
fraction x, and fuses with either a photon or gluon. The production of b quarks is
suppressed by two orders of magnitude with respect to charm production, due to
the larger mass of the b quark and the lower charge (|q.| = 2/3, |qn| = 1/3).

In direct BGF, the photon enters the hard subprocess with its full energy, whereby
the production of heavy quark pairs starts already at rather low photon proton
center of mass energies W,,. In the case of resolved BGF, the photon fluctuates
into a hadronic state and enters the hard subprocess with a gluon, which carrys a
momentum fraction x, of the virtual photon, hence processes with resolved photons
need to have larger W, in order to produce a heavy quark pair.?

The production of heavy quarks can be used to study QCD processes. If an available
scale is large enough, the running coupling oy is small enough that perturbative
expansions can be applied. For heavy quark pairs the large masses

m, ~ 1.5GeV (2.32)
m, =~ 4.75GeV (2.33)

provide a hard scale over the whole phase space on their own. The pQCD predic-
tions should be able to describe the data down to lowest Q? (photoproduction) and
to low transverse momenta. Unfortunately, this also yields problems at large values
of Q? and P, because the expansion is no longer straight forward, if different scales
are present ('multi scale problem’) [Beh05].

2In fact, the resolved photon could also enter the hard scattering with a quark (‘charm exci-
tation’), however excitation processes are neglected in this analysis since they cannot form a J/W¥
meson.
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Figure 2.5: Members of the charmonium family and their transitions [PDGO08].

The boson gluon fusion process is calculated in the ‘fixed flavour numbering scheme’
(FFNS), assuming that the heavy quarks are only produced in the hard scattering.
This assumption is justified, because the fraction of heavy quarks in the proton is
suppressed by a factor 1/m,. Therefore the charm content of the proton amounts to
~1% in total, contributing mainly at x > 0.3 and Q* > 100 GeV? |[BHPS80]. The
FFNS is a massive calculation (i.e. the quark masses are taken into account), which
allows to model the behaviour at the threshold of the charm quark mass correctly.
At large values of Q?, above the kinematic range of this analysis, logarithmic terms
of Q* (In(Q?/m?)) disturb the convergence of the calculation.

2.5 Charmonium

Bound states of a quark and an antiquark of the same type are called ‘quarkonia’.
This analysis concentrates on quarkonia which consist of a c¢ pair (‘charmonium?’).
The most prominent member of the charmonium family is the J/W meson, the
lightest vector meson in the charmonium system (cf. fig. 2.5). It was discovered in
1974 by two independent groups around Samuel C. C. Ting at AGS in Brookhaven
(‘3’, [AT74a]) and Burton Richter at SPEAR in Stanford (‘W’, [AT74b]). The first
published mass plots of both experiments are shown in figure 2.6. The discovery
of the J/W meson proved the existence of the charm quark, which was predicted
by Sheldon Lee Glashow, John Iliopoulos and Luciano Mainai some years before
|GIM70]. The noble prize for Ting and Richter in 1976 emphasises the importance
of this discovery which is often called ‘November revolution of particle physics’.

The world average of the mass of the J/¥ meson is myy = 3096.916 £ 0.011 GeV
[PDGO08]. Its quantum numbers, J*C = 177, are the same as those of the photon.
The conservation of energy forbids the strong decay of the J/¥ meson into two
charmed D mesons (mpo ~ 1.86 GeV > Mjy/2). The decay via one or two gluons
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Figure 2.6: Mass plots of the J/W meson, published by groups around (a) Burton
Richter (SPEAR) and (b) Samuel Ting (AGS).

is forbidden by color and C parity conservation. The only possible hadronic decay
occurs via three gluons, but this decay channel where the initial quarks are not
present in the final state is strongly suppressed by the Zweig rule [Zwe64b|. Hence
the J/W¥ meson has an extremely narrow decay width of

Ty =932+ 2.1keV (2.34)

and correspondingly a relatively long lifetime around 1072 s, which is three orders
of magnitude above typical values for hadrons with a similar mass. The decay width
is roughly three orders of magnitude less than expected for hadrons at this mass,
and allows a very large electromagnetic branching ratio into two leptons of

BRyjy oy = 5.9340.06% (2.35)
BRjjy e = 5.9440.06%, (2.36)

The W(2S) meson is the first radial excitation of the J/¥ meson. Its mass
Myas) = 3.6861 = 0.034 GeV (2.37)
is still below the threshold of two charmed mesons, hence its decay width is also very

small (I'yos) = 284 & 21keV). A large fraction of the decay channels of the W(2S)
meson involves J/W mesons (¥(2S) — J/¥ + X), while the leptonic decay width is
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about one eighth of that of the J/¥ mesons

BRys)—swx = 57.4+0.9% (2.38)
BRy(s) oy = 0.75+0.08% (2.39)
BRy(s)-cc = 0.75240.017 %. (2.40)

So, in the measurement of direct J/W¥ production, sizeable contributions from the
decay of W(2S) mesons are expected.

Charmonium states above the W(2S) (not shown in figure 2.5) can decay into D
mesons, leading to a much larger decay width.

2.6 Models for Inelastic J/¥ Meson Production

Two different J/W production processes have to be separated at HERA, namely the
inelastic and the diffractive production of J/¥ mesons. In the case of diffractive
production (cf. section 2.8), only the J/W¥ meson is produced. The inelastic produc-
tion involves the radiation of gluons during the production process, which leads to
a hadronic final state in addition to the J/¥ meson.

Many models in perturbative QCD have been published in order to describe the
inelastic production of charmonia. Up to now the production of heavy quarkonia
in the context of QCD is an ambitious task and it remains difficult to relate the
properties of the multi scale system at high energies with the non perturbative ef-
fects at low energies. The analysis of J/W mesons helps to understand the necessary
relations between various summation approaches and to study the interplay between
perturbative and non perturbative effects.

In the following two models, assuming a factorisation into a hard scattering process
(building the c¢ pair) and a long distance transition into a physical J/W¥, will be
briefly introduced, the color singlet model and factorisation ansatz in NRQCD. A
detailed report on heavy quarkonia can be found in [QWGO04].

Color Singlet Model (CSM)

The color singlet model (CSM) was the first model, which provided quantitative
predictions for the production of inelastic J/W¥ mesons in hadron collisions, photo-
production and e*e” collisions. It was developed in the early 1980s, with strong
contributions from Cha-Hsi Chang [Cha80|, Edmond Berger [BJ81] and Rudolf
Baier [BR81]. An overview of the application of the CSM was written by Ger-
hard Schuler [Sch94].

The CSM considers only cc pairs which are produced in a color singlet state with the
same quantum numbers (i.e. spin, angular momentum and C parity) as the resulting
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Figure 2.7: Feynman illustrating the color singlet model in leading order in (a) photon
gluon fusion (direct) and (b) gluon gluon fusion (resolved, hadroproduction).

charmonium state. The relative momentum of the cc pair in the cc rest frame must
be small with respect to the charm quark mass in order to achieve a noticeable
probability for the binding of the quark pair. The generic feynman diagrams for the
production of J/¥ mesons in the CSM are illustrated in figure 2.7. Figure 2.7(a)
shows the direct photon gluon fusion (O(a, o)) in which the photon itself takes part
in the hard scattering process, figure 2.7(b) shows the production via gluon gluon
fusion (O(a?)). Gluon gluon fusion occurs in processes with a resolved photon® at
HERA and in collisions at hadron colliders (e.g. TEVATRON, LHC).
In order to achieve a color neutral final state, at least one gluon has to be emitted
in the case of direct photon gluon fusion. In the case of gluon gluon fusion the cc
pair can be produced in a color neutral state, nevertheless a gluon or a photon has
to be radiated in order to conserve the angular momentum and the parity of the
J/¥ meson.
The CSM assumes that the cross section factorises into a short distance part do in
which the cc pair is produced and a long distance part which describes the transition
to a bound state

do (y+p — J/¥ +X) o dé (cc [1,°S1] + X) x [Rym(0)]7, (2.41)
where 1 indicates, that the cc is produced in a color singlet state (in contrast to the
color octet states 8). S; denotes the spectroscopic notation of spin, orbital angular
momentum and total angular momentum. The short distance part contains all in-
ternal lines which are off shell by O(m,.) and can be calculated using perturbation
theory in ag(2m.). To make sure that a perturbative expansion is applicable for the
scattering process, the additionally emitted gluon has to be ‘hard’. This restricts
reliable predictions in the CSM to an elasticity range below z =~ 0.9.

The coupling of the charmonium to the c¢ pair in the long distance part depends
only on one single non perturbative parameter, hence the predictive power of the

3In processes with ‘resolved photons’ the photon fluctuates into a hadronic state, before it takes
part in the hard scattering process.
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Figure 2.8: Cross section as a function of the (squared) transverse momentum of the
J/¥ meson as measured from (a) the CDF experiment and (b) HERA.

CSM is very good. In case of the s-wave states (U and n) this is the wave function
at the origin |Ry/(0)|, for the p-wave states (xco, Xc1, Xc2, he) it is the first derivative
of this wave function |R’ (0)[. Furthermore, this parameter can be calculated from
the measurable leptonic decay width T'y, (in leading order)

402

2
Ly = ‘
9m,2

- |Ryu(0) (2.42)
Nevertheless, the CSM is ‘only’ a model and incomplete in some points. There is no
theorem which proves the validity of the factorisation in equation 2.41 and it is not
clear whether this factorisation will hold for higher order corrections. Relativistic
corrections, taking the relative velocities of the quark antiquark into account, are
neglected but can be included [FKS98, JKGW93|. The CSM does not account for
color octet states of the produced cc pair during the formation of a charmonium
state, although they might contribute due to non perturbative radiation of soft
gluons. Finally, the cross section for p-wave state charmonia (e.g. x.) shows infrared
divergences. Large normalisation uncertainties on predictions in the CSM arise from
the dependence on the charm quark mass and as.

Experimentally, the predictions of the CSM in leading order (LO) fail to describe
the measured cross sections in several analyses.

The most prominent measurement in this scope was published in 1997 from the CDF
collaboration at the TEVATRON (y/s ~ 1.96 TeV). In figure 2.8(a) the published
differential cross sections as a function of the transverse momentum of the J/V are
shown [BK97]. CDF data are compared to predictions calculated in CSM (LO)
drawn as dotted line. ‘Color octet’ predictions in the figure are subject of the next
section of this thesis. The predicted Pt spectrum of the J/W meson is too soft, i.e. it
falls off steeper with respect to the data and the absolute normalisation is found to
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be more than one order of magnitude below the data. In fixed target experiments, a
difference in the absolute normalisation of up to two orders of magnitudes is observed
(e.g. E789 at FERMILAB [E78997]).

The slope of the Pty spectrum in measurements at HERA [H102b] confirms the CDF
results. The CSM LO (dotted line in fig. 2.8(b)) prediction overshoots the data at
low values of the transverse momentum and is almost one order of magnitude below
the data at large values of Pry.

Next to Leading Order (NLO)

It was expected, that contributions from next to leading order diagrams (NLO,
O(a, o)) should change the absolute normalisation in the calculation by a factor of
two. The photoproduction of inelastic J/¥ mesons in direct photon gluon fusion was
calculated in NLO by Michael Kramer and Peter Zerwas in 1995 [Kra96|. The biggest
uncertainty on the calculation arises from the variation of the renormalisation scale,
in particular in the case of charm production with the rather small mass compared
to beauty quarks. It was surprising, that the NLO terms increase the absolute
normalisation of the cross section by roughly one order of magnitude and that the
Pt spectrum of the J/¥ meson becomes much harder with respect to the calculation
in leading order. The NLO corrections to the color singlet model are dominated by
strong negative contributions at z — 1 and Ppy — 0GeV.

In figure 2.8(b) the NLO prediction (dashed line with error band) is compared to
a published H1 measurement, the data are very well described. The error band
is obtained by a variation of the running coupling (o = 0.1200 £ 0.0025) and the
charm mass (m. = 1.4 + 0.1 GeV). The results do not allow for large contributions
from different processes.

A recent calculation by Fabio Maltoni et al. [Mal07, ACL"08] shows the importance
of higher order corrections for the description of J/¥ and Y meson production in
pp collisions at the TEVATRON. Figure 2.9 shows the calculated cross section as
a function of the transverse momentum of the J/¥ meson and the YT (bb) meson
respectively. CDF measurements are compared to CSM calculations at leading or-
der (LO) and next to leading order (NLO). In addition shown are predictions which
estimate the influence of next to next to leading order (NNLO) terms. The NLO
calculations reduce the discrepancy by one order of magnitude compared to the LO
calculation, but are still not able to describe the CDF data. However, also the esti-
mated NNLO contributions have a significant effect on the calculated cross sections
which was not expected. They are capable of modelling the data in the case of the
T meson. The predicted J/V cross section at NNLO is slightly too low, though
already very close to the data in shape and normalisation.
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Figure 2.9: Cross sections as a function of the transverse momentum of (a) the J/W¥
meson and (b) the T meson. The CDF data are compared to theoretical calculations up
to NNLO in the color singlet model.

kt Factorisation

A different approach to account for higher order corrections is the kr factorisa-
tion approach, where the cross section factorises into the calculation of an off
shell matrix element convoluted with an unintegrated (i.e. kr dependent) gluon
density [CCH91, CE91]. In ky factorisation ‘small x* logarithms ([In(p?/A?)ay)”,
[In(u?/A?) In(1/x)ag)”, [In(1/x)as]") are resummed to all orders in n, taking into
account the effects of finite transverse momenta of the partons. This resummation
leads to an ‘unintegrated’ gluon density A(x, k2, ¢?), which depends on the kr of
the parton and allows the initial partons to be off shell in the parton evolution using
the CCFM evolution equation.

Figure 2.10 shows the feynman diagrams for the collinear approach (DGLAP) in
leading and next to leading order, for a process with a resolved photon and for
the kt factorisation approach in leading order. In the collinear approach the initial
parton is emitted parallel to the direction of the proton (collinear) and always treated
as massless. In leading order the parton enters the hard subprocess with kr = 0
and a transverse momentum of the J/W¥ meson can only originate from the hard
gluon emitted according to the CSM. In next to leading order a gluon in the parton
evolution can be emitted, resulting in kt > 0 in the hard subprocess. In the case of
a resolved process, the kr in the hard interaction arises from the photon. All three
processes are already included in the kr factorisation approach at leading order to
leading logarithmic accuracy, because the incoming parton is allowed to be off shell
and its virtuality is only restricted by the kinematics.

Therefore the kt factorisation approach includes naturally NLO diagrams and pro-
cesses with resolved photons. It will turn out, that calculations using a kr fac-
torisation approach achieve the best description of the measured cross sections and
polarisations.
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Figure 2.10: Feynman diagrams for boson gluon fusion in leading and next to leading
order, for BGF with a resolved photon and in kt factorisation.

Factorisation Ansatz in NRQCD

Originally the factorisation ansatz in non relativistic QCD (NRQCD)* was intro-
duced by Geoffrey Bodwin, Eric Braaten and Peter Lepage for the prediction of
decay rates of p-wave charmonium states (x,,,,h.) [BBL92|. In the middle of the
90’s they expanded it in order to be able to describe the production rates of heavy
quarkonia at high Pr in the CDF data [BBL95|.

The NRQCD ansatz caught the attention of the physicists, because it is able to
describe the CDF cross section in leading order over the whole Pr range (cf. solid
line in figure 2.8). In contrast to the CSM, color octet states with soft gluon radiation
contribute to the cross section in the NRQCD ansatz, and the cc pair in NRQCD
does not have to be produced in a color singlet state. Due to the additional color
octet contributions, the factorisation ansatz in NRQCD is often referred to as ‘color
octet model’ (COM).

The charmonium production cross section in NRQCD can be written as the sum of
all n possible contributions

c(A+B—J/¥+X)=> ¢ (A+B— ceh]+X) x (0)Y), (2.43)

n

where cC [n] denotes a quark pair in a distinct color, spin and angular momentum
state. Each summand in this cross section factorises into a short distance part c,,

4Non relativistic QCD is an effective field theory in which the charm and anticharm quark in
the charmonium are treated non relativistically.
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where a cc¢ pair with vanishing relative momentum is produced, and long distance
matrix elements (LDME) <(9;]/ \y> for the non perturbative transition into a physical
quarkonium state.

The short distance part is calculable in perturbation theory in a(2m.), including all
lines in the feynman diagram which are off shell by at least m.. The non perturbative
LDMEs can be determined experimentally or calculated in lattice QCD. They are
expected to be ‘universal’ (provided that the factorisation holds) and predictions for
an experiment can be calculated using LDMEs determined at another experiment.

In the first place, equation 2.43 contains an infinite number of LDMEs <(’);T/ ‘y>.

Using the velocity scaling rules introduced with the non relativistic QCD, the cross
section can be translated to an expansion in powers of the relative momentum v of
the two quarks in the charmonium and truncated at a certain power of v. Typical
velocities in the case of charmonium are small (v? ~ 0.3), hence the cross section
can be calculated as a double expansion in a4 and v.

At HERA the leading order term in oy is the color singlet state [l,?’ S1], which
scales with v®. Contributions from color octet states at the next order (x v7,
8,1 S0],[8,% S1],[8,% Po.1.2]) are already suppressed by a factor v*. This has two con-
sequences, the NRQCD contains the CSM in the limits of small relative velocities
(v — 0) and contributions from color octet states can only become significant, if
the corresponding short distance coefficient ¢, is large. The [8,S;| terms result in
the same kinematics as the color singlet term and can be neglected due to the sup-
pression by v*. The other color octet terms contain additional diagrams with gluon
exchange via the t-channel, hence they have a different behaviour as a function of
Pt and z. They are expected to contribute strongly at large values of the elasticity
(z 2 0.9), where it is unfortunately impossible to measure cross sections for inelas-
tic charmonium production at HERA, because the selected events are dominated
by diffractively produced J/¥ mesons, which have a much higher production cross
section in this elasticity range.

The necessary LDMEs to calculate predictions for the HERA experiments have to be
extracted in the very low transverse momentum range of the TEVATRON. Therefore
uncertainties on the determined values are very large. In particular the electropro-
duction measurement from H1 [H102a| yields deviations from the NRQCD predic-
tions at large values of the elasticity z and in the description of the slope of the Q2
and Pty spectrum.

2.7 Polarisation Variables

A measurement of the polarisation of the J/¥ meson provides a tool to check the
validity of the different models for the production of inelastic J /¥ mesons in addition
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Figure 2.11: lllustration of the production and decay angles used for the determination
of the polarisation of the J/¥ meson.

to the cross section measurement. In particular contributions from color octet states
are expected to become apparent in the measured polarisation of the J/¥ meson.

It is not possible to measure the polarisation of the J/W¥ meson directly, but its
helicity structure can be obtained from the angular distributions of the J/¥ decay
leptons.

The measurement of the decay angles is performed in the (s-channel) helicity frame,
in which the z axis is defined by the direction of flight of the J/W¥ meson in the vp
center of mass frame. For this purpose, three decay angles, which are illustrated in
figure 2.11, are defined:

O*: The polar angle of the beam sign decay lepton in the J/W rest frame, where
O* = 0° denotes the flight direction of the J/¥ meson in the vp center of mass
system.

¢*: The angle between the production and the decay planes of the J/¥ meson.

®@: The angle between the scattering plane of the beam lepton and the production
plane of the J/¥ meson.

At values of cos(©*) ~ %1, one of the decay leptons is emitted almost oppositely to
the direction of flight of the J/¥ meson in the vp center of mass frame. That causes
a small momentum of this decay lepton in the laboratory frame and most of these
leptons do not pass the track cuts. As a consequence, the acceptance for extreme
values of cos(©*) collapses.

The acceptance drops also, if the production and decay plane of the J/¥ meson
become coplanar (¢* ~ 0°V ¢* ~ £180°). In this case, the transverse momentum
of one of the decay leptons is opposite to the incoming proton and its transverse
momentum becomes small in the laboratory frame.

To calculate the last angle, @, the detected scattered beam lepton is needed. It is
only accessible in electroproduction and is not taken into account in the scope of
this analysis.
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The three decay angles can be written in terms of the momentum vectors of the
particles

}.3 * }.3 *
cos (@) = /A Bl iy (2.44)
Pyl - |
((_i X ﬁJ/\y) . <13J/1y X ]‘3!»1)
cos (¢*) = “—— — —, (2.45)
dX Pyl Py x Py
(q X ﬁJ/\y) . <E X lzl)
cos (D) = —~ — (2.46)
qX PJ/\y k x k

The used momentum vectors were introduced in section 2.1, P;/y is the momentum

vector of the J/W meson in the photon proton rest frame, ﬁu* denotes the momentum
of the muon in the rest frame of the J/¥ meson.

The decay angular distribution of the J/W¥ meson can be expressed in terms of the
three decay angles as

do
dQdy

x1 + ay)-cos® (©%) + u(y) - sin (20%) cos (¢*)
(y) 02 (©") cos (24°) (2.47)

Each of the decay angles can be parametrised separately after integrating equation
2.47

do
doos(@yay X e cos” (©) (2.48)
do aly) V)
oray & T3 T eos(200). (2.49)

Using these equations, the polarisation variables o and v are obtained by a simul-
taneous fit to the measured cross sections as a function of cos(©*) and ¢*. The J/W
meson is transversely polarised for « = +1, longitudinally polarised for a = —1 and
unpolarised for oo = 0.

Since the decay angular distribution parameters are extracted from the shape of the
cross sections, the dependence of theoretical predictions on parameters that affect
the absolute normalisation of cross sections (e.g. m., o, W,, i, PDFs) cancels to a
large extent, hence the uncertainty of the predictions is reduced significantly. How-
ever a data sample with huge statistics is needed in order to be able to determine
the polarisation variables precisely.
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Figure 2.12: (a) Polarisation variable o measured at CDF and (b) a preliminary ZEUS
measurement of v.

In the factorisation ansatz in NRQCD, the production of inelastic J/¥ mesons at
large transverse momenta is dominated by gluon splitting (g — c¢). These J/W
mesons should inherit the transverse polarisation (o = +1) from the gluon. Figure
2.12(a) shows, that the continuous rise of the NRQCD prediction towards larger
Pty conflicts with the CDF measurement (run II) [CDF07]. The CDF data are un-
polarised at low transverse momentum and become slightly longitudinally polarised
towards larger Pry. Neither the CSM nor NRQCD predict a longitudinal polarisa-
tion of the J/¥ meson (o < 0). Only calculations using kr factorisation are able to
predict longitudinally polarised J/W¥ mesons up to now. While the kr factorisation
predictions plotted in the CDF result are far below the data, a ZEUS measurement
of « is well modelled by a calculation using unintegrated parton densities done by
Sergey Baranov [ZEUS03]. The polarisation measurements at ZEUS and H1 are
consistent with an unpolarised J/W¥ meson (within large errors), the predictions in
the CSM LO cannot describe the measurements at large values of z. The data favour
predictions obtained in NRQCD or CSM using kt factorisation.

