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Abstract

In this work, the production and decay of D* mesons is investigated, mea-
sured in deep-inelastic electron-proton collisions with the H1 detector at
the HERA accelerator (DESY, Hamburg). D* mesons are produced mostly
in the fragmentation of charm quarks originating from boson-gluon fusion.
Measurements of the D* production cross section offer an excellent tool to
probe the gluon content of the proton and to test perturbative quantum chro-
modynamics. In previous analyses, only the decay channel D** — DO},
DY — K 7" (and charge conjugates) has been exploited with the H1 ex-
periment. In this work, a reconstruction of D* mesons in the decay channel
Dt — Dr, D° — K—7ntp° p® — 777~ is presented, leading to cross
section measurements.

A search for exotic baryons containing charm has been performed with the
H1 detector and a resonance has been found in the invariant mass spectrum of
oppositely charged D*p combinations. D* mesons have been reconstructed
in the decay channel D** — KFx*rE. To improve the statistics for this
particular search, D*p combinations are investigated where the D* decays
via D** — KF¥ptrfnaFrt,

Zusammenfassung

In dieser Arbeit wird die Produktion und der Zerfall von D*-Mesonen un-
tersucht, gemessen in tief-inelastischen Elektron-Proton-Stoen mit dem H1-
Detektor am HERA-Beschleuniger (DESY, Hamburg). D*-Mesonen werden
iitberwiegend bei der Fragmentation von Charm-Quarks aus Boson-Gluon-
Fusion erzeugt. Die Messung des Wirkungsquerschnitts der D*-Produktion
bietet ein hervorragendes Werkzeug zur Bestimmung der Gluondichte des
Protons und zum Test der perturbativen Quantenchromodynamik. Bisher
wurde beim H1-Experiment ausschlieBlich der Zerfallskanal D** — DO,
D — K7 (und Ladungskonjugierte) genutzt. Diese Arbeit beinhal-
tet eine Rekonstruktion von D*-Mesonen im Zerfallskanal D*t — DOrf,
DY — K7 p°, p° — nmF7~ sowie Messungen von Wirkungsquerschnitten.

Beim H1-Experiment wurde eine Suche nach exotischen Baryonen mit
Charm durchgefiithrt. Im invarianten Massenspektrum von entgegengesetzt
geladenen D*p-Kombinationen wurde eine Resonanz gefunden. Dazu wurde
der Zerfallskanal D** — K¥r*rF analysiert. Um die Statistik fiir diese
spezielle Suche zu erhohen, werden D*p-Kombinationen untersucht, bei de-
nen das D* im Zerfallskanal D** — KFrtrrFrt rekonstruiert wird.
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Introduction

The subject of Elementary Particle Physics is the understanding of the basic
constituents of matter and their interactions. A gauge theory description
with a SU(3). symmetry for the strong interaction and a spontaneously bro-
ken SU(2), Q U(1)y symmetry for the electroweak interaction has been suc-
cessfully formulated and tested. It is known today as the Standard Model.
Six quarks and six leptons are the fundamental fermions, interacting via the
exchange of gauge bosons: The photon and the W* and Z° bosons are the
gauge bosons of the electroweak interaction, gluons are the gauge bosons
of the strong interaction. The Higgs boson has been postulated to explain
the spontaneous symmetry breaking in the electroweak sector; it has how-
ever not been found up to the present. The quantum field theory describing
the strong interaction of quarks is called quantum chromodynamics (QCD):
Quarks interact strongly via the exchange of gluons.

The Hadron Electron Ring Accelerator at DESY Hamburg was designed
to investigate the structure of the proton, in all its facets. In this work,
the production of charm quarks in deep-inelastic electron-proton collisions at
HERA is investigated. Here, charm quarks are mainly produced in boson-
gluon fusion, where a photon emitted by the incoming electron interacts
with a gluon from the proton to produce a cé-pair. The measurement of the
hadronic final state in gluon-induced processes, such as open charm produc-
tion in boson-gluon fusion, allows a determination of the gluon density in the
proton.

QCD cross section calculations are performed with the help of perturba-
tion theory with the expansion parameter oy, the strong coupling constant.
The perturbation series will only converge if the expansion parameter is suf-
ficiently small. The QCD coupling a, decreases with harder scales such that
the convergence of the perturbation series improves with harder scales, for
example with a large photon virtuality Q? or with the mass of a heavy quark.
Hence, the hard scale introduced by the heavy charm quark mass provides
an excellent testing ground of perturbative QCD.

The identification of the charm quark can be performed via e.g. measure-
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ment of D** mesons (cd or éd quark combinations), due to a clean signature.
In standard D* analyses with data from the H1 detector at HERA, D* mesons
are reconstructed in the decay channel D** — D%+, D% — K=z, The de-
cay channel D** — D7t D% — K=n%p% p° — 777~ was previously not
exploited. The aim of this work is to implement this decay channel into the
H1 analysis framework and to measure differential production cross sections
from a data sample taken in the years 1996-2000. The inclusion of this decay
channel into the H1 analysis framework corresponds to a significant increase
in D* statistics.

Another interesting aspect of charm physics is charm spectroscopy. In
general, hadron spectroscopy investigates the masses, widths, decay channels
and quark contents of hadrons. QCD allows various colorless combinations
of quarks. However, up to now, only the states with the minimum number of
quarks have been observed: Mesons, composed of a quark and an anti-quark,
and baryons, composed of three quarks. In the last three years, the search for
states with more than three quarks has become a very active research field.
Recent observations of a narrow resonance decaying to K*n or Kp and being
interpreted as a strange pentaquark triggered a search for narrow resonances
with the H1 experiment. H1 is the first and, up to now, the only experiment
to have observed a narrow anti-charmed baryon state, decaying to D* " p or
D**p and being interpreted as a charmed pentaquark (with quark content
uudde/uudde). This resonance was observed for D* mesons decaying into a
KTr*r* final state. To increase the statistics for this particular search, a
search for exotic baryons containing charm is performed with D* candidates
reconstructed in the decay channel D** — KFrtptpFat,

This thesis is organized as follows: Chapter 1 describes the theoreti-
cal framework for heavy flavor production in deep-inelastic electron proton
scattering at HERA. The HERA accelerator and the H1 detector are de-
scribed in chapter 2. The reconstruction of D* mesons in the decay channel
Dt — D%, DY — K=7np% p° — 7F7r~ is presented in chapter 3 to-
gether with cross section measurements. The reconstructed D* candidates
are combined with proton candidates and a search for exotic baryons con-
taining charm is presented in chapter 4. Chapter 5 summarizes this work
and discusses the results.



Chapter 1

Charm production in
electron-proton scattering

In this chapter, the physics involved in the production of charm quarks in
deep-inelastic electron-proton (ep) scattering is described. Section 1.1 in-
troduces the variables used to characterize deep-inelastic-scattering (DIS)
events. Section 1.2 reviews the proton structure function formalism. The
main production mechanism for charm quarks is outlined in section 1.3.
Section 1.4 describes phenomenological models for the transition of quarks
to observable hadrons. Recent observations of exotic baryon states with
strangeness triggered a search for exotic baryons in the charm sector. Sec-
tion 1.5 describes this search using data from the H1 experiment. Section 1.6
presents the implementation of quantum chromodynamics (QCD) in event
generators to determine the detector acceptance and the production cross
section.

1.1 DIS kinematics

Leading order deep-inelastic ep scattering is described by the exchange of a
gauge boson between the electron and a quark from the proton. Processes
can be classified by the charge of the exchanged gauge boson:

e A W# boson is exchanged in charged current (CC) reactions. These
reactions are of the kind ep — v.X, the outgoing lepton is a neutrino.

o If the exchanged boson is neutral, the reaction is of the neutral current
(NC) type; the exchanged gauge boson is a virtual photon v or Z°
boson. The reaction is of the kind ep — €' X.
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The hadronic final state X includes the fragments of the struck quark
and the proton remnant, defined as the part of the proton which does not
take part in the hard® interaction.

The leading order Feynman diagram of ep scattering is shown in figure
1.1, where q, k, kK’ and P are the four-momenta of the exchanged boson,
incoming and outgoing lepton and incoming proton, respectively. The entire
scattering process can be formulated with the electromagnetic (L,,) and
hadronic (W#) tensor.

p

Figure 1.1: Leading order Feynman diagram for neutral current deep-inelastic
scattering. The description of the kinematic variables is given in the text.

The kinematics of the process is described by three variables, @2, x and
y, which are Lorentz-invariant. The negative four-momentum of the photon
squared @? (also called photon virtuality) is defined by

Q*=-q’=(k-k)* . (1.1)
while x is the Bjorken scaling variable defined as:
Q2
— 1.2
=34 (1.2)

In the infinite momentum frame (i.e. in an inertial frame where mproton <
Eyroton), the Bjorken scaling variable x equals the fraction of the proton
momentum carried by the struck parton. The normalized energy loss of the

!The scattering process is characterized by the mass scales or momentum transfers
involved. Hard scales correspond to large masses or momentum transfers, soft scales
correspond to small masses or momentum transfers.
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scattered lepton in the proton rest frame is the inelasticity y, which is defined
as

P-q
Pk
The connection between center-of-mass energy /s, the photon virtuality Q2
the inelasticity y and the Bjorken scaling variable x follows from

s = (k+P)?
2 2
k* + P° +2k-P

—m2  =m2

y (1.3)

9P.q P-k

Q> P-q
=tz =1/y

= mi+m+Q

For constant beam energies, only two of the three kinematic variables Q?,
y and z are independent. The above relation reads for negligible electron
and proton masses:

Q* = zys . (1.4)
Two kinematic regimes are distinguished by the photon virtuality @?: The
photoproduction regime is defined by a small @ (Q* — 0), the exchanged
photon is almost real. The deep-inelastic scattering regime is characterized
by a non-vanishing Q2 (Q? > 1 GeV?), the exchanged photon is space-like.
The invariant mass of the hadronic final state W is defined by

2
., @

W?=(q+P)?=-Q*+ m, (1.5)

1.2 Proton Structure

The neutral current differential cross section for unpolarized deep-inelastic
ep scattering can be written in terms of structure functions, namely as a

combination of Fy(z, Q%) and Fy(x, Q%) or Fy(x,Q?) and Fp(z, Q?):

2 2

jx(zi]z; - iﬂgz; (zy?Fi(z, Q) + (1 — y) Fo(z, Q7)) (1.6)
2 2

- ;%(Z ((1 —y+ ‘%) Fy(z,Q%) — %FL(x,cf)) , (1.7)

where a is the QED coupling constant. Equations 1.6 and 1.7 neglect con-
tributions from Z° exchange which are small for Q% < 1000 GeV?. The
longitudinal structure function Fy(x, Q?) is defined by

Fr(z, Q%) = Fy(z,Q%) — 221 (2, Q%) . (1.8)
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The non-Abelian structure of QCD leads to a running QCD coupling
constant a; = ag(Q?) which is large at soft scales and small at hard scales
(confinement for small Q? and asymptotic freedom at high Q?). Perturbative
calculations are only valid for hard processes, and cross sections are calcu-
lated with the help of the QCD factorization theorem (see e.g. [1]): The
cross section is a convolution of the matrix element of the hard subprocess
with universal parton density functions (PDF). The parton density functions
include all soft processes inside the proton and have to be measured.

The simplest model to describe the substructure of the interacting proton
is the quark-parton model. The quark-parton model is the zeroth-order QCD
description of the proton structure. In this model, the proton is assumed
to consist of point-like and quasi-free fermions, called partons, described by
probability distribution functions g;(z) for the probability to find the parton
of flavor ¢ at a proton momentum fraction within [z, z 4+ dz]. The partons
are identical to the valence quarks. Deep-inelastic electron-proton scattering
is assumed to be elastic scattering of electrons off the point-like partons.
Within the quark-parton-model and assuming photon exchange, the structure
functions are independent of Q? (scaling behavior):

Fy(z, Q%) = F2($)=Z€§$Qz’($) : (1.9)
Fr(z,Q*) = Fy(z)=0 (1.10)

where e; is the quark’s charge. In higher-order QCD, the proton consists of
valence quarks, gluons, sea quarks and sea anti-quarks: Scaling violations
occur, i.e. Fy is a function of Q2.

1.3 Charm Production: Boson-Gluon Fusion

Perturbative QCD breaks down at soft scales, where the QCD coupling con-
stant ag is large. The large charm quark mass of 1.15 to 1.35 GeV [2] intro-
duces a hard scale which allows the application of perturbative QCD. The
dominant production mechanism for charm in deep-inelastic electron-proton
scattering at Q* & 4m? is direct boson-gluon fusion, where a cc pair is created
by the interaction of the exchanged photon with a gluon in the proton. The
leading order Feynman graph is shown in figure 1.2. For Q* > m?, charm
quarks can be treated as massless particles.

Another mechanism for charm production is resolved boson-gluon fusion,
shown in figure 1.3, where a gluon from the proton interacts with a charm
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Figure 1.2: Leading order direct boson-gluon fusion
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Figure 1.3: Charm production in resolved photon processes: gluon-gluon fusion
(left) and charm excitation (middle and right) [3].
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quark or a gluon from the photon. Its contribution to charm production is
of the order of 5% [4].

Charm production in ep scattering is described by the charm contribution
F¥ to the proton structure function Fy:

P2, Q*) = Y e (g, @) + g2 Q%)) + Fs(x,Q°) . (LI1)

i=u,d,s

where ¢ denotes the flavor of the involved quark.

The ratio Fys/F, increases from 10% at Q2 = 1.5 GeV? and z &~ 107 to
25% at Q% =~ 25 GeV? and x < 5-107* [5]. (The beauty contribution to the
proton structure, £?, is of the order of 1 — 2% [6,7].)

