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Abstract

The production of the excited charm mesons Dy, Dj and D, in ep collisions
has been measured with the ZEUS detector at HERA. The data sample taken
by the ZEUS detector in the years 2003-2007, corresponding to an integrated
luminosity of 373pb~"! has been used. The masses of the neutral, charged and
strange states, the widths of the neutral states, the helicity parameters of DY and
DY, were determined and compared with other measurements and with theoretical
expectations. The measured helicity parameters of the DY and D, allows for some
mixing of S- and D-waves in their decays to D**7F and D**K° respectively.
The measured value of the D? helicity parameter is also consistent with a pure
D-wave decay. Ratios of branching fractions of the two decay modes of the D3,
D3 and D] states were measured and compared with previous measurements.
The fractions of charm quarks hadronising into Dy, D} and D, were measured
and are consistent with those obtained in e*e™ annihilations.

The Grid computing technology has a high importance for modern High Energy
Physics. This technology has been successfully used in ZEUS experiment for
the MC simulations and data analysis. The dedicated infrastructure has been
maintained by the author since 2010. In addition to continuous support, the
author has upgraded and improved the performance of the Grid MC simulations
and contributed to the ZEUS data preservation project.



Kurzfassung

Die Produktion der angeregten Charm-Mesonen Dy, D} und D} in ep-Kollisionen
wurde mit dem Detektor ZEUS in HERA gemessen. Ein vom ZEUS Detector in
den Jahren 2003-2007 aufgenommener Datensatz, entsprechend einer Luminositéat
von 373pb ™!, wird in dieser Arbeit verwendet.

Die Massen der neutralen, geladenen und ”strange” Zustande und die Breiten der
neutralen Zustinde, die Helizitdtsparameter von DY und DY, wurden bestimmt
und mit anderen Experimenten sowie mit theoretischen Erwartungen verglichen.
Die gemessenen Helizititsparameter von D{ und D}, sind in Uberstimmung mit
einer Mischung der S- und D-Wellen in ihrem Zerfall zu D**7F und D** K°. Der
gemessene Wert des Helizitiatsparameters von DY ist auflerdem konsistent mit
einem reinen D-Wellen Zerfall. Die Verhaltnisse der Verzweigungsverhaltnisse
zweier Zerfallsmodi der Zustinde Di°, Df, und D3* wurden gemessen und mit
fritheren Messungen verglichen. Die Anteile von Charm-Quarks, die in Dy, D} und
D hadronisieren, wurden gemessen und sind mit jenen, die in e™e~-Anihilationen
beobachten wurden, konsistent.

Die Grid-Technologie ist fiir die moderne Hochenergiephysik aulerordentlich wich-
tig. Diese Technologie wurde mit Erfolg im ZEUS Experiment fiir Monte-Carlo
Simulationen und Datenanalyse benutzt. Die dazugehorige Infrastruktur wurde
von dem Verfasser seit 2010 administriert. Zusatzlich zum andauernden Support
hat der Verfasser die Performance der Monte-Carlo-Simulationen auf dem Grid
ausgebaut und verbessert, und hat zu dem Datensicherungsprojekt von ZEUS
beigetragen.
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Introduction

For the last 2500 years, humankind put major efforts towards understanding
the basic principles of the surrounding world. The key to this understanding is
the answer to question "What is the content and the origin of matter?”. The
ideas of atomism and cosmogony, have been invented in the IV century del;
the existence of molecules/atoms has been confirmed only in the XIX and early
XX centuriesﬁ. A bit later, in 1911, Ernest Rutherford conducted his famous
experiments on a-particle scattering and revealed the existence of finer structure
in the atom. The structure included nuclei and electrons and has been explained
by Niels Bohr in 1913 using the ideas of electromagnetic interaction. Since that
time the interactions in physics were coupled with matter. The later discoveries
of isotopeﬂ, protorﬂ and neutrorﬁ were clear evidence for an even finer and more
complicated structure of matter. For the next decades, the physics community
made major efforts to develop a theory that will explain the matter.

In the middle of 1970s the basic skeleton of a novel theory of matter, the Standard
Model, was assembled. This was one of the biggest advances in physics since the
beginning of XX century when quantum mechanics and general relativity theory
were developed. The theory describes all known particles and interactions with
the exception of gravity and includes a number of sub-atomic particles: quarks,
leptons and bosons.

In the context of this thesis the most relevant interaction is the strong force, as
described by the theory of Quantum Chromodynamics (QCD). The strong force
occurs between quarks and gluons and has distinct properties: at small distances
and large transferred momenta the force is weak and one can calculate scattering
of interacting objects. On the other hand at large distances and low transferred
momenta the calculations of interactions are not possible. Both cases are inter-
esting for the understanding of QCD. However, the second one requires a special
approach, which is called effective theory. The effective theory operates with
approximate fields and makes QCD calculations at large distances/low energies
possible. One of effective theories is HQET (Heavy Quark Effective Theory),

'Democritus, ca. 400 BC

2Jonh Dalton, 1800; Amedeo Avogadro, 1811; Robert Brown, 1827; Albert Einstein, 1905;
Jean Perrin, 1908

3Frederick Soddy, 1913

4Ernest Rutherford, 1920

SErnest Rutherford, 1920; James Chadwick, 1932
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which successfully describes the bound states of heavy quark hadrons and their
decays. From this perspective, the experimental study of bound charm states can
improve the understanding of low energy QCD. One of the experimental facilities
in which such studies can be carried out is HERA, the accelerator complex for ep
collisions. The primary goal of HERA was to study the structure of the proton,
however the data taken at HERA contains millions of events with heavy charm
quarks, which makes it a wonderful facility for charm-quark physics. The ground
charm-meson states were studied quite well before, so higher, poorly known states
of charm mesons have a bigger interest. This work presents the studies of the ex-
cited charm mesons Dy, D3, DY, D3° and D, at HERA.

The first section of this thesis contains a brief description of the Standard Model
and a motivation for the effective theories in the context of heavy-quark phys-
ics. One of those, the Heavy Quark Effective Theory, as well as some derived
predictions, is explained Section 2. The section ends with an overview of the
charm quark production at HERA. Section 3 describes the experimental set-up:
the HERA accelerating complex, the general properties of the ZEUS detector and
the sub-detectors which are most relevant for this analysis. The same section
also describes ZEUS trigger and detector simulation. Section 4 is devoted to the
reconstruction of tracks, vertices and related topics. The particle identification
with dFE/dx information is described. This section also introduces vertexing-
related quantities used in the analysis. Section 5 contains the description of the
data-analysis procedure: the event and candidates selection, the reconstructed
mass spectra and the description of the reconstructed spectra content. The res-
ults of the fits, namely the values of masses, widths and helicity parameters are
discussed in Section 6. In the same section a comparison to the results of other
experiments and the theoretical expectations is done. Section 7 provides formulae
and explanations for the calculations of the charm-quark fragmentation fractions
and the branching ratios of the excited charm mesons. The obtained results are
discussed and compared to other measurements and theoretical expectations in
Section 8. Section 9 contains an overview of systematic checks conducted for this
analysis. The important technical information on the spectra fit procedure and
signal extraction is given in Appendix 11. The other appendices describe the
studies conducted in parallel to the main physics analysis. The technical task
of the author, the Grid infrastructure maintenance for the ZEUS experiment is
described in Appendix 12. The results of studies of relative (data to MC) tracking
efficiency are given in the Appendix 13.

IV
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1 AN OVERVIEW OF MODERN HEP

1 An overview of modern HEP

1.1 Standard Model

According to the Standard Model, all the matter in the Universe consists of a
limited set of elementary particles, which interact with each other via different
types of forces. The first group of those particles are twelve elementary particles-
fermionsﬁ, which carry spin 1/2. Those particles are six quarks and six leptons
(see Tabs. [LT] M2). The second group of elementary particles in the Standard
Model are the gauge bosons listed in Tab. Those particles are mediators

Charge Particle and mass
+2/3le| | u,2.373IMeV | ¢, 1275 £ 25MeV | t,173.5+ 0.6 £ 0.8 GeV
—1/3le| | d,4.8T5FMeV | 5,954+ 5MeV b,4.18 4 0.03 GeV

Table 1.1: Quarks and their properties [1)].

Charge Particle and mass
—le| |e,0511MeV | u,105.66 MeV | 7,1776.82 £ 0.16 MeV
0 Ve, < 2eV | v, < 1.9MeV vy, < 18 MeV

Table 1.2: Leptons and their properties [1].

of fundamental interactions. Four of them — W+, W~, Z° and ~ correspond
to the electroweak interaction and one, the gluon, g — to the strong interaction.
The hypothetical mediator that corresponds to gravity is called a graviton. The
experimental discovery of a single graviton is not foreseen in the near future, as
the energies sufficient for its detection are too high for modern accelerators and
the cross section for the interaction of gravitons with matter is too low. Other
particles, such as mesons and baryons, contain quarks and anti-quarks, mesons
contain a quark-anti-quark pair, baryons — three (anti)quarks.

6Corresponding to those particles, there is an associated antiparticle with the same mass and
opposite electric charge.



1.1 Standard Model

Charge Particle and mass

Ylel | w,80.385+0.015 Gev
0 Z°,91.1876 + 0.0021 GeV
0 7,0
0 q,0

Table 1.3: Fundamental bosons and their properties [1.

All particles in the theory, except gluons, interact electroweakly.

At low energies the electroweak interaction is mediated dominantly by gamma
quanta and thus essentially identical to the electromagnetic interaction, which
deals with electric charges. This interaction was the first in which special of
relativity and quantum physics were unified. The resulting theory, Quantum
Electrodynamics, served as a template for the development of more complicated
theories for other kinds of fundamental forces explained below.

The electrical charges of all elementary particles are quoted in Tabs. [T}, [.2], .3
Using the charges of quarks and their estimated masses the quarks are grouped
into three groups (generations), which are shown in different columns of Tab. [Tl
A similar division to three groups (generations) is done for leptons in the Tab. 2l
The neutral leptons are grouped in pairs with charged ones via the idea of con-
served]] “lepton number” that is unique for each lepton generation.

The strong interaction involves only quarks and gluons. It occurs between col-
oured objects and is mediated by gluons. Colour is a property of an object with
three possible components. In the early studies these components(charges) were
named after three colours: red, green, blud. The theory of strong interactions is
correspondingly called Quantum Chromodynamics (QCD).

The fact that gluons themselves carry a colour charge makes things more com-
plicated. The strong force amplifies itself on long distances and makes impossible
an observation of free coloured objects — quarks and gluons. All observable ob-
jects — mesons, baryons and leptons, are colourless, i.e. the sum of all colour
charges totals to zero. This behaviour of coloured objects is called confinement.

"not strictly, as neutrino oscillations exist, see Ref. [I]
8This also implies an existence of anti-charges: anti-red, anti-green and anti-blue.



1 AN OVERVIEW OF MODERN HEP

Confinement is also reflected in the dependence of running the QCD coupling con-
stant, which decreases with momentum transferred between interacting particles,

Q*
127

(33 — an)ln(Qz/AéCD)'

Here ny stands for the number of involved flavours and Agcp ~ 200 MeV is the
so-called “QCD energy scale”.

QS(Q2) =

The other important property of coloured objects is that at short distances colour
objects will not interact with each other and will behave as free particles. This
property is called asymptotic freedom.

The ideas of confinement and asymptotic freedom are essential for the theory: it
helps to perform calculations at high Q2 (e.g. jet cross sections) and makes
them impossible at low (e.g. hadronic transitions), where they become non-
perturbativeﬁ. For the latter case, effective theories like HQET (Heavy Quark
Effective Theory) [2] and ChPT (Chiral perturbation theory) [3] are used.

9not for every particular energy of interacting system exist a well defined parameter that could
be used for expansion of motion-equations solution



2 QCD and heavy quark effective theory (HQET)

This section provides an overview of modern effective QCD theories, models and
lists the derived predictions of the heavy meson properties.

2.1 The principles of HQET

As was mentioned above, the most recognised and developed theory of strong
interactions is QCD. It has been extremely successful in the description of known
phenomena and predictions of new ones. The key to this success is the exploit-
ation of the asymptotic freedom, which allows perturbative calculations for vari-
ous processes: deep-inelastic scattering, Drell-Yan processes [4] and many others.
However, that is not always possible. This leads to the development of effective
theories for the cases when the perturbative calculations are not possible. The
description of heavy-light mesons ()¢ (one heavy and one light quarks) and bary-
ons Qq1¢2 (one heavy and two light quark) is one such case. An approach known
as heavy quark effective theory (HQET) [2,[5,[6] has emerged for analysing those
systems. This section presents some basic ideas of HQET as is given in Ref. [0].

A simple estimation shows that the heavy quark in a heavy-light hadron moves
non-relativistically. In this case the hadron should have a momentum of order
AQCDI

PO = Diight ~ Aqcp,

where Aqep is the QCD energy scale (see Sec. [[T]). This momentum corresponds
to the velocity of the heavy quark

e Aacp

v —=
¢ me me

For heavy quarks, m.p; > Aqcp, vg < 1 and the heavy quark is essentially
a stationary source of a colour field. In this case the actual mass of the heavy
quark becomes irrelevant and the spin interaction decouples from the rest of the
meson dynamics. This means that the heavy quark Q(v,s) (e.g. charm) with
velocity v and spin s in the description can be replaced with another one Q'(v, s)
(e.g. beauty) with the same velocity and spin. This property is important for
the description of a real system of heavy-light mesons and baryons and provides
a valid expansion parameter: E/mg, where E is the kinetic energy of the heavy
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quark. As the colour magnet interaction strength is proportional to 1/mg, in the
limit of infinite mass, m¢g — o0, in leading order the properties of the hadron will
depend only on the light quarks. This causes a two-fold spin degeneracy of Qg
states and allows the spin of the heavy quark to be neglected for leading-order
calculations. For more precise calculations, the higher order corrections to 1/mg
should be taken into account.

The 1/mg terms for s quark are too large, so the s quark cannot be treated
as “heavy enough”. Practically the theory can be applied to ¢ and b quarks;
however the ¢ quark decays too fast to hadronize. The HQET in this form might
be applied for studies of charm and beauty meson masses, widths and to decays
with heavy quarks in initial and final states: D3t — D% BY — D*Tn~ ete. It
does not improve the understanding of the dynamics, but the new symmetries of
the effective theory provide a lot of predictions.

2.2 Excited charm meson mass spectra and mixing

The lowest-mass states of the c@, c¢d and ¢35 systems with orbital angular mo-
mentunld Z = 0 and spin S = 0 (D°, D, DY) and S = 1 (D*°, D*", D) are
well established [I]. For higher states with L = , four states are expected for
each cq system: one state with S = 0 and three states with S = 1. This makes one
state with J* = 0%, one with J¥ = 2% and two with J* = 1*. The L = 1 mesons
can decay via the strong interaction to charm mesons with L = 0 by emitting one
or more pions or kaons. According to HQET predictions [2[7], the properties of

10Tn this section and below the following quantities are used:
e S, the spin of the system;
e J, the total angular momentum of the system;
e M, the component of J along the 2 axis;
e [, the orbital angular momentum;
e n, the number associated with the radial excitations;
e /. the orbital angular momentum of the light quark;
e j, the total angular momentum of the light quark;
e m, the component of j along the Z axis.