Up to now, no calculation in next to leading order of the polarisation variables is
available. Since only the shape of cross sections is relevant for the measurement,
it is not expected that the NLO calculations change the predictions significantly.
Nevertheless, an NLO calculation is necessary to quantify theoretical uncertainties
and to exclude surprises as seen in the calculation of the Pt spectrum in the color
singlet model.

2.8 Diffraction

In addition to the inelastic production described in the sections before, J/W¥ mesons
can be produced in diffraction. In diffractive processes, particles scatter as a whole
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p p

Figure 2.13: Feynman diagram of the diffractive J/¥ production via the exchange of
a two gluon system. In the Regge theory, the gluon system is replaced by a pomeron
trajectory.

without the exchange of quantum numbers, just with momentum transfer. In the
case of diffractive processes with protons, the dissociation of the proton is allowed.
If the proton leaves the detector intact, the events are called ‘elastic’. The elasticity
of the J/W¥ mesons in proton dissociation events is z > 0.95 and z ~ 1 in the case of
elastic events.

The diffractive production of J/¥ mesons is possible, because the J/W has the same
quantum numbers as the photon, J*¢ =177, Q =S = C = B = 0, where Q denotes
the charge, S the strangeness, C the charmness and B the bottomness. Figure
2.13 shows the feynman diagram for the diffractive J/W production. The incoming
photon fluctuates into a virtual J/¥ meson. Afterwards the virtual J/¥ interacts
with the proton and finally the virtual J/W¥ meson transforms into a real J/W. It is
assumed, that the time between the three processes is ‘long’ and the processes can
be treated independently. In the interaction with the proton a color neutral object
is exchanged. Depending on the kinematics, this can be either a pomeron trajectory
(Regge theory) or a system of two gluons in pQCD.

The experimental signature of diffractive events is a very clean hadronic final state,
which contains only the decay particles of the J/¥ meson and a large rapidity gap
between the J/W and the remaining hadronic final state (coming from the dissoci-
ated proton). A detailed description of diffractive J/W production can be found for
instance in [Fle04].

The diffractive cross section is much larger compared to the inelastic production,
hence sizeable contributions from diffractively produced W(2S) mesons with a sub-
sequent decay into J/W + X are expected in this analysis.
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2.9 Monte Carlo Generators and
Detector Simulation

Monte Carlo generators are used to model the interaction of high energetic particles
as correctly as possible from the initial particles to the hadronic final state. The
process is split up into two parts, the event generation and the detector simulation.
The first step during the generation of events is the evolution of the initial state
particles, as calculated in parton showers and parton evolution equations. The
resulting particles serve as input for the calculation of the hard matrix element in
leading order perturbation theory. Finally, the measurable hadronic final state is
formed. Random number generators are used to generate events based on model
dependent probability distributions. The event generation leads to a set of four
momentum vectors, which should be as close to the real physics as possible. In the
generated final state, only particles with a lifetime of at least 10~®s are taken into
account, which may decay within the detector simulation afterwards.

The set of four vectors is handed over to the GEANT based H1 detector simulation
H1SiM. The purpose of H1SIM is to simulate a detector response, which corresponds
to the raw data from ep collisions. In order to achieve a good agreement between
raw data and simulation, geometry and (dead) material of the detector have to be
modelled precisely in GEANT and the resolution and hit efficiency of the various
detector components need to be simulated correctly.

From this point onwards, data and simulation are treated equally. The (simulated)
raw data is fully reconstructed in the H1 reconstruction software HIREC and used
as starting point for data analyses.

The two Monte Carlo generators CASCADE and EPJPSI, used in the context of this
analysis, are explained briefly in the following. CASCADE Monte Carlo samples
with inelastic J/¥ mesons decaying into muons or electrons respectively are used to
determine acceptance and efficiencies in order to correct the number of signal events
in this analysis. The samples are generated using the unintegrated gluon density
‘CCFM J2003 set 3’. Control plots comparing data and CASCADE Monte Carlo
distributions are shown in the chapters 7 and 8.

CASCADE

The full hadron level event generator CASCADE contains an implementation of the
kr factorisation approach using CCFM unintegrated gluon distribution and off shell
matrix elements for ep, yp and pp collisions. The J/¥ meson production via (virtual)
photons in boson gluon fusion (y*) + g — J/¥ + g¢) is modelled in the color singlet
model in leading order. In ep collisions at HERA, the process is treated as photon
exchange in the Weizsicker Williams approximation (WWA). The WWA considers
the electromagnetic interaction of particles as an interaction of a particle with a
photon flux corresponding to the field of another particle.
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The hard subprocess is calculated using off shell matrix elements [LZ03,BZ03, Bar02|
convoluted with the unintegrated gluon density xA(x, kr?, ¢?). The initial cascade
is generated in a backward evolution approach from the hard scattering process
towards the proton. This approach is necessary to achieve a reasonable efficiency for
the event generation. For the CCFM evolution equation it is proven, that backward
and the forward evolution yield the same result. For a backward evolution, however,
the unintegrated gluon density must be determined beforehand. This is done by a
fit of a solution of the CCFM equation to the structure function Fa(x, Q?).

The hadronisation is done in the Lund string fragmentation as implemented in JET-
SET and PYTHIA [Sjo94].

EprJpPsI

In the event generator EPJPSI [Jun92|, the direct and resolved production of J/¥
mesons in vyp, ep, up, pp and pp is simulated according to the color singlet model
in leading order in the Weizsicker Williams approximation.

During the event generation, relativistic corrections for the relative velocity of the
quarks can be taken into account [JKGWO93|. These corrections lead to a strong rise
of the cross section towards large values of the elasticity, while the cross section is
expected to break down towards z = 1 without these corrections due to the end of
the phase space |[BJ81].

As in CASCADE, the hadronisation is done using the Lund string model.
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CHAPTER 3

The H1 Detector at HERA

This chapter gives a brief review of the HERA accelerator and the H1 experiment.
The description concentrates on the detector components which are relevant for this
analysis. A detailed description of the H1 detector can be found in [H197a, H197b].

3.1 The Hadron Electron Ring Accelerator (HERA)

HERA was an unique collider to study the proton structure in e*p collisions. An
overview of HERA and the preaccelerator chain is plotted in figure 3.1. The HERA
tunnel has a circumference of approximately 6.3km composed of four 360 m long
straight sections connected with four segments of a circle with a radius of 797 m.
The tunnel contains a beam pipe with normal conductive magnets for the electrons

Hall North

ZEUS

Figure 3.1: Overview of the HERA ring, the four experiment halls and the preaccelerator
chain.
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Figure 3.2: Integrated luminosity collected with the H1 experiment as a function of
time for both HERA running periods.

and a superconducting proton ring. The collision rate amounted to 10.4 MHz (i.e.
96 ns gap between possible collisions) at a centre of mass energy of /s &~ 320 GeV,
calculated from beam energies of E, = 920 GeV for the protons and E, = 27.6 GeV
for the electrons.

During the HERA I running period (1992-2000) an integrated luminosity of £ ~
130 pb~! was collected (cf. fig. 3.2). In the years 2000-2003 new focussing magnets
were installed close to the interaction regions in order to achieve a higher luminosity.
The installation of these magnets made modifications to the detector necessary which
will be addressed in the following section. In 2004 the HERA II data taking period
started. After some problems with beam induced backgrounds in the beginning, an
integrated luminosity of almost 400 pb~" was collected until the end of HERA data
taking in June 2007.

In the middle of each straight tunnel section one experiment was operated. The
experiments H1 (hall north) and ZEUS (hall south) studied the proton structure in
collisions of electrons and protons. HERMES (hall east) analysed the spin structure
of the nucleons in collisions of the electron beam with a polarised gas target. HERA-
B (hall west) was primarily designed to observe CP violation in the mixing of B
mesons produced in collisions of the proton beam with different wire targets. In
autumn 2004 the HERA-B experiment was taken out of the beam and dismantled.

The analysis presented in this thesis was carried out using the data taken with the
H1 experiment, which will be introduced in the next section.
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3.2 The H1 Detector

The H1 experiment was a multi purpose detector with an angular coverage of almost
47t Figure 3.3 shows a schematic overview of H1 and its subdetectors.

The right handed coordinate system of H1 defines the z axis in the flight direction
of the protons, the = axis points towards the centre of HERA and the y axis points
upwards. The nominal interaction point in the middle of the detector is defined as
origin of the coordinate system. Often a cylindrical coordinate system (r,®, ®) is
used, where r denotes the radial length, © is the polar angle measured with respect
to the positive z axis and @ is the azimuthal angle relative to the positive = axis.
The region of positive z values is also called ‘forward’ region, while negative z values
are in the ‘backward’ region. In order to account for a boost due to the different
beam energies, H1 was designed asymmetrically with more instrumentation in the
forward region.

The detector was built from several subdetector components, which are arranged
cylindrically around the beam pipe. The tracking system ([1] - [s]in fig. 3.3) was
installed as closely as possible to the beam pipe. It was surrounded by the back-
ward calorimeter SpaCal ([6]) and the liquid Argon calorimeter ([7][8]). Trackers
and calorimeters were covered by the superconducting coil which generated a ho-
mogeneous magnetic field of B=1.16T ([9]) and the iron return yoke ([10]). The
iron return yoke was instrumented with limited streamer tubes and acted as cen-
tral muon detector. In the forward direction a toroid magnet (B=1.6T) allowed
an independent momentum measurement of muons in the forward muon detector
(FMD).

The subdetectors used in this analysis are briefly described in the following sections.

Central Tracking Detector

The purpose of the Central Tracking Detector (CTD) was the measurement of track
and vertex information for charged particles in the central region of the detector
(20° < © < 160°). Due to the magnetic field of B=1.16 T, the measured tracks were
curved with a radius depending on the transverse momentum of the particle. The
CTD consisted of five radial subdetectors around the beam pipe which are relevant
for this analysis. An overview of the subdetectors of the CTD in the r-® plane is
given in figure 3.4.

Central Silicon Tracker (CST)
The CST provided very accurate track hits in r-®@ and 2z and precise vertex
information in order to identify secondary vertices of long lived particles. The
two silicon layers at 5cm and 10cm around the beam pipe do not allow an
independent track reconstruction, but the CST information improves the ac-
curacy of the CJC hits.
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No. Detector Component No. Detector Component
1 Central Silicon Tracker (CST) 8  Hadronic Calorimeter (LAr)
2 Forward Silicon Tracker (FST) 9  Superconducting Coil
3 Backward Silicon Tracker (BST) 10  Instrumented Iron (CMD)
4 Central Tracking Detector (CTD) 11  Liquid Argon Cryostat
5  Forward Tracking Detector (FTD) 12 Muon Toroid Magnet
6  Spaghetti Calorimeter (SpaCal) 13 Forward Muon Detector (FMD)
7  Electromagnetic Calorimeter (LAr) 14 Beam Pipe

Figure 3.3: Schematic view of the H1 detector in the y-z plane. The protons enter the
detector in the middle of the detector from the right side, the electrons from the left.
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No. Detector Component

1 Central Silicon Tracker (CST)

2 Central Inner Proportional Chamber (CIP)
3 Inner Central Jet Chamber (CJC1)
4
)

Central Outer z Chamber (COZ)
Outer Central Jet Chamber (CJC2)

Figure 3.4: Radial layout of the central tracking detector in the r-® plane.

[2] Central Inner Proportional Chamber (CIP)

The CIP was a multi wire proportional chamber with five layers. Nevertheless
the CIP provided important trigger signals depending on the z position of the
event vertex for the online event selection (cf. chapter 5).

[3] 4+ [5] Central Jet Chambers (CJC1, CJC2)

The two central jet chambers were the most important tracking detectors of
the H1 experiment. The CJCs covered an angular range of 20° < © < 160°
within a radius of approximately 20 cm to 85 cm. They were built from 30(60)
drift cells with 24(32) sensor wires each. The sense wires ran parallel to the
beam axis tilted by 30° in the radial direction. This ensured that the curved
tracks could be measured in at least two cells in order to improve the track
resolution and to avoid ambiguities due to mirror hits.

The CJCs provided a very good resolution in r-®@ (0,_¢ &~ 170 um), with an
expected worse resolution in z (o, &~ 22mm). The possible resolution for the
momentum measurement is ;LTTQ = 0.005 GeV~! ¢ 0.015 [H107a).

Secondary to the momentum measurement, a part of the tracking information
of the CJCS is important for the calculation of trigger elements (cf. chapter
5).

[4] Central Outer z Chamber (COZ)

In between the two CJCs the central outer z chamber COZ was installed
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to provide an accurate measurement of the z position as input to track re-
construction. The COZ was segmented into 24 rings with a length of 9cm
(Lcoz = 2.16m) and covers polar angles from 25° to 155°. Each of the 24
rings was split into 24 individual drift cells in ®. The COZ achieved a good z
resolution (o, =~ 350 um) because the sense wires were strung perpendicular
to the z axis.

Overall the central tracking system provided a track resolution at the vertex of
0r—o ~ 40 pm in the r — @ plane and o, ~ 70 um in the z direction.

Calorimeters

The H1 experiment had two main calorimeters, the spaghetti calorimeter (SpaCal)
in the backward region of the detector and the liquid argon calorimeter (LAr) in the
forward and central region. The main purpose of the SpaCal was the identification
of scattered beam leptons up to photon virtualities of Q2 ~ 100 GeV?2. The LAr
was used for the measurement of the hadronic final state and scattered leptons with
large virtualities Q2. The high granularity of the LAr allowed the identification
of electrons and muons down to very low transverse momenta using their specific
energy deposition (cf. chapter 4).

Spaghetti Calorimeter (SpaCal)

The SpaCal Calorimeter [H197c, Rey98| started at 2 = —1.6m and covered
the backward angular range (153° < © < 174.5°) with a diameter of 1.6 m.

The SpaCal had an electromagnetic and a hadronic part. Both were built
as sampling calorimeters with lead as absorber and scintillating fibres as de-
tector material. The electromagnetic part was built from 1150 cells with an
edge length of 4cm and a depth of 25cm, corresponding to approximately
27.5 radiation lengths X,. The hadronic part was designed similarly to the
electromagnetic part with roughly four times larger edge lengths. The depth
of 25cm of the hadronic SpaCal lead to only one hadronic interaction length
Ao- Therefore almost all electrons were stopped in the electromagnetic part
of the SpaCal, while the hadronic part acted mainly as veto against hadrons
faking a scattered lepton.

During the luminosity upgrade 2000-2003 the inner region of the SpaCal had
to be modified in order to install the superconducting GG focussing magnet
close to the interaction point. A schematic overview of the inner region of the
electromagnetic SpaCal for HERA I and HERA II in the » — @ plane is shown
in figure 3.5. The innermost layer of the HERA I SpaCal (cf. fig. 3.5(a)) was
called ‘veto wall’. It was used to ensure that the cluster of the scattered lepton
was fully contained in the detector, hence it was possible in HERA I to detect
scattered leptons down to © ~ 178° (i.e. Q* ~ 1 GeV?).
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Figure 3.5: The inner region of the spaghetti calorimeter (SpaCal) for (a) HERA | and
(b) HERA Il (after the modifications during the luminosity upgrade).

The modifications made it necessary to remove some cells in the hadronic part
and to rebuild the so called ‘insert’ in the electromagnetic part, the region close
to the beam pipe. The new insert was built without veto wall and with a larger
radius compared to the HERA I insert. This restricted the angular acceptance
of the SpaCal to © < 174.5° and limits HERA II analyses in electroproduction
to Q? > 3.5 GeV2. The center of the SpaCal in HERA II did not coincide with
the -y origin, hence the acceptance in Q? was asymmetric as a function of @.

Liquid Argon Calorimeter (LAr)

The LAr calorimeter was the main calorimeter of the H1 experiment covering
the forward and central region of the detector (4° < © < 153°). A detailed
description can be found in [H193b|. The LAr was built as non compensating
sampling calorimeter, separated into an inner electromagnetic and an outer
hadronic part. Along the 2z axis the LAr was segmented into 8 wheels with
eight octants in @. The detector and absorber layers in the central region
of the detector were installed parallel to the beam axis (cf. fig. 3.6(a)) and
perpendicular to the beam axis in the forward direction. This design ensured
that the impact angle of the particles was larger than 45° in order to avoid
that the particles travelled long distances only through absorber or detector
material.

In a sampling calorimeter different materials for absorption and detection are
used. In the whole LAr calorimeter, scintillating liquid argon was used as
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Figure 3.6: (a) Lateral view of the upper half of the LAr calorimeter and (b) cross
section of a wheel (in the barrel) in the r-® plane.

detector material. The absorber in the electromagnetic part was lead, while
in the hadronic part stainless steel was used.

Depending on the polar angle ®@ the LAr calorimeter had five to eight hadronic
interaction lengths A\y. The electromagnetic part had 20-30 radiation lengths
Xy, i.e. approximately one interaction length \g.

The calorimeter was non compensating, meaning that the measured energy
response for a hadronic shower was roughly 30 % smaller compared to an elec-
tromagnetic shower. The fine granularity of the LAr (~ 45.000 cells) allowed
to distinguish between hadronic and electromagnetic showers based on the
shape of the shower. Afterwards it was possible to compensate the energy
response software based during the reconstruction. The energy resolution of
the LAr calorimeter was determined to be [H193a]

o(E.) 0.1
E.  /E (GeV]
o(Bx) 055
E~  E. (GeV]

® 1% for electrons and (3.1)

® 2% for hadrons. (3.2)

Muon System

The muon system of the H1 experiment consisted of two detectors, the central muon
detector (CMD) and the forward muon spectrometer (FMD). The FMD (3° < © <
17°) is not used in this analysis, a detailed description can be found in [B*94].
The central muon detector (CMD) is integrated in the iron return yoke of the su-
perconducting coil. Figure 3.7(a) shows the arrangement of the 64 modules, which
are grouped in the forward endcap (FEC, 5° < © < 35°), the forward and backward
barrel (BAR, 35° < © < 130°) and the backward endcap (BEC, 130° < © < 175°).
The end caps were split into an ‘inner’ region (modules 6-11 and 54-59 respectively)
and an ‘outer’ region.
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Figure 3.7: (a) Overview of the 64 modules of the central muon detector (CMD) and
(b) cross section through a CMD module to illustrate the layer configuration.

The modules (cf. fig. 3.7(b)) were built with ten iron layers (each 7cm thick).
The nine resulting gaps were instrumented with limited streamer tubes. In the gap
between the fourth and fifth iron layer a double layer of streamer tubes was installed.
In addition to these ten layers, on both sides of the iron return yoke three layers
of streamer tubes (‘muon boxes’) were mounted, hence the CMD had 16 layers in
total.

The limited streamer tubes in the layers had a cross section of 9 x 9mm? and the
insides, coated with graphite, acted as cathode. In the middle of each tube a copper
beryllium wire (100 pm) was strung. The sense wires ran parallel to the beam axis
in the barrel region and parallel to the = axis in the endcaps.

In order to improve the spatial resolution, the outer two layers of the muon boxes and
one of the double layers in the middle of the CMD were read out via strip electrodes,
which were installed perpendicular to the sense wires. These layers achieved a
resolution of o, ~ 4 mm perpendicular to the sense wires and o] ~ 12 mm parallel
to them. The track reconstruction in the CMD is performed in a local coordinate
system. Track segments in the end caps and the barrel are not linked, which means
that the reconstruction efficiency drops in the transition regions. The purpose of
a track reconstruction in the CMD is to probe the geometrical coincidence with a
track in the inner tracking detector as described in section 4.2. However the CMD
provides a momentum measurement with a rather poor resolution of dP/P > 30%
[K1e92, K1e07).
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CHAPTER 4

Lepton Identification

The J/¥ mesons in this analysis are identified via their leptonic decay into electrons
or muons. A good understanding of the identification efficiency of the decay lep-
ton tracks is crucial. The identification and measurement of leptons is composed
of two parts. For a good resolution, tracks with the best possible momentum and
angular measurement are needed. For a high purity of the signal a good lepton
identification is required. Both, the track reconstruction and the lepton identifica-
tion, are implemented in the H1 reconstruction software HIREC. The description

in the following concentrates on the main points, detailed descriptions can be found
in [NSS97,Sch97, Sch96].

First the track selection and the muon identification in the muon detectors and
the LAr calorimeter, as well as the quality scheme of the KALEP algorithm, are
briefly introduced. Afterwards the muon identification efficiency is compared to
Monte Carlo simulations using the decay muons of elastic J/W events. Based on the
comparisons the simulated events are corrected in order to achieve a good description
of the data. In the second part of this chapter a similar study is presented for decay
electrons.

4.1 Track Selection

The reconstruction of tracks is based on the hit information of the central (CTD)
and forward (FTD) tracking detectors. These tracks are called ‘inner tracks’. The
reconstruction software distinguishes between three types of tracks: ‘central tracks’
are reconstructed with hits in the CTD only, ‘forward tracks’ with hits in the FTD
only, and ‘combined tracks’ use the information of both tracking detectors. The
tracks have to fulfil selection cuts in order to guarantee the necessary reliability.
Only tracks that are reconstructed to originate from the primary or a secondary
vertex are taken into account. A minimum transverse momentum of the track is
required and the length of the track in the tracking detector has to be long enough
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central tracks (CTD)

transverse momentum P, > 70MeV
distance to vertex dca’ - sin(Onyk) < 2cm
radius of start hit Ro < 50 cm

> 10cm, for O < 150°

radial length of track { >5cm, for Oy > 150°

combined tracks (CTD + FTD)

momentum P > 0.5GeV
polar angle of track 6° < Opyi < 25°
radius of start hit Ro < 10cm
number of modules Nplan = 2

forward tracks (FTD)

transverse momentum P, > 120 MeV
polar angle 0° < Oy <40°
distance to vertex dca’ < 5cem
radius of start hit Ry < 50 cm

Table 4.1: Selection cuts for tracks in the H100 analysis framework (H1PartSelTracks,
release 3.0.13).

in order to perform an accurate track fit. The selection cuts for the different tracks
are listed in table 4.1.
In the H100 analysis framework these tracks are called HIPARTSELTRACKS [H107b].

4.2 Muon Identification

Muons (up to energies of a few hundred GeV) lose energy predominantly through ion-
isation and are minimum ionising particles (MIP). The average energy loss amounts
dE/dx ~ 0.01 GeV /cm in the calorimeter and 90 MeV per layer of the muon detec-
tor (each 7.5cm of iron). The energy loss via Bremsstrahlung is heavily suppressed
with respect to electrons, because the cross section for Bremsstrahlung drops with
the square of the particle mass

o~1/m*=o,/0.~0.23-107% (4.1)

The information to identify muons in H1 is gathered from three different subsystems
of the detector: the tracking system, the main calorimeter (LAr) and the muon
detectors.