1.4 Hadronization

Quarks and gluons cannot be observed as free particles. They transform into
colorless hadrons forming hadronic jets. This transition is called fragmenta-
tion or hadronization and cannot be described perturbatively but only with
phenomenological models. Examples of theses models are the cluster model,
the Lund string model or the Peterson model.

The cluster model [8,9] merges partons to color neutral clusters, which
fragment either into two hadrons or into the lightest hadron with the corre-
sponding flavor.

The Lund string model [10,11,12] implements the strong force among
the partons by connecting the color charges through one-dimensional strings
which mediate the color flow. Quark-antiquark pair production corresponds
to the breaking of a string and can be described as a tunneling phenomenon.
The strings are developed until the quarks are on mass-shell.

The Peterson model [13] describes the transition of a heavy quark @
to a bound hadron H. Within this model, the fragmentation process is
completely determined by the momenta of heavy quark and hadron; the
process is independent of the proton remnant. A light ¢g pair is produced in
vacuum fluctuations and a bound meson state (Jq is formed. The Peterson
fragmentation function dN(z)/dz (see also figure 1.4) approximates the Q@ —
(Qq transition probability by the inverse of the squared energy difference
between initial and final state:

N 1
dz_z(l_l_ﬁQ)Q ’

z 1—2z

(1.12)

where z is the momentum fraction transferred from the heavy quark @ to
the produced hadron H.
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The Peterson fragmentation parameter €g describes the hardness of the
fragmentation process and is defined by

m
EQ:—q
mq
% [
E 3__ _N_ 1 h... “‘
T C dz 1 € 42
2.5 z(1-3 1-2 o
2
15
1=
0.5—
o s
0 01 02 03 04 05 06 07 08 09 1

z

Figure 1.4: The Peterson fragmentation function dN/dz shown for different pa-
rameters € between 0.034 and 0.1.

Due to uncertainties in quark mass assignment, the fragmentation pa-
rameter is determined experimentally. In the following, a value of e.(D**) =
0.078 £ 0.008 [14] is used.

1.5 Spectroscopy of exotic baryons
containing charm

As mentioned before, quarks are confined into colorless hadrons. This de-
mand allows, however, for an arbitrary number of ¢ pairs and gluons inside
a hadron. In the last 50 years of hadron spectroscopy, however, only the
minimum realizations of the quark model have been observed: All known
hadrons are either quark-antiquark combinations (mesons) or three-quark
combinations (baryons). In the last three years, the search for pentaquarks
has become a very active branch of hadron spectroscopy. The minimum
quark content of a pentaquark are four quarks and one anti-quark. If the
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anti-quark flavor is different from that of the other four quarks, no three-
quark combination can have the same quantum numbers. Such a state is
called an exotic pentaquark.

Experimental observations of a narrow resonance with a mass in the region
of 1540 MeV, decaying to K*n or K%, have been reported by several exper-
iments [15,16,17,18,19,20,21,22,23]. With a baryon number and strangeness
of +1, the minimal composition of such a state in the constituent quark model
is uudds. The resonance has been interpreted as a pentaquark, the 6F. Its
mass has been predicted in [24]. Two related states with strangeness —2 have
also been observed [25]. The possibility of pentaquarks containing charm has
been discussed and their expected properties have been predicted [26,27].

> 40 \
> | i
= i H1 |
o L |
~ 30 e D*p+D*p ]
3 I — Signal + bg. fit ]
3 I Bg. only fit i
£ 20 -
: I n
L - |
10 | Q8 4R e 144 % :
0 i | | + ‘ + | + + + +

3 3.2 3.4 3.6

M(D*p) [ GeV ]

Figure 1.5: Invariant mass of the D*p system; the D* mesons have been recon-
structed in the decay channel D* — D%y — Krmg

A narrow state in D*~p and D**p invariant mass combinations has been
observed with the H1 experiment [28]. In figure 1.5, the D*p invariant mass
spectrum from oppositely charged D*p combinations in deep-inelastic scat-
tering is shown, compared to two different fits. The resonance has a mass of
3099 + 3 (stat.) 5 (syst.) MeV and a measured Gaussian width of 12 + 3
(stat.) MeV which is compatible with the experimental resolution. A back-
ground fit yields 51.7 4+ 2.7 (stat.) background events in the same interval,
while 95 events are observed in a +20 interval around the resonance. The
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observed number of events corresponds to a 5.40 statistical fluctuation.

If the state decays strongly to D* p or D**p, it must have baryon number
+1 and charm F1. Its minimal constituent quark composition follows to be
wudde or wudde. Hence, the observed state is a candidate for a charmed
pentaquark. One task of this work is to investigate the D*p invariant mass
spectrum by adding a D* decay channel which is not yet exploited with the
H1 experiment.

1.6 Event generators

Monte Carlo generators are necessary to simulate the cross sections of par-
ticular physical process in order to compare theory to experiment. In this
work, they are used to investigate the kinematics of signal and background.
An event generator produces a large number of events which are statistically
distributed according to the cross section predictions of the implemented
model. Events are generated in several steps:

e The incoming scatterers are characterized. In the HERA case, the
proton is described by parton distribution functions which specify the
parton energies.

e A parton shower from the proton is intiated (initial state shower).

e An incoming particle from the proton shower interacts with the photon
in a hard scattering process according to the deep-inelastic scattering
cross section.

e The outgoing particles generate parton showers (final state showers).

e The proton remnant can still carry color charge and interact with the
final state.

e Phenomenological models describe the parton fragmentation to observ-
able hadrons. These hadrons can be unstable and decay further.

e The incoming or scattered lepton can radiate a photon (initial or final
state radiation).

The generated hadronic final state is fed into a detector simulation to deter-
mine the detector response, such as e.g. hits in the drift chambers, showers
in the calorimeters or trigger signals. The data sets thus generated can be
compared to the data sets produced by the detector. In the following, two
event generators, RAPGAP and DJANGO, are described.
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1.6.1 RAPGAP Monte Carlo

The RAPGAP [29] event generator was designed to generate deep-inelastic
and diffractive events. This work uses version 3.1. For heavy quark simula-
tion, RAPGAP includes the complete boson-gluon fusion matrix element to
order a?ay, as well as the heavy quark masses and electroweak contributions.
Initial and final state showers are ordered according to the radiated parton’s
virtuality. Light quark fragmentation is described by the Lund string model,
heavy quark fragmentation is described by the Peterson model.

RAPGAP does initially not generate pentaquarks. To simulate a charmed
pentaquark with RAPGAP, mass and decay modes of DY, D3’ and D3’
mesons are modified in the steering mechanism: Masses are set to 3100 MeV,
and the decay products D*~p or D**p are forced. No spin is assigned to the
particle, i.e. the resonance is assumed to decay isotropically.

1.6.2 DJANGO Monte Carlo

DJANGO [30] is an interface to the Monte Carlo programs HERACLES [31]
and LEPTO [32]. Deep-inelastic ep scattering can be treated by structure
function parametrizations or on the basis of parton distribution functions.
QED and QCD radiative effects are included and fragmentation is described
by the Lund string model.



Chapter 2

HERA and H1

HERA, the "Hadron-Elektron-Ring- Anlage” at DESY (Hamburg), came into
operation in 1992, and is scheduled to run until 2007. In section 2.1, the
HERA accelerator is introduced, while the H1 detector is described in section
2.2. The description is focussed on the detector parts that are relevant for
this work.

2.1 HERA: Hadron Electron Ring Accelera-
tor in Hamburg

A schematic view of the DESY site with the HERA accelerator is shown
in figure 2.1. HERA is the world’s first and only electron-proton collider,
probing the proton structure with either electrons or positrons.

Located 30 m below surface level, the circumference of HERA is 6.3 km.
Since 1998, electrons and protons are accelerated to energies of 27.5 GeV and
920 GeV, respectively (the proton beam energy was 820 GeV, before 1998).
A maximum of 210 bunches, with a time spacing of 96 ns (corresponding to a
collision frequency of 10.4 MHz) can be stored in the ring accelerator. HERA
reaches a luminosity of 1.5-10%" cm™2s™1. The electron beam is transversely
polarized and can be longitudinally polarized in the interaction region.

Three experiments are currently located along the HERA ring accelerator:

HERMES scatters the longitudinally polarized electron beam off polarized
gas targets to investigate the spin structure of the nucleon at electron-
nucleon center-of-mass energies of 7 GeV.

H1 and ZEUS are multi-purpose detectors to study ep collisions at electron-
nucleon center-of-mass energies of 318 GeV.

The H1 detector will be described in more detail in the following section.

13
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Hall South
ZEUS

Figure 2.1: The HERA accelerator at DESY in the west of Hamburg

2.2 H1 detector

The H1 detector [33,34] covers a 47 solid angle range around the nominal
interaction point. The detector layout is shown in figure 2.2, together with
the H1 coordinate system and the flight direction of protons and electrons.

The right-handed H1 coordinate system has its origin in the interaction
point (nominal vertex), the positive z-axis points into the proton’s flight
direction, the positive z-axis points towards the center of the HERA ring
and the positive y-axis points upwards. The forward (backward) region is
defined by small (large) polar angles . The H1 detector is cylindrically
symmetric around the beam pipe, but asymmetric in the forward-backward
direction, because the center-of-mass system is boosted in the proton’s flight
direction.

The H1 detector consists of different subdetectors, arranged in an onion-
like style around the nominal vertex. The main detector parts are listed in
the following (going in radial direction from the inner to the outer parts):

e silicon trackers in the central and backward detector part;
e tracking detectors in the central and backward part of the detector;

e a liquid argon calorimeter (LAr) with hadronic and electromagnetic
parts in the forward and central part complemented by the plug calorime-
ter close to the beampipe in the forward direction;
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Figure 2.2: The H1 detector, coordinate system and the flight directions of pro-
tons and electrons.
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a backward spaghetti calorimeter (SpaCal) behind a backward drift
chamber (BDC);

e a superconducting magnetic coil producing a constant magnetic field
of 1.15 T;

e an iron yoke to return the magnetic flux instrumented with muon cham-
bers (their purpose is to measure muons and to detect energy from
hadronic showers which has not been absorbed by the calorimeters);

e the forward muon system with a toroidal magnet outside of the iron
yoke;

e further detectors in the backward tunnel region to detect photons and
electrons at very low @Q? and to measure luminosity.

The H1 tracking system will be described in more detail in section 2.2.1. In
section 2.2.2, the electron identification is discussed, while the trigger system
is described in section 2.2.3. An overview of the luminosity measurement is
given in section 2.2.4.

2.2.1 Tracking

The purpose of the tracking system (see e.g. [33,34]) is to trigger and recon-
struct events and to measure momenta of charged particles. The tracking
system is divided into three parts to achieve a high track reconstruction effi-
ciency over a maximum angular range: forward, central and backward part.
The scattered electron’s track is measured in the backward drift chamber
(BDC) for a Q* below 100 GeV?2,

Tracking detectors

The layout of the H1 tracking system is shown in side view in figure 2.3 and
in radial view in figure 2.4. The inner part of the central tracking system
consists of the central inner proportional chamber (CIP) and the central inner
z-chamber (CIZ). This part is surrounded by the first central jet chamber
(CJC1). The outermost part of the central tracking system is built up from
the central outer proportional chamber (COP), the central outer z-chamber
(COZ) and the second central jet chamber (CJC2). The central tracking
system is 2 m long. It covers a polar angular range between 15° and 165°
and a radial range of 150 mm < r < 850 mm.

The z-chambers CIZ and COZ are thin drift chambers formed by 15
(CIZ) and 24 (COZ) rings of 12(15) cm length in z-direction with four layers
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Figure 2.3:

Side view of the H1 central tracking system.
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Figure 2.4: Radial view of the H1 central tracking system.
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of sense wires in each ring. The signal wires are aligned orthogonal to the
beam pipe, so the drift direction is parallel to the z-axis. The internal z-
resolution of the z-chambers is about 250 pym at 1 c¢m drift distance. The
r¢-coordinate is measured with an accuracy of 1 — 2% of 2.

The multiwire proportional chambers CIP and COP are located at the
inner radius of the CJC1 and between CJC1 and CJC2, respectively. The
central inner proportional chamber (CIP) covers a polar angular range of
9° < 6 < 171° and consists of 60 sectors of 36.5 mm length in z-direction
and of 8 sectors in ¢. The angular coverage of the central outer proportional
chamber (CIP) is 25° < 6 < 155°. It is composed of 18 sectors in z-direction
of 12.1 cm length and of 16 sectors in ¢. CIP and COP are used to trigger
events with charged particle tracks from the interaction region.

Track reconstruction in the central detector region is performed by the
central jet chambers CJC1 and CJC2 filled with a mixture of argon-ethan gas.
The CJC1 (CJC2) consists of 30 (60) "wedge-shaped” drift cells with 24 (32)
sense wires strung parallel to the beam axis covering a radial range of 203 mm
to 451 mm (CJC1) and 530 mm to 844 mm (CJC2), respectively. The cells are
inclined with respect to the radial direction by an angle of 30° to ensure that
high momentum tracks from the nominal interaction point going in the radial
direction hit more than one drift cell. In the presence of the magnetic field,
the ionization electrons drift approximately perpendicular to these tracks,
providing an optimal r¢-resolution of about 170 pm at 1 cm drift distance. A
z-resolution of 22 mm is achieved by comparing the signal amplitudes readout
at both wire ends ("charge division technique”, see e.g. [35]). Momenta of
charged tracks are measured from the curvature in the magnetic field. The
resulting momentum resolution is o, /pr &~ 0.0005 pr/GeV. Particles can be
identified by their ionization energy loss in the CJC.