The state of a system is described by the wave-function ¥y, ¢ jm (7, 0, ¢) with an energy E,, ¢ ; ;.
" These states are called excited (charm) mesons and often denoted by D** in this thesis.



2.2 Excited charm meson mass spectra and mixing

the L = 1 mesons are determined mainly by the total angular momentum of the
light quark, j = £+ s, where s denotes the spin of the light quark. On this basis,
the four states are grouped in doublets with j = 3/2 and j = 1/2.

The HQET predicts different properties for those doublets. The j = 3/2 mesons
are allowed to decay only via D-wave decays and j = 1/2 mesons are allowed to
decay only via S-wave decays. As the kinematic space for both cases are similar,
the j = 1/2 doublet members are expected to be wider [8,[9].

However, the general Hamiltonian of the heavy-light quark system might contain
terms which can mix any states with the same total angular momentum, J, and
parity, P [10]. The mixing terms are supposed to be of order 1/mg. The predic-
tion [10] states only two types of sizable mixing. Large mixing can occur for pairs
of states ¢n,£,j,J,M and 1/)n/7g/’j/’J’M with:

en=n =1V andj+% =75 - % = ( = J (i.e. mixing within a given n and
[ multiplet);

ent+l=n (+2=1" andj—l—% :j’—% = (= J (e.g. S-D mixing of states).

The mixing in the wave-functions and in the energy levels could be estimated
from a perturbation theory with an expansion of the Hamiltonian in powers of

(1/mq)

9y =0y L Lo
meq mé ’

where the H® is the Hamiltonian of system without an interaction and higher-
order terms are responsible for the interaction. In this approach the mixing
changes the physical wave-functions and energy levels of the system to:

w phys. 1 i B w
b e N S poTEs
¢Tll,£/,j/,m _ﬂ ]_ /l/}n/7zl’j/’m
phys. 2

En . En = £

&3, _ 4.9, 2AE2 + 0(62)
Eng[/’j/,(] En’,f',j’,J — 9A

with A = (B 7 — Ew e j.5)/2 and

1
€= — Z / \Ijjz,z,j,J,M(x)H(l)‘I’n/,zf,j/,J,M(x)dgw.

mQM
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H WLy | M0 | w[I0|M[M]|w[Il] | M2
D (125,) | 1.868 1.871 1.869
D (128y) | 2.005 2.010 2.011
D (12P) | 2377 2.406 2.308
D (12P) | 2417]-0.1092 | 2426 | 0.62| 2425
D (12 ) 2.460 2.460 2.468
D (12P) | 2490 | 0.1092 | 2.469 | 0.62 | 2.421
D (225,) | 2.589 2.581

D (225)) | 2692 | 0.0217 | 2.632

D (13D,) | 2775 | -0.0541

D (1:Dy) | 2795 | -0.0217

D (12D3) | 2.799

D (12D,) | 2.833| 0.0541

D, (125,) | 1.965 1.969 1.969
D, (128y) | 2.113 2.111 2.110
D, (12P)) | 2.487 2.509 2.325
D, (1:P) | 2535 |-0.1162 | 2.536 | 0.60 | 2.467
D, (12P) | 2581 2.571 2.568
D, (12P) | 2605| 01162 | 2574 | 0.60| 2.525
D, (228,) | 2.700 2.688

D, (225)) | 2.806 | 0.0197

D, (13D5) | 2.900 | -0.0611

D, (12Dy) | 2.913 | -0.0197

D, (13D3) | 2.925

D, (12D5) | 2.953 | 0.0611

Table 2.1: The predictions for masses M| GeV'| and state mizing angle (w) of D
and Dy mesons based on HQET.



2.2 Excited charm meson mass spectra and mixing

The expressions above provide a recipe for the calculations of the heavy meson
masses and mixing angles. Unfortunately the explicit form of the wave functions
and HW is not known, but considering confinement and asymptotic freedom,
some general conclusions can be made: this should be an interaction potential
that is close to linear at large distances and more Coulomb-like at short distances.
Every prediction scheme has its own splitting between vector and scalar parts of
the interaction potentials, in many cases requiring a good description of L = 0
states. The angular part of \I’L,e, i () is known from general considerations and
the angular part of the functions is arbitrary and is chosen “reasonably” to satisfy
boundary conditions.

The described approach was studied in Ref. [I0HI2] and used for predictions of
masses and mixing angles of heavy-light mesons based on lattice simulations. The
results are listed in Tab. 221l The predicted heavy-light meson spectra should be
compared to the spectra of established states (see Fig. ZI]). According to the
PDG [I] the narrow excited charm mesons, D;(2420)°, D;(2420)%, D4 (2536)*
and D3(2460)°, D3(2460)*, D (2573)* are tentatively identified as the members
of the j = 3/2 doublets with J” = 17 and 27. The HQET expectations were
supported by the measurements of the broad non-strange excited charm mesons:
neutral and charged D}(2400)%* with J¥ = 0% [13|14], and D;(2430)° with J¥ =
17 [15]. At the same time the predicted broad non-strange charged excited charm
meson with J = 1% has not yet been observed. The two charm-strange excited
mesons, D?,(2317)* [16] with J¥ = 0" and D,;(2460)* [17] with J© = 1% revealed
their surprisingly small masses and as a result narrow widths [I] (the small mass
values forbid their decay into D®)K final states). The case of mixing among
JP = 17 states is the only sizable predicted mixing (see Tab. B]) and hereby is
the most important one for the tests of HQET. The pairs of states with JZ =
1+, D1(2420)°, D;(2430)° Dy (2420)+, D1 (2430)* and D, (2460), D1 (2536)* can
be a mixture of states with j = 3/2 and j = 1/2 with corresponding mixture
in the D; — D*r decays (S-wave and D-wave decay mixture). The angular
distributions of the decay products of J¥ = 17 mesons decay products will depend
on the widths of S-wave and D-wave channels, the mixing among states and the
mixing among decay waves. A brief explanation on this topic is given below. The
differential width of the decay is by definition

AT p, o |1, M. [2dV,

where M is a matrix element of transition between Yp, and Yp-, states and dV'



2 QCD AND HEAVY QUARK EFFECTIVE THEORY (HQET)
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Figure 2.1: Charm meson spectra and one particle transitions [1l]. The levels
(masses) are shown for neutral states (bold labels). The corresponding charged
and strange states are given with neutral states with the same quantum numbers.

The transitions occur with an emission of w*%, KOF,

Ref. [1].
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2.2 Excited charm meson mass spectra and mixing

denotes an element of phase space. We assume that the D; state is a mixture of
two states with j = 3/2 and j = 1/2:

Yp, = Yp, 1728w + Yp, 3/2 COS W,

where w = arctan(2¢/A) is the state mixing angle. In this case the differential
width is

dl'p, o< (|(¥p, 1728w + Yp, 372 cosw)(Mp, 5p=r.s + €i¢MD1—>D*w,D) X (2.1)

where ¢ is the relative phase between the two matrix elements of S- and D-
wave transitions, Mp, ,p«rs and Mp, ,p+r p. After transformation of Eq. (2Z1I)

and omitting terms like le,l/QMDlﬁD*meg*ml/Q sin?w (the Dy, 1/2 state is not
allowed to decay through D-wave) we have:

— % ) i r * 2,2
dFDlOC‘le,1/2MD1HD*7r,SwD*7r71/2 sin” w-+e ¢D1,3/2MD1—>D*TA’,D’¢D*¢,3/2 cos” w|dV,
or

dl'p, o (WDl,1/2MD1—>D*n7S¢E*m1/2 sin” W‘Q + |le,B/QMDl—)D*ﬂ',Dw*D*m:;/Q cos? W|2+

+2¢08 ¢|Yp, 1/2Mpy Do, 5UDem 12 08> W[ WD, 372 Mp, - Do DU 379 ST w|) V.

Defining
/ YDy 1/2MDy 5 D*r 5V D 1 /2 sin? w|?dV =TI,

D1,3/241 Dy —D*m,D E*W32 2 2 = 1p
K% M Ve 3/0 008" W|7dV =T

and taking into account the angular dependence of matrix elements on the azi-
muthal angle # and on «, the angle between the pion from the D* and the pion
from the D; (see details in Ref. [3])

Mp, s p+rp X (sinfsin o + 2 cos 6 cos a),

Mp, pers o (sinfsina — cosd cos a),

10
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we have

dT'p,

———=L o Ig(sinfsina — cosf cos ) + I'p(sin Osin a + 2 cos O cos a)*+
d cos ad cos

+2 cos ¢/ T'sT'p(sin O sin a cos 6 cos ) (sin 0 sin « + 2 cos € cos ),

or, after integration over cos @

dl'p,
dcosa

o T's + Tp(1 +3cos®a)/2 4+ /20T p cos ¢(1 — 3cos® ).

Using the substitution » = I's/(I's + I'p) leads to

dl'p,
dcos o

o7+ (1 —7)(1+3cos?a)/2 + /2r(1 — 1) cos p(1 — 3cos® a).
The latter can be parametrised for the experimental measurements as

dl'p,
dcos «

oc 1+ heos® a, (2.2)

3(1—r—24/2r(1—7r) cos ¢

1+r+2\/2r(1—r) cos ¢

where h = ) The relation between h, r and ¢ is given by

(3—=h)/(3+h)—r
2/2r(l—r)

cos ¢ =

The parameter h is called helicity. The leading-order prediction of HQET without
mixing gives r = 0 and h = 3 for D; states.

As it was mentioned above, the D, states can mix only with higher states, so it
is expected that Dy — D*71 decays are pure D-wave decays and I' = I'p. The
angular distribution of Mp,_,p«x p is

Mp,_sp+xp o sinf cosfsin o,

which gives

T p,

x sin?a =1 — cos? a.
dcos a

This angular distribution corresponds to helicity h = —1.
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2.3 Excited charm meson widths and branching ratios

2.3 Excited charm meson widths and branching ratios

In addition to the mass spectra and decay properties, the HQET tries to predict
the branching ratio of different decay modes. To predict the full width of the
resonance, a sum over partial widths of decay should be taken. This approach
requires taking into account all decay modes, thus an accurate prediction is not
always possible. Typically within the same prediction scheme at least one of the
widths of L = 1 D-mesons is quite away from the measured values [18] [19].
The typical predictions on widths are between 15 MeV and 27 MeV for Df’o and
between 50 MeV and 65 MeV for D" (see Ref. [I8]).

On the other hand, the ratio of two branching ratios might be predicted more
precisely.

e According to the general theory of pion transitions between heavy had-
rons [5,[8] the rate for the pion transition from a heavy hadron with light
degrees of freedom with spin j to a heavy hadron with light degrees of free-
dom freedom of spin j’ depends on the total spins J, J’ of the initial and
final hadrons according to the factor

{j'jL}
J g1

In this equation, L is the pion orbital angular momentum, the bracket de-
notes a 6-j symbol, and p, is the pion 3-momentum. For the transitions
from (Dy, D3) to (D, D*), L = 2 [5]. The last factor is the kinematic sup-
pression factor for emitting pions of large L, which may vary significantly
over the heavy multiplets even if their splitting is small. This approach
gives [5]

2

2L+
S

(27 +1)(2J +1)

I'(D, — Dr) = I(Dy — D*r) = T(D; — Dr) + [(D} — D*r) =

=(0x4.5)+(1x0.9)+(2/5%x6.2) = (3/5 x 1.4)

and
I'(D5 — D)

~ 3.0.
I'(D5 — D*m)

12
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e Using a chiral perturbation theory approach, in Ref. [20] it was predicted:

(D30 — D*7-)
I'(D3% — D*+7-)

=2.7.

e Calculations similar to that used for the mass-spectrum prediction [21] give
the ratio of branching ratios:

I(D3t — DO7t)

= 2.266 % 0.015
T(D;t — D*rt) ’

I'(D3° — D*7-)

= 2.280 £ 0.007.
(D" = D)

e The estimated ratio of branching ratios for the excited charm-strange meson
DY, [18] is:

(DY — D*K™)

(D} — D*+K°)

=12-1.7.

The given predictions can be tested experimentally.

2.4 Charm quark fragmentation fractions from theoretical expectations

Hadron production in ep collisions at high energy is generally believed to be the
result of a two-stage process: a parton shower generated by the qq pair and a
fragmentation of the partons into observable hadrons. The former process is hard
and can be described by perturbative QCD, whereas the latter is soft and not
calculable with a perturbative approach. Therefore, several phenomenological
models aimed at describing quantitatively the fragmentation process have been
developed.

In one of those the production of a quark pair in the colour string field can be
considered as a tunnelling process. In this approach [22] the probability to pro-
duce a qq pair is proportional to exp(—mg /k), where m,, is the constituent quark
mass, and k the string constant. In this approach the probability of quarks recom-
bined to form a hadron with mass M), is proportional to exp(—Fhina/T), where
Erving = Mj, —Xq; is the hadron binding energy, and T the effective temperature in

13



2.4 Charm quark fragmentation fractions from theoretical expectations

hadronisation. The production rates of light flavoured mesons and baryons from
fragmentation can be described as

2J +1
Cp

flg—=h)=C (75)"" exp(—Eina/T), (2.3)

where v, = exp(—m(m? — m?2)) is the strangeness suppression factor, N, is the

number of strange quarks contained in the hadron and Cp is the relative nor-
malisation factor between mesons and baryons (for mesons Cp = 1), which
should be independent of the centre-of-mass energy. In this model, paramet-
ers s, 0m = mg —m,, T, C and Cp are free and should be extracted from data.
The obtained predictions are listed in Tab.

The other approach, the thermodynamical model [23],24], implies postulating
the existence of a hadron gas in thermodynamical equilibrium before the had-
rons decouple. A more detailed overview of this model is given elsewhere [23].
The thermodynamical approach was used in Ref. [24] for calculation of charm
fragmentation fractions of charm mesons. The obtained predictions are listed in
Tab.

Fraction Prediction,% [24] | Prediction,% [22]
fle — DY) - -
fle = DY) 3.5 i
fle = D37) - -
flc— D3%) 4.7 -
f(c— DY) 0.54 -
fle—= D)+ f(c — D5%) - 8.5
(e DY)+ fc = Dy : 5
fle = DY) + f(c — D3Y) - 1.4

Table 2.2: The predictions for charm quark fragmentation fractions to L = 1
mesons according to different models.
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2.5 Heavy flavour production at HERA

In the general case the scattering at an ep collider can be described as a process
ep — I'X,

where the I’ is a scattered lepton, and X denotes the hadronic system. In first
order this interaction is mediated by v and Z° bosons (this is called neutral
current), or W¥ (this is called charged current). The general view of this process
is shown in Fig. The kinematics of this process is described with a set of

ek e'(V); K

Figure 2.2: The general Feynman diagram for the ep scattering.

variables:
e incoming and scattered lepton momentum k and £’;
e incoming proton with momentum P;

o s = (k+ P)? the squared centre-of-mass energy;

Q* = —¢* = —(k — K')? the squared exchanged four momentum at the
interaction point;

o = %, the Bjorken scale variable;
q
o y= % inelasticity;
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2.5 Heavy flavour production at HERA

o W2 = (P + ¢)%, the squared centre-of-mass energy of the boson-proton
system.