Muons in the H1 detector are identified primarily by reconstructed tracks in the
central muon detector (CMD). The purity of the muon identification in the muon
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detector is very good, since only few hadrons are able to reach the CMD and are
thus wrongly identified as muons. The main drawback of the identification in the
instrumented iron is that muons need to have a rather large momentum of P, ~
1.5 GeV to reach the muon detector in order to reconstruct an track in the CMD.
The majority of muons coming from the decay of J/¥ mesons have lower momenta.
An additional identification algorithm, based on information closer to the interaction
point is desirable.

Due to the high granularity of the LAr calorimeter MIPs can be identified via their
uniform energy deposition within a narrow cone. To reach the LAr calorimeter the
tracks need to have a minimal transverse momentum of only 800 MeV. Combining
both methods the muon identification efficiency reaches 85-90% in the central region
of the detector for a track momentum of 1 GeV. Above P = 2 GeV the efficiency
is well above 90 %.

In the following the identification and the assignment of qualities will be described,
and the lepton identification efficiencies are determined.

Muons in the Instrumented Iron

The iron return yoke of the superconducting coil is instrumented with limited
streamer tubes in order to act as central muon detector (CMD). Depending on
the polar angle ©, up to nine hadronic interaction lengths )y are installed in front
of the CMD. A large fraction of these hadronic interaction lengths is located in the
LAr calorimeter (5 — 8 \g), but also the super conducting coil and the cryostats
contribute significantly to this number (0.5 — 1 \).

Hence the purity of the muon identification is expected to be quite high in the muon
detector. However, for three reasons some hadrons can be wrongly identified as
muons:

e ‘sail through’: Hadrons have a certain probability to pass matter as mini-
mum ionising particles. The probability depends on the hadronic interaction
length Ay and the distance d

P (1) ws

0

Perpendicular to the beam axis ~1% of the hadrons pass the calorimeter
without strong interactions.

e ‘punch through’: Some high energetic hadrons cannot be stopped within
the length of the calorimeter, although they produce a shower. These hadrons
deposit energy in the limited streamer tubes of the muon system, which might
be wrongly identified as muon tracks.
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e ‘inflight decay’: Some frequently produced hadrons have decay channels
involving muons, e.g.
G TES («Q)u (BR ~ 100%, cr ~ 7.8m) or (4.3)
K* — u= %, (BR~64%, cr ~ 3.7m). (4.4)
If one of these hadron decays inside the detector, the decay muon might be
misidentified as muon originating from the interaction point.

The fraction of wrongly identified hadrons due to these processes amounts to a few
percent in total. At the backward end of the LAr calorimeter (140° < ©® < 160°)
this fraction increases to 10 %. In this angular range the calorimeter (BBE) is in-
strumented with less than two hadronic interaction lengths A in front of the muon
detector.

In order to identify iron muon candidates in the CMD, a track fit to all hits in the
CMD is performed by the H1 reconstruction software HIREC. The resulting CMD
tracks are subsequently used to search for geometrical coincidences with an inner
track in the tracking detector, provided that the CMD tracks fulfil certain quality
criteria, which are summarised in table 4.2.

The CMD track needs to have hits in at least three out of the 16 layers of the muon
detector. The first hit has to be in one of the innermost five layers. The distance
of the extrapolated CMD track to the event vertex at the point of closest approach
(dca’) has to be less than one meter in cylindrical coordinates (pg, zo). This cut is
very loose, since the accuracy, in particular for the ® measurement, is very poor in
the muon detector.

In order to reduce the rate of wrongly identified hadrons, this analysis requires a
cut on the distance between the first and the last of the hit layers (Dy,y). All CMD
tracks need to have a distance of at least four layers between the first and the last
layer. In the backward endcap of the muon detector (BEC, 130°© < 175°) the
required distance between the first and the last layer is increased to five layers. In-
creasing the distance between the layers Dy, instead of the number of layers itself
increases the purity, but keeps the impact of the single iron layer efficiency constant.

To probe the geometrical coincidence, HIREC performs track links between prese-
lected inner tracks and the CMD tracks.

To ensure that the inner tracks can reach the central muon detector, the curvature
k of the tracks is restricted to

0.003cm™!

‘H| = SiIl <®Trk> ’

(4.5)

where Oy denotes the polar angle of the inner track. This corresponds to a cut on
the transverse momentum of the track of Py > sin(Oqy) - 1.16 GeV.
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H1 Iron Tracks

o . , zo < 100 cm
cylindrical coordinates at dca 2o < 100 cm
number of layers N>3
number of first layer Niayo < 5
number of last layer Niay1 = 2
link probability Pk > 1074

Selected Iron Tracks
distance between layers Dray = 4 (> 5 BEC)
link probability Pk > 5-1073

Table 4.2: Selection cuts for iron muon tracks in the CMD of the H1 analysis software
(top) and additional cuts used in this analysis (bottom). Stronger cuts for muons in the
backward endcap (BEC) are applied.

In addition, inner tracks and CMD tracks have to match roughly in the polar angle
© and the azimuthal angle ®@. The angular matching is checked by a comparison of
the angles of the track measured in the tracking detector (O, @1y) and the angles
obtained by a straight line from the event vertex to the first hit in the muon detector
(©®cmp, Ponvp). The angular ranges of the preselected inner tracks are limited to

‘@Trk — @CMD| < 0.25rad (46)
—g < ¢ sin (@oup — Or) < 0.2, (4.7)

where ¢ denotes the charge of the inner track. The allowed azimuthal angular range
is asymmetric in order to account for curved tracks in the @ plane due to the
magnetic field.

All preselected inner tracks are extrapolated from the tracking system to the muon
detector taking into account multiple scattering and energy losses on its way through
the detector (assuming the particle to be a muon). Afterwards the compatibility
of each inner and outer track pair is tested by calculating a x? value depending on
the momentum of the tracks, the polar angles ©, the azimuthal angles ® and the
first derivatives of these two angles, ® and ®’. The azimuthal slope of the track @’
is the most decisive quantity in this calculation. Integrating x? yields the linking
probability P (x?), which is asked to be at least P (x?) > 5 - 102 for iron muon
candidates in this analysis.

Muons in the Liquid Argon Calorimeter

As mentioned before muons are minimum ionising particles (MIP) and do not pro-
duce showers in the calorimeter. MIPs have a very distinct signature of energy
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Figure 4.1: lllustration of the cylinders around the extrapolated track, used for the
definition of discriminators in the lepton identification.

deposition in the calorimeter. They lose a part of their energy steadily in a long
and narrow cone around the particles trajectory, while electrons or hadrons produce
broad showers and lose all their energy in the calorimeter. The high granularity
of the LAr calorimeter (~45.000 cells) makes it possible to use this signature to
identify muons. The identification starts at quite low momenta (Pt > 0.8 GeV)
and complements the identification in the muon detectors.

During the H1 event reconstruction, the algorithm KALEP looks for signatures of
minimum ionising particles in the LAr calorimeter. The KALEP algorithm always
starts with a track in the tracking detectors. This track is extrapolated as a he-
lix into the calorimeter, where four discriminators are calculated. As illustrated in
figure 4.1, calorimeter cells in two cylinders with axis centered on the extrapolated
track are taken into account for this calculation. The inner cylinder has a radius of
r, = 15cm. Usually the whole energy deposition of minimum ionising particles is
contained in this volume. A second cylinder is defined with a radius of r;, = 30 cm,
corresponding to a volume which contains 90 % of the energy of a hadronic shower.
In order to suppress noise, only those calorimeter cells with an energy of at least
10 MeV are used to calculate the four discriminator variables [Kas07|:

e Eon(ra): The summed energy of the cells in the electromagnetic part of the
calorimeter inside the inner cylinder around the extrapolated track with radius
r, = 15 cm.

e Eio(rp): The total energy of all cells in the calorimeter inside the outer
cylinder around the extrapolated track with radius r, = 30 cm.

e Lax(ra): Distance from the beginning of the calorimeter to the very last
assigned cell (/; in figure 4.1) inside the inner cylinder with radius r, = 15 cm.
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® Ljaa(ra): Summed distances [; to all assigned cells in the hadronic part of the
calorimeter inside the inner cylinder with radius r, = 15 cm.

The cell energies used here are taken at the electromagnetic scale, with corrections
for dead material in front of the calorimeter, but without corrections for the lower
energy response of hadronic showers. The radii r, and 1}, are not sharp but smeared
out with a sigmoidal function.

After calculating the discriminators, a muon quality is assigned to each track. The
calorimeter muon quality goes from Qual, =0 (no calorimeter muon) to Qual, =3
(good calorimeter muon). It depends on the distinctness of the muon signature with
respect to that of the hadrons.

For each of the four discriminators expected boundaries for muon signatures were
determined [NSS97]. These boundaries depend strongly on the polar angle Oy and
the transverse momentum Pt 1y of the track. In order to be insensitive to errors in
the track reconstruction, no cut on a particular discriminator is applied. Instead a
combined quantity D is calculated, which corresponds to the sum of the deviations
from the boundaries

dlow 2 dUP
Dzmin(Z(ll\I_) +ZN1> (4.8)

i

where d;” and di°” denote the deviation of a discriminator from the upper or lower
boundary respectively. The deviations from the lower boundary enter this sum
quadratically. The relevance of each discriminator is taken into account by the
weighting factors N;. The muon quality is derived by a cut on this combined quan-
tity D. The probability to wrongly identify hadrons as muons is of the order of 5%
for Qual, = 2 and decreases to 2% for Qual, = 3 [Ste05].

If a track link (as described in section 4.2) between an inner track and an outer
muon track exists, an iron quality of 10 is added to the calorimeter muon quality.

Muon Reconstruction Efficiency

To obtain a production cross section the measured number of signal events is nor-
malized to the integrated luminosity and corrected for the efficiency of the event
selection. Monte Carlo samples are used to describe the efficiencies and to extrapo-
late into regions with small or no acceptance. A good agreement between the data
and the Monte Carlo simulation is essential.

In the following the muon reconstruction efficiency is determined using a sample of
elastic J/W¥ mesons, which is available with large statistics. The results from this
large data sample with high purity are used to tune the Monte Carlo simulation and
the tuned Monte Carlo simulation is then used for the extraction of efficiencies.
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elastic J /¥ selection cuts

|Zvix| < 35cm
Npg = 2 (3, if Q% > 0GeV?)
PJ_”I‘rk 2 0.8 GeV
20° <0, <160° VvV 20° <O, < 150°
one identified lepton:
Qual, > 2 \% Qual, = 3
no cosmic track candidate

Table 4.3: Selection cuts for the elastic J/¥ mesons.

The selected elastic J /W meson events are required to have exactly two (vertex fitted)
tracks with opposite charge. In case of electroproduction, a third track, coming from
the scattered beam lepton is allowed. The transverse momenta Pt 1y of both tracks
has to be larger than 0.8 GeV. One of the two decay tracks needs to have a good
or medium calorimeter quality (Qual, > 2) or has to pass the selection cuts for
CMD tracks in the muon detector (cf. tab. 4.2). After these cuts, the remaining
non resonant background is dominated by cosmic ray muons (‘cosmics’). To reduce
contributions from cosmics, three cuts are introduced:

e back-to-back topology: Cosmic ray muons which pass the tracking detector
produce two tracks with apparently opposite charge. Since these tracks orig-
inate from the same particle they have a back-to-back topology. A straight
line fit to both tracks is performed and the event is discarded if the x? value
of this fit is below 10.

e distance to vertex: In contrast to ep interactions, tracks from cosmics gener-
ally do not point to the interaction region. This leads to rather large distances
of closest approach (dca) with respect to the vertex for these tracks. If both
decay tracks of the J/W¥ meson have a dca of more than 0.1cm the event is
rejected.

e track timing: The CJCs provide timing information for each track in an
event. Tracks coming from ep collisions have a similar track timing t, and the
difference |Aty| should be close to zero. In the case of cosmic ray muons the
first track (in the upper hemisphere) is produced before the second track (in
the lower hemisphere). Events are not selected, if the timing difference between

the two decay tracks is larger than 12 ticks (|Ate| > 12ticks £ 2.3 ns).

The selection cuts to select events with elastically produced J/¥ mesons are summa-
rized in table 4.3. In Figure 4.2(a) the invariant mass distribution of the elastic J/¥
candidates decaying into muons is shown. To further reduce contributions from the
non resonant background, only events in the mass window 2.95 < m;y < 3.25 GeV
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Figure 4.2: Invariant mass distributions of two oppositely charged (a) muons and (b)
electrons after applying the selection cuts listed in table 4.3.

are used in the following.

In order to suppress background, events are used in which at least one muon is
identified. The muon reconstruction efficiency is then determined by probing the
other track from the J/W meson for its lepton signature in the detector. The re-
construction efficiency is given the fraction of events, in which the second track is
identified as muon as well. This method is applicable for both, data and Monte
Carlo simulation, in the same way.

As the analysis shows, the efficiency is not constant over the whole HERA II run-
ning, but changes with the different running periods. In figure 4.3(a) the efficiency
to reconstruct muons in the LAr calorimeter is plotted as function of the polar angle
of the muon ©, for the years 2004,2005,2006 and 2007. In particular in the 2004 e*
data sample (dashed line) the calorimeter reconstruction efficiency in the backward
region is lower with respect to the samples from subsequent running periods (e.g.
2006/2007 e™, solid line). In the context of this thesis, the muon reconstruction
efficiency was studied in detail for the different running periods and the efficien-
cies were determined separately for the identification in the calorimeter and in the
central muon detector. Here, the running period 2006 /2007 e* is presented in detail.

The reconstruction efficiency of muons in the H1 detector varies as a function of the
momentum Py and the polar angle Oy of the track. These variables are used to
correct the muon reconstruction efficiency in the Monte Carlo simulation. Reweight-
ing factors are obtained by fitting the efficiency distributions of the data (solid line
in fig. 4.3(b)) and of the Monte Carlo simulation (dashed line in fig. 4.3(b)) in each
bin and dividing the two resulting functions. This way, the impact of statistical
fluctuations in the data is minimized.
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Figure 4.3: (a) Reconstruction efficiency for muons in the LAr calorimeter for the
different running periods of HERA Il as a function of the polar angle ©,,. (b) Exemplary
fit for the determination of reweighting factors.

In figure 4.4 the efficiency to identify muons in the central muon detector is shown
as a function of the momentum of the track Py in four bins of the polar angle
Otk The efficiency in the data is plotted as bullets, the reweighted Monte Carlo
simulation is shown as solid line. For comparison the unweighted Monte Carlo sim-
ulation is shown as dashed-dotted line. The efficiency in the unweighted Monte
Carlo simulation is already close to the efficiency in the data. It is slightly too low
in the forward region of the detector (cf. fig. 4.4(a),(b)) and somewhat too high
in the backward region (cf. fig. 4.4(c),(d)). Around Pry ~ 2GeV the iron muon
efficiency shows a steep rise, as the momentum exceeds the threshold necessary to
reach the instrumented iron. In the forward region of the detector the LAr calorime-
ter has more material in front of the instrumented iron and the identification starts
at Pr =~ 2.5 — 3GeV. At 3-3.5 GeV the iron muon reconstruction efficiency levels
off at 80 % in the central and backward region of the detector. In front of the back-
ward endcap (BEC) of the central muon detector, only few interaction lengths are
installed [H193b]. The efficiency to identify muons in the BEC starts at rather low
momenta and reaches the 80 % level already at Py = 2.5GeV. At the same time
the thinner calorimeter increases the amount of fake muons, because hadrons can
reach the BEC. Therefore harder cuts on the iron muon selection are applied in this
angular region.

In figure 4.5, the efficiency to identify muons in the LAr calorimeter (with medium
or good quality) is shown. It starts at a level of 80 % in the central region). With
increasing momentum (fig. 4.5(a) — fig. 4.5(d)) the calorimeter muon efficiency
in the barrel reaches ~90%. The efficiency falls off at Oy =~ 140° where the
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Figure 4.4: Iron muon reconstruction efficiency for the year 2006/2007 (e*) as a func-
tion of the momentum of the tracks Pty in bins of the polar angle ©,,. The efficiency
of the data (bullets) is shown in comparison with the reweighted (solid line) and the
unweighted Monte Carlo simulation (dashed-dotted line).
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angular range of the LAr calorimeter comes to an end. In this angular range of the
calorimeter (BBE) only electromagnetic layers are installed. The radial length of
the BBE is not sufficient to identify muons.

The Monte Carlo simulation overestimates the efficiency to identify muons in the
calorimeter by 5-10% in all bins. At large values of the momentum of the track
Py, the efficiency in the data rises and the difference becomes smaller.

In the forward region of the calorimeter (20° < Oy < 40°) the simulation stays
at the same level of efficiency as in the barrel region, while the data points go down
by ~30%. This discrepancy grows towards larger Pryy.

The Monte Carlo simulation is reweighted in bins of Ot and Pty as described
above. As the figures indicate, the reweighted distribution of the simulation de-
scribes that of the data well.

4.3 FElectron Identification

In the dense material of the calorimeter electrons deposit their energy in a cascade
of electron positron pairs and photons created through bremsstrahlung and pair
production processes.

Usually 95 % of an electromagnetic shower are contained in a cylinder with a radius
of two times the Moliere radius [PDGOS].

The identification of electrons works similar to that of the muons in the calorimeter.
The identification starts with tracks in the inner tracking detector. These tracks
are extrapolated into the calorimeter and four discriminators are calculated using
the cells within two cylinders with radii of r, = 15c¢m and r, = 30 cm. For the cal-
culations the energy is taken at the electromagnetic energy scale, with corrections
for dead material in front of the calorimeter, but without corrections for the lower
energy response of hadronic showers. To analyse the reconstruction efficiency of
electrons, an elastic J/¥ meson sample is used. The mass plot of these elastic J /W
mesons is shown in figure 4.2(b).

The most powerful discriminator for the electron identification is the ratio Eey, /Prryy.
Here, E.,, denotes the energy deposition of the particle in the electromagnetic part
of the calorimeter. Pty is the momentum of the particle as measured in the tracking
detector. Electrons have a ratio of Eep,/Pry &~ 1. They deposit their full energy in
a compact cluster in the first layers of the calorimeter. Hadrons have lower expected
values for Eey, /Prk. On the one hand, the energy response hadronic showers in the
calorimeter is only ~70% relative to electromagnetic showers. On the other hand,
the hadrons penetrate the calorimeter much deeper and deposit only a fraction of
their energy in the electromagnetic part of the calorimeter.

In addition to the Een, /Pty ratio three more discriminators are used:

e E.n(ra): The summed energy of the cells in the electromagnetic part of the
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calorimeter inside the inner cylinder around the extrapolated track with radius
r, = 15 cm.

e Ep.a(rp): The total energy of all cells in the hadronic part of the calorimeter
inside the outer cylinder around the extrapolated track with radius r;, = 30 cm.

¢ > Ecm - Lem(ra): Sum of the track lengths [; of the extrapolated track from
the beginning of the calorimeter to all assigned cells in the electromagnetic
part inside the inner cylinder with radius r, = 15 cm.

Using these discriminators electron qualities from Qual, = 0 (no electron) to Qual, =
3 (good electron) are assigned to all tracks in a similar way as described for the muons
above.

Electron Reconstruction Efficiency

The reconstruction efficiency for electrons in the LAr calorimeter is determined by
a method analogous to that used for the muons. The same two dimensional bins as
functions of the momentum of the track Ppy and the polar angle Oy are used to
determine the electron reconstruction efficiency separately for each year. In contrast
to the analysis with muons, the quality of the electron tracks is asked to be good
(Qual, = 3) in order to minimizes contributions from misidentified electrons.

The overall electron identification efficiency for the running period 2006/2007 e™ as
a function of the track momentum P and the polar angle Oy is shown in figure
4.6. The reconstruction efficiency in the uncorrected Monte Carlo simulation is 5
10 % higher with respect to the efficiency in the data. After the two dimensional
reweighting as a function of Py and Oy, the efficiency in the data is well modelled
by the simulation. In the very backward region of the LAr calorimeter (BBE, 140° <
Ok < 154°), only electromagnetic layers are installed. Therefore electrons can be
identified up to Oy 150°, while the calorimeter reconstruction efficiency for
muons falls off at O ~ 140°.

~

~
~
~

4.4 Systematic Uncertainty

The iron muon reconstruction efficiency and the efficiency to identify muons and
electrons in the barrel region of the calorimeter is somewhat overestimated by a few
percent in the simulation. The description of the calorimeter muons in the barrel
region becomes better at larger values of the track momentum.

As shown in figure 4.5, the uncorrected simulated reconstruction efficiency over-
shoots that of the data by ~30% in the forward region (On) < 40°) for a track
momentum of Py > 1.5 GeV.
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Figure 4.6: Overall electron reconstruction efficiency as a function of (a) the momentum
of the track Py and (b) the polar angle Oy of the track.

After a two dimensional reweighting, the efficiency in the data is well described by
the simulation. Nevertheless, some deviations O(5 %) in the forward and backward
region of the calorimeter and at large values of the track momentum Py, remain.
These differences are taken into account as a 5% systematic uncertainty on the
lepton identification efficiency in the analysis.
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CHAPTER 5

Trigger

The main task of the trigger system in the H1 experiment is to select genuine ep
events and to separate them from background events. The background mainly arises
from interactions of the proton beam with the beam pipe or residual gas and from
cosmic ray muons. In H1, a trigger system with four levels (L1-L4) is used in order
to reduce the collision rate of 10.4 MHz (96 ns) to an read out rate of the order of
O(50Hz). The trigger has to select the interesting events efficiently and with the
least deadtime possible.

In the following, the four trigger levels are briefly described and the subtriggers used
in this analysis are explained. In the last two sections of this chapter the event yields
and trigger efficiencies are presented.

First Trigger Level (L1)

Several subdetectors provide trigger elements at level 1. From combinations of these
trigger elements, the central trigger logic builds 128 L1 subtriggers. The first trigger
level works without producing deadtime. The data of every bunch crossing is kept
available in a pipeline in each subdetector for 2.3 us (£ 24 bc), until the L1 trigger
decision is worked out. The time for the L1 decision takes into account cable delays
of a few hundred nanoseconds and drift times in the CJCs of up to 1 ps.

The typical L1 trigger element rate can be as high as 100 kHz. By combination of
trigger elements this rate is reduced by two orders of magnitude to a maximum L2
input rate of about 1kHz.

If an event is triggered by one of the L1 subtrigger, a L1IKEEP signal stops the
pipelines and the deadtime of the detector starts.