Particle identification by ionization energy loss in the jet chambers

The average energy loss per path length of a charged particle in a medium is
approximated by the Bethe-Bloch equation:
dFE Z 1 {1 <2m6025272Tmm> e é}
2

- = 2__ —_
Az | 12

(2.1)

where m, E and p represent the particle’s mass, energy and momentum,
respectively, 3 = p/E is the particle’s velocity in units of ¢, v = 1/4/1 — 3% =
E/m, C = 4w Nsr?m.c®* with N being Avogadro’s number, r, the classical
electron radius, m, the electron mass and c the velocity of light; z stands for
the charge of the ionizing particle, 7, A and I are atomic number, atomic
mass and mean excitation energy of the medium, respectively. T;,.. is the
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maximal kinetic energy transfer in a collision of the ionizing particle with a
free electron, while 0 is a density correction term.

For small 3, dE/dzx decreases as 1/3%. The ionization loss is minimal
for 3 < [y < 4. For relativistic particles, the ionization loss increases pro-
portional to In~ until the rise is balanced by density corrections: A plateau
of approximately constant energy loss is reached. In figure 2.5, the ioniza-
tion loss per path length measured in the CJC is shown, normalized to the
ionization loss of a minimum ionizing particle.

5

dE/dx [ MIP ]
S

0 L L

10 1 10
p[GeV]

Figure 2.5: Ionisation energy loss per path length normalized to the energy loss
of a minimum ionizing particle. The kaon, pion and proton bands are fitted with
Bethe-Bloch-like functions according to the most probable CJC response [36].
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The specific ionization energy loss of charged particles is derived from the
mean of the inverse square-root of the charge collected by all CJC sense wires
with a signal above threshold. The resolution is

~ 8% (2.2)

on average for minimum ionizing particles [36].

The information on the ionization energy loss can be transformed into a
likelihood for a particular track to be a pion, proton or kaon (this analysis
takes only these three hadrons into account). The most probable values
for ionization loss are derived from phenomenological parametrizations [36]
based on equation 2.1. The normalized pion likelihood is the ratio of the
pion likelihood to the sum of pion, kaon and proton likelihoods. Normalized
likelihoods for kaons and protons are determined accordingly.

The separation ability S of two particles A and B is defined as

_ dE/dx(A) — dE/dx(B)
B o(dE/dzx)

S (2.3)

It is shown in figure 2.6 for proton-kaon pairs (upper left panel), pion-proton
pairs (upper right panel) and and pion-kaon pairs (lower panel) versus particle
momentum (figure taken from [36]). The figure suggests a possible pion-
proton separation of S =1 — 2 for particle momenta above 2.5 GeV.
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Figure 2.6: Two-particle separation ability S (defined in the text) for proton-kaon
pairs (upper left panel), pion-proton pairs (upper right panel) and and pion-kaon
pairs (lower panel) versus particle momentum assuming 20 (dashed line) or 40

(solid line) hits (figure from [36]).
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Lee-West track reconstruction

Track reconstruction requires a fine resolution of the track’s helix parameters.
Different track and vertex types are shown in figure 2.7.

track types vertex types
40° X
K/ 22N
CHHHILES y
0%
] H
[ 1

Figure 2.7: Different track (left panel) and vertex (right panel) hypotheses for
a single track. The crosses in the right panel symbolize measured space points,
being fitted to either the primary vertex (PV) or a secondary vertex (SV).

A track can be a central track C (measured only in the central trackers
CJC, CST, z-chambers), a forward track F (measured only with the FTD) or
a combined track K (measured in CJC and FTD). The track can be fitted to
different vertices (primary vertex PV, secondary vertex SV), where a track
fitted to the primary vertex is also called a central fitted track. Since the
decay lengths of D mesons are not resolved in this analysis, only central
fitted tracks are used for this analysis.

The selection cuts for central fitted tracks are listed in table 2.1, where pp
is the transverse momentum of the track, 6 the polar angle, dy the distance
of closest approach to the primary vertex in the r¢ plane, R+ the radius
of the first CJC hit, Rjengq the radial track length in the CJC and Nejye pits
the number of hits in the CJC.

2.2.2 Electron identification

The H1 calorimeter system complements the tracking system such that the
total energy of all produced particles can be measured. The liquid argon
calorimeter performs the basic measurement of hadronic energy and of elec-
tromagnetic energy at high Q?. Hadronic showers leaking out of the liquid
argon calorimeter are measured in the tail catcher. The extreme forward
direction (0.6° < 6 < 3°) is covered by the plug calorimeter. At low Q2
the electron energy is measured in the spaghetti calorimeter (SpaCal) which
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pr > 0.12 GeV
20° < 0 < 160°
|d0| S 2 cm
Rstart S 50 cm
Riengtn > 10 cm for 6 < 150°
Rlength > 5 cm for 6 > 150°
Nechits = 0

Table 2.1: Selection cuts for central fitted tracks

is located in the backward region (as indicated in figure 2.8). It is a lead-
scintillating fiber calorimeter and was installed in 1995. The polar range
covered by the SpaCal is between 153° and 174°. The spatial resolution
i Ospatiar = 4.4 mm //E/GeV 1.0 mm, while the energy resolution is
Oenergy/ - = 0.07/4/E/GeV @ 0.01, where the symbol € stands for the

squared sum.
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Figure 2.8: Side view of the backward spaghetti calorimeter

A search for electrons is performed in liquid argon and spaghetti calorime-
ter. The scattered electron is identified from all electron candidates by select-
ing the candidate which is isolated and has the largest transverse momentum.
Further selection cuts are imposed to improve the electron identification and
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to suppress background: The reconstructed vertex has to lie within 35 cm
of the nominal vertex position to remove the contribution of proton satellite
bunches. This selection is made because the vertices stemming from forward
and backward satellite bunches are shifted by £70 cm on average compared
to the main bunch. The trigger efficiency decreases for small electron en-
ergies, therefore a minimum energy of the scattered electron of 8 GeV is
required. The photoproduction background can be suppressed by cutting on
the difference between total energy and longitudinal momentum, £ — p,, of
all central detector particles. Photoproduction background is mostly due to
photons from 7° decays, which are misidentified as scattered electrons. A
cut of £ —p, > 35 GeV guarantees a detection of all kinematically relevant

particles’. The selection cuts on the electron identification are summarized
in table 2.2.

z-position of primary vertex |2Vertez| < 35.0 cm
energy of the scattered electron Ee. > 8 GeV
E — p, of all central detector particles E —p. > 35 GeV
photon virtuality 1 GeV? < Q% < 100 GeV?
inelasticity 0.06 <y <0.7

Table 2.2: Selection cuts to improve identification of the scattered lepton

2.2.3 Trigger

The ep bunch crossing rate at HERA is 10.4 MHz. The purpose of the multi-
level H1 trigger system is to filter out physically interesting events, such that
the outgoing rate of events from the fourth trigger level does not exceed 10
Hz. The first and second level systems (L1 and L2) are synchronous to the
HERA clock. For each bunch crossing, the trigger level L1 decides after 2.3 us
about acceptance or rejection without causing dead time of the detector.
General event properties are determined from a subset of the data, encoded
in Boolean logics (trigger elements). Within 20 us after the L1 decision to
further process the event (L1-Keep signal), the L2 trigger decision is made
based on a combination of two independent hardware systems. This time is
sufficient to transmit the trigger information and to determine the L2 trigger
response.

LA value of E — p, significantly below 2 - Eq peam, Where Fe peam is the energy of the
et beam, hints to undetected particles in the backward region.
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L1 trigger

At every given moment, the detector data from 24 bunch crossings is con-
tained in front-end-pipelines (multi-event buffers). The information is fed
into the individual subsystem triggers, where the data are encoded into 256
trigger elements and transmitted to the central trigger logic. The pipelined
L1 trigger runs deadtime-free at 10.4 MHz synchronous to the HERA clock.
Within 2.3 us after each bunch crossing, a trigger decision is made on this
level. The detector information can be related to a specific bunch crossing
by the so-called typ-bit trigger element. Hence, the incoming trigger elements
can be synchronized with the central trigger logic to ensure that the trigger
decision is only based on information from the same bunch crossing.

The subdetectors set the trigger elements which are used by the central
trigger logic for the decision on a further event processing. Furthermore, syn-
chronized timing signals are distributed, which control the subsystem readout
such that the pipelined data can be correctly assigned to the corresponding
bunch crossing.

The decision on the further event processing (L1-Keep signal) is based on
128 logical combinations (subtriggers) of the 256 trigger elements. (This work
uses subtrigger 61, which is explained in more detail below.) Each subtrigger
condition has to contain one ty-bit for the correct bunch crossing assignment.
The pipelines are stopped and the detector deadtime starts. Data acquisition
proceeds in several steps, partly parallel. The LL1-Keep signal starts second
trigger level (I.2) processing. Read-out starts after confirmation by 1.2 (1.2-
Keep signal). As soon as the buffer read-out has finished, the pipelines are
cleared and reopened.

A subtrigger is prescaled by a factor d if it accepts too many events. Out
of all events selected by this particular subtrigger, only every d-th event will
then be accepted. Subtrigger s61 is used in this analysis. This trigger is
described in the next paragraph.

L1 subtrigger 61

Subtrigger 61 (s61) (see e.g. [37]) is used to trigger deep-inelastic scattering
events. It is built up from several conditions described in the following:

SpaCal trigger: The inclusive electron trigger (IET) sums the energies de-
posited in the SpaCal to a trigger tower in a trigger window of 4 x 4
neighboring cells. The 320 trigger towers are half overlapping in size
in z- and y-direction which avoids trigger inefficiencies as a function of
the impact point. The deposited energy is compared to three energy
thresholds. Trigger elements are formed in an inner (R < 16 cm) and
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outer (R > 16 cm) region. The subtrigger s61 requires a measured
electron in the SpaCal inner or outer region with energy above 6 GeV.

DCR® trigger: The DCR® trigger uses tracks in the central jet chambers.
Out of the 56 wire layers, 10 are used for the trigger: seven in CJC1
and three in CJC2. The wire layer signals are compared to predefined
track masks in the r¢-plane to enable a gross decision on the track’s
charge and momentum range. Positively and negatively charged tracks
are separated according to low (450 < pr < 800 MeV) or high (pr >
800 MeV) transverse momentum. At least one fired track mask with
pr > 800 MeV is required from subtrigger s61.

z-vertex trigger: The z-vertex trigger provides a rough estimate of the ep
interaction vertex’s z-coordinate by using information of CIP, COP and
the first layer of the forward proportional chamber FPC. Straight rays
are fitted in 16 ¢-sectors through the hits in the three proportional
chambers. Their intersection points with the z-axis are filled into the
16 bin z-verter histogram. Rays intersecting the region close to the
nominal vertex lead to a peak close to z = 0 in the z-vertex histogram.
Wrong hit combinations yield a random distribution. The trigger con-
dition of s61 is a histogram bin with significantly more entries than the
average of the others (see figure 2.9 for illustration).

Cop

Figure 2.9: z-vertex histogram from extrapolated rays fitted to hits in the pro-
portional chambers. Wrong hit combinations are marked by dotted lines.

L2 trigger

The second trigger level is formed by two separate systems: the neural net-
work trigger (L2NN) and the topological trigger (L2TT). The L2 trigger
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evaluates more complex decisions and suppresses L1 triggers with high rates,
thereby reducing the event rate down to 50 Hz. The second level trigger
decision is delivered after 20 us. Data taking restarts immediately if the 1.2
trigger decision is negative.

L4 trigger

The purpose of the L4 trigger is to filter out obvious background (like e. g. a
z-vertex outside the detector acceptance) and to perform as well a complete
reconstruction as a classification of the event. Furthermore, the 1.4 trigger
scales down low-Q? events, writes out data streams and provides monitoring
histograms.

If an event is accepted by the second trigger level, the entire detector
information is submitted to the event buffer of the L4 trigger. The 14 trigger
consists of a system of microprocessors which decides about the storing of
an event to tape. A complete event reconstruction is performed on trigger
level 4 and selection cuts on selected decay channels are imposed. After the
event builder has finished reading-out the subdetector information, .1 starts
to filter the data again. An open charm finder (HQSEL for Heavy Quark
SELection) was implemented at Level 4 in 1997. In section 3.2.1, specific
selection cuts are listed for the decay channel D** — DrF, DY — K7+ p°
p® — 77~ (and charge conjugates).

2.2.4 Luminosity measurement

The luminosity is determined from the Bethe-Heitler process ep — epy which
can be calculated within QED. The Bethe-Heitler cross section in the accep-
tance range of the luminosity system of the H1 experiment is 70 nb.

The H1 luminosity system [38,39] consists of two detectors to measure
the scattered electron (electron tagger) and the radiated photon (photon de-
tector), respectively. A scattered electron in the beam pipe is preferred by
the Bethe-Heitler kinematics. Hence, the electron tagger is located close to
the beam pipe and far from the interaction point (z = —33 m). The photon
detector is located at z = —103 m.
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Chapter 3

Reconstruction of D* mesons in
the decay channel D* — Knnnms

This chapter describes the reconstruction of D* mesons in the decay channel
Dt — D+, D° — K—ntp° p° — wtr~ or D*~ — DOy, D — K+n~p0,
p? — wtr~. In previous analyses, this decay channel' was not exploited
with the H1 experiment. After a description of the reconstruction method
in section 3.1, all selection cuts are given and motivated in section 3.2. In
section 3.3, the analysis of D* production is described. Differential cross
sections for D* production are determined and compared with measurements
in the standard D* decay channel D** — D%rf D° — K—n% and with
Monte Carlo simulations. The data set used to determine the cross sections
was recorded in the years 1996 until 2000, corresponding to an integrated
luminosity of 75 pb~1.

A measurement of the gluon density in the proton is made possible by
the analysis of gluon-induced processes, such as boson-gluon fusion. Hence,
a measurement of charmed hadrons provides a method to unfold the proton’s
gluon content [40]. A high-statistics sample of D* mesons is therefore desir-
able to improve the statistical precision on the gluon density. In this analysis,
the reconstructed D* mesons are used to search for charmed pentaquarks in
D*p combinations measured with the H1 detector.