For sufficiently large (9%, the masses of proton and electron can be neglected and
with a good approximation

Q? = szy.

As the s is fixed for HERA, only two variables are needed to describe the kinemat-
ics of the process. On the basis of Q? the events are divided in two groups: pho-
toproduction events (PHP) with almost real photons, @* ~ 0 and deep inelastic
scattering (DIS) events with @2 higher than a few GeV?. The main mechan-
ism of heavy flavour production at HERA is the leading order boson-gluon fusion
(BGF) illustrated in Fig. 3(a). Some fraction of charm quarks will be pro-
duced in resolved events, when the photon fluctuates hadronically and a parton
from the fluctuation (mostly gluon) then participates in the hard interaction (see
Fig. Z3(b)). Other types of events are events with an excitation in proton or
photon, when the interaction occurs with intrinsic charm or beauty inside the
proton or photon (see Fig. [2Z3|(d,e,f)). More illustrations for the charm produc-
tion are shown in Fig. 2.3 The produced heavy quarks ¢, b in the end fragment
to different hadrons.

The mechanism of charm meson production in HERA described above differs from
the production mechanism in other experiments (e.g. beauty factories). At the
beauty factories the charm mesons are born in the decays of beauty mesons (e.g.
ete” - T, T — BB, B — DX) or from the fragmentation of low-energy charm
quarks produced in pairs (e.g. ete” — ¢¢,¢c — D). HERA thereby provides a
unique opportunity for the measurements of charm-quark fragmentation fractions
even if the number of produced charm mesons is lower than at beauty factories.

16
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()

(f)

Figure 2.3: Feynman diagrams for charm production at HERA: (a) leading-
order boson-gluon fusion; (b) resolved boson-gluon fusion; (c¢) Drell-Yan process;

(d) charm excitation in photon; (e) charm excitation in proton; (f) (another)
charm excitation in proton.
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3 Experimental set-up

This section describes the experimental set-up. After a short introduction devoted
to DESY a brief description of the accelerator facilities follows. Then, after a
general description of the ZEUS detector, the parts relevant to this study are
described with more details.

3.1 HERA ring

The Deutsches Electronen Synchrotron (DESY) is one of the largest HEP re-
search centres in the world. The Hadron Electron Ring Anlage (HERA) is a ring

Halle Nord (H1)
Hall North (H1)

Halle Ost (HERMES) {
Hall East (HERMES)

Halle West

Hall West Elektronen / Positronen

Electrons / Positrons

- Protonen
Protons

<aw Photonenstrahlung

Photon Radiation /

Halle Siid (ZEUS)
Hall South (ZEUS)

Figure 3.1: Schematic view of HERA accelerating ring, preacceleration facilities
and experimental holes [25].

accelerator at DESY in Hamburg [26]. It is a unique electron-proton collider in
the world?. The ring tunnel has a circumference of approximately 6336 m. It is

12Here and below the particle (e.g. electron) will refer to both — particle and antiparticle unless
it is stated explicitly.
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3 EXPERIMENTAL SET-UP

divided in four straight sections with acceleration facilities and four arcs that con-
nect straight sections. The HERA tunnel is simultaneously used for acceleration
of protons and electrons with the electron ring placed on top of the proton ring.
The magnets of the electron ring operate at normal (room) temperature, while
the magnets of the proton ring are build using superconducting technology and
operate at 4.2 K, creating a magnetic field of 4.7 T. The tunnel is located between
fifteen and twenty meters underground. The four experimental halls are located
in the centres of straight sections. A schematic overview of the accelerator ring
is given in Fig. Bl

Although HERA was build as an electron-proton collider, only two of its experi-
mental holes (Hall North and Hall South) were used for electron-proton collisions
in H1 and ZEUS experiments respectively. The other two halls (Hall North and
Hall South) were used by fixed target experiments: HERMES, which studied the
spin structure of the proton with electron beams and HERA-B, which was in-
tended to study beauty production with proton beams. The storage rings were
designed for energies of 820 GeV for protons and 30 GeV for electrons. The opera-
tional energy for electrons was 27.5 GeV, while for protons it was 820 GeV before
1997 and 920 GeVafterwards. The most important characteristics of the HERA
acceleration complex are listed in Tab. Bl

The acceleration process starts in the preacceleration complex of HERA. [27] The
injection of protons starts with acceleration of negative charged hydrogen ions
(H) to 50 MeV in Proton Linac. Then, the proton beams were transmitted to
the proton synchrotron Desy-III and accelerated there to 7.5 GeV. At the next
stage the protons were transferred to PETRA and to HERA. The circumference of
HERA is 11/4 times bigger than the circumference of PETRA. Thus, up to three
full PETRA injections were needed to fill HERA with protons. The electrons are
pre-accelerated in the linear accelerators Linac-I or Linac-II with corresponding
energies 220 MeV and 450 MeV [27]. From there electrons were transferred to
Desy-II and accelerated to 7.5 GeV. Finally, after further acceleration in PETRA
to 14 GeV they are transmitted to HERA. To fill HERA, the electrons were trans-
mitted from PETRA to HERA up to five times.

During the 2001-2002 break the HERA ring was upgraded: the luminosity was
increased and electron polarisation systems were installed [28]. The time of break
was also used to install new detector — HERMES and upgrade existing ZEUS,
H1 and HERA-B. Before decommissioning, in 2007, a two special data taking
periods with lower proton energy took place. For the first data taking period,
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3.1

HERA ring

The HERA tunnel Value
Commissioning 1991
Circumference of the HERA tunnel 6336 m
Depth underground 10 — 25m
Inner diameter of the tunnel 5.2m
Thickness of the tunnel walls 30 cm
Number of pre-accelerators for HERA 6
Number of experimental halls 4
Size of the experimental halls 25m x 43m
Number of experiments (1st stage) 2 (H1 and ZEus)
Beginning of the experiments April 1992
Number of interaction points 3
The HERA Beams Electron Proton
Nominal energy 30 GeV ‘ 820 GeV
Centre of mass energy 314 GeV
Injection energy 14 GeV ‘ 40 GeV
Luminosity per int. point 1.5 x 103t em 2571
Particle current 60 mA 160 mA
Particles per bunch 3.5 x 1010 10!t
Number of bunch buckets 220 220
Maximum number of bunches 210 210

Beam crossing angle
Bunch distance

Bunch length at max. energy (1o)

Beam width at the int. points

Beam height at the int. points
Radiation energy loss per revolution

Polarisation time at 30 GeV
Filling time

head—on collision, 0 mrad
28.8m (96 ns)

7.8 mm 110-150 mm

0.3 mm 0.32 mm

0.04 mm 0.1 mm
70.38 MeV | 1.4 x 10719 MeV

27 min —

15 min 20 min

Table 3.1: HERA ring design parameters according to [27].
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3 EXPERIMENTAL SET-UP

called medium energy runs (MER) the energy of proton beam was reduced
to 575 GeV. For the second, called low energy runs (LER), the energy of
proton beam was reduced to 460 GeV. The performance of HERA machine before
upgrade, after upgrade and during MER/LER periods is shown in Fig. B2l The

HERA delivered

(]

o

o
T

LER/MER
HERA Il e*

[

o

o
T

400
HERA I &~

Integrated Luminosity (pb'1)
(]
38
T

N

o

o
T

100 | HERA Il 2"

L L L L | |
0 200 400 600 800

1000 1200 1400
days of running

ZEUS Collabaration

Figure 3.2: HERA-I and HERA-II delivered luminosities vs. operation time [29].

delivered luminosity of machine and the performance of data taking by ZEUS
experiment is summarised in Tab. B.2

] Period \ HERA-I \ HERA-II \
Year 94-97 | 97-98 | 99-00 | 03-04 | 04-06 | 06-07 | OTLER | 0OTMER
Collision efp | ep|etp | ep| efp | etp etp etp
Proton energy, GeV 820 920 920 920 920 920 460 575
Electron energy, GeV 27.5
CMS energy, GeV 301 314 | 314 | 314 | 314 | 314 225 296
HERA delivered, pb™' | 70.9 | 25.2 | 95.0 | 84.5 | 290.9 | 180.5 | 15.7 94
ZEUS taken, pb~* 48.3 | 16.7 | 65.9 | 40.6 | 213.5| 1459 | 13.2 7.8

Table 3.2: HERA delivered and ZEUS taken luminosity for different data taking
periods [29].
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3.2 ZEUS detector

3.2 ZEUS detector

ZEUS was one of two general purpose detectors at the HERA collider. It was de-
veloped for a broad range of studies at HERA. It had a size of 12m x 11 m x 20m,
weight of 3600ton and was installed in the Halle Siid. The major compon-
ents of ZEUS included a system for charged particle tracking for polar angles
7.5°< 0 < 170° within a high-field superconducting solenoid, a high resolution
depleted-uranium calorimeter and a tracking system for muons. The detector was
completed by forward proton detectors and a luminosity monitor.
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Figure 3.3: Cross section of the ZEUS detector in the transverse plane [30)].
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The X-YI4] section of the ZEUS detector is shown in Fig. B3 The R-Z section of
the ZEUS detector (the central part) is shown in Fig. B4l
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Figure 3.4: General schematic view of ZEUS tracking system [31].

3.3 The Central Tracking detector (CTD)

This section describes the central tracking detector (CTD), the most important
component of the tracking system. The CTD detector was completely located in
a strong magnetic field and surrounded by the depleted uranium calorimeter. It
serves the following purposes: to reconstruct tracks over the polar angle range
15°< 6 < 164°, provide dE/dx information for the particle identification, locate

13The ZEUS coordinate system is a right-handed Cartesian system, with the Z axis pointing in
the proton beam direction, referred to as the “forward direction”, and the X axis pointing
left towards the centre of HERA. The coordinate origin is at the nominal interaction point.
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the primary interaction point and to provide information for the ZEUS first and
second-level triggers. The detailed design description of the CTD can be found
elsewhere [32]. The design criteria of the CTD were:

e measure tracks with pr a low as 150 MeV;

have good tracking for dense jets;

high resolution in pr;

high readout rate (less than 96 ns);

be a part of first level trigger;
e possibility of data based alignment.

The CTD was build as a multi-cell stereo superlayer chamber. To provide preci-
sion momentum measurements the CTD was designed to operate in high magnetic
field and B = 1.43 T and use Ar/COy/CyHg gas mixture. It contains nine super-
layers with a total of 4608 wires, grouped by cells of 8 sense wires with surrounding
field(18), ground(9), guard(2) and shaper(4) wires [32] as shown in Fig. B Five

Quter
electrostatic
screen

Inner
electrostatic
screen

Figure 3.5: Schematic X-Y -view of CTD superlayers [32)].
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3 EXPERIMENTAL SET-UP

Parameter

Value

Inner radius

16.2cm (18.2 cm active)

Outer radius

85.0cm (79.4 cm active)

Length 241 cm (203 cm active)
Weight 945 kg (with amplifiers and on-chamber cables)
No. of cells 276
No. of wires total 24192
No. of sense wires 4608

Position resolution

100 — 120 pm (#-dependent)

7 resolution

1.4mm (stereo)/30 mm (timing)

Two track resolution < 2.5mm
dE /dz resolution < 6% (e7)
Magnetic field 1.4-1.8T
Maximum drift time 500 ns
Lorentz angle 45°

Gas mixture

Mom. resolution at 90°:

S 0.14
T2 G = 0.58pr| GeV] @ 0.65 @ or[GV]*

Table 3.3: Properties of the CTD detector [27].

of those superlayers are parallel to the beam direction and the other four have
a small angle. The angle was chosen to provide a similar resolution for polar
and azimuthal angles. In addition to a high-precision measurement of the Z
coordinate position of a track using stereo layers (1.4 mm), Z-by-T information
was used. The superlayers 1, 3 (partially), 5 (partially) were equipped with Z-
by-timing electronics, which measure the Z coordinate of track hits by measuring
the difference in arrival times at the two ends of each wire. This, using 704 wires,
gives Z position resolution of ~3cm. The voltage of each wire was optimised
to have the best tracking performance. A short summary of CTD parameters is

given in Tab.
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3.4 The Microvertex Detector (MVD)

3.4 The Microvertex Detector (MVD)

During the 2000/2001 HERA shut-down period, the tracking system of ZEUS was
upgraded with a silicon Micro Vertex Detector (MVD). The main goal of this
detector was to improve resolution for heavy flavour measurements. The MVD
essentially is split in two parts — barrel and forward as it is shown in Fig. 3.6l
The barrel part is 60 cm long and has silicon sensors arranged around the beam

T

Figure 3.6: Layout the MVD along the beam (Z) axis. Protons go from the right
to left [33].

pipe. The forward part consists of four circular shaped disks. The detector had
the following design parameters [33]:

e ability to detect tracks in range 7°— 160°;
e three spatial measurements per track, in two projections;
e > 20 um intrinsic hit resolution for normal incident tracks;

e impact parameter resolution of order 100 um for polar angle of 90°, in-

creasing gradually to 1 mm at 20°, for tracks with momentum greater than
2 GeV;

e noise occupancy < 1073;
e hit efficiency > 97%;

e alignment accuracy better than 20 ym;
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e two-track separation better than 200 pym.
The obtained single hit resolution in the MVD detector is about 24 ym.

Three layers of silicon strip sensors were arranged in concentric cylindrical planes
surrounding the interaction point. A small fraction ~25% of the azimuth angle
was covered by two cylinders due to limited space. The polar angular coverage for
tracks with three hits ranges from 30° to 150°. The forward section was equipped
with four planes of silicon strip sensors arranged around the beam pipe. This
gives angular coverage down to 7° from the beam line; the rear section is kept
free for cabling and cooling access. More details can be found elsewhere [33].

High resistivity n-type silicon is used to produce the single-sided 320 pm thick strip
sensors. Two sensors (half modules) are glued together and one sensor is electric-
ally connected to the other, forming a module with a surface of 123.68 x 64.24 mm?.
The readout strips of the two sensors within one half module perpendicular to
each other as shown in Fig. B7(a). The modules have different shape for barrel
and forward parts of detector and were placed, on ladders (see Fig. B1) and wheels
respectively (see Fig. B.f) The geometrical details of the MVD are summarised

Parameter Value
Outer dimension 64240 x 64240 pm
Sensitive area 62200 x 61440 pm
Thickness 320 pm
Intermediate strip pitch 20 pm
Readout pitch 120 pm
Number of readout strips 512

Table 3.4: Properties of silicon strip sensors [3])].

in Tab. B4l Details on their characteristics and performance under test beam
conditions are described elsewhere [33].
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5 SILICON MODULES

ALIGNMENT SPHERE

HYBRIDES —

FIXED POSITION HOLE

COOLING TUBE

(a) An MVD outer half module. (b) MVD barrel ladder structure which
The dimensions of a single sensor supports 5 modules [34].
are 6.2 x 6.2cm? [34].