Second Trigger Level (L2)

The L2 decision is available after 20 us. Within this time it is possible to analyse
the information, which was gathered from the different subsystems, in more detail.
Based on tracking chamber information a rough track reconstruction is done. In
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Figure 5.1: Comparison of the ‘read out’ times for L3KEEP and L3REJECT decisions
for the central muon detector (CMD) using the new and old read out software respectively.

the calorimeter hardware neural networks (L2NN) and topological triggers (L2TT)
are used to get 32 L2 conditions. The L2 subtriggers are mainly used to tighten L1
subtriggers that have very large output rates. On L2 the trigger rate is reduced by
roughly one order of magnitude in order to reach the maximum input rate for the
following trigger level. In HERA I and the beginning of HERA II the third trigger
level was inactive and the information was directly delivered to L4. In 2006 the
trigger level L3 is activated.

In the case of a L2ZKEEP decision, the read out of the front end electronics starts. A
L2REJECT decision aborts the detector read out, waits for a front end ready signal
(FER) from every subsystem and finally enables the pipelines again.

Third Trigger Level (L3)

A third trigger level (L3) had been foreseen since the first days of H1. It was
finally activated in the beginning of 2006 after the shutdown. The L3 trigger is
able to handle input rates of up to 200 Hz. The L3 output rate is tuned to about
50Hz. The L3 trigger decision (L3KEEP or L3REJECT) is forwarded after 100 ps.
During the time available for the L3 decision, FTT tracks and information from
other subsystems are used to search for exclusive final states and to verify the L1
and L2 trigger decisions.

In the case of a L3AREJECT the subdetector read out is aborted immediately. Before
2006 the central muon detector did not comply with the requirements to activate
the third trigger level. In the case of a L3REJECT decision, the cluster read out
continued, but the event data was not copied into the global memory. Thus the
readout time in the old readout software in case of a L3REJECT decision was only
~30 ps less compared to the read out time after a L3KEEP signal (cf. fig./tab. 5.1).
In the context of this analysis, the readout software of the CMD was modified such
that it fulfilled the time requirements. After the modifications the front end ready
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signal in case of an L3REJECT was confirmed after only 106 us. The read out time
in the case of an L3KEEP was considerably reduced by ~130 us with respect to the
former read out time. Since 2006 the CMD was the subsystem in the H1 experiment
with the fastest response in case of an L3REJECT and did not produce any exclusive
deadtime.

Fourth Trigger Level (L4)

All subsystems deliver their data to the event builder within 1.5ms, where the
components of a particular event are assembled, and the pipelines are again enabled.
Afterwards the event is treated offline in an asynchronous event buffer on L4 where
it is fully reconstructed. Hence the fourth trigger level does not contribute to the
deadtime.

The fourth trigger level works as a filter in order to reduce the amount of data which
has to be written to tape. In a first step the trigger decisions of the former levels
are confirmed and background events coming from cosmic ray muons or residual
gas/beam pipe events are rejected by background filters. For monitoring reasons
10% of these events are kept. All verified events are fully reconstructed and have
to pass a physics selection. During this selection the events are classified by ‘hard
scale finders’ (class 4-10) and ‘physics finders’ (class 11-18).

The hard scale finders search for indicators of interesting ep physics. Indicators
include tracks or muons with large transverse momentum, missing transverse energy
Et miss or a candidate for the scattered beam lepton. The physics finders look for
exclusive final states: multi jet events, diffractive events or events involving heavy
quarks for example. The relevant class for the analysis of J/W¥ mesons is class 16
(‘hidden heavy flavour’). Events that are neither classified by a hard scale nor
a physics finder are classified as class 3 (‘soft physics’). The soft physics events
are downscaled by factors of 20 (‘inclusive electron tag’), 40 (‘photoproduction,
yig > 0.97) or 60 (‘photoproduction, y;gp < 0.9).

The L4 selection reduces the rate of events written to tape to roughly 10 Hz. Finally
the events are written to POT files (physics output tape) and DST files (data
summary tape). A POT file contains the whole event information (150kB/evt), a
DST file contains a subset of this information (20 kB /evt) which is usually sufficient
for physics analysis.

L4 Software Malfunction

The operation of the L4 filter for class 16 (‘hidden heavy flavour’) divides into three
phases.

During HERA I and in the beginning of 2004 a physics finder based on tracks that
were improved by hits in the silicon tracker (CSKR) was used. Phase two started
in summer 2004! as a new algorithm was installed. It was based on inner tracks

lrun number 387288
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reconstructed only with hits in the CJC (CJKR). Unfortunately the new algorithm
was put into operation in the L4 trigger system in an incomplete way leading to a
malfunctioning. This malfunction was unnoticed until easter 2006

Without the CJKR tracks, the efficiency of the finder for inelastic J/¥ meson events
was drastically reduced. Due to this malfunction all inelastic J/¥ mesons in pho-
toproduction were downscaled as ‘soft physics’ and irrecoverably lost, except for
those events with high track momentum muons which were kept by a ‘hard scale’
finder. J/W mesons in electroproduction are not affected by this malfunction as the
electroproduction events were usually classified as ‘high Q% (class 4) and kept.

Prescale Factors

For some L1 subtriggers, the trigger conditions are not able to reduce the trigger
rate to a level that can be tolerated within the available band width. The rate
of these subtriggers is thus downscaled by applying so called ‘prescale factors’. A
prescale factor of n means, that only every n'" event of the particular subtrigger is
accepted and delivered to L2. The way the prescaling is done, it does not have any
impact on the shape of physical quantities.

As explained before, events which are classified as ‘soft physics’ on L4 are also
scaled down. This is done in the same way as the prescaling on trigger level L1.
The prescale factors on L4 are called ‘1.4 weights’.

5.1 Trigger Strategies

The occurrence of J/¥ mesons in electroproduction events are triggered by a combi-
nation of signals in the backward calorimeter (SpaCal) and the central drift chamber
using the subtrigger s61

L1(s61) : (SPCLe IET > 2V SPCLe IET Cen_ 3) AFTT mul_ Td > 0.

This trigger is based on the scattered electron signature in the SpaCal. It is indepen-
dent of the flavour of the leptons from the J/W¥ decay and thus allows to analyse both
the muon and the electron decay of the J/W. The veto conditions of the subtriggers
are not stated here and can be found in [H198].

In photoproduction the events are triggered by a combination of signals from the
central muon detector (CMD) and the central tracking detector (CTD). The two

2run number 456785
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Figure 5.2: Illustration of the ‘sliding windows’ with 4 x4 cells each used in the inclusive
electron trigger (IET).

complementary muon triggers s19 (CMD barrel) and s23 (CMD endcaps)

L1(s19) : Mu Bar AFTT _mul Tc > 1AFTT _mul Td > OACIP_ Sig>1
L1(s23) : Mu ECQAFTT mul Tc >2ACIP Sig>1

L2 : FIT Tc_gt 0O (since 16.11.2006, run number 487167)
L3 : L3 Vi7(3] (since 08.12.2006, run number 490162)

are used to study the photoproduction of J/W¥ mesons. The L2 and L3 conditions
are the same for both photoproduction triggers. Since the subtriggers s19 and s23
do not trigger on electrons of a J/W¥ meson, the photoproduction analysis is limited
to the muon decay channel.

Trigger Elements

In this section the trigger elements of the electroproduction and photoproduction
triggers are briefly explained. The description focuses on the trigger elements used
in the analysis. More detailed information can be found in the given references.

Inclusive Electron Trigger (IET)

In the SpaCal trigger [Mey97] the trigger elements can be either ‘in time’ (ToF)
or ‘out of time’ (AToF). The ToF branch is defined by a time window of about
10ns width, centered around an expected ep collision. This tight condition
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makes the ToF branch of the SpaCal trigger insensitive to proton beam in-
duced background signals. The AToF branch is only used for calibration and
veto conditions and will not be discussed here.

The SpaCal IET is segmented in arrays of 4 x 4 cells each in which energies are
summed up for the trigger. As illustrated in figure 5.2, these arrays overlap
(‘sliding windows’) to achieve a high efficiency and a localisation in space of
the scattered electron already on the first trigger level. In order to obtain the
trigger elements (SPCLe_IET > 0,1,2), this energy sum is compared to three
different thresholds (adjustable from ~ 100 MeV to ~ 20 GeV). In addition,
separate L1 trigger elements are calculated for the radius close to the beam
pipe (R < 16 cm). These trigger elements are labelled with an additional ‘Cen’
in their name.

Muon Trigger Elements

The trigger decision of the muon system is based on five out of the sixteen
layers (No. 3,4,5,8 and 12, cf. fig. 3.7 on page 39). The efficiency of the
central muon trigger is limited for two reasons. The single layer efficiency
of the limited streamer tubes is at most €,y ~ 85% and depends mainly on
the possible applied high voltage for a module®. The second reason is an
inefficiency due to the trigger timing. To account for cable delays and drift
times of up to 100ns in the limited streamer tubes, the hits of four bunch
crossings are used to reconstruct a track in the CMD.

If the CMD trigger decision were also be based on signals of these four bc,
the resulting muon trigger rates would be much too large. Therefore only two
bunch crossings are taken into account in the trigger decision. In addition an
elaborated system of signal stretching and delay is used in order to set the
trigger bit only for the bc which is determined to be the first bc of the muon
signal [IKKS95].

The trigger conditions in the CMD depend on the position of a module. For
the muon barrel trigger element (Mu_Bar) hits in two out of the four innermost
trigger layers are required. In the backward inner or outer end cap (Mu_BIEC,
Mu_BOEC) and in the forward outer end cap (Mu_FOEC) three out of the five
trigger layers have to provide a hit. In order to reduce the amount of fake
signals from high energetic hadrons coming from the proton remnant, four out
of the five trigger layers are required in the forward inner end cap (Mu_FIEC).
In addition to these trigger elements, the coincidence of two trigger signals in

3During the HERA II running, the high voltage of the central muon detector was raised two
times by +50V, leading to an increased event yield in the photoproduction analysis.
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Figure 5.3: Profile of the 4x3 layers (1-4) of CJC1 and CJC2 used for the fast track
trigger (FTT).

the forward or backward endcap (Mu_2_BIoOEC, Mu_2_FIoQEC) results in a
positive trigger signal.

The trigger elements for the end caps are summarised in the trigger definition
Mu_ECQ = Mu_BOEC V Mu_2_BIoOEC V Mu_FOEC .

DCr¢ Trigger Elements

In HERA T and up to the year 2004 of HERA II, the ‘drift chamber r-@’
(DCr¢) trigger element was used as track trigger. The DCrd trigger uses
10 out of the 56 wire layers of the two CJCs. The information from these
wires is digitised in the r-@ plane. If the distance of closest approach (dca)
of the track to the z axis is less than 2 c¢m, the obtained pattern is compared
to 10* precalculated masks. The DCr¢ trigger counts positive and negative
(DCRPh_TPos, DCRPh_TNeg) tracks. The tracks are separated into tracks with
a transverse momentum Py of 400 < Py < 800 MeV (DCRPh_TLow) and
with Py > 800 MeV (DCRPh_THig).

Fast Track Trigger Elements

In January 2005 the fast track trigger (FTT) replaced the former DCrd trigger.
The FTT is used on all levels of online trigger decisions (L1-L3). The FTT
is based on the hit information of twelve wire layers (4 x 3) of the central jet
chambers (cf. fig. 5.3). Three out of the four FTT layers (1-3) are part of the
CJC1, one FTT layer (4) is located in the CJC2. In the following the FTT
trigger levels are briefly described. A more detailed description of the FTT
and its algorithms can be found in [Ber07, Wis03].
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FTT L1: 'The necessity to reach a L1 trigger decision within 2.3 pus allows
only a rather coarse determination of the track curvature (x o< 1/Prp 1vy)
and the azimuthal angle ®@1. The track parameters x and @y are
obtained by a comparison of the measured hit patterns in the FTT layers
with precalculated patterns. The trigger decision is based on the number
of FTT tracks above a certain Py qy threshold z (FTT_mul_Tz). Five
thresholds are implemented on L1 (a = 100 MeV, b = 160 MeV, ¢ =
400 MeV, d@ = 900 MeV, e = 1800 MeV).

FTT L2: In the case of a LIKEEP decision, a similar (but more accurate)
pattern recognition is performed on L2. The resolutions of the resulting
track parameters are much better, compared to that of L1. Algorithms in
the F'T'T fitter cards are then used to perform a circular fit to the spatial
coordinates of the FT'T track segments to determine the vertex position
in the r-@ plane and to do a linear fit in the r-z plane. The results of
these fit significantly improve the resolution of the tracks reconstructed
on L2.

The momentum and angular information of the FTT L2 tracks is already
quite similar to that of the tracks in the final reconstruction (o(2=) ~ 4%,
with A, = KpTT — Koffline; 0o ~ 3.5 mrad and og ~ 70 mrad [Ben07]). The
poor resolution in the angle © corresponds to a rather large uncertainty
on the z position (o, ~ 6 cm) of the hits.

Since November 2006 the L2 information is used to validate the L1 deci-
sion for the muon triggers s19 and s23. A FT'T L2 track with a transverse
momentum of more than 417 GeV is required (FTT_Tc_gt_0).

FTT L3: The input for the L3 decision of the FTT comes from the FTT L2
tracks and information from other subsystems (e.g. CMD, jet trigger,...).
For the subtriggers which are used in this analysis, the third level of
the FTT validates the L1 decision of the muon trigger. The L3 trigger
element checks whether at least one track points to a triggering module in
the central muon detector. Events with more than seven FTT L2 tracks
are always kept on L3 and the condition becomes transparent. This muon
matching algorithm has an efficiency of almost 100%.

The main effect of the FTT L3 condition on the subtriggers s19 and s23
is a reduction of the average prescales with respect to the period without
this condition.

z Vertex Trigger Elements

To reject background events originating far away from the nominal interaction
point, a trigger condition that constrains the z position of the vertex is imple-
mented. These events usually come from collisions of the proton beam with
residual gas or with the beam pipe. The vertex trigger uses the information of
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Figure 5.4: lllustration of the CIP to illustrate the principle of the z vertex trigger.

the central inner proportional chamber (CIP) [Urb04]|. The CIP is built from
five layers of multi wire proportional chambers (MWPC) with ~8500 readout
pads. The signal patterns are used to reconstruct tracks of charged particles
within a very large acceptance along the z axis. Extrapolating these tracks
to the z axis yields a z vertex distribution (cf. fig. 5.4). The significance S
for the z vertex distribution is calculated using the number of entries in the
central (Neey), the forward (Npyq) and the backward region (Npyq) of the z
axis according to

Ncent

S et
Nbwd + Nwa

(5.1)

The z vertex trigger decision (CIP_Sig) is based on this significance S. A sig-
nificance of § > 1 indicates more tracks in the central region than background
tracks in the forward or backward region.

5.2 Identification of the Scattered Lepton

The kinematic range of the measurement of electroproduction is restricted to 3.6 <
Q? < 100 GeV? In this range the scattered lepton lies within the angular acceptance
of the SpaCal. In the following a description of the selection of scattered leptons in
the SpaCal is presented.

A candidate for the scattered lepton in the SpaCal is required to have an energy
of at least 8 GeV within a cluster radius of less than 4cm?. If there are several
clusters fulfilling these criteria, the cluster with the highest energy deposition in the

4For trigger reasons, the energy of the scattered lepton in the electroproduction part of this
analysis has to be at least 10 GeV (cf. sec. 5.4).

65



10?

10

X [cm]

Figure 5.5: Data distribution of the impact position of scattered leptons in the x-y
plane of the SpaCal. The radial and box selection cuts applied in the analysis are shown.

event is identified as the scattered lepton. Angular information from the backward
proportional chamber (BPC) is used for the reconstruction of the event kinematics
if an BPC track exists which matches the SpaCal cluster within a distance of less
than 4 cm from its center.

In general the electron beam has a small angle with respect to the z axis of the
experiment coordinate system (‘beam tilt’). The actual kinematics depend on the
angle of the scattered lepton relative to the beam axis (and not the z axis) and the
values for the polar and azimuthal angles need to be corrected for the beam tilt.

Towards the inner edge of the SpaCal the energy measurement becomes unreliable.
The radial cluster position is required to be larger than 13.5cm. With this cut
clusters close to the edge of the SpaCal are removed in order to ensure that they
are fully contained in the SpaCal volume. In figure 5.5 the radial cut is illustrated
as grey circle. The box cut in the middle right part of this figure corresponds to a
region in which the trigger was inactive. These cells were removed from the trigger
in order to reduce background due to synchrotron radiation. Apart from the fiducial
cuts in the innermost region some cells in the outer region, which were dead (broken
photomultiplier) or which have a very low trigger efficiency (electronics problems),
are removed. A detailed analysis of the cells was performed in [Boe07].

Figure 5.6 shows the distributions of the negative four momentum transfer squared
Q? and the radius of the cluster in the SpaCal. The data are compared to the
CASCADE Monte Carlo simulation which is used for the cross section determination.
After the application of the selection cuts described above, the data seem to be well
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Figure 5.6: Distributions for (a) the four momentum transfer squared Q? and (b) the
radius of the cluster in the SpaCal. The data (bullets) are compared to the CASCADE
Monte Carlo simulation. The grey area in the Q? plot is rejected in the selection of the
electroproduction analysis.

modelled by the CASCADE simulation.

5.3 Event Yields

During the HERA II running period an integrated luminosity of roughly £ ~ 365 pb ™"
was collected at a center of mass energy of /s ~ 320 GeV. Figure 5.7 shows the
event yields (events/pb~') for the electroproduction and photoproduction of inelas-
tic J/W mesons after applying all selection cuts which are introduced in chapter 6
of this thesis. The event yield for electroproduction in figure 5.7(a) is flat over the
whole HERA II run range with average values of

JJW — up : 21levt/pb! (5.2)
JJW — e : 13evt/pb '

In contrast, the photoproduction event yield shows four regions (I - IV in figure
5.7(b)) with different average values. These changes are due to a number of problems
and modifications in the muon trigger.

From the start of the HERA II data taking until the summer of 2004 (phase I) the
event yield in photoproduction was 8.4 events/ pb~!. Afterwards it went down to an
average yield of 1.3 events/ pb~! (phase II) and subsequently increased to an average
yield of 3.7 events/pb " in May 2005 (phase III). Finally on easter 2006 (run number
456785) the average yield increased to 15.1 events/pb™' (phase IV).

At the end of phase I° a malfunction in the L4 software occurred as explained

5run number 387288
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Figure 5.7: Event yields (events/pb ") for inelastic J /W mesons in (a) electroproduction
(s61) and (b) photoproduction (s19 V s23).

in section 5. As a result almost all inelastic J/W¥ mesons in photoproduction were
rejected during phase IT and ITI. The malfunctioning was spotted around easter 2006°
and immediately fixed. The rise of the event yield between phase II and IIT comes
from the exchange of a faulty low voltage power supplies in May 2005. The event
yield before the L4 malfunction (phase I) is somewhat lower with respect to phase
IV. The main reason for this change is that the high voltage of the muon system
was raised between phases I and IV, leading to an increase of the hit efficiency, and
thus the trigger and muon finding efficiency.

The data of the run range before easter 2006 (phase I-11I) cannot be recovered for
the photoproduction analysis of inelastic J/¥ mesons. A rather small possible gain
in statistics by including the phases I to III would be disadvantaged by a large sys-
tematical uncertainty in the determination of the efficiency of the level 4 trigger.

The electroproduction analysis is not affected by this trigger problem. The selected
electroproduction events were classified by a hard scale finder as ‘high Q% (class 4)
on trigger level 4 and were not discarded.

5.4 Trigger Efficiency

For the measurement of the cross sections the trigger efficiency eryigger is determined
from data. Independent subtriggers are used to determine the trigger efficiency. The
trigger efficiency is defined as the fraction of the monitor sample triggered by the
analysis trigger (Tapa)

N (TMon A TAna)
€Trigger —
Trigg N (TMon)

(5.4)

Srun number 456785
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J/¥ mesons in electroproduction with a subsequent decay into muons can be trig-
gered by triggers based on the scattered lepton as well as by muon triggers (s18,
s19, s23) or by track triggers (s59, s60). This redundancy is used to determine the
trigger efficiencies separately for each trigger element. The efficiency of the SpaCal
trigger elements is determined using a combination of these five triggers as mon-
itor. Similarly, the FTT/DCr¢ and muon trigger elements were monitored using
subtriggers with only SpaCal trigger elements (s0, s1, s3, s9).

The trigger efficiency for the electroproduction analysis can be determined using the
large statistics of the photoproduction data sample.

The DIS sample is used to determine the efficiency of the muon and track trigger
elements. These trigger element efficiencies are used to correct the Monte Carlo
simulation where necessary. The corrected Monte Carlo is subsequently used to
determine the subtrigger efficiency for the photoproduction sample.

Electroproduction

The trigger efficiencies for the electroproduction of J/W¥ mesons are shown in figure
5.8. Overall, the SpaCal IET trigger elements are found to be very efficient.

The efficiency of the SpaCal trigger as a function of the energy of the scattered
lepton is shown in figure 5.8(a). The efficiency decreases to 75% at low energies
of the scattered lepton (Eos < 10GeV). In addition, the error becomes large at
low energies of the scattered lepton since the angular acceptance drops towards low
energies of the scattered lepton for lowest values of Q?. In order to ensure a good
trigger efficiency, the energy of the scattered lepton is restricted to be at least 10 GeV
in this analysis.

The efficiency of the SpaCal trigger elements as a function of Q? is shown in fig.
5.8(b). In the largest bin of the four momentum transfer, the efficiency goes down
by three percent, since the angular acceptance of the SpaCal ends at Q* ~ 100 GeV2.

The tracking conditions in the electroproduction trigger were changed over time. In
2004 the DCr¢ trigger was used and was replaced by the FTT in January 2005.
In figure 5.8(c) the trigger efficiency of the tracking conditions is shown separately
for both track triggers (FTT: bullets, DCr¢: triangles). The overall efficiency of
the FTT is about 99%. The efficiency of the DCr¢ trigger is about 5% lower.
At low values of Q2 the FTT trigger efficiency goes slightly down to 98 %. The
trigger efficiency used in the electroproduction analysis is determined by a luminosity
weighted combination of the trigger efficiencies of the two track triggers. During
2004 an integrated luminosity of ~25pb~! was collected with the DCrd trigger.
This corresponds to 6.9 % of the integrated luminosity used in the electroproduction
analysis.

The overall trigger efficiency of subtrigger s61 is determined to be eqyigger = (97 £

2) %.
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Figure 5.8: Efficiency of the SpaCal trigger elements of the subtrigger s61 used in the
electroproduction analysis as a function of (a) the energy of the scattered beam lepton
Ee and (b) the four momentum transfer squared Q?; (c) efficiency of the track trigger
conditions (FTT: bullets, DCrd: triangles) of subtrigger s61 as a function of Q2.