Tn the following, charge conjugates are always implicitly included.

29
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3.1 Reconstruction method

Measurements of D* mesons with the H1 experiment employ the standard
decay channel for D* reconstruction,

D*t — D’z (3.1)

where D* mesons decay with a branching ratio of (67.7 &+ 0.5)% to a D°
meson and a pion (7). Due to the small difference of 145.5 MeV between the
nominal masses of D* and D, being just above threshold for m production,
the 7y is low-energetic in the D* center-of-mass system (the notation
stands for slow pion). Its momentum in the D* rest frame is below 6 MeV.
Analyses of the decay D*t — DYr} employ this small mass difference, by

S
considering the difference of the reconstructed invariant masses of D* and

DY, AM(D*):
AM(D*) - mrec(D*) - mrec(DO) (32)

This way, not all the final-state-particle momenta, but only the slow pion’s
momentum resolution determines the mass difference resolution.
Previous measurements of D* mesons with the H1 detector considered
the so called "golden decay channel”
Dt — Dt — K atrf (3.3)

s

The non charm-induced background is described by 7, candidates combined
with "wrongly charged D mesons”, where the like-charged K and 7 candidates
are combined to form a doubly charged DY candidate. A comparison of
mass difference spectra of D* candidates and wrong-charge D combinations
reconstructed in the "golden decay channel” (3.3) is shown in figure 3.1. The
background is well described by wrong-charge D combinations. These are
thus used to study background properties and to optimize the selection cuts.

In the years 1999 and 2000, about 2700 D* mesons decaying via D* —
Knmg have been measured with the H1 detector [3]. To increase the D*
statistics, it has been proposed to reconstruct D° mesons in the decay channel

D’ — K~ntrtn . (3.4)
This decay channel proceeds dominantly via a p° resonance:
D — K ntp’ - K- ntntr™ : (3.5)

The branching ratios for the decay channels listed in formulas 3.4 and 3.5 are
given in table 3.1. All final state particles are charged and can be measured
in the central jet chamber (CJC) of H1.
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Figure 3.1: D* mass difference spectrum for the golden decay channel D** —

DO(D%)

7, DY(DY) — K¥7+ (figure from [28]).

Mass Branching ratio
D** | (2010.0 £ 0.5) MeV l’)’(D0 ) =(67.7+£0.5)%
DY | (1864.6 £ 0.5) MeV ) = (3.80 £ 0.09)%

B(K
B(K~ 7r+7r+7r ) =
B(K

“rt(p? — 7trT)) = (6.2 +£0.4)%

(7.46 £ 0.31)%

Table 3.1: Branching ratios for the investigated decay modes and masses of D
and D* mesons [2]. Note that the decay D — Knp — Knrr is the dominant
decay mode of the decay D — Krrr.
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The branching ratio of the decay channel D° — Krrm is about two times
the branching ratio of the decay channel D° — K. This fact suggests to add
the decay channel D* — D%, —— Knnrmg to the HI analysis framework.

However, the larger number of decay particles leads to a larger combi-
natorial background in the decay channel D* — Krrrm,. Requiring an
opposite-charge two-pion combination to form a p meson introduces an ad-
ditional constraint, suppressing combinatorial background. This makes D°
reconstruction in the decay channel D° — Kmp preferable to that in the
uncorrelated Knrm decay. The decay D*F — Drf — K- rntrta—nt is
investigated with and without requiring an intermediate p meson.

3.2 Selection cuts

In this section, selection cuts to reconstruct charged D* mesons in the decay
chain D** — DF, D° — K=7tp° p° — 77~ are described. Selection
cuts imposed by the open charm finder on trigger level 4 are listed in subsec-
tion 3.2.1. Requirements on the track quality and particle identification are
described in subsection 3.2.2. Kinematic selections on the D* daughters are
described in subsection 3.2.3. The signal extraction method is presented in
subsection 3.2.4 .

This analysis is limited to the DIS kinematic regime, defined by the re-
quirements on the scattered electron:

1 GeV? < Q% < 100 GeV? and 0.05 < y < 0.7

The upper limit on Q? is due to the geometric acceptance of the H1 back-
ward calorimeter (SpaCal). Photoproduction events are excluded by select-
ing Q% > 1 GeV2 The y limits exclude regions with high photoproduction
background, large radiative corrections and poor y resolution.

3.2.1 Omnline D* selection

As mentioned in section 2.2.3, an open charm finder (HQSEL for Heavy
Quark SELection) was implemented on trigger level 4 in 1997. The imposed
selection cuts on the investigated decay channel D* — D°r, — Knpmy —
Krnrnnrmg are listed in table 3.2. As the main part of the 1996-2000 data
has been recorded with these selections on trigger level, these cuts are also
applied for the data taken in 1996.

The reconstructed mass and transverse momentum of the p candidate
are denoted by m(p) and pr(p), respectively, while the reconstructed mass
of the D candidate is m(D°). The D* mass difference variable as defined
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590 MeV < m(p) < 950 MeV
pr(p) > 300 MeV
1764 MeV < m(D°) < 1964 MeV
AM(D*) < 170 MeV
pT(D*) > 2.5 GeV
2p(D*) > 0.1

Table 3.2: Online selection cuts for the decay chain D** — DYrF, DV —

K7tp% p¥ = ntn—.

in equation 3.2 is denoted by AM(D*). The D*’s transverse momentum is

denoted by pr(D*), while zp(D*) represents the D*’s production elasticity,

defined by

_ (E —p:)p-
2. y- Ee beam

where F and p. are the energy and longitudinal momentum of the D* meson

and F, peam 1S the electron beam energy. The production elasticity is also

discussed in section 3.2.3.

, (3.6)

ZD

3.2.2 Track quality and particle identification

The minimal track conditions on the D" daughter tracks are given in table
3.3. The decay lengths of D* and D° are not resolved in this D* analysis.
Tracks therefore have to be fitted to the primary vertex.

track is of type central fitted
Rlength Z 25 cm
Rgtare < 25 cm
track fit: x?/ndf < 10

Table 3.3: Track selection cuts for D? daughters. The variables have been defined
in section 2.2.1

The combinatorial background is reduced further by selection cuts on
the particle identification. The likelihood that a particle is a pion, kaon or
proton is obtained from comparing the measured ionization loss to the most
probable value for each particle type at the reconstructed momentum (see
section 2.2.1). The normalized pion likelihood is defined as the ratio of the
pion likelihood to the sum of pion, kaon and proton likelihoods. Normalized
likelihoods for kaons and protons are determined accordingly. The values
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are corrected for the different fluxes (pions are more frequent than kaons,
kaons are more frequent than protons). The selection cuts on the normalized
likelihoods for pions and kaons are given in table 3.4.

LK;LTrS > 5%
Ly Ly, Ly, >1% for p < 800 MeV

Table 3.4: Selection cuts on the normalized likelihoods from ionization loss; mq
and me are the p-daughters

As can be seen in figure 2.5, the dF/dz-bands overlap for large momenta
and a separation of pions, kaons and protons based on ionization loss is not
possible anymore. The normalized likelihoods for simulated kaon and pion
candidates are shown in figure 3.2. It can be seen that the pion identifica-
tion is reliable for momenta below 800 MeV and is less certain for higher-
momentum tracks. Hence, a selection cut on the normalized pion likelihood
is only applied for pion momenta below 800 MeV. Due to the low energy
of the slow pion only few tracks have a momentum above 800 MeV and a
likelihood cut is applied for all momenta. A selection cut Ly > 5% rejects
background from misidentified tracks.

The resolution of the dFE/dz-measurement o (%) is inversely propor-
tional to the number of hits used for the dF/dz-measurement Ngjc pits, 1-€-
o (%) o 1/v/Ncicnits [41]. To guarantee a sufficient resolution, Ncjc nits
has to be larger than 10 for K, m, my and 7y (7 and 7 are the p daughters).
Due to the low energy of the slow pion, its track is short, and Ngjc nits 1S
often less than 10. Therefore no cut is applied on the number of hits used
for dF /dx-measurement of the slow pion.

3.2.3 Reconstruction of D* mesons

In this subsection, the reconstruction algorithm to reconstruct D* mesons in
the decay chain

Dt — Dt D — K~ 7tp°, p° = ntr™ (3.7)

is presented. After a p candidate is selected, it is combined with two other
tracks (K and 7 candidates, respectively) to form a D° which, combined with
a 7y candidate track builds the D* candidate. The applied selection cuts are
motivated by Monte Carlo simulations: A RAPGAP simulation of the decay
(3.7) is used to investigate D* candidate properties, while wrong-charge D
combinations in an inclusive DJANGO simulation of deep-inelastic electron-
proton scattering are used to investigate the properties of the background.
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Figure 3.2: Normalized likelihoods from a RAPGAP simulation for kaons (upper
left panel), slow pions (upper right panel), p-daughters (middle panels) and pions
from D candidates (lower panel). The histograms are normalized to the number
of entries. The arrows in the upper panels indicate the imposed selection cut on
the normalized likelihoods of kaons and slow pions. Normalized likelihoods for
pion momenta above and below 800 MeV are shown for 71, mo and .
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After a description of the selection cuts, further selections are proposed to
improve the signal-to-background ratio, for example choosing the candidate
with the largest fragmentation variable. For comparison, the p requirements
are dropped and D* candidates are reconstructed in the decay channel

D** — Dzt D' — K nfata- . (3.8)

p° selection

Three charged pion candidate tracks (two positively and one negatively charged
or vice versa) can form two possible p° combinations. The p° selection chooses
one of these combinations and takes the remaining track to be the pion from
the D°.

A loose selection chooses p candidates from a mass window of 540 MeV <
m(p®) < 1000 GeV and with a transverse momentum above 400 MeV. If this
selection is fulfilled by only one combination, the final p° selection cuts listed
in table 3.5 are applied. If, however, both candidates fulfill the crude selection
cuts, a tighter selection is imposed. The p” mass window is narrowed such
that the mass difference to the nominal p° mass has to be less than 170 MeV
(600 MeV < m(p°) < 940 MeV). One of the two p° daughters has to have
a transverse momentum larger than 400 MeV, while for the third pion (i.e.
the remaining pion not used for the p°):

pr(m) > 200 MeV and pp(7) > min(py(m), pr(me))

If this should not decide which tracks to combine to the p' candidate, the
combination with a smaller mass difference to the nominal p” mass is chosen
as the p® candidate. After a candidate is chosen, the final p selection cuts in
table 3.5 are applied.

600 MeV < m(p°) < 940 MeV
pr(p°) > 400 MeV
pr(m) > 200 MeV
max(pr (), pr(ms)) > 400 MeV

Table 3.5: Final p selection cuts. m; and 7y are the p” daughters.

Transverse momentum spectra of p candidates, p daughters and 7 candi-
dates are shown in figure 3.3. The spectra do not go below 120 MeV due to
the Lee-West track selection (see table 2.1). As non-charm background domi-
nates at small transverse momenta, candidates with low transverse momenta
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Figure 3.3: Transverse momenta of p candidates (upper left panel), p daughters
(lower left panel) and 7 candidates (upper right panel) from D* decays (solid line),
compared to transverse momenta of non charm-induced background (dashed line).

The histograms are normalized to the number of entries.

The pion transverse

momentum is shown in the lower right panel versus the minimum transverse mo-
mentum of the p daughters. The solid line indicates pp(7) = min(pp(m), pr(m2)).
D* candidates are simulated with the RAPGAP Monte Carlo, while non charm-
induced background is obtained from a simulation with DJANGO. Arrows indicate
imposed selection cuts.
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are excluded from this analysis. In the lower right panel of figure 3.3, the
transverse momentum of pions from DY decay is shown versus the smaller
transverse momentum of the p daughters. Requiring the pion’s transverse
momentum to be larger than min(py(m ), pr(me)) decides between two possi-
ble p-combinations that both passed the loose p-selection, i.e. this selection
is only applied as an additional criteria.

DY selection

The transverse momentum of the D° candidate is required to be larger than
1.5 GeV. A pseudorapidity? cut of |n(D°)| < 2 selects D° mesons from the
central region. The D° candidate has to have an invariant mass which does
not differ by more than 70 MeV from the nominal D° mass of 1864 MeV [2].
The sum of the transverse momenta of the final D° daughters has to be above
2 GeV, ie.

pr(m) + pr(me) + pr(7) + pr(K) > 2 GeV (3.9)

with 7 and 7, being the p daughters. The transverse momentum of D°
candidates is required to be above 1.5 GeV. The sum in (3.9) is shown in
the left panel of figure 3.4 for simulated D" daughters while the transverse
momentum of DY candidates is shown in the right panel. The selection cuts
exclude the region where non charm-induced background dominates.

The kaon transverse momentum is required to be above 250 MeV. Its
spectrum is shown in figure 3.5. The selection cuts imposed on the D° and
kaon kinematics are summarized in table 3.6.

K pr(K) > 0.25 GeV
D% [ |pr(mi)| + Ipr(m2)| + |pr ()] + [pr(K)] > 2.0 GeV
pr(D°) > 1.5 GeV
-2 <D <2
1794 MeV < m(D°) < 1934 MeV

Table 3.6: Selection cuts on D° and kaon kinematics: 7; and 7o are the pO
daughters. The selection cuts on p and 7 candidates have been listed in table 3.5.