Figure 3.7: Barrel MVD structure and modules [34)].

(s _a

HUHH

HELIX chips

(a) Wedge (b) Half forward wheel which in-

shaped forward cludes 14 forward modules [34].
module [34].

Figure 3.8: Forward MVD structure and modules [34)].
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3.5 The Straw Tube tracker (STT)

In the 2000 a new detector, Straw-Tube-Tracker (STT) [35], was build as a re-
placement for Transition Radiation Detector (TRD) [27]. It was installed in the

TRD3—4 gap TRD1-2 gap Y,cm
—_— —————————— 100 H PN

—fiber stri
&myw shown)
3 strow loyers,

196-280 straws,
d=8mm, I=15-83cm

_100 L Hole for gauge pin

| | | J
Z.cm 180 160 140 120

(a) Four layers of STT detector [35]. (b) The structure of STT sector [35].
Figure 3.9: STT position and layers.

place in which the TRD had been installed before 2000 (see Fig. B4]) and used
the same read-out system. The STT detector was designed to improve the track-
ing in the forward region and improve electron identification for events with high
Q?. The coverage region of the detector was 6°— 25°(the maximal pseudorapidity
n = 3.0).

Straw-chamber technology was used for this detector for several reasons. The
limited available space for installation required a high mechanical and electrostatic
stability of the detector, which was easy to reach with straw tube technology.
Additional advantages were: good radiation hardness, small radiation length (only
0.15X), precision tracking in an inhomogeneous magnetic field and costs. The
STT consisted of two types of sectors (see Fig.B9)): small sectors with 194 straws,
large sectors with 266. In each sector the straws are arranged into three layers.
Altogether, the STT consisted of six sectors per superlayer, four superlayers per
module and of two modules. This makes a total of about 11000 straws in the
whole detector. A schematic drawing is shown in Fig. Each straw was made
of two layers of 50 um kapton foil. Together with the Al coating, this makes
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Parameter Value
Angular acceptance 5°—25°

Number of straw tubes/layers 11616/24
Straw tube outward diameter 8 mm
Straw tube wall thickness 120 pm

Straw tube wall length 15-83 cm
Max drift time 80ns

Gas mixture Xe/COy: 90/10 or Ar/CO/CFy: 70/20/10
Straw occupancy <1.5% average/ <15% in DIS jet

Single wire spatial resolution 140 pm
Efficiency per straw 98.5%

Table 3.5: Properties of the STT detector [35].

a tube wall thickness of ~120 um. The internal diameter of a straw tube was
7.5mm. All other parameters of STT detector are given in Tab.

3.6 The calorimeter (CAL)

The calorimeter (CAL) was a sampling calorimeter consisting of plates of de-
pleted uranium interleaved with plastic scintillator as an active material. The
ratio of absorber and scintillator thickness was chosen to achieve compensation,
an equal response for electrons and hadrons, and the best possible resolution for
hadrons. The calorimeter provides precise energy measurements for hadrons and
jets, an angular resolution for jets better than 10 mrad, the ability to discrimin-
ate between hadrons and electrons using their different energy depositions and a
time resolution of 1 ns. The energy resolution for hadrons and jets with a relative
energy resolution obtained from tests was 35%/+/E[GeV] + 1% for hadrons and
17%/+/ E[GeV] + 1% for electrons. The calorimeter energy response was calib-
rated with an accuracy of about 1%. The ZEUS calorimeter was subdivided in
three parts: the Barrel Calorimeter (BCAL), the Forward Calorimeter (FCAL)
and the Rear Calorimeter (RCAL) covering the range of polar angles shown in
Tab. B.6l  The three sections of the calorimeter were divided in modules (see
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Parameter Value

Weight, ton 700

Number of modules 80
Solid angle/4m 99.8%

Sub-detector FCAL BCAL RCAL
f-range 2.2°-39.9 ° | 36.7°-129.1° | 128.1°-176.5°
7-range -4.0-1.0 -1.1-0.74 0.72-3.49

Radiation length X 25.9 24.6 24.3
Absorption length, A 7 5 4

Table 3.6: Properties of the CAL calorimeter [27].

Fig. BI0), which were oriented perpendicular to the beam axis in the BCAL and
longitudinal to the beam axis for FCAL and RCAL. Each module was subdivided
into towers of dimensions 20 x 20 cm?. Each tower had a longitudinal structure
of one electromagnetic section (EMC) and two (only one in RCAL) hadronic sec-
tions (HAC1 and HAC2). Every EMC section consists of four 5 x 20 cm? cells
(two 10 x 20 em? in RCAL) to give a fine segmentation for electron reconstruc-
tion. Each cell of the calorimeter is read out on two sides by wavelength shifters,
coupled to photo-multipliers tubes. The energy corresponds to the sum of both
photomultiplier tubes and is therefore independent of the impact point of the
particle on the cell. However, a comparison of both photo-multipliers tubes al-
lows the position along the cell to be reconstructed.The most important properties
of the ZEUS calorimeter are given in Tab.

3.7 Detectors for luminosity measurements (PCAL and SPEC)

Precise knowledge of the luminosity is required for precise determination of a cross
section associated with any process; such measurements depend on luminosity
integrated over time, [ Ldt.

The main reaction used in the measurements of luminosity in ZEUS was This pro-
cess is well understood, has a high rate and an accurately calculable cross section.
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Figure 3.10: Schematic view of FCAL module [30].

The produced photons follow the direction of the colliding beam electrons and
are observed about 100 m downstream in Photon Calorimeter (PCAL), schemat-
ically shown in Fig. BIIl The PCAL is a lead-scintillator calorimeter preceded
by a thick carbon filter [37]. The scattered electrons were registered by 45m
and 35 m taggers, which used technology similar to that of the PCAL (described

elsewhere [37]).

Initially the luminosity was measured by counting the number of events with a
detected scattered electron and photon. After the measurement of electron and
~ energy in the PCAL, there was a well separated class of events with E. +
E. = Fyeam, as expected from the bremsstrahlung process. But already in 1992,
with improved background conditions it was decided to use only photons for the
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Figure 3.11: Schematic view of photon detector (PCAL) [37].

luminosity determination. To estimate the background from beam-gas events
eA — eAv, unpaired bunches of electrons were used. The estimated background
(~5%) was subtracted.

The ZEUS HERA-I technique, with a calorimeter to directly measure all brems-
strahlung photons, faced new difficulties at HERA-II. A new detector, the lumin-
osity Spectrometer (SPEC), was therefore installed (see Fig.BI2). The luminosity
spectrometer utilised a method of measuring luminosity at ZEUS which addressed
the post-upgrade problems of synchrotron flux, pile-up, and other requirements,
while meeting the specifications for luminosity accuracy required by ZEUS phys-
ics goals. In the spectrometer system, the bremsstrahlung photons were detected
through their well-understood pair conversion, ¥ — eTe™, in the material of the
beam-pipe exit window well downstream of the interaction region, where these
photons have been spatially separated from the circulating beams. After the
converted electron pair has been spatially split by the magnetic field of a dipole
magnet, the particles were individually detected by two small electromagnetic
calorimeters placed at transverse distances separated from the direct synchrotron
radiation and unconverted bremsstrahlung beams. The observed rate of converted
photons is proportional to the luminosity.

During the HERA-II period, the two luminosity detectors were operated simul-
taneously by two independent groups. The results from those detectors agreed
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Figure 3.12: Schematic showing major elements of the luminosity spectrometer

(SPEC) [35].

within 1%. The total accuracy in the luminosity measurement for HERA-II was
1.8%, which is similar to the most accurate luminosity measurement at HERA-I.

3.8 ZEuUs trigger system

The ZEUS trigger chain was designed to select the most interesting events of ep
collisions from a large background consisting mostly of protons in the acceler-
ated beam scattering from residual gas in the beam-pipe — known as “beam-gas”
events. The ZEUS trigger chain had three levels. The issuing of a first-level trigger
caused component data to be transferred to buffers for processing by the second-
level trigger. The second-level trigger processor functioned as an asynchronous
pipeline, i.e. a series of parallel processors. The second-level trigger decisions
were made in the order of events received. The second-level trigger has access
to a large fraction of the full data for the event. For example, in the case of
the calorimeter, while the first-level trigger would examine groups of cells with a
reduced digitisation accuracy, the second-level trigger performed calculations on
the individual cells with the full dynamic range. The second-level trigger was able
to perform iterative calculations that were not possible in the pipeline structure
of the first-level trigger. The second-level trigger achieved a reduction of the first-
level trigger rate from 1kHz to 100 Hz. The data passing the second-level trigger
as then sent to the level-3 computer farm, where trigger decisions were based
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3 EXPERIMENTAL SET-UP

on the full analysis software algorithms. The third-level trigger runs a (reduced)
version of the full offline analysis code and passes an output rate of 3-5 Hz.

3.9 ZEUs detector simulation

The simulation of ZEUS events can be split in two parts: the hadron level,
which is simulated inside MC event generators like PyTHIA [39], RAPGAP [40]
or ARIADNE [41] and the interaction of the particles with the material of the de-
tector together with detector response. The penetration of the particles through
the material of detector is simulated with the GEANT 3.21 [42] package. The set of
routines for simulation of each detector component with corresponding tuning is
called MOZAR. The MOZART package calculates the propagation of particles
through the whole detector taking into account particle decays, energy losses,
multiple scattering and the effects of the magnetic field. It also simulates the
effects of detector resolution and readout electronics. The MOZART executable
accepts as an input an event record in ADAM format, a steering cards with
set-up of the detector that depends on period and a GAP@ file with supplement-
ary information. The output of the MOZART package is used as an input for
the ZaANAl package, which simulates ZEUS trigger behaviour. As the trigger
simulation required a lot of issues specific to each period, many of them were
hard-coded in the package routines. For this reason for each trigger period a
separate ZGANA executable is used. A major difference between the real trigger
and ZGANA is that ZGANA keeps events even if they did not pass the trigger
criteria. The output of the ZGANA package has the same format as raw event
data from the detector. The further reconstruction of the simulated event is done
is the same way as for real events. The package that provides the reconstruction
is called ZEPHYR. Its output is stored in ADAMO format in the same way as for
real events and might be used in the user analysis. Typically the user analysis is
done with EAZE and ORANGE/PHANTOM libraries and includes refined tracking,
jet and decay reconstruction. The final set of Ntuples is stored in RooT [43]
or/and Paw [44] format and can be used for physics analysis. The diagram of
the simulation process is given in Fig. BI3

4 Monte Carlo for Zeus Analysis, Reconstruction and Trigger

15 ADAMO is an acronym of words Aleph Data Model and stands for a data format developed
for the ALEPH experiment and used in ZEUS software.

16General Adamo File

17Zeus Geant Analysis
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Figure 3.13: Fvent reconstruction and simulation in ZEUS.
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4 Track and vertex reconstruction

This section introduces and describes several quantities, algorithms and proced-
ures used in the analysis: the general pattern recognition algorithm used for ZEUS
tracking (Kalman filter), vertex fitting procedures and their application for the
reconstruction of D-meson decays. The description starts from track fitting and
pattern recognition procedures. The earlier stages of reconstruction (e.g. hits)
are described elsewhere [34,45,[46]. As the energy losses and multiple scattering
strongly influence the track reconstruction procedure, and are used for track iden-
tification, a brief description is given below. The section ends with the description
of kinematic variable reconstruction in ep scattering.

4.1 Energy losses and multiple scattering

The particles produced in the ep collisions interact with the material of the de-
tector, and for a proper event reconstruction this should be taken into account.
The nature of the interaction depends on the flavour of the particle, its charge, en-
ergy and the detector material. The main types of interaction are elastic Ruther-
ford scattering on the nuclei of the material, radiation losses, ¢ electrons pro-
duction, ionisation losses and nuclear interactions. For the most common charged
particles in the ZEUS detector (e, u, m, K, p) and an energy range between 0.1 GeV
and 50 GeV, the dominant process of energy losses is ionisation [1].

The ionisation losses are basically caused by particles scattering on electrons in
the material. The electrons in material are not free, so there exists a minimal
energy which charged particles can transfer to an electron. This energy is called
ionisation potential I and has typical values between 13.6eV for hydrogen and
810eV for uranium. The maximal transferred energy is given by energy and
momenta conservation rules E,,,, = 2mv?, where m is the mass of the electron
and v is the speed of the charged particle. Taking into account those limits, Bethe
obtained a formula for the ionisation losses of a charged particle with sufficiently
high Velocity@:

—dE/dr = (4me*2?/(mv?))nZ (In(2mv? /T) — B* — In(1 — B%)) (4.1)

8For low velocity the ionisation potential depends on the velocity.
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4.1 Energy losses and multiple scattering

where b = v/c, and nZ is a concentration of electrons in the material. The energy
losses of the charged particle given by Eq. (41 depend only on the velocity of
the particle, so, it is possible to distinguish particles using the information about
their momenta p and energy losses dE/dz. In the ZEUS experiment, the energy
losses were measured in relative units: MIPS@. For each small sub-period of data
taking, to define this unit, a set of tracks with minimal dF /dz signal was selected
and the average was taken as the unit. The signals of other tracks, normalised
to this unit were used in the particle identification procedure. The procedure
used in this analysis is similar to one used in Ref. [47]. The main idea is to use
well identified protons and pions from the A — pr and K3 — 777~ decays to
measure dE /dz vs. v in the detector. The selection of those decays was tuned to
obtain purity close to 100% while keeping the cuts on the decay track momenta as
low as possible. Fig. @Il(a) shows the dE/dx vs. p distribution for those tracks.
For both protons and pions from AY — pr decays, an average value of In(dE/dz)
in the CTDR was calculated for every p/m bin (see Fig. EIIb)). The obtained
distribution was fitted with a function that is close to Bethe-Bloch function (see

Eq. @10)):
In(dE/dz)(p,m) = ap+a1/(p/m+ar)+as/(p/m~+a7)*+azIn(p/m)/(p/m+azr)+
(4.2)
psIn(p/m)/(p/m +az)*  for p/m <1,
peIn(p/m)?/(p/m + az)*  for p/m > 1.
The fit yielded ag = 0.25774, a; = —8.7390, as = 26.980, a3 = 4.0824, as =

—9.6358, a5 = 0.76675, ag = 5.0188 and a; = 1.9687. The resolution of the
dE /dz measurements was estimated in the following way:

e The resolution was assumed to be proportional to the inverse square root
of the number of the hits n and independent of the track momentum:

o(In(dE/dx)) = a/+/n.

e The value of @ was estimated from a fit of the (2¢E/ dz)mefa’g?d_];%ﬁ/ d2)expected)”

distribution to a Gaussian function (see Fig.[dl(c)). It was found to be that
o =a = 0.5092.