Photoproduction

In figure 5.9 the trigger efficiencies for the L1 photoproduction trigger elements are
shown. The bullets correspond to the data, while the solid black line shows the
reweighted CASCADE Monte Carlo simulation and the dashed black line the un-
weighted CASCADE. The photoproduction trigger efficiency is dominated by the
efficiency of the muon trigger elements (Mu_Bar V Mu_ECQ). The simulated trigger
efficiency is a few percent too low, in particular at large values of the transverse
momentum of the muon (cf. fig. 5.9(a)) and in the barrel region of the detector
(cf. fig. 5.9(b)). The efficiency of the muon trigger elements in the Monte Carlo
simulation is reweighted in bins of the transverse momentum Pt 1y and the polar
angle Or, of the track. The efficiency of the FTT and the CIP triggers, shown in
the figures 5.9(c)—(f), are at a level of 99 %. These L1 trigger elements are very well
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Figure 5.9: Efficiencies of the trigger elements of the photoproduction triggers (s19,
s23) as a function of Py, Oy and the track multiplicity. The data (bullets) are compared
to the CASCADE predictions with (solid line) and without (dashed line) reweighting.
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Figure 5.10: Efficiency of the L2 and L3 trigger conditions used in the photoproduction
analysis in data (bullets) and CASCADE simulation (solid line). The L3 condition is wrongly
simulated and ignored in the determination of the trigger efficiency in this analysis.

described by the simulation and no correction is necessary.

In figure 5.10 the L2 and L3 trigger conditions are plotted as a function of the trans-
verse momentum of the muon. The L2 condition (FTT_Tc_gt_0) is well described
by the simulation and almost 100 % efficient. The track muon matching condition
imposed L3 as validation of the L1 muon trigger elements (L3_V17[3]) has an ef-
ficiency of 100 % in the data (bullets in fig. 5.10). Since the L3 trigger element of
the FTT is not well simulated in the Monte Carlo and is 100 % in data, it is not
required in the selection of Monte Carlo events.

5.5 Systematic Uncertainty

In the case of the electroproduction (s61) the trigger efficiency was determined
from the data using independent trigger channels. The efficiency is found to be
€Tvigger = (97 £ 2) %. The statistical uncertainty of the trigger efficiency determina-
tion is taken as the systematic uncertainty of the electroproduction analysis.

For the photoproduction analysis remaining differences between data and corrected
Monte Carlo simulation are below 4 %. The track trigger elements on L1 are very
well described with efficiencies of more than 96 %. The uncertainty on the track
trigger elements is 2%. The L2 and L3 conditions are almost 100 % efficient. An
uncertainty of 2% is applied for each of the two trigger levels.

The uncertainties for the particular trigger levels lead to a systematic uncertainty
of 5% for the photoproduction trigger.
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CHAPTER 6

Data Selection

In this thesis photo- and electroproduction event samples with inelastic J/¥ mesons
are discussed. The selection is quite similar for both analyses. In the following
the data sample, the selection cuts and the cuts for background rejection will be
introduced. Subsequently the method for the extraction of the number of signal
events will be explained. The selection cuts of the analyses are summarised in table
6.1.

6.1 Data Samples and Preselection
In a first selection step, only runs with good and medium quality are selected.
Run ranges with known problems are excluded and a run needs to have at least
an integrated luminosity of 0.1 pb™' in order to be selected. To achieve the best
precision, all relevant components of the H1 detector must be fully operational. In
particular high voltage (HV) must be switched on for the following subsystems:

e Central Jet Chambers (CJC1 & CJC2)

e Central Muon Detector (CMD)

e Luminosity System

e Fast Track Trigger (FTT)

e Liquid Argon Calorimeter (LAr)

e Spaghetti Calorimeter (SpaCal)

e Central Inner Proportional Chamber (CIP)

e Time-of-flight system (ToF)
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Only events with a reconstructed position of the primary vertex on the z axis in-
side the central region of the detector with respect to the nominal interaction point
(—35cm < zyx < 35cm) are selected. Thus background events from non ep colli-
sions, cosmic ray muons or collisions of satellite bunches are suppressed.

6.2 Lepton Selection

Detailed information about lepton identification algorithms and the lepton quality
bits can be found in chapter 4 of this thesis.

The J/¥ meson candidates in this analysis are reconstructed through their leptonic
decay into two muons or electrons with a branching ratio of BR,, = (5.93+0.06)%
and BRe. = (5.94 £ 0.06)% respectively [PDGO8|. The trigger selection in photo-
production restricts the analysis to the muon channel. The branching ratio of J/W¥
mesons into two leptons fortunately is the largest of all vector mesons. This decay
leads to a very clean hadronic final state. Most kinematic quantities can be recon-
structed using the two decay lepton tracks, which can be measured very precisely in
the central tracking detectors.

Only events with at least two reconstructed muon candidates or two electron can-
didates, of opposite charge are taken into account. The tracks need to have at least
a transverse momentum of 800 MeV in order to be identified in the calorimeter.

Electrons are identified via their energy deposition in the electromagnetic part of the
LAr calorimeter. Whereas muon tracks are identified as minimal ionising particles in
the LAr calorimeter and as track segments reconstructed in the CMD. Tracks from
muon candidates are restricted to polar angles in the range 20° < ©, < 160° while
electrons are selected in the range 20° < ©, < 150°. In this range the calorimeter
identification is sufficiently controlled. Both decay muons need to have at least a
medium quality (Qual, > 2). In the case of the photoproduction analysis one muon
is identified in the central muon detector (Qual, > 10) in order to be able to con-
trol the trigger efficiency. The purity of the electron identification is lower than to
that of the muons and hence the quality of decay electrons is required to be good
(Qual, = 3). If the lepton identification requirement were loosened to one identified
lepton, the combinatorial background would be too large, in particular in the region
of low elasticities z which is dominated by events with high track multiplicities, and
thus high combinatorial backgrounds.

6.3 Kinematic Selection

The photo- and electroproduction data samples are kinematically disjoint as the
presence of a candidate for the scattered beam lepton separates the two kinematic
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Figure 6.1: (a) Generated (CASCADE) Q? distribution with and without detected scat-
tered lepton and (b) the efficiency for finding the scattered lepton as a function of Q2.

regions of the analyses.

Electroproduction events are selected by the requirement that there has to be an
isolated high energetic electromagnetic cluster (Eg.s > 8 GeV) detected into the
backward calorimeters (SpaCal) consistent with a signal from the scattered lepton.
Demanding a reasonable acceptance and a good agreement between data and Monte
Carlo simulation, the range of four momentum transfer squared is restricted to
3.6 < Q? < 100GeV? (cf. section 5.2). The energy of the scattered lepton E. is
required to be larger than 10 GeV. Below this energy the efficiency of the SpaCal
lepton trigger drops (cf. chapter 5).

The upper Q2 cut denotes the outer radius of the SpaCal. At Q> > 100 GeV? the
beam lepton is mainly scattered in the LAr calorimeter. In this high Q? region no
significant J/W¥ signal was found in the data.

Events are identified as photoproduction if there is no candidate for a scattered
lepton found in the SpaCal or LAr calorimeter with an energy larger than 8 GeV. The
identification efficiency of scattered leptons in the SpaCal is shown in figure 6.1(b).
It starts at Q2 ~ 1 GeV? and reaches the 50% level at Q> ~ 2 GeV?, restricting the
so called untagged photoproduction (Q2.. = 0 GeV?) to Q? < 2 GeV?2.

rec

The average Q? for the photoproduction analysis is (Q?) ~ 0.085 GeV?2,

6.4 Background Suppression
In addition to the non resonant background, J/¥ mesons from other ep processes

involving J /W mesons contribute to the inelastic J/W¥ signal sample. Contributions
can be either proton dissociative J/W mesons at large values of z (z > 0.9) or feed
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down from the cascade decay of W(2S) mesons’. In the case of diffractive W(2S) the
elasticity of the resulting J /¥ is measured to be z ~ 0.85. The diffractive production
process has a much higher production cross section compared to the inelastic J /W
production.

At low values of the elasticity (z < 0.45) contributions from the decay of B mesons
become significant. Contributions from x. mesons contribute only at very low elas-
ticities (z < 0.3) and are neglected in this thesis [Kru01].

To reduce contributions from non prompt J/¥ mesons for the measurement of cross
sections of direct inelastic J/W meson production, three cuts were introduced:

o P, >1GeV
A cut on P(f)q, therefore rejects most of the diffractive J/¥ mesons. The spec-
trum of the transverse momentum (in the yp rest frame) of diffractive J/¥
mesons P(f)q, shows a much steeper decline compared to the spectrum of the
inelastic production process.

e 0.3<2z<0.9
The limited range of the elasticity z reduces contributions from diffractive
processes at large values of z and from the decay of B mesons at low values
of z. Outside this region towards lower values of z, the track multiplicity and
with this the combinatorial background rises strongly.

i NTrk,central 2 5
In order to reject contributions from the cascade decay of the W(2S) into J/W¥
and two pions (which leads to events with 4 charged particles), selected events
must have at least 5 tracks in the central region of the detector.

The remaining contributions from non prompt J/¥ mesons will be analysed in chap-
ter 7 and 8 of this thesis.

The cuts on the transverse momentum Pgi)q, and the elasticity z restrict the kinematic
range of this analysis. The cut on the polar angle of the tracks and the acceptance
of the detector constrains the center of mass energy of the photon proton rest frame
W,,, for the electroproduction to 50 < W, < 240 GeV and for photoproduction to
60 < W,, < 225GeV.

The cut on the track multiplicity is used to reduce diffractive contributions to the
inelastic signal sample. The measured cross sections presented in this analysis are
extrapolated down to Ny = 2 (the two decay leptons) using the Monte Carlo
simulation.

W(28) — J/¥ mtm—, BR = (32.3 +0.5)% [PDGO0S]
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DIS P

J/¥Y — ee J/¥ — pp J/¥ — pp
Kinematic Cuts
3.6 < Q? < 100 GeV? 2. =0GeV?
50 < W, < 225GeV 60 < W, < 240 GeV
03<2z<0.9 03<2z<0.9
;kf,‘{’ > 1GeV PT’ly 2 1GeV
Selection Cuts
Prmk = 0.8GeV Pr ok = 0.8GeV
20° <O, < 150° 20° <O, < 160° 20° < O, < 160°
Quale 12 =3 Qualy 12 > 2 Qual,; > 10, Qual, o > 2
NTrk Central = 9 NTrk Central = 9

Table 6.1: Summary of the selection cuts for the electroproduction (DIS) and the
photoproduction (yp) analysis.

6.5 Signal Extraction

After applying all selection cuts, still significant contributions from non resonant
backgrounds are part of the J/W sample. In these background events one or both
lepton tracks are wrongly identified as muon or electron. In the electron decay
channel the signal to background ratio is worse due to a lower purity of the electron
identification.

The relaxed muon selection criteria in the electroproduction analysis yield also a
higher background with respect to the photoproduction analysis. In particular, the
background rises with the increasing track multiplicity towards lower values of z (cf.
fig. 6.2). To obtain the proper number of signal events for the cross section mea-
surement, a log likelihood fit to the mass distribution in the interval 2 < my, < 6
GeV is applied in each analysis bin.

The signal in the muon samples is fitted by a modified Gaussian function which is
of the form [ZEUS05]

1 _
Gmod(X) ~ exp (—5 -X1+1/(1+0'5'X)) . with x = ‘M (6.1)

g

This signal shape allows broader non Gaussian tails of the resonant signal around
the nominal mass mgy with a width of o. This takes into account that the resolution
of the J/W mass reconstruction depends on the tracking detectors involved in the
track fit. It varies in particular depending on the presence of hits in the few layers
of the z chambers.

The signal shape for the decay into electrons cannot be described by a (symmetric)
Gaussian because, as expected, it has a long ‘radiative tail’ down to much lower

7



reconstructed invariant masses due to QED radiation. The appearance of this tail
can be explained by two reasons: On the one hand the radiative decay of J/¥
mesons (J/¥ — ~yefe™, BR = (0.88 + 0.14)% [PDGO08|) and on the other hand
energy losses of the decay electrons due to bremsstrahlung in the tracking detector
before they enter the calorimeter. Only the tracks are used for the reconstruction
of the invariant mass, leading to a long tail on the lower slope of the invariant mass
distribution. Therefore the signal in the electron sample is fitted by a Gaussian with
an exponential added to the lower slope of the invariant mass distribution

N 4 (B )
ee\llee) ™~ . 6.2
G le) e Ay € 02

where A ~ |mee — my | — (Mee — My, y) denotes the asymmetry term.

In the fits the background is parametrised by a polynomial of third order with four
free parameters. At the nominal mass of the W(2S) (my(2s) = 3686.09 &= 0.04 MeV
[PDGO08]) an additional Gaussian with fixed position and width is allowed.

For both, the electron and the muon sample, the shape of the fit to the signal, its
width and position, is fixed to values determined in the overall mass plots. The
measured width of the J/W mesons arises only from the detector resolution. It is
determined to be oy/y ~ 50 MeV The statistical uncertainties of the mass plot in
the analysis bins are too large to constrain all free parameters of the signal shape.

Systematic Uncertainty

To obtain a systematic uncertainty for the extraction of the number of signal events,
the result from the fit to signal and background is compared to the number of events
above the fitted background function. In figure 6.3(a) the relative difference of this
comparison is plotted, where ‘#Count’ denotes the number of events above the fitted
background and ‘#Fit’ the number of events obtained from the fit. In case of the
muon decay channel the observed difference is below 1% (for DIS and ~p). For the
electron channel the deviation is about 5 %. The uncertainty for the electron sample
is larger due to the worse signal to background ratio and the difficulty to describe
the radiative tail properly with the low statistics.

Figure 6.3(b) shows the development of this difference as a function of the used mass
window for the photoproduction mass peak. In the first few bins the mass window is
too narrow whereas the number of counted events is below the number determined
by the fit. If the mass window is as big as 2.8 < M, < 3.4 GeV most of the signal
peak is included in the comparison. If the used mass window is enlarged further,
the statistical fluctuations cancel each other out and the number obtained from the
fit and the counted number become almost the same.

An additional uncertainty for the number of signal events arises from the normali-
sation of the function parametrising the background. To quantify this uncertainty
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Figure 6.2: Invariant mass distribution of two oppositely charged muons at low and
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Figure 6.3: Systematic uncertainty arising from the extraction of the number of signal
events. (a) comparison of the number of signal events obtained from the fit and the num-
ber of events above the fitted background function, (b) development of the comparison
for different mass windows for the decay into muons in photoproduction.

the background function was varied up and down, and the impact on the number of
signal events in the mass window 2.8 < My, < 3.4 GeV was checked.

Altogether this leads to an uncertainty of 2-5% for the decay channel into muons
and 6-8% for the decay channel into electrons, increasing with the amount of com-
binatorial background (i.e. towards lower values of the elasticity z).
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CHAPTER 7

Photoproduction of J/¥ Mesons

This chapter presents the results of the photoproduction analysis of inelastic J/W
mesons. The data sample of the analysis was recorded with the H1 experiment
during the years 2006 and 2007 and corresponds to an integrated luminosity of £ ~
166 pb~". The events were triggered by the subtriggers s19 or s23 by a combination
of signals from the central muon detector and the central tracker. The J/¥ mesons
are identified via their leptonic decay into two muons. The mass distribution of
the 2410 J/¥ mesons in photoproduction is shown in figure 7.1. The results of this
analysis are accepted as ‘preliminary’ by the H1 collaboration and were presented
at the International Workshop on Heavy Quarkonia in 2007 [Ste07].

After a comparison with the Monte Carlo simulation, the results for the differential
and double differential cross sections are presented and the sources of systematic
uncertainties are explained. At the end of the chapter, the polarisation of the J/¥
meson is analysed and contributions from higher resonances and the decay of B
mesons are studied.

é H1

L ' preliminary

events
o
o
S

2006-2007 data

1 1 1 I 1

400 — inel. JJ¥ - uu

N = 2410 + 55
Q%~0GeV?
0.3<z<0.9

200~ P, 21GeV

1 1 1

|

2 3 4 5 6
m,, [GeV]

Figure 7.1: Invariant mass distribution of two oppositely charged muons in the kinematic
range Q> ~ 0GeV?, 50 < W, < 225GeV, 0.3 <2< 0.9 and Pty > 1GeV.
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Figure 7.2: (a) lllustration of the side band method and (b) distribution of the event
weights applied to the Monte Carlo simulation.

7.1 Comparison with the Monte Carlo Simulation

To determine the correct numbers for the reconstruction efficiency and the accep-
tance a good agreement between the data and the simulated distributions is crucial.
Control plots, comparing data and Monte Carlo distributions, for the photoproduc-
tion of inelastic J/¥ mesons are presented in this section.

The non resonant background is not included in the Monte Carlo simulation. In
order to be able to compare data and simulation, the data distributions are back-
ground subtracted using a statistical method. The method is illustrated in figure
7.2. For a particular event in the mass window around the signal peak it is not pos-
sible to decide, whether it is a ‘real’ signal event (cross hatched area in fig. 7.2(a))
or whether it is part of the non resonant background (vertical lines in fig. 7.2(a)).
However, statistically, using the side band method, the distributions of signal and
background events can be determined.

The assumption is made, that the characteristics of events in the non resonant back-
ground are independent of the reconstructed mass. The distribution of a physical
quantity should be identical for events in the two side bands (horizontal lines in
fig. 7.2(a)) and for events in the non resonant background inside the mass window
(vertical lines in fig. 7.2(a)). The distribution of the signal events can be obtained
by subtracting the histogram filled with events in the side bands from the histogram
filled with events in the mass window around the signal. For a correct subtraction
the number of events within the side bands and within the mass window has to
be the same (Ngp; + Ngg2 = Nyw ), hence the widths of the side bands have to be
chosen properly.
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Figure 7.3: Distributions of (a) the photon proton center of mass energy W, (b) the
polar angle of the J/¥ mesons @y, (c) the transverse momentum of the inelastic .J /¥
mesons Py, (d) the elasticity z, and the decay angular distributions (e) cos(®*) and
(f) ¢*. The data (bullets) are background subtracted and compared with the CASCADE
simulation with (solid line) and without (dashed line) reweighting.
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In order to achieve the best possible description of the data, the CASCADE Monte
Carlo simulation is corrected to describe the kinematic distribution of the data. A fit
is applied to all differing distributions in data and Monte Carlo simulation in order
to minimize the impact of statistical fluctuations. Correction factors are determined
as the ratio of the two corresponding fit functions as a function of W,, and Pry
in bins of the elasticity z. The reweighting factors are of the order of O(1), their
distribution is plotted in figure 7.2(b).

In the figures the data (bullets) are compared with the reweighted (solid line) and
the default (dashed line) CASCADE distributions.

Figure 7.3(a) shows the distribution of the photon proton center of mass energy W.,,.
The unweighted CASCADE simulation is shifted towards lower values with respect
to the data. The reweighting as a function of W,,, additionally leads to a very
good description of the polar angle distribution of the J/¥ meson @y as shown in
figure 7.3(b). The unweighted Py spectrum of the CASCADE simulation, shown in
figure 7.3(c), is somewhat shifted towards higher values. The elasticity distribution
in figure 7.3(d) is too high at low values of z and too low at high values of z.

The decay angular distributions cos(®*) and ¢* in the figures 7.3(e) and 7.3(f) are
well described by the CASCADE Monte Carlo simulation.

In all following control plots the muon p; denotes the muon with the higher trans-
verse momentum (P, ,; > P, »). In most of the events this also means that p,
is identified as ‘iron muon’ in the central muon detector (CMD) as required in the
selection.

Figures 7.4(a) and (b) show the spectrum of the transverse momentum of the two de-
cay muons. The spectrum of the muon with the higher P rises at 1.5-2 GeV, where
the identification in the central muon detector starts. The other muons (7.4(b)) are
usually identified in the calorimeter with transverse momenta starting at 0.8 GeV
and a maximum in the distribution at Pp ke ~ 1.2 GeV.

The distributions of the polar angles ©, are plotted in figure 7.4(c) and (d). Both
histograms show a strong peak in the backward region of the detector (140° < © <
150°). This peak is caused by the high muon reconstruction efficiency in this angular
range, as explained in chapter 4 of this thesis.

To check the activity in addition to the J/W meson in the detector, the scalar sum of
the transverse momenta of all tracks (except the decay leptons) is plotted in figure
7.4(e). The predictions of the CASCADE simulation model the data very well.

Altogether, the data and the (reweighted) CASCADE Monte Carlo simulation match
very well in all control plots.
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other tracks and (f) the distribution of the z vertex. The data (bullets) are background
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7.2 Cross Section Definition

For the measurement of the photoproduction cross section of inelastic J/¥ mesons,
the number of signal events in each bin is normalised to the integrated luminosity,
correcting for detector efficiencies and acceptance

Nsignal Nsignal 1

= pu— . 7.1
L-e-BR L-BR €Trigger * €Reco ° AGeom’ ( )

Oep

where Ngigna1 denotes the number of signal events in the analysis bin obtained from
the fit. £ corresponds to the total integrated luminosity of the analysed data taking
period and BR to the branching ratio of the J/¥ decay into a muon pair.

The efficiency e gives the fraction of events which are actually reconstructed and
triggered within the acceptance region of the H1 detector. It is split into the trigger
efficiency €ryigeer, the reconstruction efficiency egec, and the geometrical acceptance
Aceom- In the photoproduction part of this analysis the trigger efficiency is taken
from the Monte Carlo simulation as described in chapter 5 of this thesis. The mea-
sured ep cross sections are translated to p cross sections using the photon flux
factor @., (cf. section 2.2).

The reweighted CASCADE Monte Carlo sample describes the data precisely. It is
used to correct the data for losses due to geometrical acceptance Ageom and recon-
struction efficiency €geco. The acceptance Aceom = Ngen trk/Nan is purely geometric.
It denotes the fraction of events for which both decay muons fulfil the track cuts
of the analysis on generator level (Nge, 1 ) With respect to all events within the
analysed phase space (N,). Figure 7.5 shows the geometric acceptance Ageom as a
function of the center of mass energy in the photon proton rest frame W,, and the
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Figure 7.6: Reconstruction efficiency ereco as obtained by the CASCADE Monte Carlo
simulation as a function of (a) the transverse momentum of the J/¥ meson Pty and
(b) the elasticity z. The grey areas are rejected in the selection.

decay angular distribution cos(©*). Low values of W.,, are correlated to J /¥ mesons
in the forward direction (at low polar angles @y). Subsequently the decay tracks also
tend to be in the very forward region and the acceptance breaks down. The photon
proton center of mass energy in this analysis is restricted to 60 < W,, < 240 GeV,
providing an acceptance of more than 25 % in the analysis bins.

The reconstruction efficiency €geco = Nryec,trk/Ngen trk corresponds to the fraction of
events within the acceptance region of the H1 detector (Ngep ;) Which are actually
reconstructed (Nyec k). The reconstruction efficiency is dominated by the lepton
identification, while the track and vertex reconstruction in the central tracking de-
tector is very efficient in the range of transverse momenta of this analysis. Figure
7.6(a) shows the reconstruction efficiency as a function of the transverse momentum
of the J/¥ meson Pry. For Pry < 5GeV the reconstruction efficiency rises from
5% to 50 %, due to the strong dependence on the track momentum of the lepton
identification in the central muon detector.