2The pseudorapidity is defined as n = —1In tang where the polar angle 6 is measured
relative to the z-axis
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Figure 3.5: Transverse momentum spectrum for kaons from D* candidates (solid
line), described by a simulation with RAPGAP, and non charm-induced back-
ground (dashed line), described by a simulation with DJANGO. The histograms
have been normalized to the number of entries. The arrow indicates the imposed

selection cut.
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D* selection

The D* daughters are measured in the central detector region. This corre-
sponds to a D* production in the pseudorapidity region® of —1.5 < n(D*) <
1.0. Due to the harder charm fragmentation (as will be discussed in the next
section), the D*’s transverse momentum spectrum is harder than for non-
charm particles. Hence, the transverse momentum of D* mesons is restricted
to larger values where the combinatorial background is smaller. This is illus-
trated in figure 3.6, where transverse momenta of simulated D* candidates
are compared to those of non charm-induced background. Only D* mesons
with pr(D*) > 2.5 GeV are selected for this analysis.

g Monte Carlo
- B D* candidates
'E -------- non-charmed background
0 10-1 — L
o -
m -
N C
E L
E L
(o] L
c
102
103 -

p+(D*) [GeV]

Figure 3.6: Transverse momenta of D* candidates (solid line), simulated with
the RAPGAP Monte Carlo, and non charm-induced background (dashed line),
simulated with DJANGO. The histograms have been normalized to the number of
entries. Selection cuts on daughter and final state particles are already imposed.
The arrow indicates the selection cut pp(D*) > 2.5 GeV.

3The central detector region is defined by the requirement —1.5 < 1 < 1.5. D* candi-
dates in the forward region, corresponding to 1 < n(D*) < 1.5, are excluded because the
non charm-induced background is larger in that region.
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On trigger level L4 (see section 2.2.3 and 3.2.1), a selection cut is imposed
on the D* production elasticity zp. The production elasticity is a convolution
of D* fragmentation and kinematics. Events with zp(D*) > 0.1 are selected
on trigger level. The D* production elasticity spectrum is shown in figure
3.7. The D* candidates are observed to have a harder zp-spectrum than non-
charm background due to the harder charm fragmentation into D mesons.

In figure 3.8, invariant mass spectra for D mesons are displayed, after
imposing all selection cuts described so far. In this and all further mass
difference spectra, the wrong-charge D spectrum is scaled to the number of
entries in the range 150 < AM(D*) < 170 MeV.

» 0.1

(]

£

C Monte Carlo

Q D* candidates
g --------- non-charmed background
N

©

£

S

(o)

C 0.05—

oL l | 1 | I -:."r"'"'-r-...... -

0 0.2 0.4 0.6 0.8 1

zp(D%)

Figure 3.7: zp-spectra for D* candidates (solid line) from RAPGAP Monte
Carlo and non-charmed background (dashed line) from DJANGO. The histograms
have been normalized to the number of entries. The arrow indicates the imposed
selection cut.
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Figure 3.8: D" mass spectrum (upper panel) and D* mass difference spectrum
(lower panel) from the data. D* mesons have been reconstructed in the decay
chain (3.7). The DY mass spectrum is shown for D* candidates from the signal
region, namely with 142.9 < AM(D*) < 147.9 MeV, while the D* mass differ-
ence spectrum is obtained from D° candidates with 1794 < M (D°) < 1934 MeV
(indicated by arrows).
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Studies on the charm fragmentation properties

The signal-to-background ratio of the D* mass difference spectrum is further
improved by a cut on the fragmentation variable x.,s(D*). Phenomenolog-
ical models for the fragmentation process have been described in Section
1.4. Charm fragmentation, e.g. into a D*, is the transformation of a charm
quark into a dc (or de) system. The charm quark defines the D* kinematics
due to its large mass compared to the down quark, i.e. x,s describing the
energy fraction of the produced meson with respect to the mother quark is
expected to peak close to 1. This is not the case for light mesons, consisting
of constituent quarks of comparable masses, therefore a soft fragmentation
spectrum is observed. The different fragmentation properties of light quarks
and heavy quarks are used to differentiate non charm-induced from charm-
induced processes.

The fragmentation variable xs(D*) is not unambiguously defined for D*
mesons from boson-gluon fusion. A suitable approximation of the charm
quark’s energy would be given by the energy of the D* jet. Another ap-
proximation which also includes gluons emitted by the charm quark is the
hemisphere method [42]: Here, the energy of the charm quark is approxi-
mated by the energy of all particles in a suitable hemisphere including the
D* meson. The hemisphere method is used as follows (see also figure 3.9 for
illustration):

e All particles in the photon hemisphere are projected into the plane
perpendicular to the photon direction.

D* hemisphere 4

Figure 3.9: Illustration of the hemisphere method: The transverse momenta of
charm quark and anti-charm quark in the hadronic center-of-mass are opposite to
each other. The event is accordingly divided into two hemispheres.
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e In a boson-gluon fusion process, the two charm quarks (i.e. the charm
and the anti-charm quark) have opposite transverse momenta in the
hadronic center-of-mass frame*. The two hemispheres of charm and
anti-charm quark are found by determining the thrust® axis in the
plane orthogonal to the photon direction, and by dividing the plane
perpendicular to the thrust axis.

e The four-vectors of all particles in the D* hemisphere are summed. The
energy of the obtained hemisphere four-vector approximates the energy
of the charm quark (before radiating final state gluons).

e The fragmentation variable z (D) is calculated from

(E - pz)D*
(E - pz)hemisphere

Zops(D*) = (3.10)

In figure 3.10, the fragmentation variable x (D) is shown for D* mesons
from a RAPGAP simulation and for non-charm background from a DJANGO
simulation. It is noticeable that non-charmed background is strongly domi-
nating for a small fragmentation variable x.,; as expected and discussed in
section 1.4. This observation motivates a cut on the fragmentation variable
Zops(D*) to suppress background.

The AM (D*) spectrum for a D* fragmentation variable above and below
0.5 is shown in figure 3.11. The non-charmed background for small xs(D*)
limits the sensitivity to measure D* mesons and no signal can be seen for a
fragmentation variable z,,s(D*) < 0.5, therefore candidates with a fragmen-
tation variable in this range are excluded from this analysis. If not explicitly
stated otherwise, this cut is always applied from now on.

4The hadronic center-of-mass frame is the center-of-mass frame of photon and proton.
Hence, this inertial system is often also called p frame.

The thrust T is defined as T = maxz (>, |pi - 71])/ (X, [Pi|) where the p; are the three-
momenta of the tracks and 7 is the direction which maximizes T. The vector 7 is called
thrust axis.
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Figure 3.11: AM(D*) spectra for a D* fragmentation variable z,s(D*) below
and above 0.5. D* mesons are reconstructed in the decay channel D* — Krpm,.
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Further studies and reconstruction of D* — Knrnm,

It will be interesting to see, whether a p signal can be reconstructed back for
the corresponding D* daughters: In figure 3.12, mass spectra for p mesons
from D* candidates and from non charm-induced background are shown. All
p° mass window cuts have been relaxed for these studies, while AM (D*) is
required to lie in a +2.5 MeV window around the nominal value. The p
candidate is selected by a smaller difference to the nominal p mass. Such
a decision leads to an accumulation around the nominal mass also in the
combinatorial background as can be seen in figure 3.12. The left panel shows
mass spectra for simulated p candidates, the right panel shows mass spectra
for p candidates in the data. A peak is observed at the expected mass with
the expected width, in both simulation and data. The data exhibit a steplike
structure due to a selection cut on the invariant p mass applied on trigger
level L4 (see section 3.2.1): The p candidate’s invariant mass is required to
fulfill 590 MeV < m(p) < 950 MeV.
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Figure 3.12: Mass spectra for p mesons from D* candidates and non-charmed
background. In the left panel, results from a Monte Carlo simulation are shown. D*
candidates are simulated by RAPGAP, while non-charmed background is modeled
with DJANGO. Mass spectra from the data are shown in the right panel.

The decay D** — Dz}, DY — K~7twTx~ has been reconstructed for
comparison: Four tracks are combined to form a D° which is then combined
with a 7, candidate track to form a D* candidate. In figure 3.13, the D*
mass difference spectrum of D* candidates reconstructed in the decay chan-
nel D* — Kmpm, is compared to that of D* candidates reconstructed in the
decay channel D* — Krnrm,. All selection cuts applied for the K7p decay
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affecting only one of the pions from the D° have been omitted in the recon-
struction of the decay D* — Knnnmg: A Knp selection like e.g. pp(m) > 0.2
GeV is only applied to the pion from the D® decay, but not to the p daugh-
ters. Hence, this particular selection cut on the pion’s transverse momentum
is omitted in the reconstruction of the decay D* — DVry — Krmrm,.
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Figure 3.13: D* mass difference spectra for the decay channels D* — Kmprg —
Knrnms (left panel) and D* — Knnomg (right panel).

A fit (see section 3.2.4 for details on the signal extraction) to the AM(D*)
distributions yields a signal to background ratio of 0.36 for the decay channel
D* — Krprg and 0.24 for the decay channel D* — Krnrrnm,. The total
numbers of signal and background events for both decay channels are given in
table 3.7. The ratio of signal events reconstructed in the decay channel Kmpm,
to those reconstructed in the decay Knnrm, is 73%, while the branching
ratios in table 3.1 suggest a ratio of 83%. A correction of these numbers
for different acceptances in both decay channels has not been performed,
since only the decay channel D° — Krp — Krrrm, has been simulated.
Nevertheless, the acceptance is expected to be larger for the inclusive K,
decay, since the selection cuts on the p-combination are dropped. The ratio
of acceptance corrected yields in both decay channels will thus be closer to
the branching ratio estimate.

The larger combinatorial background in the decay channel D* — D%,
D' — Kmrm might just come from a multiple filling of the same track com-
bination, i.e. five tracks being used with different mass hypotheses for the
individual tracks. In particular, taking a slow pion candidate as another pion
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Kmpr Knrnrm,
signal events 2638 £ 122 3603 £ 168
background events 7366 + 778 15087 + 1186
S/B ratio 0.36 0.24

Table 3.7: Total numbers of D* candidates from signal and background events
for the discussed decay channels.

daughter, and vice versa, will result in the same D* candidate. The frequency
of such a case is studied in figure 3.14. As can be seen in the left panel, the
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Figure 3.14: Number of five-track-combinations interpreted as different D* can-
didates in the decay D* — Knrrnrmg (left panel) and D* mass difference spectrum
from D* candidates, whose five-track-combination is used only once (right panel).

contribution from multiple filled 5-track-combinations to the AM (D*) spec-
trum is about 10%. The right panel shows the D* mass difference spectrum
from D* candidates whose daughter tracks are filled only once in this par-
ticular combination, i.e. the D* candidate is unique. A fit yields a signal
to background ratio of 0.24. Hence, the smaller signal-to-background ratio
of the decay channel D* — D'r,, DY — Krrr is not caused by a multiple
filling of 5-track-combinations.

The better signal-to-background ratio in the D° — Kmp decay channel as
well as the observed p° signal in the D* mass window motivate the original
choice of the decay channel (3.7): The additional mass constraint of the
observed intermediate p meson provides a better signal-to-background ratio.
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Additional studies to improve the D* signal

The larger number of particles in the Knrrr, final state as compared to the
Krrg final state (five particles versus three particles) leads to a larger D*
candidate multiplicity in the decay channel D* — Knrrm,. To overcome
this problem, a candidate can be chosen based on the charm fragmentation
behaviour: The candidate with the largest fragmentation variable x (D)
or production elasticity zp(D*) is chosen as the best candidate.
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Figure 3.15: Mass difference spectra for D* candidates selected by the largest
fragmentation variable (left panel) or largest production elasticity (right panel)

D* mass difference spectra for two different candidate selections are shown
in figure 3.15: The D* candidates used for the left panel have the largest frag-
mentation variable z,s(D*). The D* candidates shown in the right panel
have the largest production elasticity zp(D*). A fit yields a signal to back-
ground ratio of 0.64 for the x,s ordering case, and 0.58 for the zp ordering
case. The numbers of signal and background events for both ordering meth-
ods are given in table 3.8.

A selection by maximal fragmentation variable is more appropriate be-
cause it is directly connected to the charm fragmentation unlike the produc-
tion elasticity which is a convolution of charm fragmentation and D* kinemat-
ics. Such a selection would provide a greatly improved signal-to-background
ratio.
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Zops(D*) ordering  zp(D*) ordering
signal events 2164 £ 95 2144 £ 92
background events 3400 + 444 3668 + 513
S/B ratio 0.64 0.58

Table 3.8: Total numbers of D* candidates from signal and background events
for two ordering methods.

3.2.4 Signal extraction

The number of D* mesons in the signal is extracted from a fit to the D* mass
difference distribution AM(D*) in the range [141 MeV, 165 MeV]. The fit
function f(z)

dAM (x — <AM>)2)
)= Npr——exp| —————— | + x 3.11
i) . i V2roaum p( 2074 . kfw—’bg(d) (3.1)
~~ ackground term

signal term

is used, where N(D*) is the number of D* mesons, oa, (AM) are signal
width and mean value and f, is an appropriate background description,
respectively. The bin width of the AM histogram used for the fit is dAM.
The free parameters of the fit are Np«, oanr, (AM) and the parameters of fp,.
In figure 3.16, a fit to the AM(D*) spectrum is shown with the background
description

fg(@) = alz —my)em )

The data points are well described by the fit. The resulting parameters are
given in table 3.9. In the years 1996-2000, a total number of 2638 + 122
D* mesons has been measured in the decay channel D** — DrF D —
K=7tp°, p° — mF7~. The experimental width is determined to be 0.9540.05
MeV, while the signal position is correctly fitted to (M) = 145.5 MeV.
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Number of D* mesons Np« 2638 £ 122
Mean value (M) 145.5 MeV
Signal width oapy 0.95 + 0.05 MeV
Q 7366 + 778
16} 0.47 + 0.02
v 24.5 4+ 2.1

Table 3.9: Fitted parameters of the D* mass difference spectrum.
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Figure 3.16: Fit to the D* mass difference spectrum.



52 3 Reconstruction of D* mesons in the decay D* — Knnnns

3.3 Analysis of D* production
In this section. results of the analysis of the decay
Dt — Dzt D° — K—ntp?, o — ot~ (3.12)

are presented. D* meson yields in data and simulation are determined in
subsection 3.3.1. In subsection 3.3.2, the overall detector acceptance is de-
termined from Monte Carlo simulations with RAPGAP. Differential cross
sections are shown in subsection 3.3.3. The results are discussed in subsec-
tion 3.3.4.