9Minimal Tonisation Potential.
20As the CTD detector is the key element of tracking system, the CTD dE/dx information con-
sidered as more important than the dE/dz information from the MVD and STT detectors.
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Figure 4.1: Studies of the dE/dx with reconstructed A° — pm decays. a) The
dE/dx vs. momentum p scattered plot for proton and pion tracks. b) The dis-
tribution of average In(dE/dx) as function of p/m for proton and pion tracks
(black dots) and the fit to an empirical function (red line). ¢) The distribution of

(In(dE/dz) measured — (A E /dT) expectea)*/ 1/ 25 for proton and pion tracks (yellow)

and the fit to a Gaussian function (red line).
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4.2 Track fitting with the Kalman filter

The x? estimation of a certain mass hypothesis in this approach is:

2(m) = (In(dE/dx) — lnéglE/dx)expected)zn

where the (dE/dx)expected 18 calculated from Eq. ([A2]).

)

During the penetration process the particles will not only lose energy but also
they will scatter in the presence of material in the detector. It can be assumed
that the positional component of multiple scattering is small and only the angular
component of multiple scattering is taken into account (see Ref. [4§] for details).
The effect of multiple scattering is a change of the trajectory described by an
angle 6 with respect to the initial track direction. The distribution of this angle
(projected on a plane parallel to the track to the track direction) is approximately
Gaussian [I] with mean zero and a width of:

0.01362
o(0) =6, = W\/(x/xou +0.038In(z/Xy)), (4.3)

with p, £, z the momentum, velocity and the charge, respectively, of the incident
particle, and x/ X, the path in the scattering medium in units of radiation length
Xo. From Eq. [@3)) it is seen that for low momentum tracks the effect of multiple
scattering becomes bigger. To take into account the multiple scattering in the
track reconstruction, the following approach is used:

e For the each volume passed by the particle, the traversed thickness is cal-
culated from a material database and the incoming angle of the track.

e Eq. [L3) gives the 1o scattering angle o(6) that is taken as the uncertainty
of the track direction due to the multiple scattering.

e A scattering matrix is calculated by transforming the uncertainty in two
angles to the uncertainty of the track parameters.

e Finally the scattering matrix is added to the track covariance and used in
the track fit procedure described below.

4.2 Track fitting with the Kalman filter

The path of the particle in the detector depends on many factors: magnetic
field, scattering in the material, energy losses etc. It makes the estimation of the
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4 TRACK AND VERTEX RECONSTRUCTION

particle trajectory (track) a complicated task. To solve that task the Kalman
filter algorithm has been developed.

The Kalman filter algorithm is an iterative procedure for the reconstruction of
tracks from measured hits. The algorithm iteratively reconstructs the track from
the outermost point of the tracking system to the origin. The reconstruction takes
into account the energy losses and multiple scattering as described above.

Let us consider a track trajectory in different regions of the detector system and
label them starting from the outermost one. For the time being we avoid the
procedure of starting the fit (search of track seeds) and assume that the track
parameters in the region 1, oy, and the corresponding covariance matrix, V', 1,
are already known. The next iteration of the reconstruction procedure should
consider the hits in region 2. The track parameters in region 2 will be obtained
using the extrapolated track parameters from region 1, estimated energy losses
in the material (ay — ), measurements in the region 2 (see Fig. E3[b)) and
taking into account magnetic field. This also applies to the covariance matrix of
track parameters, which should be corrected to take multiple scattering (Vo1 —
V’,1) into account. The formulae for corresponding equations could be found
elsewhere [48]. In the end, the x? for region 2 consist of two terms: the first
one is related to measurements in region 2 and the second is calculated from the
track parameter and covariance matrix in the previous regions ( region 1). The
procedure iterates through all regions of the detector system to the origin of the
track or till it fails to find a reasonable continuation. The basic strategy is to
update the track parameters on the each step. In the Kalman filter algorithm it
is possible to add several measurements to the track simultaneously. However, the
case when only one hit is added at a time is the most profitable, as the number of
calculations will be smallest. A full review of Kalman filter advantages/properties
can be found elsewhere [48]. Here is a brief list of the most important ones:

e The Kalman filter method uses all the information and cannot, if used
correctly, give poorer track parameters by adding more measurements. In-
cluding more hits can only improve the quality of result.

e As the Kalman filter starts the fit from the outermost point, and ends it
at the innermost, the precision of track parameters will be highest at the
innermost part (in the end of the fit procedure). That is why a global
refitting starting from the innermost point of the track is done in the end.
The resulting track might have the end point of “swim” that differs from
the track seed in the outermost part of detector.
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4.2 Track fitting with the Kalman filter

e [t is not necessary to have hits in every region of the detector through which
the track passed. The track can be extrapolated through a region without
hits to the next one that contains hits.

e The track might be fitted in pieces in different parts of detector and then
added together.

e As the fit procedure uses estimation of energy losses and multiple scattering,
the result of the fit, especially for low momentum tracks, is sensitive to the
mass hypothesis of the particle. The best option would be to store fit results
for all needed mass hypothesis (e, u, m, K or p), but that is expensive from
point of view of storing the data. Also, the comparison of fit quality for the
different hypothesis can help with particle identification.

e The Kalman filter is a widespread and well studied technique that has been
implemented in various experiments.

One of the biggest problems in the Kalman filter algorithm is the starting pro-
cedure. The fit should start from the outermost part of the detector, but only a
few hits are available in that region. More seriously, track parameters are over-
sensitive to the quality of those hits leading to the possibility that there are no
enough good measurements to start the fit properly.

The recipe to start the fit procedure, which is a nontrivial task is described in
Ref. [48].

The Kalman filter algorithm is implemented in ZEUS software in packages RTFIT
and KTFIT. Those packages refit the trajectory in the CTD, MVD and STT
detectors. The obtained relative resolution of transverse momentum, pr for the
full length tracks (i.e. passed through the MVD and 9 CTD superlayers) is [49)]

o(pr[ GeV])/pr[GeV] = 0.0029p7| GeV] & 0.0081 & 0.0012/pr[ GeV].

For the tracks with not less than 2 hits in MVD z and r¢ sensors the corresponding
average resolution of the impact parameter (IP) [l is [49]

o(IP)[ um] = 46 & 122/pr[ GeV].

21The X-Y distance between the track and some point, as usual a primary vertex or the beam-
spot (see explanation on these quantities below).
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The momentum bias/underestimation due to the limited precision of the magnetic
field measurements is taken into account in the RTFIT package and estimated to be
at level of 0.3%. Although the ZEUS software supports tracking for different types
of particles, in the default tracking all the tracks have the pion mass hypothesis,
which leads to a small momentum underestimation for low-energy kaons and
protons.

4.3 Track parametrisation in ZEUS

The ZEUS coordinate system (see Fig. [L2]) is a right-handed Cartesian system,
with the Z axis pointing in the proton beam direction, referred to as the “for-
ward direction”, and the X axis pointing left towards the centre of HERA. The
coordinate origin is at the nominal interaction point.

Y

X

Figure 4.2: The ZEUS coordinate system.

Inside the coil the magnetic field is approximately parallel to the Z axis. At any
point of a track’s trajectory, its path is approximately an axial helix. Several dif-
ferent track parametrisation are used in HEP experiments. The parametrisation
used in ZEUS is a perigee parametrisation. Each trajectory is specified by the
5 helix parameters oy, a 5 X 5 covariance matrix V', and an arbitrarily chosen
reference point in the X-Y plane. The reference point is chosen to be (Xef;
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Yief) = (0;0). Fig. shows a helix in the X-Y view for a positively charged
track.  The helix parameters are:

Q=+1

N
N XY (00
(a) Track parametrisation. (b) Track fitting iteration.

Figure 4.3: Track parametrisation and fitting in ZEUS [46)].

e a; = ¢y (angle tangent to the helix in the X-Y plane);
e an = Q/R (Q is the charge, and R the local radius);

e a3 = Dy (Dy is the impact paramete7 connects the helix to the
reference point in X-Y plane);

° oy = Zy;
e a5 = cotf (0 is the angle of dip with respect to the X-Y plane).
The coordinate of the closest approach to the reference point, is:
X = Xiet + QDpy sin oy

Y = Yiet — QDp cos oy
ZH = Zref

22with respect to reference point
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Any point on the helix can be expressed as a function of the trajectory’s outbound
path length in the X-Y plane,

s(¢) = QR(¢ — ¢n)

where ¢ is the outbound tangent angle in the X-Y plane. In the immediate
vicinity of s = 0, the coordinate and momentum components are:

X = Xy + QR(—sin ¢y + sin ¢)

Y =Yy + QR(cos g — cos ¢)
Z = Zg + s(¢) cot(6)

The RrFIT and KTFIT packages as well as other ZEUS reconstruction software
use this parametrisation for track fitting and reconstruction. One of the most
important applications of this parametrisation is a fitting multiple tracks to a
single point. The point is called vertex, the corresponding procedure is called
vertexing and is briefly described below.

4.4 The reconstruction of vertices

With the installation of the MVD in the ZEUS detector the space resolution
of the tracking system improved dramatically. It became possible to use much
more sophisticated reconstruction of the charm hadron decays, estimate the track
impact parameters, the distances between tracks and reconstruct the vertices.
This section describes algorithms of charm decay reconstruction and introduces
corresponding quantities.

The evaluation of vertices serves two purposes. The first is to evaluate the position
of the decay or of the primary vertex, which is an estimated position of the
primary ep interaction point, and calculate the appropriate track momenta at that
point with improved precision due to the vertex constraint. The second purpose
of using vertices is to estimate the probability whether the tracks originate from
a certain vertex. This probability might be estimated from the vertex evaluation
quality (e.g. the x? of the vertex fit) and used for the decision on the decay
chain selection. The essential information that is used in the fit consists of track
parameters and their covariance matrices.
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DY momentum direction

K track refitted to
secondary vertex

7 track refitted to
secondary vertex

7y track refitted to
reduced primary vertex

«---- Secondary vertex

Primary vertex

L ,Q ‘‘‘‘‘‘‘ - 777 Reduced primary vertex
Beamspot =77

Figure 4.4: The tracks before the revertexing procedure (dots) and refitted tracks
(solid). The K candidate track from the primary vertex was combined together
with the non-vertexr © candidate track after the distance of closest approach
(DCA) between tracks was found to be small. The K and 7 candidate tracks
were fitted to a common secondary vertex. The non-verter my candidate track
was fitted with all primary tracks but K in the reduced primary vertex, using

beamspot constraint.
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For the reconstruction of the relatively long-lived resonances, a set of tracks which
fulfils some predefined criteria is selected (e.g. the py or n requirements) and the
closest distance between the helices of two tracks, distance of closest approach,
DCA (see Fig.[I4) is evaluated. If the distance is small enough, the tracks can be
combined into a single secondary vertex, which is a candidate for a resonance
decay (e.g. K° D° or DV). For each pair of tracks that fulfils the criteria, the
midpoint of the tracke] at closest approach is evaluated (see Fig. [£4]) and taken
as a starting point of the vertex fit. Then, the iterative fitting procedure starts.
The vertexing algorithm in ZEUS relies on the global vertex fit [50]; the C++
implementation of this algorithm for ZEUS is called TLITE [51]. The procedure
uses an approximation of the track helix with a straight line (with expansion of
the helix parameters and covariance matrices around the reference point) and
iteratively evaluates the most probable vertex position with a linear least-squares
fit. The procedure terminates when the difference between the y? in two sequential
iterations is less that 10~%. The new helix parameters, track momenta, the vertex
position, the covariance matrix and the x? of the fit are delivered as a final result.
To improve the separation of the secondary and primary vertices, the following
approach is used. From the set of tracks originally used for the primary vertex
fit, the tracks used for the secondary vertex reconstruction are removed and the
tracks supposed to be in the primary vertex (e.g. 7, from D*T — D%, decay)
are added. The obtained set of tracks is refitted to form the so-called reduced
primary vertex. With these results of vertexing the analysis of decays can be
refined using selection on the following quantities:

e 3-D decay length — the distance between the secondary vertex and the
(reduced) primary vertex

L3—D = |Fsec - 7:’primla

where the 74, and 7im are the coordinates of secondary and primary ver-
tices.

e 2-D decay length — the distance between the secondary vertex and the
(reduced) primary vertex

L2—D - |fF'sec 2-D — Fprim 2-D|>

23In case the number of tracks is more than two, an average position of all calculated midpoints
is taken.
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4.4 The reconstruction of vertices

where the notation 2-D means the X-Y component of the vector.

e 3-D collinearity angle, a3 p — an angle between the line connecting the
(reduced) primary vertex and the secondary vertex and the reconstructed
decay momentum

(Fsec - Fprim) : ﬁ
= ———

\/(’rsec - Fprim) : (Fsec - Fprim)p P

cos(ag.p) =

where p'is the momentum of decay particle.

e 2-D collinearity angle, as p — the same as previous, but in X-Y plane

—

(77sec 2-D — Fprim 2—D) -p

\/(Fsec 2-D — Fprim 2-D) . (TT;ec 2-D — ’Fprirn 2-D)ﬁ2-D : ﬁZ-D '

cos(aa.p) =

e 2-D projected decay length significance (or just significance ) the
distance between the secondary and reduced primary vertices, projected
onto the momentum of the decay particle and divided by the precision of
its measurement in X-Y plane.

(Tsec 2-D — Tprim 2—D) * P2-D (44)

\/ﬁQ—D(a—sec 2-D + a-prim 2—D)]5§D7

~ Oprim xx Oprim yx N Osec xx Osec yx
where Gppim 2D = ( P PR and Ggee 2.0 = 1 are

Oprim xy Oprim yy Osec xy Osec yy

SQ-D proj —

the “2-D” parts of primary vertex and secondary vertex covariance matrices
Oprim and Ogec.

For a good reconstruction of relatively long-lived particles and corresponding ver-
tices it is expected So.p proj > 0 (see Fig. Ehl(a,b)), aa.p ~ 0 (see Fig. EH(c,d)).
Cuts on these quantities (e.g. Sop proj(D') > 3 or asp(KY) < 0.1) were used
to suppress the background. A more sophisticated vertex fitting procedure can
constrain the mass, momentum, vertex position, drop or weight individual tracks
in the fit. The latter option is used for the reconstruction of the (reduced)primary
vertex position with a Deterministic Annealing Filter (DAF). The DAF fit al-
gorithm is basically identical to the fitting routine described above, but uses
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4.4 The reconstruction of vertices

weights for tracks at each iteration:

1

x2 (helix) —x2 (helix) ’
2T

w =

min

1+e

where the x?(helix) is a contribution of a particular track to the y of the vertex
fit at the current iteration and x?2; (helix) is a parameter of the procedure. The
default value of x2, was set to 20. The parameter T is called “temperature”.
The fit starts with a “temperature” equal to 100 and then three iterations are
performed for T' =25, T'= 9 and T' = 4. The fit ends when the sum over all track
weights is less than one or when the difference between the x? in two sequential
iterations is less that 10%. The DAF algorithm has the following advantages in
the primary vertex reconstruction:

e the tracks with the best quality get the largest weight in the fit;
e the tracks that are far from the vertex get the smallest weight in the fit.