Due to the cut on the track multiplicity, the reconstruction efficiency as a function
of the elasticity z (cf. fig. 7.6(b)) decreases slightly towards larger values of the
elasticity, for z 2 0.9 almost no J/¥ mesons are reconstructed. The lowering at
moderate values of the elasticity is caused by the correlation of z and Pry. At
larger values of z, the transverse momentum of the J/W meson is expected to be
lower, hence the reconstruction efficiency decreases as described before. The drop
at large values of z is a consequence of the cut on the number of tracks in the central
region (Nyk central = D). At large values of the elasticity, the activity in the detector
(beside the J/¥ meson) is by definition small, and most of the events do not pass
the cut on the track multiplicity.

The cuts on the transverse momentum of the J/¥ meson Pty > 1GeV and on
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Figure 7.7: Differential cross sections for the photoproduction of inelastic J/¥ mesons
in the kinematic range 60 < W,, < 240GeV, Pty > 1GeV and 0.3 < z < 0.9 as
function of (a) the elasticity z and (b) the photon proton center of mass energy W,

the elasticity 0.3 < z < 0.9 are introduced to reduce contributions from diffractive
processes (at large values of z and low Pry) and from the decay of B mesons (at
low values of z).

7.3 Cross Section Measurement

The measurement of the photoproduction of inelastic J/¥ mesons is performed using
data collected with the H1 experiment in the years 2006 and 2007 corresponding to
an integrated luminosity of £, ~ 166 pb~'. The analysis is carried out at medium
elasticities (0.3 < z < 0.9) in the kinematic range Q? ~ 0GeV?, 60 < W, <
240 GeV and Pry > 1 GeV2.

The total photoproduction cross section at an average energy in the photon proton
center of mass system of (W,,) = 116 GeV is measured to be

oy (yp — J/WX) = 26.8 % 1.6(stat.) & 3.2(syst.) nb. (7.2)

The statistical uncertainty is 5.9% on the total cross section measurement. The
systematic uncertainty is quantified to be 11.5%. The largest systematic uncertain-
ties arise from the impact of model uncertainties on acceptance and reconstruction
efficiency. The systematic uncertainties are explained later on in section 7.4. The
photon flux factors (D$ which are used for the transition to the vp cross section are
listed in section 2.2 of this thesis. The measured cross sections are not corrected for
contributions from events with J/W¥ mesons that are produced in decays of B mesons
or W(2S) mesons, these contributions are addressed later on in this section.
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Figure 7.8: Differential cross sections for the photoproduction of inelastic J/¥ mesons
in the kinematic range 60 < W,, < 240GeV, Pty > 1GeV and 0.3 < z < 0.9 as
function of the squared transverse momentum of the J/¥ meson P7 .

Differential Cross Sections

Single differential photoproduction cross sections were extracted as a function of the
center of mass energy in the photon proton center of mass frame W,,, the elasticity
z, the transverse momentum squared of the J/¥ meson P%W and the decay angular
distribution of the beam lepton signed decay muon cos(®*). The distributions in
PQTH, and z are further investigated by dividing the sample into bins of z and Py
respectively. The measured cross sections are shown in the figures 7.7 to 7.9. In the
figures the results of this analysis are plotted as bullets. The data points are com-
pared to theoretical predictions in the framework of the color singlet model (CSM).
Leading order calculations are shown as implemented in the Monte Carlo generators
CASCADE using kt factorisation (solid line) and EpJPsI (dashed line) [JSO1,Jun92].
For the cross section as a function of P%y a leading order calculation is shown as
dashed dotted line. Next to leading order calculations for the inelastic J/¥ photo-
production [Kra96] are drawn as dotted line with grey error bands where available.
The results are compared to former H1 results (black stars) [H102b].

The agreement between the H1 publication and this analysis at low and medium
values of the elasticity z (0.3 < z < 0.75) is very satisfactory (cf. fig. 7.7(a)). In
the largest bin of the elasticity (0.75 < z < 0.9) the HERA I cross section point
exceeds the result of this analysis by roughly 1.5 0. This leads to a difference in the
total measured cross section with respect to the former H1 analysis. Except for this
difference in the normalisation, both H1 results agree very well in all variables.

The difference in the highest bin of the elasticity was studied in detail. This analysis
applies harder cuts to reduce contributions from diffractive W(2S). Therefore the
amount of background events in the selected data sample at large values of the
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Figure 7.9: Double differential cross sections for the photoproduction of inelastic J/W
mesons in the kinematic range 60 < W, < 240GeV, Pty > 1GeV and 0.3 <z < 0.9
as function of (a) the transverse momentum of the J/¥ meson Pry in bins of the
elasticity z and (b) the elasticity z in bins of the transverse momentum P .

elasticity z is significantly lower with respect to the HERA I analysis.

Another difference arising from a correction of the data using different models, CAs-
CADE or EPJPSI, is treated as a systematic uncertainty in section 7.4.

The predictions of the kt factorisation ansatz as implemented in the Monte Carlo
generator CASCADE, model the shapes and the overall normalisation of the data
very well. As a function of W,,, plotted in figure 7.7(b), the CASCADE prediction
is somewhat too high at low values of W,, and slightly too low at large values of
W.,,. The double differential cross sections (cf. fig. 7.9) are also well described
using the kt factorisation ansatz in leading order. At the extreme values, low z/low
Pty and large z/large Py, the CASCADE simulation deviates somewhat from the
data. The overall cross section prediction of the CASCADE simulation is however
very close to the measured one.

The predictions from the NLO calculations are indicated as dotted line. The uncer-
tainty of the NLO calculation is drawn as grey band. It is obtained by a variation
of the charm quark mass m, and of o (1.3 < m. < 1.5 GeV, oy = 0.1200 + 0.0025).
Within the uncertainties the NLO calculations are able to describe the data, however
the uncertainties are too large to draw a strong conclusions.

Color singlet model predictions in leading order (LO) fail to describe the data. The
predicted Pty spectrum in the EPJPSI Monte Carlo simulation and in the CSM
LO calculation overshoot the data at low values of the transverse momentum. As
plotted in figure 7.8, the predicted cross sections are nearly one order of magnitude
below the data at large Pry. In contrast to the data, the CSM LO calculation
predicts a continuous rise towards larger values of the elasticity z.
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Figure 7.10: Contributions from decays of B mesons and diffractively produced W¥(2S)
mesons to the differential cross sections as a function of the elasticity z and the squared
transverse momentum P% .

In conclusion, the inelastic J /¥ meson production at HERA can be described accord-
ing to the color singlet model, provided that higher order corrections are taken into
account. Higher order terms which are implicitly included in the kt factorisation
approach reproduce the measured cross sections very well, however already a cal-
culation at next to leading order is capable of modelling the transverse momentum
spectrum at HERA, though the error of this prediction is very large.

Contributions from color octet states in the factorisation ansatz in NRQCD are
expected to manifest themselves at large elasticities and large transverse momenta.
No indication for noticeable contributions from color octet states to the J/¥ meson
production at HERA are observed, since the measured cross sections are very well
described by predictions in the color singlet model,

Contributions from Indirectly Produced J/¥ Mesons

The measured cross sections contain noticeable contributions from non prompt pro-
duced J/W¥ mesons. Figure 7.10 shows the differential cross sections as a function of
the elasticity and the transverse momentum of the J/¥ meson on a logarithmic scale.
In addition to the data points and the CASCADE prediction the dashed line depicts
the contribution from J/¥ mesons produced in the decay of B mesons. The dotted
line corresponds to J/W¥ mesons from the cascade decay of diffractively produced
Y(2S) mesons.

The contribution from B mesons is determined using a bb Monte Carlo sample
generated with PYTHIA. To estimate the fraction of J/¥ mesons coming from ¥(2S)
mesons a DIFFVM Monte Carlo sample is used.

The simulations are scaled to the luminosity of the data sample and the branching
ratios into J/¥ mesons are corrected to the values given in [PDGO8|. Furthermore
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Source Uncertainty %]

Reconstruction of decay leptons track, vertex 4
identification 5
Number of signal events 2
Trigger )
Model uncertainties decay angular distribution 5
Pty spectrum 5
( track multiplicity only z > 0.75 8 )
Hadronic energy scale 2
Integrated luminosity 2
Decay branching ratio 1
Sum 11.5-14

Table 7.1: Sources of systematic uncertainties which are taken into account in the pho-
toproduction analysis. For the highest bin of the elasticity z, the systematic uncertainty
amounts to 14 % due to the additional error arising from the track multiplicity.

the total cross sections are adapted to published H1 measurements [H199, H196].
J/¥ mesons from B meson decays have rather low elasticities due to the high track
multiplicity of events involving beauty quarks. The contribution is estimated to be
20 % in the lowest elasticity bin and 3.5 % in the full data sample. Towards larger
transverse momenta of the J/W meson the beauty fraction rises continuously.

The elasticity distribution of J/¥ mesons from the cascade decay of W(2S) mesons
has a maximum at z =~ 0.85. Diffractively produced charmonia are expected to show
a much faster decrease in the Pty spectrum, which is also visible in figure 7.10(b).
Overall the amount of J/¥ mesons from the decay of diffractively produced W¥(2S)
mesons is determined to be 1.1 %. Most of them are located in the highest elasticity
bin, where the contribution is quantified to be 3 %.

An irreducible fraction of about 22.7% of the events is expected to originate from
inelastic W(2S) mesons, as calculated in section 7.6.

7.4 Systematic Uncertainties

To obtain the systematic uncertainty of the analysis, the different sources of un-
certainties were studied. Various measured quantities, which serve as an input for
the reconstruction of the kinematic variables, were varied in the Monte Carlo sim-
ulation. The simulation was reweighted within the visible range constrained by the
data in order to check the impact on the acceptance. Finally different methods for
the extraction of the number of signal events were compared.
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In the following the sources of systematic uncertainties are described, the impact on
the inelastic J /W production cross section of each source is thoroughly studied. Un-
less differently specified, the systematic uncertainty for a particular source is taken
as the variation of the measured cross section caused by the variation of the variable.
The total systematic uncertainty of the measurements is obtained by adding all con-
tributions in quadrature. It adds up to 11.5% for the photoproduction analysis.

The sources of systematic uncertainties for photoproduction analysis are summarised
in table 7.1.

Track Reconstruction and Lepton Identification

The decay lepton identification is described in detail in chapter 4 of this thesis. The
study of the identification efficiency yields a systematic uncertainty of 5%.
The uncertainty of the track reconstruction efficiency is 2% per lepton track.

Signal Extraction

The method for the signal extraction is explained in detail in section 6.5 of this
thesis. The systematic uncertainty for the extraction of the number of signal events
is obtained by comparing the result from the fit to signal and background to the
number of events above the fitted background function and a variation of the nor-
malisation of the background function. This leads to an uncertainty of 2-5% for the
decay channel into muons and 6-8% for the decay channel into electrons, increas-
ing with the amount of combinatorial background (i.e. towards lower values of the
elasticity z).

Trigger Efficiency

A detailed description of the trigger efficiency can be found in chapter 5 of this
thesis. For the photoproduction analysis the trigger efficiency is taken from the
Monte Carlo simulation. The efficiencies are corrected using data from independent
trigger channels where necessary. The remaining uncertainty is 5%.

Model Uncertainties

Model uncertainties arise either from the need to correct for loss of events in the
region where decay lepton tracks cannot be measured or from disagreements in
the description of the data in the control plots. The following describes the three
different model uncertainties which are taken into account.
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Figure 7.11: Variation of the distributions for (a) the decay angular variable cos(©*)
and (b) the transverse momentum of the J/¥ meson P .

Geometric Acceptance Ageom

The geometric acceptance Ageom is determined by comparing the number of gen-
erated J/W events with the number of J/W¥ events in which the decay leptons are
within the detector acceptance. The result depends strongly on the assumed decay
angular distribution of cos(®*). To determine the systematic uncertainty on the
cross section measurement the shape of the angular distribution, shown in figure
7.11(a), was varied within the range constrained by the visible distribution of the
data (14 0.3 - cos?(©%)).

Figure 7.12(a) shows the dependence of the result on the model assumptions made
in the CASCADE Monte Carlo simulation. The variation yields a systematic uncer-
tainty of 5%. -

Pry distribution

As shown in section 7.2 of this thesis, the reconstruction efficiency depends strongly
on the transverse momentum of the J/¥ meson. An uncertainty on the description
of the Pry spectrum (cf. fig. 7.11(b)) is taken into account by a variation of the
slope of the Py distribution in the CASCADE Monte Carlo simulation. The average
value of the Pry spectrum, (Pry) =~ 2.5 GeV, is used as pivot for a linear variation
of the slope. A variation by £10% at values of Pty = 1GeV leads to a reverse
variation by 340 % at values of Pry ~ 10 GeV.

This variation results in a change of the measured cross section of up to 5%.

Track Multiplicity

In the context of this thesis for the first time, the reliability of the acceptance cor-
rection arising from a cut on the track multiplicity and the impact of different model
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Figure 7.12: Systematic uncertainties arising from the variation of (a) the decay angular
distribution cos(©*) (14:0.3-cos?(©*)) and (b) the hadronic energy scale (+ 4% in LAr,
+ 7% in SpaCal).

assumptions is studied in detail.

In figure 7.13 the track multiplicity is plotted down to Nk centrai = 3. The data are
compared to CASCADE and EPJPSI simulations respectively.

Due to diffractively produced W(2S) mesons with subsequent decay into a J/¥ meson
and two charged pions the number of data events with three or four central tracks
increases significantly. In order to reduce diffractively produced background at least
five central tracks are required for the selected events in this analysis. In the end the
measured cross sections are corrected for this cut using a Monte Carlo simulation.
In this analysis the CASCADE Monte Carlo simulation is used to correct the measured
number of signal events in the data. EPJPSI fails to describe many aspects of the
data without the application of large correction factors. It is only used as a second
model to cross check the acceptance corrections arising from the experimental cut
on the track multiplicity.

The predictions for the track multiplicity below five tracks disagree in the CAs-
CADE and the EpJpSI Monte Carlo simulation. The CASCADE simulation decreases
instantly, while the EPJPSI Monte Carlo has its maximum for Ny centra1 = 4 before
it decreases as well. For events with five and six tracks the CASCADE expectation
(dashed line in 7.13(a)) is below the data, whereas the EPJPsSI Monte Carlo (dashed
line in 7.13(b)) lies slightly above the data. However both generators describe the
track multiplicity for Nk central = D reasonably.

In order to model the track multiplicity in the data down to three tracks with the
Monte Carlo simulation, events from a DIFFVM Monte Carlo sample with proton
dissociative W(2S) mesons (grey histogram) are added to the predictions from CAs-
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Figure 7.13: Track multiplicity for the photoproduction analysis down to three tracks.
The data are compared to the (a) CASCADE and (b) EPJPSI Monte Carlo simulation. A
DIFFVM MC sample is added in order to describe the data down to Nk central = 3-

CADE and EPJPSI (solid lines). The cross section of the DIFFVM Monte Carlo
simulation is adapted to a previous H1 publication [H196]. The uncertainty on the
normalisation of the DIFFVM Monte Carlo simulation is large and contributions
from proton dissociative J/W¥ are not taken into account in this plot.

The track multiplicity below five tracks is better modelled by the sum of DIFFVM
and CASCADE, while the EPJPSI simulation does not allow substantial contributions
from diffractive processes.

The different track multiplicities yield different acceptance corrections and thus a
difference in the measured cross sections. This affects predominantly the largest bin
of the elasticity z, hence an additional systematic uncertainty of 8 % is applied for
this bin.

Hadronic Energy Scale

The systematic error arising from the uncertainty of the hadronic energy scale is
determined by varying the energy of the calorimeter objects in the data by +4%
in the LAr calorimeter and +7% in the SpaCal. This leads to a variation of the
measured cross sections of about 2% (cf. fig. 7.12).

Decay Branching Ratio

The decay branching ratio is known to a precision of 1% for both electrons and
muons [PDGO0S|.
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Figure 7.14: Cross sections as a function of the decay angular distributions cos(©*)
shown in the range —0.9 < cos(©*) < 0.9 and ¢* for (a) the overall sample and (b) the
first bin in Ppy (1 < Pry < 2GeV). The fit result is drawn as black line, the grey
band indicates the 1o uncertainty of the fit result.

The same uncertainties are equally attributed to all bins of the measurement except
for the uncertainty of the signal extraction which is 3% at moderate and large values
of z and up to 5% at small values of z where the combinatorial background is largest.
In the highest z bin of the photoproduction analysis an additional uncertainty for
the Monte Carlo model of 8% is used.

7.5 J/¥ Polarisation

The various models for the production of J/¥ mesons predict different polarisations
of the J/W mesons. Thus preferred and unfavoured production processes can be
distinguished by measuring the polarisation. The two polarisation variables o and v
are determined in a new way by a simultaneous fit to the decay angular distributions
cos(©*) and ¢*. These angles are explained in detail in section 2.7.

The measurement of the polarisation variables depends on the shape of the mea-
sured cross section. It is not necessary to account for uncertainties on the absolute
normalisation.

The systematic uncertainty can be neglected compared to the very large statistical
errors.

The shape of the ¢* distribution depends on both polarisation variables, while the
shape of the cos(©*) distribution is parametrised using only «

do
1+ o cos(O° 7.3
dcos(©7) x 14 a-cos®(O) (7.3)
do a v
ay Y | 4
10" o 1+3+3cos(2 oMb (7.4)

Figure 7.14(a) shows the decay angular distributions cos(©*) and ¢* and the re-
sult of the fit to the whole data sample. Both decay angular distributions are
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Figure 7.15: Polarisation variables « and v as a function of the transverse momentum
of the J/W¥ meson and the elasticity z. The results are compared to a previous H1
measurement [H102b]. Also shown are leading order theoretical calculations in the color
singlet model (LO, CS), in the factorisation ansatz in NRQCD (LO, CS+CO) [BKV9g]
and in the CSM using kr factorisation (Baranov), where ‘JB’ and 'dGRV' represent two
different parametrisations of unintegrated gluon densities [Bru07].

flat. The resulting values for the polarisation variables are o = 0.0065 £ 0.12 and
v = —0.049 £ 0.15. This means that in average the J/¥ mesons are produced un-
polarised.

In addition, the polarisation variables were studied in bins of the transverse momen-
tum of the J/W meson Pry and the elasticity z. The distributions in the lowest bin
of Pry (1 < Pry < 2GeV) are shown in figure 7.14(b).

The obtained polarisation variables o and v as a function of Pty and z are pre-
sented in the figures 7.15(a—d). The data are compared to a previous H1 publica-
tion [H102b] and to different theoretical predictions. A leading order CSM calcula-
tion by Martin Beneke, Michael Kramer and Mikko Vanttinen is represented by the
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dotted line [BKV98|. The shaded area corresponds to a NRQCD prediction also pub-
lished in the given paper. Calculations in the CSM using kr factorisation performed
by Sergey Baranov are shown as dashed and solid lines, where ‘JB’ and ‘dGRV’
represent two different parametrisations of unintegrated gluon densities [Bru07].
All models predict similar values for the polarisation variable a at low values of
Py as well as over the whole analysed elasticity range. Towards larger values of
Pty a difference between the predictions becomes visible, while at the same time
the statistical uncertainty of the measurement increases. The measured « shows a
trend to small longitudinal polarisation towards larger Py, consistent with a recent
CDF (run II) measurement [CDFO07]. This trend is modelled very well by the kr
factorisation approach. The NRQCD calculation is also capable of describing the
data within large errors, while the measurement seems to disfavour the leading order
color singlet prediction.

Looking at the polarisation variable v as a function of the elasticity, the data tend
to be at small negative values. Again, this is reproduced by the kr factorisation
approach, while the NRQCD and all the more the CSM LO predictions are above
the data in all bins.

The J/¥ meson polarisation is very well reproduced by predictions using a kr fac-
torisation approach in the CSM, confirming the conclusion of the cross section mea-
surement. At the moment the kr factorisation approach achieves the best descrip-
tion of the data. Leading order CSM calculations seem to be disfavoured by this
measurements, whereas NRQCD predictions cannot be withdrawn by means of the
polarisation measurement, though the cross section measurement shows that color
octet contributions are unnecessary to model the inelastic J/¥ meson production at
HERA.

However, the statistical uncertainty of the measurement is large and the measured
polarisation variables are consistent with an unpolarised J/¥ production in all bins.

7.6 WY(2S) to J/¥ Ratio

For two reasons it is worth measuring the ratio of the inelastic W(2S) cross section
relative to the J/W cross section, 0%28) /a%w. On the one hand this measurement
can be used to determine the contribution of the cascade decay of inelastic ¥(2S)
mesons to the J/W cross sections. On the other hand theoretical predictions in the

color singlet model exist, which can be compared to the measurement.

To obtain the cross section ratio, it is utilised that W(2S) mesons also decay directly
into two leptons. In all invariant mass distributions of two oppositely charged muons
an additional mass peak at the W(2S) meson mass is visible, e.g. in figure 7.16(a) in
the elasticity range 0.6 < z < 0.75.

In order to calculate the cross section ratio, the different branching ratios for the
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Figure 7.16: (a) Invariant mass distribution for W¥(2S) and J/¥ mesons in the elasticity
range 0.6 < z < 0.75 (the small histogram zooms into the mass region of the W(2S)
meson) and (b) the cross section of W(2S) mesons with respect to the J/¥ cross section
as a function of z.

decay channel into muons of J/¥ and W(2S) mesons and the cascade decay of the
Y(2S) meson have to be taken into account.

The ‘real’ numbers of J/¥ and W(2S) mesons in the data sample are obtained by
correcting the number of signal events extracted from the fit with the particular
branching ratio

Nj v Fic

Ny = L0 With BRy v = (5.93 £ 0.06)% (7.5)
BRJ/‘P*)H“
N i

Nyps) = M ith BRyws)—w = (0.75£0.08)% (7.6
BR‘V(QS)—WL

A large fraction of the decay channels of the W(2S) mesons involves J/¥ mesons
BRuys)—1v + x = (57.4 % 0.9)%. (7.7)

These events have to be subtracted from the number of J/¥ mesons Ny in order
to obtain the number of directly produced J/¥ mesons. The ratio of the W(2S) and
J/¥ production cross section

(28
Uwg ) _ Ny (2s) 78)
U%\y NJ/‘P - N‘P(2S) : BR‘P(QS)HJ/W + X

was determined in bins of the elasticity z.