3.3.1 Determination of D* meson yields

D* meson yields from data collected with the H1 detector in the years 1996
until 2000 are shown in figure 3.17 in bins of different kinematic variables.
For comparison, yields are shown for the decay channels

Dt = D%zr . D= K rntrtne | (3.13)
Dt - D°%7f , D’ — K rn* and (3.14)
Dt — D% DY = K rntp’, o0 =t . (3.15)

Without requiring an intermediate p° candidate (3.13), a larger number of
D* candidates is measured. The number of D* candidates in the "golden
decay channel” (3.14) is compatible with the number of D* candidates in the
Kmp decay channel (3.15). Hence, adding the Kmp channel to standard D*
analyses will double the D* statistics.

In figure 3.18, yields from D* mesons reconstructed in the decay chan-
nel (3.15) are compared to a Monte Carlo simulation with the RAPGAP
program. The data are well described by the simulation.
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Figure 3.17: D* meson yields in the data for the final states Kmprs, Knmg and
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3.3.2 Detector acceptance

The H1 detector has almost full angular coverage. However, in this analysis,
its geometric acceptance is limited to the region covered by the subdetec-
tors used. These limitations together with selections on kinematic variables
define the wvisible range, namely the conditions on the D*’s pseudorapidity,
transverse momentum and fragmentation variable.

The acceptance is determined from RAPGAP Monte Carlo simulations.
The number of reconstructed D* mesons N,...(D*) is compared to the number
of generated D* mesons N, (D*); the total acceptance € = Nyee(D*)/Nyen (D)
is a product of the geometric acceptance, trigger efficiency and reconstruction
efficiency.

This analysis is limited to the DIS kinematic regime, defined by the re-
quirements 1 GeV? < Q? < 100 GeV? and 0.05 < y < 0.7. The upper
limit on Q? is due to the geometric acceptance of the backward calorimeter
(SpaCal). Photoproduction events are excluded by selecting Q? > 1 GeV?.
The y limits exclude regions with high photoproduction background, large
radiative corrections and poor y resolution. The cuts on the generated kine-
matic variables used for the acceptance determination are summarized in
table 3.10.

kinematic variable selection
D* pseudorapidity —1.5<n(D*) < 1.0
D* transverse momentum pr(D*) > 2.5 GeV
photon virtuality 1 GeV? < Q% < 100 GeV?
inelasticity 0.05 <y <0.7
D* fragmentation variable ZTops(D*) > 0.5

Table 3.10: Selection cuts on kinematic variables, used for the acceptance deter-
mination.

The overall acceptance is 39% for D* — Krpm, and 51% for D* — K,
[43] if the same selection criteria are applied. The acceptance behaviour
for DIS event kinematics and D* kinematics is shown in figure 3.19. Ac-
ceptances are shown in bins of photon virtuality Q?, invariant mass of the
hadronic system W, pseudorapidity n(D*), transverse momentum pp(D*)
and fragmentation variable x (D).

The shapes of the acceptances in Q*, W, n(D*) and py(D*) are similar
for both decay channels, regardless of whether the D* is selected by fragmen-
tation variable in the Kmp channel (3.15) or not. This is not the case for
the acceptance in z,p5(D*). Obviously, xs(D*)-ordering leads to a smaller
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acceptance at low xqs(D*), since a higher fragmentation variable for the
accepted D* candidates is required.

An asymmetric forward-backward behavior of D* meson yields (see left
middle panel of figures 3.17 and 3.18) is observed, while no such asymmetry
is observed for the acceptance. The simulated D*’s pseudorapidity on hadron
level (i.e. on generator level) is shown in figure 3.20 for different selection
cuts on the D* production elasticity and fragmentation variable. In figure
3.21, the D* production elasticity is shown versus the D* pseudorapidity
(left panel) and the D* fragmentation is shown versus the D* pseudorapidity
(right panel). Both figures illustrate that a selection cut on the production
elasticity and the fragmentation variable only affects the forward region (i.e.
the region of positive n): The D* yield is reduced due to the combination of
selection cuts on fragmentation variable and production elasticity in the for-
ward region. This type of selection suppresses D* candidates in the forward
region because these are less likely to be produced with a hard fragmenta-
tion spectrum. It would thus be appropriate to use correlated acceptance
corrections. Due to lack of time, such a correction has not been performed.
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acceptances for D* reconstruction in different de-

cay channels. The dotted line shows the behaviour for the Knmg final state.
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Zops(D*)-ordering.



58 3 Reconstruction of D* mesons in the decay D* — Knnnns

7] (7]
."c’ MC had. level .g MC had. level
‘s’ I —z,(D*) >0 “s’ i — X,s(D*) >0
-== zp(D*) > 0.1 === Xs(D*) > 0.5
2000 2000
1000 1000]
0 1 1 1 1 0 1 1 1 1
-1.5 -1 0.5 0 0.5 1 -5 -1 0.5 0 0.5 1
n(D*) n(D%)

Figure 3.20: D* pseudorapidity on hadron level for a cut on the production
elasticity and on the fragmentation variable. The dashed line in the right panel
shows the 1 behavior for the visible range.

5 5
N T 8 [
B ] T «m
0.8 0.8 &
*a oooooQooao -
r [ -8 Somooaa
- F -00 oO0oooo -
o0
o F -=s0
0.6 0.6 ::%
[ : [
0.4 o 0.4
I RasmgoR I
0.2 Bgsodann 0.2
a oon ..
[ EEEHEEE [ B
[ MC had. level ~ -----" EEREte(aaiclainiars [ MC had. level ~  ---- :
ol b b b 10500 ol b b L Ly 1
-1.5 -1 -0.5 0 0.5 1 -1.5 -1 -0.5 0 0.5
n(D%) n(D%)

Figure 3.21: D* production elasticity zp(D*) versus pseudorapidity n(D*) and
D* fragmentation variable zys(D*) versus n(D*) on hadron level.



3.3 Analysis of D* production 59

3.3.3 Differential cross sections

The D* production cross section o(ep — € D**X) is determined from

Np-

A atE= —
olep — e D™ X) = B(D** — KFntatnFrE) - L-e- (1 + dpaq)

(3.16)

where Np-« is the number of reconstructed D* mesons, £ the integrated lu-
minosity of the data sample, € the detector acceptance and efficiency and
0rqaq are radiative corrections. The radiative corrections are small [3] and
neglected in the following. The total branching ratio is a product of the
branching ratios for each decay step [2]:

B(D** - K- ntrtn~n})
= B(D*" — D7})-B(D* — K~ 7tp°) - B(p" — ntn7)
— (67.T+0.5)% - (6.2 + 0.4)% - 99.9% — (4.2 + 0.4)%

A quantitative determination of the systematic error contributions to the
cross section o(D*t — K7 p7}) has not been performed. The contribu-
tions to o(D*t — K~ mnl) have been estimated in [3]. The further quoted
numbers are taken from that analysis. Experimental uncertainties are:

e TRIGGER EFFICIENCY: The K7mp and the K7 channel are both in-
cluded in the analysis on trigger level 4. The statistical uncertainty of
the measured trigger efficiency contributes to the systematic error of
the D* measurement.

e ENERGY MEASUREMENT OF THE SCATTERED ELECTRON: The contri-
bution of a wrong measurement of the energy of the scattered electron
to the systematic uncertainty can be estimated from a Monte Carlo
simulation. A variation of the energy of the scattered electron yielded
a systematic error of £2% of o1 (D* — Kmmy) [3].

e POLAR ANGLE MEASUREMENT OF THE SCATTERED ELECTRON: The
polar angle ¢, of the scattered electron is determined in the Spaghetti
Calorimeter (SpaCal) and the Backward Drift Chamber (BDC). The
experimental uncertainty is #-2 mrad. The systematic error of oy (D** —
KFrtrE) from a wrong measurement of 0! is +£2.5% [3].

e EFFICIENCY OF TRACK RECONSTRUCTION: A small transverse mo-
mentum of the slow pion leads to a poor quality of the 7, track. The
contribution to the systematic error of the total and differential cross
sections in D** — KFx*7rE has been determined to be 11% and is the
dominant contribution to the systematic error [3].
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e BRANCHING FRACTION OF THE ANALYSED DECAY CHANNEL: The
measurement error of the branching ratio of D** — D%}, D° —
K=7np% p° — 7fn~ is 0.5% € 0.4% = 0.6%. An additional sys-
tematical error comes from an effectively too small branching ratio:
Two-pion combinations from D* candidates which decay via the chan-
nel D* — Knnnm can fulfill the imposed p-selections by coincidence.
The D* mesons are reconstructed as D* — Knprg candidates and the
use of a branching fraction B(D® — K7t p°) of (6.240.4)% yields too
large cross sections. The quantitative contribution of such an effect to
the systematic error still has to be determined.

e INTEGRATED LUMINOSITY: The experimental error of the integrated
luminosity measured by H1 is +1.5%.

Theoretical uncertainties come from:

e CHARM QUARK MASS m,.: the charm quark mass used in simulations
for this work has been set to m. = 1.4 GeV.

¢ FRAGMENTATION MODEL: Monte Carlo simulations in this analysis
have used the Peterson model to describe charm fragmentation. The
parameter ¢ = 0.078 has been used for the Peterson fragmentation
function [14].

The data set used to determine D* production cross sections was recorded
in the years 1996 until 2000, corresponding to an integrated luminosity of 75
pb~!. The detector acceptance € has been determined in section 3.3.2.

Differential cross sections for D* production in the decay channels (3.14)
and (3.15) are shown in figures 3.22 to 3.27. D* cross sections in the Kmp de-
cay channel with x(D*)-ordering (dash-dotted line) are compared to those
without z,s(D*)-ordering (solid line) and to those in the Km decay channel
(dotted line) in figures 3.22 to 3.24. In figure 3.22, event kinematics in Q* and
W are shown, while in figure 3.23, the D* meson’s pseudorapidity n(D*) and
transverse momentum py(D*) are displayed; the production cross section for
the D*’s fragmentation variable xs(D*) is shown in figure 3.24. The cross
sections behave similar, regardless of x5 (D*)-ordering. D* production in the
backward region is preferred as can be seen from the asymmetric behaviour
of do /dn.

In figures 3.25 to 3.27, differential production cross sections for D* mesons
from Knpry decays in the data (solid line) are compared to D* mesons from
that channel simulated with the RAPGAP Monte Carlo simulation (dashed
line). The data is well described by the simulation.
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3.3.4 Discussion

The number of reconstructed D* mesons in the decay channel D* — Krprg is
comparable to the number of reconstructed D* mesons in the decay channel
D* — Krm,, as can be seen in figure 3.17. Hence, a gain of the same
amount of D* statistics has been achieved. Without the requirement on the
intermediate p° state for the decay D* — Knnrm,, the D* statistics is even
higher. However, this is only achieved with a significantly worse signal-to-
background ratio.

The shapes of the acceptances in Q% W, n(D*) and py(D*) are similar
for both decay channels, regardless of whether the D* is selected by frag-
mentation variable in the K7p decay channel or not. This is not expected
for the acceptance in x,,, as in the ordering case (i.e. for a D* selection
by maximum fragmentation variable xs(D*)) high-z,s candidates are pre-
ferred with respect to low-z,s candidates. This can be seen in a different
shape of the acceptance spectrum for the ordering case, compared to the
other graphs (see the lower panel of figure 3.19). Without z.(D*) ordering,
the acceptance shapes for both decay channels agree.

Differential cross sections have been determined for different event and
D* kinematic quantities in the decay channel D* — Kmpm, with and without
ordering in the charm fragmentation variable xs(D*) and in the decay chan-
nel D* — Knrm,. Results agree for both decay channels and both ordering
methods. Differential cross sections from the Kmpmy decay without (D)
ordering are well described by the simulation. The comparable yields in the
decay channels D* — Knpr, and D* — K7, hint on a large statistical gain
for future D* analyses when adding the Kmp decay reconstruction to the H1
analysis framework.

Systematic errors have not been studied in this analysis. Specific to the
investigated decay channel is a systematic error from the branching ratio
B(D" — K=ntp°) due to D* — Krnrm, candidates wrongly reconstructed
in the decay channel D* — Kmpm,, p — 7. Furthermore, a closer investi-
gation of the correlation of the imposed selection cuts has to be performed:
The x4 > 0.5-selection suppresses candidates in the forward detector region
and the acceptance still has to be corrected.
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Chapter 4

Search for exotic baryons
containing charm

A narrow state in D*~p and D*'p invariant mass combinations (see figure
1.5) has been observed in deep-inelastic electron-proton collisions with the
H1 experiment [28]. The resonance has a mass of 3099 MeV and a measured
Gaussian width of 12 MeV compatible with the experimental resolution.

The observed state is interpreted as an anti-charmed baryon with a quark
content uuddc (and its charge conjugate) and is thus a candidate for a
charmed pentaquark state .. D* candidates have been reconstructed in
the decay channel D** — D7} D% — K=+,

The attempt is made to increase the statistics for this particular search
by including the previously described D* decay channel

Dt — Dt . DY — K~ ntp?, p' — 7™ (4.1)

in the search for charmed pentaquarks with the H1 experiment. D* can-
didates are combined with proton candidates and the resulting invariant
mass spectrum is investigated. The selection criteria on D* mesons, pro-
tons and D*p combinations are given in section 4.1. The detector acceptance
for charmed pentaquark candidates is determined in section 4.2. In section
4.3, the resulting D*p invariant mass spectra are shown and discussed. Up-
per limits on the 6. production cross section are determined in section 4.4.
In the final section 4.5, the results of the pentaquark search with D* mesons
reconstructed in the decay channel (4.1) are discussed.