Another option to refine the primary-vertex reconstruction is to take into account
the beam spot position and covariance matrix. The beamspot is a region where
most primary interactions occurs. For each short period of data, typically 2000-
10000 events, the average position of the interaction point is evaluated together
with its errors. This quantity is called the beam-spot position. As the interaction
region is not perfectly aligned with the Z axis, tilts in X and Y dimensions,
dX/dZyspy, and dY /dZysy, exist. The most probable primary interaction position
(Xprobs Yprobs Zprob) for of an event is

Xprob = szpt + dX/despt(stpt offset — Zprim>7

Yi)rob = Ybspt + dY/despt(stpt offset — Zprim)a

Zprob = Zprim )

where (Xprim, Yorim, Zprim) 1S the primary vertex position and Zpspt offset 1S & para-
meter called beam-spot offset. The average dispersion of the beam spot position
is called beam-spot width and was calculated in X and Y directions for each
run period separately. The values of the beam-spot width in X-Y, W, x W, are
24 pm x 88 pm for positron data and 22 pm x 80 um for electron data [52]. The
width in the Z dimension was estimated to be 10 cm. To use this information in
the vertex fit, an extra term, related to the beamspot, is added to the x? function
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4 TRACK AND VERTEX RECONSTRUCTION

minimised in the vertex fit:
2 g o A
szpt = TObsptT ;T = (Xprob - thxa Y;)rob - K/txa Zprob - thx>7

where (Xytx, Yotx, Zvtx) is the fitted vertex position and 6y, is the beam spot co-
variance matrix. In the same time the beamspot position can be used in Eq. (d.4)
to calculate the 2-D decay-length significance. This option has been used in this
w2 oo

0 w2
DAF technique with a beam-spot constraint has been used as the default in this
analysis and brought a significant improvement in the determination of (reduced)
primary vertices.

analysis with an assumption opim 2.p = . The combination of the

4.5 Track matching

To study the track reconstruction performance (e.g. momentum resolution), it is
important to match the particles produced by MC generator to the reconstruc-
ted tracks. The matching procedure for the ZEUS tracking was implemented in
the VMCU package. The package allows the study of pattern-recognition per-
formance with MC simulated events. The algorithm is based on the match-
ing of hits simulated in MOZART to hits reconstructed by ZEPHYR in CTD,
MVD and STT detectors. In this analysis the matching was used to estimate
the mass resolution in the reconstructed charm-meson mass spectra. Unfortu-
nately, the efficiency of VMCU matching procedure, p ~ 0.8 [53], significantly
lower than unity and depends on many factors: the length of the track, the
pr and 7 etc. An attempt to match all tracks of reconstructed candidate (e.g.
D+ — KreconstructedWreconstructedWreconstructed) to the tracks of generated decay (diI‘—
ect matching) (e.g. D™ — Kgenerated Tgenerated Tgenerated) fails with a large probab-
ility; the candidates with poorly reconstructed daughter tracks will be dropped. It
means the resolution estimated with direct matching might be underestimated.

To avoid the underestimation, a weak matching procedure was developed in
this analysis. According to this procedure, only the tracks matched with VMCU
to background (i.e. do not belong to the DT — K generated Mgenerated Tgenerated d€Cay
chain) are dropped. With this procedure the fraction of remaining background
candidates with all VMCU matched tracks (k = 3 in case of DT) is

f~(1-p)*~0.008,
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4.6 Kinematic variable reconstruction

while the remaining number of signal candidates will stay the same 2 So, in
comparison to the direct matching, weak matching has two big advantages:

e it avoids bias of VMCU matching towards high quality tracks/candidates;
e it does not drop signal candidates.

For events that contain a generator level charm-meson decay the typical signal-
to-background ratio is 1 — 10; the weak matched mass spectrum will contain ~1%
of background candidates and can be used for a proper estimation of resolution
and other studies.

4.6 Kinematic variable reconstruction

As mentioned in Sec. .0 the general ep scattering process can be described with
kinematic variables 2, x and y. For each event the following variables can be
reconstructed from the measured quantities: energy (E.), the azimuthal angle
(6.) of the scattered electron, the total hadronic transverse momentum (Prpaq)
and the hadronic angle (Ypaq). The last two quantities are defined as:

Prhaa = \/Z(Pé,had)Q + Z(ng,had)Qv

%

Zi Eﬁad ’

where the sum goes over all hadronic components but the scattered electron. In
the ZEUS experiment, different reconstruction methods were used to calculate
kinematic variables. In the present analysis, the kinematic variables were used
only in the studies of relative tracking efficiency in Sec. I3l For this reason the
detailed overview of these methods, including their advantages and disadvantages
is given elsewhere [54L/55] and only a brief outlook is given below.

The reconstruction with the electron method relies only on the electron energy
and the scattered angle:

“Yhad =

Q% =2E,E/(1 + cosb,),

24Note, that in case of direct matching, the fraction of remaining true candidates would be
f~pk=05.
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4 TRACK AND VERTEX RECONSTRUCTION

The Jaquet-Blondel method [55] relies on the parameters of the hadronic final
state:

P
2 T, had
QJB =

1- yJB7
. Zi(ElZiad - P;,had)
YiB = 2F, )
2
zp = L.
SYJB

4.7 OQOutlook

The tracking and vertexing algorithms briefly described in this section provide
a set of tools that can be used to improve the quality of every tracking-based
analysis. The author implemented some of the described methods (e.g. vertexing
of charm meson decays) in the official ZEUS software and used in this analysis.
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5 Data analysis

The measurements of heavy hadron properties provides unique data for the un-
derstanding of low-energy QCD and properties of heavy quarks. The HERA ex-
periments produced a large amount of charm quarks, thus it is possible to analyse
excited charm meson states. This section describes the reconstruction and can-
didates selection of excited charm and excited charm-strange mesons in ZEUS.

5.1 Event simulation

This subsection describes the event simulation for the analysis and the correspond-
ing tuning of the event generators. In this study Monte Carlo (MC) simulations
are used for the determination of signal acceptances and resolutions.

The MC samples of charm and beauty events were produced with the PYTHIA
6.221 [39] and RAPGAP 3.000 [40] event generators. The general set-up is very
similar to the one used in previous studies [56], the code for the generation set-up
was modified by the author to be compatible with PyTHIA 6.221.

The PyTHIA and RAPGAP generators were tuned to describe the PHP and the
DIS regimes, respectively. Consequently, the PYTHIA events, generated with
Q% < 1.5GeV?, were combined with the RAPGAP events, generated with Q2 >
1.5GeV?, where ? is the exchanged-photon virtuality.

The generation included direct photon processes, in which the photon couples
directly to a parton in the proton, and resolved photon processes, where the
photon acts as a source of partons, one of which participates in the hard scattering
process. The included processes in the PYTHIA and RAPGAP generators (the
numbers are given according to the PYTHIA manual [39)]):

e 81, 82, 84 — boson-gluon fusion for charm, see Fig. Z3|(a);
e 11, 28 — charm excitation in photon, see Fig. 223|(d);

11, 28, 33 — charm excitation in proton, see Figs. Z3|(e,f);

81, 82, 84 — boson-gluon fusion for beauty, similar as for charm;

11, 28 — beauty excitation in photon, similar as for charm;

11, 28, 33 — beauty excitation in proton, similar as for charm.
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5 DATA ANALYSIS

The CTEQSL [57] and GRV LO [58] parametrisations were used for the pro-
ton and photon parton density functions, respectively. The charm and beauty
quark masses were set to 1.5 GeV and 4.75 GeV, respectively. Monte Carlo events
were generated proportionally to the luminosity of each data-taking period (see

Tab. B2).

An important part of the generation process is the hadronisation tuning. The
Lund string model was used for hadronisation in PyTHIA and RAaPcAaP. The
longitudinal fragmentation is specified by the fragmentation function f(z), where
2 is the fragmentation variabld. The Bowler modification [59] of the Lund
symmetric fragmentation function [60] was used for the charm and beauty quark
fragmentation.

f(z) = 172790 (1/2)(1 — 2)%e0ma/?

Here mqg,Q = c,b is the quark mass and a, b, rg are fragmentation function
parameters with the default values a = 0.3, b= 0.8, r. = 1.0.

To produce realistic hadronisation fractions, the following PYTHIA’s parameters
are set to non-default values [39], [61], [5].

e The spin 1 meson production rates were set to
— PARJ(13) = 0.6 for charm;
— PARJ(13) = 0.75 for beauty.

e The specific production rates were set to
— PARJ(14) = 0.13 for D, (narrow states);
— PARJ(15) = 0.01 for D§ (wide states);
— PARJ(16) = 0.03 for D} (wide states);
— PARJ(17) = 0.13 for Dj (narrow states).

The strangeness suppression factor was set to 0.3. The masses and widths of most
charm mesons were set to the PDG [I] values. The masses and widths of Dy and
D} mesons were set to the values published by BABAR [62].

The generated events were passed through a full simulation of the detector using
GEANT 3.13 [42] and processed with the same reconstruction program as used

(E+P)) p=+
(E+P)jet
on jet axis, P is the momentum and E is the energy.

2>The quantity defined for a jet as z = , where P stands for the momenta projected
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5.2 Event selection

for the data. The total number of generated events is 10 x 10° for RAPGAP and
52 x 10°® for PYTHIA.

To simulate the events more efficiently, a preselection procedure was added to
the generation procedure. Only events that satisfied at least one of the following
criteria were kept for further reconstruction:

D** — (K, ), mfwith pp(D*t) > 1.25GeV, —2 < n(D*") <2
D*t — (K% 7, m), mfwith pr(D*t) > 1.35GeV, —2 < n(D*") <2
D" - (K, 7,7, 7), 7l with pp(D*) > 2.3GeV, —2<n(D*") <2
D° — K, wwith pp(D°) > 2.6 GeV, —2 < n(D°%) <2 (5.1)

D} — (K, K),ntwith pp(Df) > 1.7GeV, —2<n(Df) <2 ‘
D* = (K, K), m+with pr(D*) > L.7GeV,  —2 < p(D*) < 2
Dt — K, 7, nwith pr(D1) > 2.8GeV, —2<n(D%) <2
A — K, p, mwith pr(AS) > 2.8 GeV, —2<n(Af) <2

The specific decay-modes selection makes the branching ratios of ground charm-
mesons in the produced sample significantly different from the PDG [I]. The selec-
tion influences the amount of background in the ground charm-meson mass spec-
tra, however, the background in the excited-charm-meson mass spectra mostly
originates from the events selected according to Eqs. (B.]]) and is reasonably sim-
ulated in the MC sample.

5.2 Event selection

To ensure the high quality of the data, only events with non-corrupted online
information from CTD, CAL, trigger, luminosity detectors and nominal current
in solenoid were used in the analysis. Those events were selected with requirement
for the online reconstruction flag EVTAKFE = 1,2. To exclude beam-gas events,
it was required that the reconstructed primary vertex had Z-position between
—30cm and 30cm. No explicit trigger selection was applied, but as expected,
most events come from third-level triggers, which require the presence of any
of the lowest-mass charm mesons D* — K-7ntnz*, D - K-zt and D** —
D7t — (K—n)nt or (K~ ntm nt)m™ (see detailed description of ZEUS trigger
system in Sec. B.§]).
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5 DATA ANALYSIS

However, as even untriggered events are present in the MC, a special check of
trigger selection influence was done. For events with a D* candidate, the firing
of at least one of the following third -level triggers was required (see detailed
description elsewhere [63]): HFM01-HFM32, HFL1-HFL32, HPP01-HPP32.

The largest contribution came from the dedicated HFM triggers with the following
logic:

e HFM1: 1.65GeV < M(D°) < 2.10GeV and M(D**) — M(D°) < 0.17 GeV
or 1.40 GeV < M (D) < 2.20 GeV and M (D**) — M (D) < 0.151 GeV with
pr(D*) > 1.35GeV, pr(K,m) > 0.35GeV, pr(ms) > 0.1 GeV for DIS and
pr(D*) > 1.8GeV, pp(K,m) > 0.35GeV, pr(m,) > 0.1GeV for PHP;

e HFL18: pp(D*") > 1.4GeV, pr(K,7m) > 0.45GeV, pr(ms) > 0.11GeV,
1.78 GeV < M(D°) < 1.95GeV, M(D*") — M(D°) < 0.162 GeV,

e HFMO7: 1.70GeV < M(D') < 2.10GeV, pr(DT)/E > 0.12, pr(D™T)
1.35GeV, pr(K,n) > 0.18 GeV for DIS, pr(DT) > 3.6GeV, pr(K, )
0.45 GeV for PHP;

o HFMO04: 1.60 GeV < M(D°) < 2.20GeV, pr(D°) > 2.8GeV, pr(K,m) >
0.7 GeV for DIS, pp(D°) > 3.6 GeV, pr(K,7) > 0.7GeV for PHP,

>
>

where FE is the energy deposit in calorimeter outside of § = 10° cone, M stands
for the reconstructed mass of the charm meson candidate and pr for the cor-
responding transverse momentum. The efficiency of the on-line charm-meson
reconstruction, determined relative to the efficiency of the offline reconstruction,
was above 95%. Events missed by the nominal charm-meson triggers but selected
with many other trigger branches, dominantly from an inclusive DIS trigger and
a photoproduction dijet trigger, were also used in this analysis.