The resulting cross section ratios are shown in figure 7.16(b). At very low values of
the elasticity (z < 0.3), the uncertainty on the number of J/¥ and W(2S) mesons
rises due to the increasing amount of combinatorial background. The average ratio
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is calculated to be

ot
= (39.7 £ 8.5)% (7.9)
O~p

which is in good agreement with a measurement from the ZEUS collaboration,
o oY = (33.0 + 10.2) %, which was performed in a slightly different kine-
matic range (0.55 < z < 0.9, 50 < W,,,, < 180 GeV) |ZEUS03|. The measured ratio
agrees with a leading order calculation in the CSM (oaa™> /oib¥ ~ 25 %, [Kra96|)
within large uncertainties.

Taking the branching ratio of W(2S) mesons into J/¥ + X into account, a contribu-
tion to the inelastic J/W cross sections of (22.7 £ 5) % is estimated. This is in good
agreement with theoretical expectations, which predict a contribution of about 15 %
to the measured inelastic J/W cross section [Kra96].
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CHAPTER 8

Electroproduction of J/¥ mesons

In this chapter a measurement of electroproduction of inelastic J/¥ mesons is pre-
sented. The data sample corresponds to an integrated luminosity of £ ~ 315pb™*
and was recorded during the HERA II running period in the years 2004 through
2007. The events were triggered by the subtrigger s61, i.e. by a combination of
signals from the backward calorimeter (SpaCal) and the central tracking detector.
The J /W mesons are identified via their leptonic decays into muons and electrons re-
spectively. The full data sample contains 702 J /¥ mesons in the signal peak for the
decay channel into muons and 471 mesons for the decay into electrons. Figure 8.1
shows the invariant mass distribution of two oppositely charged muons or electrons.
The production cross section of inelastic J/W mesons decreases with the fourth power
of the the four momentum transfer. Hence the statistics for the electroproduction
analysis is smaller with respect to the photoproduction, although the trigger ef-
ficiency is close to 100 %, the whole integrated luminosity of HERA II, and both

) T L L B %) T [ B A B
€ L o ® H1HERAIl 1 € C ® H1HERAIl ]
(O] ()] I
s 1 S300W 1
F inel. JJW - p'u 8 \ inel. J¥ - e'e i
400 N =702 + 53 . N = 471% 43 1
3.6 < Q2 < 100 GeV? | 200 |- 3.6 < Q" <100 GeV* |
03<z<0.9 i - 03<2<0.9
200k 50 <W<225GeV | - | S0<W<225Gev
+ 100~
0 PR | | PSR R o L n I P SR | n
2 3 4 5 6 2 3 4 5 6
m,, [GeV] m [GeV]

Figure 8.1: Invariant mass distribution of two oppositely charged a) muons and b)
electrons in the kinematic range 3.6 < Q? < 100 GeV?, 50 < W,,, < 225GeV, 0.3 <
1 GeV, where P% , denotes the transverse momentum of the J/¥
in the vp center of mass frame. ’

z < 0.9 and Pry >
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leptonic decay channels are used.

In the following section control plots are shown, comparing data with the Monte
Carlo simulation. Subsequently the results of the cross section measurement are
presented. Afterwards, the sources of systematic uncertainties, which are specific to
this sample, are discussed and the polarisation variables are shown.

8.1 Comparison with the Monte Carlo Simulation

In figures 8.2 and 8.3 control plots for the electroproduction analysis are shown.
The data (bullets) are background subtracted as explained in section 7.1. The track
with the higher transverse momentum is denoted by Trk;. The distributions are
compared to the CASCADE simulation. The Monte Carlo simulation is reweighted
in order to achieve the best possible description of the data. The reweighting factors
are determined as a function of the photon proton center of mass energy W,,, the
transverse momentum of the J/W¥ meson Pty in bins of the elasticity z and the four
momentum transfer Q2.

The statistical uncertainties of the data distributions are quite large compared to
those of the photoproduction analysis. The slopes of the Q? (cf. fig. 8.2(a)) and
Py (cf. fig. 8.2(c)) distributions are already well modelled by the CASCADE
Monte Carlo simulation without reweighting. At large values of Pi}%w, the unweighted
simulation is somewhat below the data. At low values of W.,,, (cf. fig. 8.2(b)), the
CASCADE expectation overshoots the data by a factor of almost two. Meanwhile,
the distribution of the elasticity z, shown in figure 8.2(d), is reasonably described.
The reweighting has no greater impact on the shape of the elasticity distribution.
The control plots for the momentum of the tracks in figure 8.3(a,b) show a slightly
‘harder’ slope towards higher Pt in the data distribution, with quite large statis-
tical uncertainties. Figure 8.3(c,d) shows a good agreement of the polar angular
distribution of the tracks.

8.2 Cross Section Measurement

The measurement of electroproduction of inelastic J/W¥ mesons is performed using
the full data sample collected with the H1 experiment during the HERA II running,
which corresponds to an integrated luminosity of £ ~ 315 pb~'. The analysis is
carried out at medium elasticities (0.3 < z < 0.9) in the kinematic range 3.6 <
Q% < 100 GeV?, 50 < W, < 225GeV and P4 % > 1 GeVZ

The total cross section is measured to be

oep (ep — €' J/WX) = 143.8 £20.0(stat.) £ 15.3(syst.) pb. (8.1)

The statistical uncertainty on the total cross section measurement is 13.9 %, the
systematic uncertainty is quantified to be 10.9 %. The largest systematic uncertain-
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Figure 8.2: Distributions for (a) the four momentum transfer squared Q2, (b) the
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Figure 8.4: Differential cross sections as a function of Q? and z for the decay channels
into muons (open triangles) and electrons (filled triangles) separately. The dashed line is
the resulting cross section after error weighted averaging.

ties arise from the impact of model uncertainties on acceptance and reconstruction
efficiency. The systematic uncertainties are explained later on in section 8.3. The
measured cross sections are not corrected for contributions of secondary J/W¥ mesons
from the decay of B, x. or ¥(2S) mesons.

The differential and double differential cross sections were determined separately for
the decay channels into muons and electrons. The cross sections are then combined
by error weighted averaging in order to account for the different statistical accuracies
of both measurements

> ik
o (Ady)

Ocomb. = =1 — (8.2)
ezi (Acy)?

where 0, and Ao, denote the measured cross sections and corresponding errors for
the decay channel into muons or electrons respectively. In figure 8.4, the measured
cross section as a function of Q? and z is shown for the decay channels into muons
(open triangles) and electrons (filled triangles). The dashed line corresponds to the
combined cross section obtained from the error weighted averaging. In the following,
all presented cross sections are combined as described above.

Differential Cross Sections

The measured electroproduction cross sections of inelastic J/W¥ mesons are shown
in figures 8.5 and 8.6. Single differential cross sections were measured as a function
of the four momentum transfer , the squared transverse momentum of the J/W¥
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Figure 8.5: Differential cross sections for the electroproduction (3.6 < Q2 < 100 GeV?)
of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV, Pi‘f%q, > 1GeV?
and 0.3 < z < 0.9 as a function of (a) the four momentum transfer squared Q?, (b)
the squared transverse momentum of the J/W¥ meson in the yp rest frame P, (c) the
photon proton center of mass energy W.,,, and (d) the elasticity z.
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meson in the photon proton rest frame Pi}%w, the energy in the photon proton rest
frame W,,, and the elasticity z.

As a function of the transverse momentum in the photon proton rest frame P7y
and the elasticity z, the samples are further investigated by dividing the sample into
bins of z and P% y respectively.

The data points (bullets) are compared to theoretical predictions of the color singlet
model in leading order (CSM LO) as implemented in the Monte Carlo generator
CASCADE using kr factorisation (solid line) and EpJPsI (dashed line) [JS01,Jun92].
The total cross sections of the Monte Carlo simulations are normalised to the total
cross section of the measurement. The CASCADE expectation is roughly 10 % too
high, while the total cross section predicted by EpJPSI lies about 30 % below.

The cross section as a function of Q? (cf. fig. 8.5(a)) is compared to a result from
a H1 publication [H102a|. The published analysis and the results presented in this
thesis agree to a considerable degree. The lowest bin in Q2 of the HERA I analysis
can not be measured with the HERA II data, due to changes in the SpaCal during
the upgrade to HERA II.

The shapes of the cross sections, in particular as a function of the elasticity z in
figure 8.5(d), are equal for the photo- and the electroproduction analysis. As in the
photoproduction analysis, the CSM LO using kr factorisation (CASCADE) describes
the data quite well, while Epypst (CSM LO) fails to describe the data.

The new matrix element implementing the full DIS cross section in CASCADE v2.0.1
[LZ03,BZ03, Bar02], models the slope of the Q* dependence, shown in figure 8.5(a),
almost perfectly. Predictions in the CSM LO (EPJPSI) predict a much too steep
slope as a function of Q2.

The P7%y spectrum is well described by the CASCADE predictions in the overall
distribution (cf. fig. 8.5(b)) as well as in bins of the elasticity z (cf. fig. 8.6(a)).
In contrast to the photoproduction analysis, the P%. spectrum is also reasonably
described by the CS LO prediction as implemented in the EPJPSI generator. At
large values of Pi%y, both predictions are somewhat below the data. As plotted in
figure 8.6(a), this differences arises mainly from the region of large elasticities z.
The W,, distribution shows the same behaviour as in the photoproduction analysis.
At low values of W.,,, CASCADE overshoots the data and falls off too steeply towards
larger values of W,

Up to now, no calculations at next to leading order are available for the electropro-
duction of J/W¥ mesons at HERA, due to unsolved theoretical problems with mul-
tiple scales (Q?, Pry, m.). Nevertheless, the necessity of higher order corrections,
as shown in photoproduction, is confirmed by the electroproduction measurement,
since the kr factorisation approach is again capable of modelling the measured cross
sections. No color octet state contributions, as included in the factorisation ansatz
in NRQCD, are necessary to describe the data. However, it would be worthwhile to
compare the data with NLO calculations in order to prove the importance of next
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Figure 8.6: Double differential cross sections for the electroproduction (3.6 < Q2 <
100 GeV?) of inelastic J/¥ mesons in the kinematic range 50 < W,, < 225GeV,
Pfﬁw > 1GeV?and 0.3 < z < 0.9 as a function of (a) the squared transverse momentum
of the J/W meson in the yp rest frame P2y, in bins of z and (b) the elasticity z in bins
of P1y. The cross sections are scaled (factors given next to it) in order to allow a
presentation in a single figure.

to leading order contributions in the CSM supplementary to the success of the kr
factorisation approach.

Contributions from Indirectly Produced J/¥ mesons

Contributions from the decay of higher resonances or B mesons are not subtracted
from the measured cross sections. DIFFVM (¥(2S)) and PYTHIA (B mesons) Monte
Carlo simulations have been used to estimate the remaining contributions.

The fraction of events arising from diffractive W¥(2S) meson production with subse-
quent decay of the ¥(2S) into J/¥ + X is estimated to be 1.5 % in the total sample
and about 5% in the highest z bin. The fraction of events arising from the decay of
B mesons is estimated to be 3.6 % in the total sample and about 20 % in the lowest
z bin.

8.3 Systematic Uncertainties

In the following the sources of systematic uncertainties, which are not covered in the
photoproduction chapter, are described. The impact on the inelastic J/¥ production
cross section of each source was studied in detail. Unless differently specified, the
systematic uncertainty for a particular source is taken as the variation of the mea-
sured cross section caused by the variation of the variable. The sources of systematic
uncertainties for electroproduction analysis are summarised in table 8.1.
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Figure 8.7: Systematic uncertainty arising from the variation of (a) the measured energy
of the scattered lepton (1-3 %) and (b) the measured polar angle of the scattered lepton
(+1 mrad).

Scattered Lepton

The energy measurement of the scattered lepton in the SpaCal is known to a level
of 1% close to the lepton beam energy (Eo =~ 27.5 GeV) increasing linearly to 3%
for low energies of the scattered lepton (Eo =~ 8 GeV).

The uncertainty of the scattering angle is 1 mrad.

Varying the energy of the scattered lepton within this range, leads to an uncertainty
of the measured cross section of 2%. The variation of the scattering angle yields an
uncertainty of 1% (cf. fig. 8.7).

Trigger Efficiency

A detailed description of the trigger efficiency can be found in chapter 5 of this
thesis. For the electroproduction analysis the trigger efficiency is determined from
data to be enyigger = 97 &2 %. The statistical uncertainty of the trigger efficiency is
taken as systematic uncertainty.

Radiative Corrections

For the electroproduction of J/W¥ mesons the measured cross section includes higher
order processes. The Born cross section is recovered by applying a correction for
initial state photon radiation of the incoming lepton. The uncertainty of the cross
section was determined to be 4% [Mey98].
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Source Uncertainty %]

Reconstruction of scattered lepton: angle 1
energy 2
Reconstruction of decay leptons: track, vertex 4
identification 5
Number of signal events 3-5
Trigger 2
Model uncertainties decay angular distribution 2
( track multiplicity only z > 0.75 8 )
Radiative corrections 4
Hadronic energy scale 2
Integrated luminosity 2
Decay branching ratio 1
Sum 10.5-13.5

Table 8.1: Sources of systematic uncertainties taken into account in the electroproduc-
tion analysis.

In the electroproduction sample the electron and muon cross section results are
combined by weighted averaging. For the combined sample the systematic error of
the muon sample, which amounts to 10.5 %, is assigned. The same uncertainties are
equally attributed to all bins of the measurement except for the uncertainty of the
signal extraction which is 3% at moderate and large values of z and up to 5% at
small values of z where the combinatorial background is largest.

8.4 J/W¥ Polarisation

As in the photoproduction analysis, the two polarisation variables a and v are de-
termined by a simultaneous fit to the decay angular distributions cos(©*) and ¢*,
taking only the large statistical uncertainties into account. A measurement of v in
electroproduction is performed for the first time at H1. The distributions of cos(®*)
and ¢* for the medium Q? bin (7.5 < Q? < 15GeV?) are shown in figure 8.8(b).
A statistical fluctuation in the lowest bin of cos(©*) leads to a very large trans-
verse polarisation, which is still consistent with zero due to the large uncertainties.
Figure 8.9 summarises the polarisation variables o and v for the electroproduction
measurement. The polarisation variable a as a function of Q? is in good agreement
with the result from a previous H1 measurement [H102a]. No predictions for the
polarisation of J/¥ mesons are available for the electroproduction range, however
the measurement yields a polarisation similar to those in photoproduction. The
measured polarisation is also consistent with unpolarised J/¥ meson production at
HERA within large errors.
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Figure 8.8: Cross sections as a function of the decay angular distributions cos(©*)
shown in the range —0.9 < cos(©*) < 0.9 and ¢* for (a) the overall sample and (b) the
medium bin in Q2 (7.5 < Q? < 15GeV?). The fit result is drawn as black line, the grey
band indicates the 1o uncertainty of the fit result.
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Figure 8.9: Polarisation variables o and v as a function of the four momentum transfer
Q? and the elasticity z. The dashed line denotes the values obtained from the full sample,
the hatched area corresponds to the error on the average value. The results are compared
to a previous H1 measurement of « (stars) [H102a].
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CHAPTER 9

Conclusions

This thesis presents new measurements of photoproduction and electroproduction
of inelastic J/¥ mesons at HERA with improved precision compared to previous
measurements. The results are in good agreement with measurements from H1 and
ZEUS.

The J/W¥ mesons in the electroproduction analysis were identified via their leptonic
decays into two electrons or two muons, whereas the trigger setup in the photopro-
duction sample restricts the analysis to the muonic decay channel.

The photoproduction analysis is carried out in the kinematic range Q? ~ 0 GeV?,
50 < W, <225GeV, 0.3 <z < 0.9and Pry > 1GeV using a data sample recorded
with the H1 detector in the years 2006 and 2007 corresponding to an integrated
luminosity of £ ~ 166 pb™'. In the electroproduction analysis the whole HERA II
data is analysed (£ =~ 315 pb™'). The kinematic range of the electroproduction
analysis is given by 3.6 < Q? < 100GeV? 50 < W, < 225GeV, 0.3 < z < 0.9
and Py > 1GeV, where P%y, denotes the transverse momentum of the J/¥ in the
~vp center of mass frame. The integrated luminosity used in the photoproduction
analysis is two times larger compared to published H1 analyses, while the integrated
luminosity of the electroproduction analysis is increased by a factor of four.

In this thesis, background contributions due to diffractively produced ¥(2S) mesons
decaying into J/W¥ + X are reduced with respect to the previous analyses, since
tighter selection cuts are applied. For the comparison of the data with the Monte
Carlo simulations, a statistical background subtraction method was used, based on
the side bands of the resonance distribution. This results in improved corrections
for the simulation and consequently a more accurate description of the data. Fi-
nally, the impact of different model assumptions in the Monte Carlo simulation was
studied in detail leading to an improved understanding of acceptance corrections
and systematic uncertainties.

The measured cross sections are compared to different theoretical predictions in the
color singlet model (CSM).
The best description of the data is achieved by the Monte Carlo generator CASCADE
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using a kr factorisation approach in leading order CSM. The off shell calculations
of the hard scattering in kr factorisation implicitly include higher order terms.
The total cross section predicted by the CASCADE generator deviates only a few
percent from the measured one. The slopes of the single and double differential
cross sections as a function of P, P5, and Q* are very well reproduced. At low
values of the elasticity z, the CASCADE expectation overshoots the measured cross
section by about 30% and the cross section as a function of the photon proton
effective mass W,,, is not well reproduced.

An analytic CSM NLO calculation by Michael Kramer and Peter Zerwas is also able
to describe the data, however the errors of this prediction are very large.

NLO contributions are dominated by strong negative contributions at z — 1 and
Pry — 0GeV, leading to a harder Pry spectrum which is needed in order to
describe the data. In addition they increase the total cross section significantly.
Leading order (LO) predictions, as implemented in the Monte Carlo generator
EpJpsi, fail to describe the data. The total predicted cross section is too low by
25 % or 40 % respectively.

At large values of the elasticity z, the cross section in the data decreases in both
analyses, whereas a continuous rise is predicted in the CSM LO. The slope of the
P%ﬂ, spectrum in photoproduction as well as the slope of Q? in electroproduction is
much too steep. The predicted cross section at large values of P7, lies almost one
order of magnitude below the data, while at low values of PQTH, it overshoots the data
by a factor of two. The predictions from the EpPJjPSt Monte Carlo generator show
the same characteristics as an analytic CSM LO calculation of the cross section as
a function of P7 . by Michael Kramer.

For the first time at H1, the polarisation variables o and v are determined by a
simultaneous fit to the shapes of the cross sections as a function of cos(©*) and
¢*. Furthermore this thesis presents the first measurement of the variable v in
electroproduction. The measured polarisation of the J/W meson is in agreement with
previous H1 publications and consistent with recent CDF (run II) measurements,
where o tends to be small and negative towards large transverse momenta of the
J/¥ mesons.

The polarisation is very well modelled by a kr factorisation calculation in the CSM
which was accomplished by Sergey Baranov. In particular, the trend towards longi-
tudinal polarisation (o < 0) as a function of Pty is predicted by kr factorisation,
whereas calculations in CSM LO and the NRQCD ansatz do not predict any longi-
tudinal polarisation. However, due to large statistical uncertainties of the measure-
ment none of the production models can be excluded, though leading order CSM
predictions seem to be disfavoured by the measurements. All models predict a simi-
lar polarisation v at low transverse momenta Py as well as over the whole analysed
elasticity range. Towards large values of Py, the difference between the models
rises continuously. Unfortunately, the statistical error of the measurements becomes
large in this kinematic range.
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The HERA measurements and recent predictions for the TEVATRON emphasise the
necessity to account for higher order corrections in calculations of inelastic J/W
meson production. These corrections were unforeseen large.

Up to now, only the kt factorisation approach provides a well working tool to study
inelastic J/¥ meson production at HERA. However, a more detailed study in the
collinear factorisation would be desirable. In order to draw strong conclusions,
the uncertainties of the CSM NLO calculations need to be reduced significantly.
Furthermore, color singlet calculations at next to leading order need to be performed
for the electroproduction of inelastic J /¥ mesons.

It would be worth to check the impact of higher order corrections on the predicted
polarisation. Unfortunately, polarisation predictions are only available at leading
order for photoproduction of J/¥ mesons at HERA.

In conclusion, the presented analyses show that a kr factorisation approach in the
CSM is capable of describing both the measured cross sections and the polarisation
very well. The success of kt factorisation arises from higher order corrections, which
are implicitly included due to a resummation to all orders of the unintegrated gluon
density. Hence, it is confirmed that higher order contributions are crucial for a
proper description of the inelastic J/¥ meson production.

No indications for color octet state contributions to the inelastic J/¥ meson produc-
tion at HERA are visible. Although the results of the polarisation measurement do
not exclude the NRQCD predictions, the cross sections are well reproduced by the
CSM alone, provided that higher order terms, such as present in the kr factorisation
approach or the full NLO calculation, are included.
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APPENDIX A

Photoproduction Cross Section

Tables

z (z) doep/dz [nb| do,p/dz [nb]
0.30 — 0.45 0.375 2.29 £0.14 22.60 £ 1.42 £ 2.60
0.45 — 0.60 0.525 5.09 £ 0.20 00.32 £ 2.01 £ 5.79
0.60 — 0.75 0.675 6.03 £ 0.23 09.60 £ 2.24 £ 6.85
0.75 =090 0.825  5.60 £ 0.30 95.30 £ 291 £ 7.74

Table A.1: Differential cross section for the photoproduction (Q? ~ 0 GeV?) of inelastic
J/¥ mesons in the kinematic range 60 < W, < 240GeV, Py > 1GeV and 0.3 <
z < 0.9 as a function of the elasticity z. The first error corresponds to the statistical
uncertainty, the second denotes the systematic uncertainty.

Wop [GeV] (W) Tep [nb] 0.p [nb]

60 — 80 69.3 0.52 £ 0.076 19.15 + 2.81 4+ 2.20

80 — 100 89.4 0.44 + 0.045 25.22 £+ 2.33 £ 2.90
100 — 120 109.5 0.35 £+ 0.028 24.35 £+ 1.96 £ 2.80
120 — 140 129.6 0.36 £ 0.027 32.12 £+ 2.39 £ 3.69
140 — 160 149.6 0.29 + 0.022 32.27 £ 2.50 £+ 3.71
160 — 180 169.6 0.23 &+ 0.021 31.46 £ 2.87 £ 3.62
180 — 210 194.2 0.31 + 0.030 37.05 £+ 3.64 £+ 4.26
210 — 240 224.2 0.24 + 0.033 37.88 + 5.36 + 4.36

Table A.2: Total cross section in bins of W, for the photoproduction (Q? ~ 0 GeV?)
of inelastic J/¥ mesons in the kinematic range 60 < W, < 240GeV, Pry > 1GeV
and 0.3 < z < 0.9. The first error corresponds to the statistical uncertainty, the second
denotes the systematic uncertainty.