!Charge conjugates are implicitly included.
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4.1 Selection criteria

The selection criteria on D* meson, proton and D*p combination are de-
scribed in the following.

D* selection

Unless stated in table 4.1, the D* selection cuts are those described in the
previous chapter. In figure 4.1, the fragmentation properties of D* candidates
from charmed pentaquark candidates are shown, measured in the D* decay
channel D* — Ky [44]. The charm quark’s energy is divided between pro-
ton and D* meson. Hence, the D* meson has a softer fragmentation variable
if it comes from a charmed pentaquark decay than if it is directly produced
in boson-gluon fusion. Therefore, the selection cut on the D* fragmentation
variable xs(D*) > 0.5 is dropped when searching for a charmed pentaquark.

Selections from last chapter Selections for pentaquark search
Rlength(ﬂ—) 2 25 cm Rlength(ﬂ-) Z 15 cm
Rlength(K> Z 25 cm Rlength(K) Z 15 cm
Riengtn(ms) > 0 cm Riengtn(ms) > 10 cm
pr(K) > 0.25 GeV pr(K) > 0.15 GeV

Ly > 5% Ly > 5% for p(K) < 800 MeV
Lk > 1% for p(K) > 800 MeV
Zops(D*) > 0.5 no requirement on xs(D*)

Table 4.1: Comparison of selection cuts used in the previous chapter and selection
cuts used to search for charmed pentaquark candidates.

Proton identification

The requirements to select the proton candidate are taken from [28]. The
proton’s distance of closest approach (dp) to the primary vertex in the r¢-
plane has to be less than 2.5 cm. The pion background is suppressed by a
requirement on the normalized likelihood from ionization loss.

A large number of hits enables a better proton-pion or proton-kaon sepa-
ration (see figure 2.6). However, a proton identification based on the normal-
ized likelihood from ionization loss is difficult for large momenta (see figure
2.5). The selection cuts are accordingly loosened for a proton momentum
above 2 GeV: The number of hits used for dE/dz-measurement Ngjc pits(p)
has to be larger than 11 and the normalized dF/dz-likelihood to be a pro-
ton has to be above 10%. For lower proton momenta Ngjc nits(p) has to
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be at least 21, while proton candidates with a normalized dE/dz-likelihood
below 30% are rejected. The different cuts for different momentum ranges
reflect the changing separability of proton, pion and kaon tracks for different
momenta (see figure 2.6).

Figure 4.2 suggests a better signal-to-background ratio for increasing pro-
ton momenta and no proton dF/dz-requirements [28]. Hence, the invariant
mass spectrum of D*p combinations for D* — Kmpm, is also investigated for
a selection cut on the proton momentum while dropping the requirements on
the proton dE/dz.

\
102 pp+D~p HI1

® signal region
] side bands

Entries per 200 MeV

ot t

¢
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Sl
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Figure 4.2: Momentum spectra of protons from D*p combinations in the channel
D*p — Krrmsp [28]. No requirement on the proton’s ionization loss is imposed.
The proton momenta are compared for proton candidates from the signal region
(3085 < M(D*p) < 3115 MeV) and from side bands (2990 < M (D*p) < 3070
MeV and 3130 < M (D*p) < 3210 MeV).
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D*p selection

The D*p kinematics have to fulfill the same selection cuts as the D* meson,
namely pp(D*p) > 2.5 GeV and —1.5 < n(D*p) < 1.

The fragmentation variable for the D*p combination, xs(D*p), can be
approximated by

£\ o * Tobs (D*)

-Tobs(D p) ~ ZD(D p) ZD(D*) ’ (42)
where zp(D*p), zp(D*) and zs(D*) are production elasticity and fragmen-
tation variable of D*p combination and D* candidate, respectively. In figure
4.3, this variable is shown versus the proton momentum p(p), simulated with
the RAPGAP Monte Carlo program in the channel D*p — Kmpp (this sim-
ulation of charmed pentaquarks is described in section 4.2). An additional
selection cut on this variable has been investigated [44]:

Iobs(D*)

Tops(D*p) = 2p(D*p) - m

> min(0.5,0.5p(p)/GeV) . (4.3)
This selection cut excludes the region where non-charmed background dom-
inates over the D* signal. The boundary of the excluded region is also indi-
cated in figure 4.3. All selection cuts are summarized in table 4.2.
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ZZ";S(%ZF? for simulated D*p candidates (upper panel) and non-charmed background
(lower panel). The D*p generation in the channel D*p — Kmpp with the RAPGAP
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75

0. — D*p — Kmprmsp

DO

pr(m) > 0.2 GeV
pr(K) > 0.15 GeV
X2 /ndf(7), x*/ndf(K) < 10
Riengtn (), Riengtn(K) > 15 cm
Rstart(ﬂ_); Rsthrt(K) S 25 cm
Ly > 5% for p(K) < 800 MeV
L > 1% for p(K) > 800 MeV
Ly, Ly, Ly, > 1% for p(n), p(m1), p(m2) < 800 MeV
|M(D°) — M(Kmp)| <60 MeV

D*

pr(D*) > 2.5 GeV
ZD(D*) > 0.1
Rlength(ﬂ-s) Z 10 cm
L., > 5%
|M(D*) — M (Knpry)| < 2.5 MeV

|d0| < 2.5 cm
L, > 10% for p(p) > 2 GeV and Ngjc nits(p) > 11
Lp > 30% for Naic hits(p) > 20

D*p

pr(D*p) > 2.5 GeV
—1.5 <n(D*p) <1

0, — D*p — Knnnmgp

DO

pr(K) > 0.15 GeV
X2 /ndf(K) < 10

Rlength(K) > 15 cm

Rstart(K) S 25 cm
Ly > 5% for p(K) < 800 MeV
Ly > 1% for p(K) > 800 MeV

L)y Ly, Ly > 1% for p(m1), p(m2), p(m3) < 800 MeV

IM(D%) — M(Knp)| < 60 MeV

D*

ZD(D*) > 0.1
Rlength(ﬂ-s) Z 10 cm
L., > 5%
|M(D*) — M(Knpns)| < 2.5 MeV

|do| < 2.5 ¢cm
L, > 10% for p(p) > 2 GeV and Ngyc nits(p) > 11
Lp > 30% for NCJC hits(p) > 20

D*p

pr(D*p) > 2.5 GeV
—-1.5<n(D*p) <1

Table 4.2: Summary of the selection cuts for the pentaquark search.
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4.2 Reconstruction efficiency

The reconstruction efficiency is determined from simulating a charmed pen-
taquark 6. with RAPGAP. The pentaquark state 6. is assumed to originate
from the fragmentation of charm quarks produced in boson-gluon fusion.

° > 2/ ndt 136/54
X = &0 Prob 3.934e-10
S o N, 1141+ 41.0
= RAPGAP CPQ ~ <M> 3.102+ 0.000
2000 2 %o, 0.008549 + 0.000370
= S 400 a 1965 = 968.7
1< o
w w B 1.012+0.173

¥ 9.869 + 0.932

1000(— RAPGAP CPQ
200(—
0 I . ! . I 0 frlfpﬂ . &\?"\."'ﬂ&_
T T T v T T T T T
0.14 0.15 0.16 3 3.2 34 3.6 3.8
A M(D*) [GeV] M(D*p) [GeV]

Figure 4.4: Simulated mass spectra for D* mesons from charmed pentaquark
candidates and the corresponding charmed pentaquark candidates.

The RAPGAP charmed pentaquark (CPQ) simulation describes 6, states
by modifying mass and decay modes of DY, D;% and D3°: Masses are set to
3100 MeV, the artificial 6. is required to decay into D*~p or D**p. No spin
is assigned to the particle, i.e. the resonance is assumed to decay isotropi-
cally. The resulting D* mass difference spectrum (left panel) and D*p mass
spectrum for pentaquark candidates reconstructed in the decay channel

" — D g . D - D%+ D’ 5 K nty" . o0 -t~ 4.4
c p? s 7 p 7p

is shown in figure 4.4. The 6. width is determined from a Gaussian fit in the
range 3000 < M (D*p) < 3600 MeV to be (8.5 £ 0.4) MeV. The functional
form of the fit function is given by

f(M) = 94(]\/[ — Mp+ — mp)ﬁ exp (v (M —mpx —m,))) (4.5)

7

TV
background term

TR VA (_w) , (46)

2
2moy, 209

N

TV
signal term
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where Ny, is the number of 6, states and oy, (M) are signal width and mean
value, respectively. The bin width of the M (D*p) histogram used for the fit
is dM, while a, 8 and 7 are fit parameters for the background description.
The free parameters of the total fit are Ny, , oy, (M) and the background
parameters «, 3, 7, respectively. As can be seen in the right panel of figure
4.4, this fit does not describe the small excess around the 6. signal coming
from D* candidates filled with several proton candidates. A quantitative
determination of the contribution of these multiple fillings to the M(D*p)
spectrum has not been performed.

w

8 I K p g P

§ | —— Kmpmp, X, (D*p)-cut

g" e K p g p, p(p) >2 GeV

< [
0.2—

1 I 1
0.8 1

xobs( D*)

Figure 4.5: Acceptance for charmed pentaquarks 6. in bins of the D* fragmen-
tation variable z,,(D*) for D*p combinations in the decay channel (4.4). The
dashed line shows the D*p acceptance from selection cuts listed in table 4.2. The
solid line shows the 6. acceptance with an additional cut on the D*p fragmentation
variable xps(D*p) ~ zp(D*p) - xz"l’;s((DD:)). Alternatively, selection cuts on the pro-
ton likelihood are removed, while the proton momentum is required to be above 2

GeV, shown by the dash-dotted line.

The 6, acceptance in the decay channel (4.4) is shown in figure 4.5 in bins
of the D* fragmentation variable xqs(D*) for different selection cuts. The
overall acceptance is determined from dividing the number of reconstructed ..
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candidates by the number of generated charmed pentaquarks. The following
selection cuts are investigated:

e Only the selection cuts listed in table 4.2 are applied. All D* candidates
are combined with proton candidates and filled into the histograms with
weight 1.

e An additional selection cut is imposed to suppress non-charmed back-
ground and contributions from D* mesons not coming from a charmed
pentaquark:

Iobs(D*)

Iobs(D*p) ~ ZD(D*p) : ZD(D*)

> min(0.5,0.5p(p)/GeV) ,

as described in the previous section.

e The proton momentum is required to be above 2 GeV, while no more
requirements on the proton’s dE/dz-likelihood L, and on the number
of hits Ngjc nits used for the dE/dx-measurement of the proton are
imposed.

The overall 0. acceptances for these selections are listed in table 4.3.

Selection 0. acceptance

Krprgp 24.5%
K7pmsp, Tops(D*p)-cut 17.8%
Kmrprgp, p(p) > 2 GeV 10.9%

Table 4.3: Overall acceptances for 6. candidates in the channel 6, — D*p —
Kmprgp. Three different selections on the D*p combination are compared (see
text for description).

4.3 Investigation of the D*p invariant mass
spectrum

The invariant mass spectrum of D* p and D**p combinations is investigated
in the decay channels D* — K, (figure 4.7), D* — Knpny, — Knnnmg
(figure 4.9) and D* — Knrrn, (figure 4.10). Mass difference spectra M (D*p)
for D*p candidates are shown, shifted by the nominal D* mass:

M(D*p) = M((D"p)rec) — M(Dy,.) + M(Dppg) (4.7)

rec
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where (D*p),.. and D7, are the reconstructed D*p and D* candidates, re-
spectively.

D*p candidates reconstructed in the Km decay channel are shown for
comparison. An exotic baryon containing charm is searched for in the decay
channels D* — Knpry, — Knnnmg and D* — Knrnm,. Three different
selections, as described in the previous section, are imposed on the D*p
combinations. The D* mass difference spectra are also shown for reference
(figures 4.6 and 4.8); all candidates from these spectra with a reconstructed
mass in the range [145.4 — 2.5 MeV, 145.4 + 2.5 MeV]| are combined with
proton candidates.

Investigation of the D*p resonance in the channel D*p — Knngp

To investigate the effect of the described additional cuts on the D*p fragmen-
tation variable z,,s(D*p) and on the proton momentum p(p), the enhance-
ment in the invariant mass of D*p combinations in the channel D*p — Knmp
is reproduced. The thus obtained mass difference spectrum for D* candi-
dates is shown in figure 4.6. Invariant mass spectra of D*p combinations
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Figure 4.6: Mass difference spectrum for D* candidates in the decay channel
D* — Knmg.

in the Knmgp channel are shown in figure 4.7. The selection cuts from [28§]
have been applied to obtain the mass spectrum in the top panel. As de-
scribed earlier, two additional selection cuts are applied to obtain the mid-
dle and lower panels: A selection cut on the D*p fragmentation variable
Zops(D*p) > min(0.5,0.5 p(p)/GeV) is applied for the candidates shown in
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the middle panel. The proton momenta of the candidates in the lower panel
have to fulfill p(p) > 2 GeV while dF/dz-requirements on the proton track
have been omitted.

A narrow enhancement in the invariant mass spectrum of D*p combi-
nations at a mass of about 3.1 GeV is clearly visible for all selections. The
M (D*p) spectrum in the upper panel differs slightly from the published mass
difference spectrum (see figure 1.5). An event-by-event comparison to iden-
tify the reason still needs to be performed. Invariant mass spectra of D*p
combinations in the decay channel D*p — Knnnrmgp are investigated in the
next section.
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Figure 4.7: Invariant mass spectra of D*p combinations in the decay channel
D*p — Knrmgp. Additional selection cuts are imposed for the middle and lower

panels.
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Search for a charmed pentaquark in the channel D*p — Knnnmgp

Combinations of D* and proton candidates are investigated in the channels
D*p — Knprgp — Knnnngp and D*p — Knnrmgp. The selection cuts listed
in table 4.2 have been applied. The corresponding D* mass difference spectra
are shown in figure 4.8. As only few pentaquark candidates are expected, it is
desirable to improve the D* signal-to-background ratio. However, measures
like selecting D* candidates with fragmentation variable xys(D*) > 0.5 or
requiring the maximal z . for a D* candidate are not applied as x,s(D*) is
expected to be small for D* mesons originating from a 6. state (see figure
4.1).