5.3 Track selection

The selection of tracks for each particular mode was driven by several different
aims. For the modes that relied on the reconstruction of a displaced secondary
vertex the essential issue was the quality of the decay tracks close to the primary
interaction point so, the tracks were required to have: at least two BMVD meas-
urements in the X-Y plane and two in the Z direction for DT reconstruction
mode; at least one BMVD measurement in the X-Y plane and one in the Z
direction for D° (not from D*T). All tracks were required to start not further
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5.3 Track selection

out than the first CTD superlayer and to reach at least the third superlayer.
The pseudorapidity region for the tracks was in range from —2 to 2, unless other
range not stated explicitly. The cuts on transverse momenta were essential to
obtain a good signal-over-background ratio and were tuned from MC separately
for each mode, taking into account that the generic ZEUS tracking is limited to
the region pr > 0.1 GeV. Each track was required for each track to have good
dE /dz information and at least 8 CTD hits used for its extraction. Based on the
dE/dz information, a cut on the likelihood of the mass hypothesis lx ¢, (see
Sec. 1) was applied: [k > 0.03 (for kaons), [, > 0.01 (for pions). This selection
does not have a strong impact on the signal and is mainly used as a veto to reject
protons and kaons in case of pion selection and vice-verse (see Fig.[5.]). To reduce
combinatorial background and exclude tracks with poor fits or originally from
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Figure 5.1: The likelthood of mass hypotheses for tracks from D** —
D**n=,D** — D7+, DY — Kr candidates in data events. The likelihood is
calculated from dE/dx for a) pion mass hypothesis, b) kaon mass hypothesis.

hadronic interaction in the detector material, only tracks that have a Z position
of the point of closest approach in the range —50cm and 50 cm were used for
reconstruction. For the same reason, only tracks with impact parameter less than
1 cm were used for the charm-meson reconstruction.
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5 DATA ANALYSIS

5.4 Reconstruction and selection of the charm meson candidates

The reconstruction of the candidates was performed by combining of selected
tracks to form vertices as described in Sec. @l The selection of candidates for
each particular mode was mainly driven by the requirement of a clear signal for
the excited charm states. To suppress combinatorial background, a cut on the
ratio pr(D)/E%'% ) motivated by the hard character of charm fragmentation,
was applied. The transverse energy outside a cone, E%>1OO, was calculated as
Yi0,>100 (P sinf;), where the sum runs over all energy deposits in the CAL the
cone of § = 10° around the forward direction. Cuts on the distance of closest
approach between tracks (DCA), the quality of the vertex fit (x?) and 2-D decay-
length significance with respect to the beam-spot position (S) were applied for the
weakly decaying charm mesons (D° and D) candidates to improve the signal-
to-background ratio.

5.5 D*t reconstruction

D*T mesons were identified via the decay modes D** — D% — (K- 7nt)xf

and D** — Df — (K—ntn n")r}, where 7, is a low-momentum (“soft”)
pion, due to the small mass difference between D** and D°. The tracks with a
DCA < 0.1 cm for the 2-prong mode and DCA < 0.3 ¢cm for the 4-prong mode were
combined to form a D candidate vertex with total charge zero. The x? of the de-
cay vertex was required to be less than 20 for the 2-prong mode and less than 30 for
the 4-prong mode. The invariant mass of the candidate was calculated assuming
pion and kaon mass hypothesis for the track. The wrong charge D** candidates
were formed by adding a soft pion, 74, with the same charge as the kaon. Com-
binatorial background was reduced by applying cuts as detailed in Tab.[5.Jl The
mass differences AM = M (Knrg)—M(K7n) and AM = M(Knrrmg)—M(Knnm)
were calculated for the D*t candidates that passed the cuts of Tab. Bl Fig.
shows the AM distributions for these D** candidates. Clean peaks are seen at the
nominal value of M (D**)—M(D°) [1]. The AM distributions were fitted to a sum
of a background function and a modified Gaussian function [56]. The fit yielded@
D** signals of 64988 4 430 candidates for D° — K7 and 24441 + 310 candid-
ates for D° — Knnw. The fitted mass differences were 145.400 & 0.003 MeV and
145.420 £ 0.003 MeV respectively, in agreement with the PDG average value [1].

26The number of signal candidates was obtained as an integral of the fitted modified Gaussian
function over the fit range.
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5.6 DT reconstruction

Variable D — K7t | D° - K- nrntn™
pr(K) (GeV) > 0.45 > 0.3
pr(m) (GeV) > 0.45 > 0.3
pr(ms) (GeV) > 0.1 > 0.1
pr(D*) (GeV) > 1.5 >3
|n(D**)] <1.6 < 1.6
pr(D*T)/E>1 > (.12 > (.18
M(D% (GeV) for 1.83 — 1.90 1.84 — 1.89
pr(D*) < 3.25 GeV
M(D°) (GeV) for 1.82 — 1.91 1.84 — 1.89
3.25 < pr(D*") <5 GeV
M(D°) (GeV) for 1.81 — 1.92 1.84 — 1.89
5 < pr(D*T) < 8 GeV
M(D°) (GeV) for 1.80 — 1.93 1.84 — 1.89
pr(D*) > 8 GeV
Xho vix < 20 < 30

Table 5.1: Cuts on D** — D°rf candidates for the decay channels D° — K~m™
and D° — K-ntatn~

Only D** candidates with 0.144 < AM < 0.147 GeV were used for the excited-
charm-meson analysis.

5.6 DT reconstruction

D% mesons were reconstructed from the decay Dt — K~ 7"xt with looser kin-
ematic cuts than in the previous analysis [56], made possible by the cleaner iden-
tification with the MVD. For each event, track pairs with equal charge and pion
mass assignment were combined with a track with opposite charge and a kaon
mass assignment to form a DT candidate. These tracks were refitted to a com-
mon decay vertex, and the invariant mass, M (Knw), was calculated. The K
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Figure 5.2: The distribution of the mass difference (dots), (a) AM =
M(Krmg) — M(K7) and (b) AM = M(Knrrms) — M(Knrm). The solid curves
are fits to the sum of a modified Gaussian function and a background function
(dashed lines). Events from the shaded area, 0.144 — 0.147 GeV, are used for the
excited-charm-mesons analysis.

and 7 tracks were required to have transverse momentum p% > 0.5 GeV and
pT > 0.35 GeV. To suppress combinatorial background, the following cuts were
applied:

e cosf*(K) > —0.75, where 0*(K) is the angle between the kaon in the Knrm
rest frame and the K77 line of flight in the laboratory frame;

e the x? of the fit of the decay vertex (see Sec.H]) was less than 10;
e the DCA between tracks (see Sec. H]) was less than 0.3 cm;

e the decay-length significance, S(D™)(see Sec. Hl), was greater than 3.
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5.7 DP° reconstruction

Background from D** decays was removed by requiring M (K7nn) — M(Km) >
0.15 GeV. Background from D} — ¢m, ¢ — KK~ was suppressed by requiring
that the invariant mass of any two DT decay candidate tracks with opposite charge
should be outside 8 MeV around the nominal ¢ mass when the kaon mass was
assigned to both tracks. The background and reflections from other decays are
described in Sec. [ D% candidates in the kinematic range pr(D1) > 2.8 GeV
and |n(D")| < 1.6 were kept for further analysis.

Fig. (a) shows the M (K~ 7ntx") distribution for D candidates after the
cuts. A clear signal is seen at the nominal value of the D mass [I]. The mass
distribution was fitted to a sum of a modified Gaussian function and a polynomial
background. The integral over the gaussian function was considered as the signal.
The fit yielded a D™ signal of 39283 + 452 events and a D" mass of 1869.1 +
0.1 MeV, in agreement with the PDG average value [I]. Only D* candidates with
1.85 < M(Knm) < 1.89 GeV were used for the excited-charm-mesons analysis.

5.7 D° reconstruction

D mesons were reconstructed from the decay D° — K~7". For each event, two
tracks with opposite charge and with K and 7 mass assignments, respectively,
were combined to form a DY candidate. These tracks were refitted to a common
decay vertex, and the invariant mass, M (K7), was calculated. Both tracks were
required to have transverse momentum p% > 0.5 GeV and pJ. > 0.7 GeV and
the distance of closest approach between these tracks was required to be less than
0.1 cm. To suppress combinatorial background, the following cuts were applied:

e |cosf*(K)| < 0.85, where 0*(K) is the angle between the kaon in the K
rest frame and the K7 line of flight in the laboratory frame;

e the x? of the decay vertex is less than 20;
e the decay-length significance, S(D°), is bigger than 0.

DY candidates which are consistent with a D** — D[ decay, when combined
with a third “soft” pion m, with charge opposite to that of the kaon, were removed
by requiring M (Knms) — M(Km) > 0.15 GeV. D° candidates in the kinematic
range pr(D°) > 2.6 GeV and |n(D°)| < 1.6 were kept for further analysis.

Fig. 53 (b) shows the M (K7 ") distribution for D° candidates after the cuts. A
clear signal is seen at the nominal value of the D° mass [I]. The mass distribution
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Figure 5.3: The mass distributions (dots), (a) M(K-ntn™) for events with
significance S > 3 and (b) M(K~n") for events with significance S > 0. The
solid curves are fits to the sum of a modified Gaussian function and a background
function (dashed lines). FEvents from the shaded areas, (a) 1.85 — 1.89 GeV and
(b) 1.845 — 1.885 GeV, are used for the excited charm mesons analysis.

was fitted to a sum of a modified Gaussian function, a broad modified Gaussian
representing the reflection produced by D° mesons with the wrong (opposite)
kaon and pion mass assignment and a polynomial background. For the reflection,
the shape parameters of the broad Gaussian were obtained from a study of the
MC signal sample and the normalisation (integral) was set equal to that of the
modified Gaussian. The fit yielded?® a D signal of 145740 & 2944 events and
a D mass of 1864.1 + 0.1 MeV which is 0.8 MeV lowei] than the PDG average
value [I]. Only D° candidates with 1.845 < M(Kn7) < 1.885 GeV were used for
the excited-charm-mesons analysis.

2"Despite the discrepancy is not negligible, the excited charm-meson mass spectra were recon-
structed with the “extended” mass difference explained below and, therefore should not be
biased.
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5.8 Kg reconstruction

5.8 K reconstruction

The K9 were used only for the reconstruction of the DT — D*TKY decays,
so the K2 mesons were reconstructed for those events containing a D*' can-
didate. The K2 were reconstructed in their charged-decay mode, K% — 7wtr—.
To identify K¢ candidates, secondary vertices were reconstructed from pairs of
oppositely charged tracks with DCA < 0.5 cm. To reduce the combinatorial back-
ground, in addition to the general cuts on considered tracks, it was required that
pr > 0.15GeV for each track from the K candidate. The identification effi-
ciency degraded for secondary vertices close to the primary vertex. To reduce
the combinatorial background originating from tracks from the primary vertex,
the cuts on the two-dimensional and three-dimensional collinearity angles (see
Sec. M for details) as.p < 0.25 and as p < 0.35 were applied. Fig. .4 shows the
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Figure 5.4: The distribution of the mass M(ntn~) (dots) in events with D**
candidates, (a) D** — D7t D° — Kr and (b)) D** — D2t D° — K3rm
candidates. The solid curves are fits to the sum of a modified Gaussian function
and a background function (dashed lines). Events from the shaded area, 0.480 —
0.515GeV, are used for the excited-charm-mesons analysis.
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5 DATA ANALYSIS

invariant-mass distribution, M (7+7 ), for all remaining K3 candidates. Only K¢
candidates with 0.490 < M (7"7~) < 0.515 GeV were kept for the reconstruction
of excited charm-strange mesons. The mass distribution was fitted to a sum of a
modified Gaussian function describing the signal and a linear function describing
the non-resonant background. The fit yielded the K3 mass values 496.7+0.1 MeV
and 496.8 £ 0.2 MeV, respectively, 0.9 MeV and 0.8 MeV lower?” than the PDG
value [I]. The widths of the signals, 5.4 £ 0.1 MeV and 4.2 £ 0.3 MeV, reflected
the detector resolution. The number of reconstructed K2 mesons yielded by the
fit was N(K3) =10940 + 237 for the events with D** — DF D° — K7 can-
didates and N(K2) =2602 + 134 for the events with D** — DF D° — K3r
candidates.

5.9 D,(2420)° and D}(2460)° reconstruction

The D;(2420)° and D3(2460)° mesons were reconstructed in the decay mode
D**7~ by combining each D** candidate with an additional track, assumed to be
a pion (m,), with a charge opposite to that of the D*. Combinatorial background
was reduced by applying the following cuts:

o pr(r,) > 0.15 GeV:
o n(m,) < 1.1;
e pr(D* 7,)/ET1 > 0.25 (0.30) for the D — Km (D° — Knrr) channel;

e cos0*(D*t) < 0.9, where 0*(D*") is the angle between the D** in the D**r,
rest frame and the D**r, line of flight in the laboratory frame;

e the cut [, > 0.01 was applied for m,.

For each excited-charm-meson candidate, the “extended” mass difference, A M
= M(Knmgm,) — M(Knmg) or AM®™* = M(Knrrmgn,) — M(Knnnmg), were
calculated. Fig.[5.0(a) shows the invariant mass M (D**m,) = AM®™*+M (D5 ),
where M (Dpl ) is the nominal D** mass [I]. A clear signal in the D}/D3° mass
region is seen. To distinguish between DY D3 — D**x~, their helicity angular
distributions were used (see Eq. 22)). Fig. B.6lshows the M (D**r,) distribution
in four helicity bins. From the HQET predictions h(D}) = 3 and h(D3?) =
—1 it is expected that the D contribution increases and the D3’ contribution
decreases with |cosal. The distributions in Fig. qualitatively confirms those
expectations.
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5.9 D1(2420)° and D}(2460)° reconstruction

The D3(2460)" was also reconstructed in the decay mode D}(2460)° — D7~ by
combining each DT candidate with an additional track, assumed to be a pion 7,
with a charge opposite to that of the D*. Combinatorial background was reduced
by applying the following cuts:

e pr(m,) > 0.3 GeV;
e n(m,) < 1.5
e pr(D*7,)/E > 0.35;

e cos0*(DT) < 0.8, where 8*(D™) is the angle between the D" in the D',
rest frame and the D', line of flight in the laboratory frame;

e the cut [, > 0.01 was applied for m,.

The D3(2460)° — DTn~ decay mode was reconstructed by calculating the “ex-
tended” mass difference AM®* = M (Knnm,) — M(Knr). Fig. B3 (b) shows the
invariant mass M (D" r,) = AM®™* + M(D{pq), where M (Djq) is the nominal
D7 mass [1]. A clear D3P signal is seen. No indication of the DY — DTx~ decay is
seen, as expected from angular momentum and parity conservation for a J* = 1F
state.

A small excess of events over background is seen around 2.3 GeV in the D7~
mass distribution (Fig. B3O(b)). This excess originates from the decay chains
DY, D3 — D**r~ with D** — D*7% or D** — DT. The 7"/~ are not seen in
the tracking detectors; thus, the reconstruction is incomplete. However, since the
available phase space in the D** — D* 70 decay is small and D* is much heavier
than 7°, the energy and momentum of D™ are close to those of D**. Consequently,
the enhancements seen in the M (D*r,) (Fig. ED(b)) distribution are called a
feed-down of the excited charm mesons DY, D3°, shifted down approximately by
the value of the 7° mass, as verified by MC simulations. The feed-down fitting
procedure is described in Sec. [[Il Further details on various contributions to the
mass spectrum will be discussed below.
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Figure 5.5: The mass distributions (dots) a) M(D**r,) and b) M(D*x,). The
solid curves are the result of a simultaneous fit to a) DY and D3° and to b) D3°
and feed-downs plus background function (dashed curves). The contributions of
the wide states D1(2430)° and D}(2400)° are given between the dashed and dotted
curves. The lowest curves are the contributions of the DY and D3° to the fit.
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D,

(2420)° and D3(2460)° reconstruction
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Figure 5.6: The mass distributions (dots) M (D**m,) in four helicity intervals:
(a) |cosal < 0.25; (b) 0.25 < |cosa| < 0.50; (¢) 0.50 < |cosa| < 0.75; (d)
|cosa| > 0.75. The solid curves are the result of the simultaneous fit to DY and
D3° plus background function (dashed curves).
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5.10 D,(2420)*" and D3(2460)* reconstruction

The charged excited meson D;(2420)" has been seen [I] in the decay modes
D*97* and DT wtr~ and the charged excited meson D3(2460)" has been seen [I]
in the decay modes D*°7* and D°r*. A search for D and D" signals was
performed in the mass distribution M (D%r*). For the D} a possible D7 signal
can arise only via a feed-down contribution (see Sec. [l). Each D candidate
was combined with an additional track, assumed to be a pion (7,), with either
positive or negative charge. Combinatorial background was reduced by applying
the following cuts:

pr(m,) > 0.35 GeV;

n(ma) < 1.6;
pT(Dowa)/Eiﬂoo > 0.3;

cos 0*(D°) < 0.85, where 6*(D°) is the angle between the D in the D°r,
rest frame and the D7, line of flight in the laboratory frame;

e the cut [, > 0.01 was applied for m,.