PZy [GeV?] (P%,) daep/dP%,q,[nb/Gevz] davp/dP%,w[nb/Gevz]

1.0 —2.1 1.47 0.85 + 0.046 8.35 £ 0.46 + 0.96
21 —-3.5 2.70 0.44 £ 0.025 431 =£0.25 £ 0.50
3.5 —54 4.31 0.26 £ 0.015 256 £ 0.15 £ 0.29
0.4 —-176 6.34 0.12 £ 0.0091 1.16 £0.090 =+£0.13
7.6 —10.0 8.63 0.074 £ 0.0062 0.73 £0.061 =£ 0.084
10.0 —13.5  11.40 0.041 £ 0.0034 0.41 £0.033 £ 0.047
13.5 —20.0 15.63 0.016 £ 0.0014 0.16 £ 0.014 £ 0.019
20.0 —26.5 2213 0.0062 =£ 0.00074 0.061 &£ 0.0073 = 0.0071
26.5 —40.0  30.00 0.0019 = 0.00029 0.019 =+ 0.0029 = 0.0022
40.0 — 60.0  46.00 0.00059 £ 0.00014 0.0058 £ 0.0014 =£ 0.00067
60.0 — 100.0  70.00 0.00013 £ 0.000051 0.0013 £ 0.00050 =+ 0.00015

Table A.3: Differential cross section for the photoproduction (Q? ~ 0 GeV?) of inelastic
J/¥ mesons in the kinematic range 60 < W, < 240GeV, Py > 1GeV and 0.3 <
2z < 0.9 as a function of the squared transverse momentum of the J/¥ meson P% . The
first error corresponds to the statistical uncertainty, the second denotes the systematic
uncertainty.

1 < PT71y < 2 GeV

z (2) doep/dz [nb] do,p/dz [nb]
0.30 — 0.45 0.375 1.32 £0.14 13.03 £ 1.38 £ 1.50
0.45 — 0.60 0.525 2.96 £ 0.19 29.28 £ 1.88 £ 3.37
0.60 — 0.75 0.675 3.76 £ 0.21 37.18 £ 2.10 £+ 4.28
0.75 —0.90 0.825 3.30 £ 0.26 32.98 £ 2.57 £ 4.56

Table A.4: Differential cross section for the photoproduction (Q? ~ 0 GeV?) of inelastic
J/¥ mesons in the kinematic range 60 < W,, < 240GeV, 1 < Prw < 2GeV and
0.3 < z < 0.9 as a function of the elasticity z.

The first error corresponds to the

statistical uncertainty, the second denotes the systematic uncertainty.

2 < PT71y < 3 GeV

z (2) doep/dz [nb] do,p/dz [nb]
0.30 — 0.45 0.375 0.55 +£ 0.066 5.45 £ 0.65 £ 0.63
0.45 — 0.60 0.525 1.21 £ 0.095 11.91 £ 0.93 £ 1.37
0.60 — 0.75 0.675 1.59 £ 0.11 15.72 £ 1.13 £ 1.81
0.75 —0.90 0.825 1.44 + 0.15 14.25 &+ 1.45 £ 1.99

Table A.5: Double differential cross section for the photoproduction (Q? ~ 0 GeV?) of
inelastic J/W mesons in the kinematic range 60 < W, < 240GeV, 2 < Pry < 3GeV
and 0.3 < z < 0.9 as a function of the elasticity z. The first error corresponds to the
statistical uncertainty, the second denotes the systematic uncertainty.
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3 g PT7Iy < 4.5 GeV
z (z) doep/dz [nb| do,p/dz [nb]

0.30 — 0.45 0.375  0.23 £ 0.031 2.28 £0.31 £ 0.26
0.45—0.60 0.525  0.66 £ 0.052 6.52 £ 0.51 £ 0.75
0.60 — 0.75 0.675  0.64 £ 0.054 6.33 £ 0.53 £ 0.73
0.75 —0.90 0.825  0.56 £ 0.069 5.52 £ 0.68 £+ 0.77

Table A.6: Double differential cross section for the photoproduction (Q? ~ 0 GeV?) of
inelastic J/¥ mesons in the kinematic range 60 < W,,,, < 240 GeV, 3 < Py < 4.5 GeV
and 0.3 < z < 0.9 as a function of the elasticity z. The first error corresponds to the
statistical uncertainty, the second denotes the systematic uncertainty.

PT71y 2 4.5 GeV
z (2) doep/dz [nb] do,p/dz [nb]

0.30 — 045 0.375  0.11 £ 0.016 1.10 £ 0.16 £ 0.13
0.45—0.60 0.525  0.16 £ 0.020 1.59 £ 0.19 £ 0.18
0.60 —0.75 0.675  0.14 £ 0.018 1.41 £0.18 £ 0.16
0.75 —-0.90 0.825  0.17 £ 0.025 1.66 £ 0.25 £ 0.23

Table A.7: Double differential cross section for the photoproduction (Q? ~ 0 GeV?) of
inelastic J/¥ mesons in the kinematic range 60 < W,, < 240GeV, Pry > 4.5GeV
and 0.3 < z < 0.9 as a function of the elasticity z. The first error corresponds to the
statistical uncertainty, the second denotes the systematic uncertainty.

030<z<045

PZ, [GeV?] (P2,) doe,/dP3y[nb/GeV?] do.,/dP% y[nb/GeV?]
1.0 — 2.0 144 0.096 4 0.017 095 +017 +0.11
2.0 — 3.0 245 0.058 =+ 0.011 0.58 +0.11 = 0.067
3.0 — 4.5 3.64 0.035 =+ 0.0060 0.35 £ 0.060 = 0.040
4.5 —17.0 551 0.021  +0.0033 0.20  £0.032 4 0.023
7.0 — 10.0 8.24  0.0092 = 0.0018 0.091 =+ 0.018 = 0.010
10.0 — 140  11.61  0.0040 = 0.00086 0.040 + 0.0084 =+ 0.0046
14.0 —20.0 1621  0.0019 = 0.00041 0.019 4 0.0041 =+ 0.0021
20.0 —40.0  25.00 0.00055 = 0.00014 0.0054 =+ 0.0014 = 0.00062

40.0 — 100.0  49.00  0.000085 =£ 0.000041 0.00084 £ 0.00041 £ 0.000097

Table A.8: Differential cross section for the photoproduction (Q? ~ 0 GeV?) of inelastic
J /¥ mesons in the kinematic range 60 < W, < 240GeV, Ppy > 1GeV and 0.3 <z <
0.45 as a function of the squared transverse momentum of the J/W meson P7.y,. The
first error corresponds to the statistical uncertainty, the second denotes the systematic
uncertainty.
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045 <z<0.60

P2y [GeV?] (PZ,) doe,/dP%,[nb/GeV?) dop/dP2 ,[nb/GeV?]
1.0 — 2.0 144 022 4 0.023 218  +£022 £025
2.0 — 3.0 245 014  £0.015 136 +015 +£0.16
3.0 — 4.5 3.64 0.077 =+ 0.0088 0.76 4 0.087 = 0.087
45— 7.0 551 0.040 + 0.0044 0.39  £0.044 =+ 0.045
7.0 — 10.0 8.24 0.023 =+ 0.0028 023 4 0.028 =+ 0.027

10.0 —14.0  11.61  0.011 = 0.0015 0.11  £0.014 =+ 0.012

14.0 —20.0  16.21  0.0056 = 0.00078 0.055 4 0.0077 = 0.0063

20.0 —40.0  25.00  0.00090 + 0.00017 0.0089 4+ 0.0017 = 0.0010

40.0 — 100.0  49.00  0.00010 =+ 0.000047 0.0010 =£ 0.00046 £ 0.00012

Table A.9: Differential cross section for the photoproduction (Q? ~ 0 GeV?) of inelastic
J/¥ mesons in the kinematic range 60 < W,, < 240GeV, Pty > 1GeV and 0.45 <
z < 0.60 as a function of the squared transverse momentum of the J/¥ meson P, ,. The
first error corresponds to the statistical uncertainty, the second denotes the systematic
uncertainty.

0.60<z<0.75

P2y [GeV?] (PZ,) doe,/dP%,[nb/GeV?) dop/dP2 ,[nb/GeV?]
1.0 — 2.0 1.44  0.28 + 0.025 280 4025 4+ 0.32
2.0 — 3.0 2.45 0.16 + 0.017 1.55 4017 +0.18
3.0 — 4.5 3.64 0.11 + 0.011 111 4+0.11  +£0.13
45—17.0 551 0.054 = 0.0056 0.53 £ 0.056 =+ 0.061
7.0 — 10.0 824 0.024 4 0.0030 024  +0.029 =+ 0.027

10.0 — 14.0  11.61 0.013 4+ 0.0017 013  +0016 =+ 0.015

14.0 — 20.0 16.21  0.0051 £ 0.00077 0.050 £ 0.0076 =£ 0.0058
20.0 — 40.0 25.00  0.00086 = 0.00017 0.0085 4 0.0017 4= 0.00098
40.0 — 100.0  49.00  0.000058 =+ 0.000030 0.00057 £ 0.00030 £ 0.000065

Table A.10: Differential cross section for the photoproduction (Q? ~ 0GeV?) of in-
elastic J/¥ mesons in the kinematic range 60 < W, < 240GeV, Pty > 1GeV and
0.60 < z < 0.75 as a function of the squared transverse momentum of the J/¥ meson
Pgr,\y- The first error corresponds to the statistical uncertainty, the second denotes the
systematic uncertainty.
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0.75 <z <090

P2y [GeV?] (PZ,) doe,/dP%y[nb/GeV] dop/dP3 y[nb/GeV?|
1.0 — 2.0 1.44 025 4+ 0.030 250 +0.30 =+ 0.35
2.0 — 3.0 2.45 0.16 =+ 0.022 1.56 +021 +0.22
3.0 — 4.5 3.64 0.086 =+ 0.013 0.85 4+ 0.13 4 0.12
45—17.0 551 0.056 =+ 0.0054 0.55 =+ 0.053 =+ 0.077
7.0 — 10.0 824 0.020 =+ 0.0036 0.19 + 0.036 =+ 0.027

10.0 — 14.0  11.61 0.012 = 0.0023 0.12 4+ 0.023 =+ 0.017

14.0 — 20.0  16.21  0.0034 =+ 0.00088 0.034 + 0.0087 =+ 0.0048

20.0 — 40.0  25.00 0.0011 = 0.00029 0.011 =+ 0.0029 =+ 0.0015

Table A.11: Differential cross section for the photoproduction (Q? ~ 0GeV?) of in-
elastic J/¥ mesons in the kinematic range 60 < W,, < 240 GeV, Pry > 1GeV and
0.75 < z < 0.90 as a function of the squared transverse momentum of the J/¥ meson
PZy. The first error corresponds to the statistical uncertainty, the second denotes the
systematic uncertainty.
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APPENDIX B

Electroproduction Cross Section

Tables

Q* [GeV?]  (Q%)

doe,/dQ? [pb/GeV?]

3.6 —6.5 4.85
6.5 —12.0  8.63
12.0 — 20.0 15.01
20.0 — 40.0 26.67
40.0 — 100.0 53.00

17.84
7.83
2.90
0.84

+1.94
+ 0.71
+ 0.42
£+ 0.13

+1.94
£ 0.85
£ 0.321
£ 0.092

0.095 £ 0.028 £ 0.010

Table B.1: Differential cross section for the electroproduction (3.6 < Q? < 100 GeV?)
of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV, Py > 1GeV
and 0.3 < z < 0.9 as a function of the photon virtuality Q2. The first error corresponds
to the statistical uncertainty, the second denotes the systematic uncertainty.
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Pfr%w [Ge\/z] <Pfr2,w> doep/ derz,w [pb/ Ge\/z]

1.0 — 2.2 1.57 24.10 £ 3.86 =+ 2.63
22 —-3.7 2.90 1413 £2.81 +1.54
3.7—-64 4.88 1040 £1.63 £ 1.13
6.4 —9.6 7.7 6.58 £0.95 £0.72
9.6 —13.5 11.24 3.06 £0.51 £0.33
13.5 -20.0 16.01 194 £026 £0.21
20.0 —40.0  25.67 0.67 £ 0.071 £ 0.073
40.0 — 100.0 51.00 0.057 = 0.011 £ 0.0062

Table B.2: Differential cross section for the electroproduction (3.6 < Q? < 100 GeV?)
of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV, P14 > 1GeV
and 0.3 < z < 0.9 as a function of the squared transverse momentum of the J/¥ meson
in the photon proton rest frame Pi}%\y. The first error corresponds to the statistical
uncertainty, the second denotes the systematic uncertainty.

W, [GeV] (W) doe,/dW,, [pb/GeV]

50 — 70 58.0 1.03 £0.25 £ 0.11

70 — 95 81.8 1.02 £0.12 £ 0.11

95 — 120 106.7 0.90 £0.11 £0.10
120 — 145 131.8 1.01 +£0.14 £0.11
145 — 170  156.8 0.95 £0.13 £0.10
170 — 195 181.9 0.74 £+ 0.15 &£ 0.080
195 — 225 209.1 047 £0.13 £ 0.051

Table B.3: Differential cross section for the electroproduction (3.6 < Q? < 100 GeV?)
of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV, P14 > 1GeV
and 0.3 < z < 0.9 as a function of the photon proton center of mass energy W,,,. The
first error corresponds to the statistical uncertainty, the second denotes the systematic
uncertainty.

z (z) doep/dz |pb]

0.30 — 0.45 0.375 156.17 £ 39.36 + 17.76
0.45 - 0.60 0.525 221.18 + 26.94 £ 24.61
0.60 —0.75 0.675 315.55 £ 20.17 £ 34.32
0.75 - 0.90 0.825 267.52 £ 18.42 £ 36.12

Table B.4: Differential cross section for the electroproduction (3.6 < Q? < 100 GeV?)
of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV, PLy > 1GeV
and 0.3 < z < 0.9 as a function of the elasticity z. The first error corresponds to the
statistical uncertainty, the second denotes the systematic uncertainty.
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03<z<06
PPy [GeV?] (Piy)  dog/dPPy [pb/GeV?]

2.5 —-4.0 3.18 313 £191 £0.34

4.0 — 8.0 2.58 3.31 £0.89 £ 0.36

8.0 —15.0 10.46 1.07 £ 0.28 +£0.12
15.0 = 25.0 18.50 0.41 £0.10 £ 0.044
25.0 = 60.0 32.00 0.088 £ 0.021 £ 0.0095

Table B.5: Differential cross section for the electroproduction (3.6 < Q? < 100 GeV?)
of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV, PLy > 1GeV
and 0.3 < z < 0.6 as a function of the squared transverse momentum of the J/¥ meson
in the photon proton rest frame Pfﬁw. The first error corresponds to the statistical
uncertainty, the second denotes the systematic uncertainty.

06<z<0.75
Pfr%w [Ge\/z] <Pfr2,w> dUep/derz,w [pb/GeVQ]

1.0 - 2.5 1.70 5.50 £0.97 =+ 0.60
25 —-4.0 3.20 3.81 £0.82 £ 0.42
4.0 — 8.0 5.65 285 £042 £0.31
8.0 —15.0 10.54 1.71 £0.21 +£0.19
15.0 — 25.0 18.47 0.47 +£0.078 £ 0.051
25.0 — 60.0 33.00 0.083 £ 0.018 £ 0.0091

Table B.6: Differential cross section for the electroproduction (3.6 < Q? < 100 GeV?)
of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV, Py > 1GeV
and 0.6 < z < 0.75 as a function of the squared transverse momentum of the J/W¥ meson
in the photon proton rest frame Pfﬁw. The first error corresponds to the statistical
uncertainty, the second denotes the systematic uncertainty.

0.75<z<0.9
PPy [GeV?] (Piy)  dog/dPPy [pb/GeV?]

1.0 - 2.5 1.71 3.74 £0.76 =+ 0.50
25 —-4.0 3.21 3.18 £0.73 £0.43
4.0 — 8.0 5.71 271 £040 =+ 0.37
8.0 —15.0 10.63 1.07 +£0.18 £0.14
15.0 — 25.0 18.40 0.48 =+ 0.081 £ 0.065
25.0 - 60.0 33.00 0.13 £ 0.022 £+ 0.018

Table B.7: Differential cross section for the electroproduction (3.6 < Q? < 100 GeV?)
of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV, Py > 1GeV
and 0.75 < z < 0.9 as a function of the squared transverse momentum of the J/W¥ meson
in the photon proton rest frame Pi}%\y. The first error corresponds to the statistical
uncertainty, the second denotes the systematic uncertainty.
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1< Pry<2GeV

z (z) doep/dz [pb]

0.30 — 045 0.375 103.65 £ 27.86 + 11.79
0.45 - 0.60 0.525 95.06 £ 22.01 £ 10.58
0.60 — 0.75  0.675 100.74 £ 13.32 £ 10.96
0.75 - 0.90 0.825 70.49 £ 10.49 £ 9.52

Table B.8: Differential cross section for the electroproduction (3.6 < Q? < 100 GeV?)
of inelastic J /¥ mesons in the kinematic range 50 < W,,, < 225GeV, 1 < PLy < 2GeV
and 0.3 < z < 0.9 as a function of the elasticity z. The first error corresponds to the
statistical uncertainty, the second denotes the systematic uncertainty.

2 < Phy < 3.5 GeV

z (z) doep/dz [pb]

0.30 — 045 0.375 36.64 £ 18.41 £ 4.17
0.45 - 0.60 0.525 99.60 £ 18.68 £ 11.08
0.60 — 0.75  0.675 121.74 £ 12.99 £ 13.23
0.75 - 0.90 0.825 113.49 £+ 12.98 £+ 15.32

Table B.9: Differential cross section for the electroproduction (3.6 < Q? < 100 GeV?)
of inelastic J/¥ mesons in the kinematic range 50 < W,;, < 225GeV, 2 < PLy <
3.5GeV and 0.3 < z < 0.9 as a function of the elasticity z. The first error corresponds
to the statistical uncertainty, the second denotes the systematic uncertainty.

3.5 < Phy <10 GeV

z (z) doep/dz [pb]

0.30 —0.45 0.375 28.66 + 7.62 + 3.26
0.45 - 0.60 0.525 39.79 £ 7.78 £ 4.43
0.60 — 0.75 0.675 81.15 £ 8.16 £ 8.82
0.75 —0.90 0.825 77.03 £ 8.13+ 10.40

Table B.10: Differential cross section for the electroproduction (3.6 < Q2 < 100 GeV?)
of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV, 3.5 < Pty <
10 GeV and 0.3 < z < 0.9 as a function of the elasticity z. The first error corresponds
to the statistical uncertainty, the second denotes the systematic uncertainty.



APPENDIX C

J/¥ Polarisation Tables

z (z) a v

0.30 — 0.90 0.600 0.007 £0.120  —0.049 £ 0.154

0.30 —0.45 0.375 —0.346 £ 0.274  —0.147 = 0.335
0.45 — 0.60 0.525 0.340 £ 0.243 0.013 £ 0.286
0.60 — 0.75 0.675 —0.064 £+ 0.181 0.025 £ 0.259
0.75 — 0.90 0.825 0.142 £ 0.285  —0.319 £+ 0.396

Table C.1: Polarisation variables o and v for the photoproduction (Q? ~ 0 GeV?) of
inelastic J/W mesons in the kinematic range 60 < W,,, < 240GeV, Pry > 1 GeV and
0.3 < z < 0.9 as a function of the elasticity z.

PTgy [GeV] <PT71y> (67 %

1.0 — 100.0  6.00 0.007 £ 0.120  —0.049 £+ 0.154

1.0 - 2.0 1.45 0.166 £ 0.217 0.359 £ 0.242
2.0-3.0 246  —0.108 £ 0.217  —0.825 £ 0.353
3.0 —4.5 3.66  —0.042 £+ 0.238 —0.469 + 0.380
45 —-10.0 6.21 —0.333 £ 0.261 —0.319 £ 0.396

Table C.2: Polarisation variables o and v for the photoproduction (Q? ~ 0 GeV?) of
inelastic J/W mesons in the kinematic range 60 < W,,, < 240GeV, Pry > 1GeV and
0.3 < z < 0.9 as a function of the transverse momentum of the J/W¥ meson.

XI



Z (7) o v

0.30 — 0.90 0.600 0.460 = 0.374  —0.075 £ 0.290

0.30 — 0.60 0.450 1.170 £ 1.043 0.034 £ 0.724
0.60 —0.75 0.675 —0.239 £ 0.294  —0.164 £ 0.263
0.75 —0.90 0.825 0.161 £ 0.368  —0.331 £ 0.347

Table C.3: Polarisation variables o and v for the electroproduction (3.6 < Q? <
100 GeV?) of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV,
Piy > 1GeV and 0.3 < z < 0.9 as a function of the elasticity z.

Q* [GeVZ]  (Q%) a v

3.6 — 100.0 16.00 0.460 £ 0.374  —0.075 £ 0.290

3.6 —7.5 5.20  —0.690 £ 0.323 0.221 £ 0.353
7.5 —15.0 10.19 1.006 £ 0.591 —0.521 £+ 0.491
15.0 — 100.0 24.73 0.512 £ 0.717  —-0.573 £ 0.613

Table C.4: Polarisation variables o and v for the electroproduction (3.6 < Q? <
100 GeV?) of inelastic J/¥ mesons in the kinematic range 50 < W, < 225GeV,
Piy > 1GeV and 0.3 < z < 0.9 as a function of the photon virtuality Q.

XII



APPENDIX D

Bin Center Correction

The measured cross sections in this analysis are average cross sections in bins of one
or more variables. In order to be able to compare with theoretical predictions it is
desirable to measure differential cross sections at certain values of each variable.

If the cross section in a particular analysis bin changes linearly, the measured average
cross section in that bin is the same as the differential cross section at the center of
the bin. However in case of a rapidly changing distribution (e.g. Pry) a bin center
correction has to be applied in order to get the barycenter of the bin, for which the
assumption that the measured cross section is equal to the differential cross section
holds.

The bin center for a certain variable ( in the bin (; < ¢ < (5 can be calculated by

C2

do,p 1 doyp
TR = ! 4 () D)

assuming a functional form for the differential cross section do,,/d(. In praxi the
corrected bin centers are taken as the average values of the Monte Carlo simulation
in the range of the analysis bin.

The bin center correction for the vyp cross section in bins of the photon proton center
of mass energy W, has to be treated separately because the photon flux @3 depends
on y which is proportional to W.,. For a given bin W, < W,, < Wy, the 7p
cross section at the expectation value (W.,) can be expressed as

AW OT (W) - oy, (W
oy ((Wap)) = fwww W) Sl (D.2)

W\i ol
AW 9T (W)

The solution of this equation requires an assumption on the functional form of
0., (W). The data is well described by o, (W) ac W?, with § = 0.69 + 0.011. The
deviation of the calculated expectation value (W,,) from the center of the bin is of
the order of O(1 GeV?) in the used binning.
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