In figures 4.9 and 4.10, mass spectra are shown for D*p combinations in
the channels D*p — Kmpr,p — Knrnnmgp and D*p — Knnmmmgp, respec-
tively. Each row corresponds to a different set of selection cuts on the D*p
combinations: The selections listed in table 4.2 are imposed to the combina-
tions used for the top panels. Additional selection cuts on D*p fragmentation
variable zs(D*p) and proton momentum p(p) have been applied to the mid-
dle and lower panels, respectively. Background contributions are modeled by
the sum of wrong-charge D combinations and simulated D* mesons com-
bined with proton candidates. The wrong-charge D combinations are scaled
to the number of D* candidates with AM (D*) > 0.15 GeV in the AM (D*)-
histogram. The D* Monte Carlo is scaled to the number of D* mesons in
the data obtained from a gaussian fit. Also shown is a background-only fit
to the M (D*p) spectrum in the range 2970 < M (D*p) < 3600 MeV. The fit
function is described in section 4.4.

The background description of M(D*p) in the Kmprgp decay (middle
panel of figure 4.9) by the sum of wrong-charge D combinations and D*
simulation is systematically low for a x,s(D*p)-cut. A little enhancement
can be seen for no additional cuts in the M (D*p) spectrum in the Knrnrmgp
decay (upper panel of figure 4.10). However, for a significant peak, more
data will have to be collected and analyzed. Overall, no significant structure
is observed at 3099 MeV. Upper limits on 6. production are determined in
section 4.4.
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Figure 4.8: Mass difference spectrum for D* candidates in the decay channels
D* - Krnpry — Knnnms and D* — Knnrnms. The applied selection cuts are
listed in table 4.2.
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Figure 4.9: Invariant mass spectra for D*p combinations in the decay channel
D*p — Krpmgp.
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D* meson content of the signal region

The D* content in the invariant D*p mass around 3.1 GeV is tested by form-
ing the M (D*p) distribution with the full selection on proton and D*p com-
bination, but with no requirement on AM (D*). In figure 4.11, the D* mass
difference spectrum from simulated D*p combinations is shown in signal re-
gion (3085 MeV < M (D*p) < 3115 MeV) and side band region (2990 MeV <
M (D*p) < 3070 MeV or 3130 MeV < M(D*p) < 3210 MeV), corresponding
to the signal position observed in the decay channel D*p — K7nnr,p. A simu-
lation of D* mesons (upper panel) is compared to a simulation of D* mesons
from charmed pentaquarks (lower panel). A clean peak around the expected
D* mass is observed in both panels. However, while the D* mass difference
spectra for signal and side band region in the upper panel exhibit the same
shapes, there is a significant difference in signal and side band region for the
simulated pentaquarks. The D* content of the signal region is richer.

D* mass difference spectra from D*p combinations in the data are shown
in figures 4.12 (D*p — Knprgp — Knnrmgp) and 4.13 (D*p — Knnnmgp).
The number of D* mesons is extracted with D* peak position and width
kept fixed to the values obtained from figure 3.16 ((AM) = 145.5 MeV and
oam = 0.95 MeV). Values are given in table 4.4.

Krprsp Krnmmgp
General selections 39 + 6 80+ 9
Tops(D*p)-cut 20+ 4 40 £ 6
p(p) > 2 GeV 2+1 23+5

Table 4.4: Number of D* candidates in the D*p signal window for the discussed
final states.

The side band region is observed to exhibit systematically less D* can-
didates than the signal region for the selection cuts on x.s(D*p) and p(p).
However, more data needs to be analyzed to allow for a definitive answer on
whether the signal region is richer in D* mesons than the side band region is
observed.
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Figure 4.11: Simulated D* mass difference spectra for D*p combinations with
invariant mass of the 3085 MeV < M(D*p) < 3115 MeV (signal region) and
2990 MeV < M (D*p) < 3070 MeV or 3130 MeV < M(D*p) < 3210 MeV (side
bands). No requirement on the D* mass difference is imposed. The side band dis-
tribution is normalized according to the widths of the chosen sample region. The
expected spectrum for D* candidates (upper panel) is compared to the spectrum
of D* mesons from charmed pentaquarks (lower panel).



88 4 Search for exotic baryons containing charm

>

[}

= 100(—

2 D*p data

5 + signal region
T [_] side bands

[ =

w

T 4 b}

0.14 © ots " ot
A M(D*) [GeV]

40

D*p data, xobs(D*p)-cut

* signal region
[ side bands

30—

Entries / 0.5 MeV

20—

0.14 ' 0.15 ' 0.6
A M(D*) [GeV]

50

D*p data, p(p) > 2 GeV
* signal region

[ ] side bands

m NH

4

0.14 ' 0.15 ' 0.;6
A M(D*) [GeV]

40—

Entries / 0.5 MeV

Figure 4.12: D* mass difference spectra in the channel D*p — Krmpmgp —
Knrrmgp for D*p combinations with invariant mass of the 3085 MeV < M (D*p) <
3115 MeV (signal region) and 2990 MeV < M (D*p) < 3070 MeV or 3130 MeV <
M (D*p) < 3210 MeV (side bands). No requirement on the D* mass difference is
imposed. The side band distribution is normalized according to the widths of the
chosen sample region.
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Figure 4.13: D* mass difference spectra in the channel D*p — Krnrnmgp for
D*p combinations with invariant mass of the 3085 MeV < M (D*p) < 3115 MeV
(signal region) and 2990 MeV < M (D*p) < 3070 MeV or 3130 MeV < M (D*p) <
3210 MeV (side bands). No requirement on the D* mass difference is imposed.
The side band distribution is normalized according to the widths of the chosen
sample region.
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4.4 Limits on 6. production

In this section, upper limits on the 6. production cross section are determined
for the data taken in the years 1996-2000, corresponding to an integrated
luminosity of 75 pb~!. The visible range is defined by the requirements given
in table 4.5. The dependence of the overall acceptance on the 6. mass has

—-1.5<n(0.) <1
pr(0.) > 2.5 GeV
1 GeV? < Q% < 100 GeV?
0.05 <y <0.7

Table 4.5: Visible range for the extraction of upper limits on 6. production.

not been investigated. The acceptances stated in table 4.3 are hence used for
the entire M (D*p) mass range.

A recent analysis [45] using data taken with the H1 detector reported
a non-observation of a significant structure in the invariant mass of K%p
combinations. The existence of such a state would be evidence for the strange
pentaquark state 7. The extraction of upper limits on the 6, — D*p —
Kmpmsp production cross section is performed in an analog manner as in [45].
The M (D*p) distribution is fitted in the range [2970 MeV, 3600 MeV] with
a background function f, of the form

fog(M) = a(M —mp~ — mp)ﬁ exp(y(M — mp« —my)) , (4.8)

where a, (§ and 7 are free parameters and mp- and m, are the nominal
masses of D* meson and proton, respectively. The fit results are shown in
figures 4.9 and 4.10, respectively.

The number of background events Ny, is determined from an integration
of the thus obtained background function fu, in a 48 MeV window (corre-
sponding to +20 [28]) around the assumed mass. The possible signal in this
window corresponds to the difference of the total number N of events in the
integration window and the number of background events N, in that win-
dow. This number of possible . events is extrapolated to the entire range
by a division by 0.95.
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The upper limit Ny, on the 6. yield at 95% confidence level, is?

1
Nup = 5o (max(N Ny, 0) + 1.64 - \/N> . (4.9)

The final step is to convert this upper limit Ny on the D*p yield to an
upper limit on the total production cross section:

Ny (0. — D*p)
B(D* — Krrrmg) - €- L

O-UL(QC — D*p) = (410)

A scan of the M (D*p) range in the region [2979 MeV, 3219 MeV]| has been
performed.

The total production cross section for . production cross section in the
decay channel . — D*p — (Kwnmg)p for the visible range defined in table
4.5 1s

0(0. — D*p — (Knm)p) = 76.3 £ 18.4 (stat.) pb [46]. (4.11)

This value has been determined with a similar set of selections as given
in table 4.2 and the previously described selection cut on the fragmenta-
tion variable z,,5(D*p). The corresponding M (D*p) spectrum for the decay
D*p — Kmpmgp (see middle panel of figure 4.9) is shown again with the fit
parameters in figure 4.14. Also shown is a shaded band indicating a 48 MeV
region around 3099 MeV, where the enhancement was found in the invariant
mass of K7myp combinations.

The upper limits on the 6. production cross section for ., — D*p, D* —
Kmprg and D* — Knnnmm, are shown in the lower panel of figure 4.15, while
in the upper panel upper limits on the 6. yield are shown. The upper limit
from D*p — Kmpmgp at M(D*p) = 3099 MeV is consistent with the observed
production cross section from D*p — Knmgp within the statistical error.

2The factor 1.64 comes from the asymmetric exclusion of an area under the
Gaussian distribution: 95% of the area under a normalized Gaussian distribution

fcauss are contained in an intervall [—oo,1.640] (with the mean assumed to be zero):

_1.06040 fGauss(x)dl' =0.95
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Figure 4.14: M (D*p) distribution for a selection cut on z.4s(D*p). Also shown is
a background-only fit to the mass spectrum in the range 2970 < M (D*p) < 3600
MeV. The shaded band indicates a 48 MeV region around 3099 MeV, the position
of the observed enhancement in the K7mgp final state.
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Figure 4.15: Upper limits on 6. production yield (upper panel) and cross sec-
tion (lower panel) for D*p — Kmprmsp. Also indicated is the 6, production cross
section measured in the decay D* — Knmy [43] obtained from a comparable set
of selections and the described cut on the fragmentation variable x,s(D*p). The
corresponding upper limits are represented by the solid line.
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4.5 Discussion

A search for an exotic baryon containing charm has been performed for D*p
combinations reconstructed in the decay channels

D*p — Drfp,D°— K ntp’, p° — ntr™ (4.12)
D**p — Dztp,D° — K rntrtn™ (4.13)

and charge conjugates. D* candidates have been combined with proton can-
didates of the opposite charge and the invariant mass of this combination has
been investigated. While the observed narrow state [28] in D*p combinations
reconstructed in the decay chain D**p — D fp, D' — K7 is reproduced
with the discussed selections, no enhancement is found in the invariant mass
of D*p combinations reconstructed in the above listed decay channels.

Since no resonance could be observed for the K7pm, and the K, final
states, upper limits have been determined. The corresponding 6. production
cross section from the observed state reconstructed in the Koy decay is
consistent with the upper limits on the 6. production cross section from
D*p combinations reconstructed in the decay channel (4.12), as can be seen
in figure 4.15. The corresponding M (D*p) spectrum (figure 4.14) does not
exhibit an enhancement at 3099 MeV, but large fluctuations around that
value. This is expected to change when a larger data sample is analyzed.

It will be interesting to compare the determined upper limits for different
selection cuts to the corresponding production cross sections. Furthermore,
other selection cuts can be studied to get a better understanding of the
M(D*p) spectrum: D*p candidates could be selected by the largest frag-
mentation variable z,,,(D*p), as an analog selection is observed to greatly
improve the signal-to-background ratio for D* mesons.

The interesting fact that the observed acceptance corrected yields are
compatible in both decay channels suggests that an analysis of the calibrated
H1 data taken from 2000 on will lead to a better understanding of the ob-
served narrow enhancement in the invariant mass of D*p combinations.



Chapter 5

Summary

In this work, production and decay of D* mesons in deep-inelastic electron-
proton scattering is studied. The D* mesons are detected via the decay chain

D*t — Dzt DY — K 7tp°, p° — ntr . (5.1)

This decay channel has previously not been exploited for H1 analyses and
can contribute to increase the total number of D* mesons by a factor of two.
However, one has to take into account that due to the high combinatorial
background a cut z,,s(D*) > 0.5 has to be done which limits the kinematic
range. After the calibration of the data collected with the H1 detector from
2000 on, a gain of a factor of two in the total number of D* mesons is to be
expected for the data taken within the H1 experiment from 2000 on.

Systematic errors still need to be determined. In particular, the influence
of D* mesons decaying to a Knnrm, final state which are misidentified as
D* mesons decaying via (5.1) has to be studied. The branching ratio used
for the determination of production cross sections needs to be corrected for
such a situation. The correlation of imposed selection cuts also needs to be
studied closely. In particular, the selection cut x.s(D*) > 0.5 suppresses
candidates in the forward region.

In a second part of this work, a search for exotic baryons containing charm
with a mass of 3099 MeV has been performed with protons and D* mesons
reconstructed in the decay channel (5.1). Although the narrow enhancement
in the invariant mass of D*p combinations reconstructed in the channel

D**p — D°zxtp, D° — K~xt (5.2)
has been reproduced, no resonant structure has been found for D*p combi-
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nations reconstructed in the decay channels

D*p — Dntp, D’ — K 7tp", p° — 771~ and (5.3)

D*p — Dztp,D° - K nhntn

Upper limits on the production cross sections for charmed pentaquarks de-
caying to D*p combinations have been determined. The upper limits are
consistent with the measured cross section for the observed narrow state in
D*p combinations [28] within the statistical error. Including the data taken
from 2000 on will lead to a more precise statement on this issue as suggested
by the compatible acceptance corrected yields for the Knm,p final state and
the Knrnm,p final state.

An object-oriented data storage and analysis environment, based on the
ROOT framework and called H1OO, has been introduced within the H1
collaboration. A finder class for the decay channel (5.1) has been developed
within this work and will be added to the standard H1OO analysis tools.
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