For each excited-charm-meson candidate, the “extended” mass difference AN
= M(Knrr,)—M(Km) was calculated. Fig. BEZshows the invariant mass M (D7)
=AM+ M (D3pq), where M (DR ) is the nominal D° mass [I]. A clear signal
of Djt — D°x™ is seen. An enhancement above background is also seen at the
mass region around 2.3 GeV. It is a sum of feed-downs of Df and D" states,
which originates from the decay chains Df, Dyt — D*9xt with D** — D7
or D** — D%, Further details on contributions to the mass spectrum will be
discussed below.
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Figure 5.7: The mass distribution (dots) M (D w,). The solid curve is the result
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5.11 D, (2535) reconstruction

To reconstruct the D}, — D** K§ decays, a D -meson candidate was formed by
combining each selected D*T candidate with the K2 candidates reconstructed in
the same event. For each excited charm-strange-meson candidate, the “extended”
mass difference, AM®™* = M(Krrntn™) — M(Knry) — M(nt7™) or AM®™* =
M(Krrrrgntn™) —M(Knnnmg)— M (nt7™), was calculated. The invariant mass
of the D* K§ system was calculated as M(D*TK2) = AM®* + M(D*")ppc +
M (K)ppa, where M (K2)ppe is the nominal K9 mass [1]. Fig. B8(a) shows the
M(D*TKY) distribution for D*™ meson candidates reconstructed in both decay
channels. A clear signal is seen at the nominal value of M (D). To reconstruct
the Df; — D**K* decays, an excited charm-strange-meson candidate was formed
by combining each selected D candidate with an additional track, assumed to
be a kaon (K, ), with a charge opposite to that of the particle taken as a kaon to
form the D candidate. To reduce the combinatorial background, the following
requirements were applied:

e n(K,) < 1.6;
e pr(K,) > 0.35GeV;
e pr(D°K,)/ES>1 > 0.30;

e cos6*(D%) < 0.85, where 6*(D?) is the angle between the D° in the DK,
rest frame and the DK, line of flight in the laboratory frame.

For each excited charm-strange-meson candidate, the “extended” mass difference,
AM®™ = M(KnK,) — M(K7) was calculated. The invariant mass of the D°K,
system was calculated as M(DK,) = AM®* + M (D)ppg, where M (D%)ppg is
the nominal D° mass [1]. Fig. E8(b) shows the M(D°K,) distribution for the
selected excited charm-strange-meson candidates. A feed-down of DY, — D*'K™*
decay is seen at the expected position in D’ K+ mass spectrum. A tiny indication
of the known decay Dy (2573)" — DK™ [I] is seen in the DK+ mass spectrum
around 2.6 GeV.

The helicity distribution of the D state was studied (see Eq.( B2])) with dis-
tributions of the M(D**K§) mass spectrum in four helicity bins (see Fig. 3.
Further details on contributions to the mass spectrum will be discussed below.
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Figure 5.9: The mass distributions (dots), M(D**K?) in four helicity intervals:
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|cosa| > 0.75. The solid curves are the result of the simultaneous fit to D} plus
background function (dashed curves).
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6 Discussion on spectroscopy results

This subsection describes the considered excited-charm-meson contributions to
the reconstructed mass spectra. The obtained fit results on the excited charm
states are discussed and compared to the previous measurements, PDG averages
and the theoretical expectations.

6.1 Neutral excited charm mesons in the D*t7— and DT 7~ spectra

To extract the signals of the excited neutral charm mesons, a x? fit was performed
using simultaneously the M(D*r,) distribution shown in Fig. BEBI(b) and the
M(D**m,) distributions in four helicity bins shown in Fig.

For the D** 7, spectrum the fit included:
e the background contribution;
e the signals of DY(2420), D3°(2460) and D°(2430) states.
For the D*r, spectrum the fit included:
e the background contribution;
e the signals of D3°(2460) and D*°(2400) states;
e the feed-downs from the D(2420), D3°(2460) and D°(2430) states.

The background for the D*'m mode was parametrised with four parameters
ai,bi,cr,dy as B(x) = aja® exp(—cxy — da?), where v = AM®* — M, +. The
same background function has been used in all helicity bins. The background for
the D7 mode has been parametrised with four other parameters as, b, ¢o, do as
B(x) = ayz® exp(—cyx — doz?), where 2 = AM®* — M, +.

Each signal was fitted to a relativistic D-wave Breit-Wigner (BW) function (see
Sec. [[]) convoluted with a Gaussian resolution function with a width fixed to the
corresponding MC prediction (see Sec. [[]). In the most general case this implies
the following list of fit parameters:

o N(D?(2430) — D*+x~), M(D?(2430)), T(D?(2430)), h(D?(2430));
o N(D(2420) — D**+7~), M(D?(2420)), T'(D?(2420)), h(D?(2420)):
o N(D;°(2460) — D*+x~), M(D32(2460)), T(Dz°(2460)), h(D3(2460));
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6 DISCUSSION ON SPECTROSCOPY RESULTS

e N(D3°(2460) — D*m);
o N(D®(2400) — D*r), M(D*(2400)), T'(D*°(2400)JE.

However, because of the large background, it was impossible to find from the fit
the parameters of the known wide states D*°(2400) and D°(2430). Thus, the
masses and widths of D*(2400) and D°(2430) were set to the PDG [1] values
and the helicity parameters of D*°(2400) and D°(2430) to the HQET predictions
h(D*°(2400)) = 0 and h(D°(2430)) = 0 (see Sec. B)). As both D°(2430) and
DY(2420) mesons are J” = 17 states, the yield of D°(2430) was required to be
the same as that of DY(2420). The h(D3?) parameter in the fit has been fixed
to the HQET prediction (see Sec. B) h(D3°) = —1. (A test fit with free h(D3°)
parameter yielded the value h(D3") = —1.16 4 0.35.) These assumptions reduced
the number of free signal parameters to nine:

o N(D(2420) — D*+7~), M(D?(2420)), T'(D?(2420)), h(D?(2420));
o N(D;°(2460) — D*+x~), M(Dz0(2460)), T'(D3°(2460)):

o N(D3°(2460) — D*7):

o N(D*(2400) — D*7™).

The feed-down shape was modelled as described in Sec. [Tl and convoluted with a
Gaussian resolution function with a width fixed to the corresponding MC predic-
tion (see Sec.[Id]). The masses, widths and helicity parameters of feed-downs were
the same as for the signal. The total normalisation of the sum of the feed-down
processes was fitted relative to the signal peak yield from N(D3%(2460) — D*r™)
decay, i.e. with one parameter. The relative yields of the D?(2420), D?(2430),
D;3%(2460) feed-down contributions were taken to be equal to those for the direct
signals in the D**7~ decay channel.

The fit results are shown in Tab. together with the parameters used in the
fits. The results are compared to the previous ZEUS publication [56] (HERA-I)
and PDG [I]. The given systematical uncertainties are discussed in Sec. @l All
results from this analysis [64] (HERA-II) are shown in Tab. G2 and are consistent
with those from the previous ZEUS publication [56] (HERA-I). The masses of
both D? and D3° are consistent with the latest PDG values [1] and with a recent
BABAR measurement [62]. The theoretical predictions for the DY and D3° masses
in general agree (within 3 —4 MeV) with the measurements and PDG values,

Zthe h(D*Y(2400)) is not needed for the fit

75



6.1 Neutral excited charm mesons in the D*T7r= and Dt~ spectra

HERA-II [64](this) HERA-I [56] PDG [1]
N(DY — D**r) 2732 4 285 3110 + 340
N(D3® — D**r) 1798 + 293 870 £ 170
N(D3® — D*r) | 521 £88 (S(D*) > 3) 690 =+ 160
M (DY), MeV 2423.1 £ 1.5%0¢ 2420.54+2.1+£0.9 | 2421.3+£0.6
(DY), MeV 38.8 & 5.0 53.2 4 7.2733 27.142.7
h(DY) 78557008 59537730
M(D3%), MeV 2462.5 +2.41}3 2469.1 £3.7712 | 2462.6 £ 0.7
[(D3%), MeV 46.6 = 8.175% 43 fixed 49.0+1.4
h(D3?) —1 fixed —1 fixed
D,(2430)°/ DY 1.0 fixed 1.0 fixed
D;(2400)°/ D30 L14+1.1 1.7 fixed
Feed-downs/ D3° 0.3+0.4

Table 6.1: Results of the simultaneous fit for the yields (N), masses (M), widths
(T ) and helicity parameters (h) of the DY and D3° mesons, for the ratios of the
D1(2430)° and D((2400)° to the DY and D3° states, and for the ratio of the feed-

downs (see text) to the D3° — Dr~.

The D1(2430)° and D((2400)° mass and

width parameters used in the fit were fized to the PDG [1] values. The results are
compared to those of PDG [1J].
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6.1 Neutral excited charm mesons in the D*T7r= and Dt~ spectra

however, using only two masses it is impossible to discriminate between models
(i.e. a certain model can give good predictions for DY and Di° masses, but
completely unsatisfactory predictions for higher states).

The DY width, I'(D?) = 38.8 + 5.0(stat.)*)(syst.) MeV, is consistent with the
PDG value [I] of 27.1 + 2.7MeV, and is in good agreement with the BABAR
measurement [62] of 31.4 + 0.5 + 1.3 MeV. However, the measured width of DY is
much bigger than most of other measurements. and the origin of this discrepancy
is unclear. The measurements of E687, CLEO-II, CLEO yield I'(DY?) = 15—23 MeV
and T'(D3%) = 20 — 28 MeV (i.e. both widths are significantly smaller than the
PDG [1] averages), which can be an indication of underestimation of I'(D?) and
['(D3°) due to systematic effects. On the other hand, the small values of T'(D?)
obtained by BELLE [75] T'(D?) = 23.7 + 2.7 + 4.0 MeV and CDF [71] I'(DY) =
20.0 + 1.7 £ 1.3MeV are coupled with the values of T'(D3%) = 46 — 50 MeV and
cannot be easily explained. One of the possible explanations for those results
might be the difference in the functions used for the mass spectra fits: the analysis
of BELLE included the contributions from the virtual states of D° and B*® (see
details in Ref. [75]) and in the analysis of CDF [71] the signals were parametrised
with non-relativistic Breit-Wigner functions.

The D3° width, T'(D3%) = 46.6 & 8.1(stat.) 5 a(syst.) MeV, is consistent with
the PDG value [I] of 49.0 + 1.4 MeV, and with the BABAR measurement of
50.5 4 0.6 £ 0.7 MeV.

The DY helicity parameter, h(DY) =7.8757(stat.)™1S(syst.), is consistent with
the BABAR value of h(DY) = 5.72 + 0.25 and somewhat above the theoretical
prediction of = 3 and measurements by CLEO [76] with h(D?) = 2.747}35.
The simultaneous fit with h(D?) fixed to the theoretical prediction, h(D?) = 3,
yielded masses and widths of D3° and DY that are somewhat away from the
PDG values [I]. The simultaneous fit with h(D3°) as a free parameter yielded
similar results for all other free parameters with somewhat larger errors and with
h(D3) =—1.16 & 0.35, in good agreement with the theoretical prediction of h =
—1. As was discussed in Sec. B the helicity angular distribution for a J¥ = 17
state with a mixture of D- and S-wave is

dl'p,
dcosa

o 1+ hcos®a,

1—7r—2y2r(1 —r)cos¢

147r4+2y2r(1 —7)cos¢’
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6 DISCUSSION ON SPECTROSCOPY RESULTS

where r =T's/(I's+I'p), I's(I'p) is the S(D)-wave partial width and ¢ is relative
phase between the two amplitudes. The range of the measured h(DY?) restricted
to one standard deviation is shown in Fig. G.1lin a plot of cos ¢ versus r. A similar
measurement by the BELLE collaboration [65] is consistent with a pure D-wave,

i.e. Fs/(rs + FD) = 0.
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Figure 6.1: The allowed region of cos ¢, where ¢ is the relative phase of S- and
D-wave amplitudes, versus the fraction of S-wave in the DY — D*m decay for
ZEUS, BABAR and CLEO measurements.

A particular interest has a comparison of obtained results to those of HERA-I
analysis. In addition to some discrepancy of M (D3°) and I'(DY) values, there is a
discrepancy of the relative yields of D} and D3 states in the D**7 spectrum. The
ratio of the two yields and approximate uncertainty (the correlation coefficient
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6.2 Charged excited charm mesons in the D™ spectrum

obtained from the fit is p = —0.39) is

N(D? = D*+r)

R = =152+£0.34
HERA-II N(D;O N D*+7T)
for the HERA-II analysis and
N(DY — D**r)
R 1= =3.07£0.92
HERAL ™ N (D30 = D+ )
for the HERA-I analysis (assuming p = —0.39 as for HERA-II). However, it was

suggested that the discrepancies HERA-I vs. HERA-II for M (D3°), T'(D?) and R
might be correlated. To check this assumption, a fit of HERA-II spectrum was
performed with DY and D3" masses and widths fixed to the HERA-I values. The
fit yielded N(D? — D*Tmr) = 1650 4+ 155, N(D? — D**m) = 3314 + 168 and
R =2.01+£0.25. The obtained value R = 2.01 +0.25 indicates that the difference
between Rugra_1 and Rugra_1 is correlated with smaller value of T'(DY) in the
HERA-IT analysis and related to the better description of the D3" resonance, which
became possible with refined reconstruction of this state in the D7 channel.

6.2 Charged excited charm mesons in the D% spectrum

To extract the signals of the charged excited charm mesons, a x? fit was performed
using the M (D%x,) distribution shown in Fig. 57 The fit included:

e the background contribution;
e the signal of D;"(2460);
e the feed-downs of the Dy (2420) and D} (2460) states.

The background for the D7 mode has been parametrised with four parameters
a,b,c,d as B(z) = ax® exp(—cx — dx?), where v = AM™* — M,+).

The D;"(2460) signal was fitted to relativistic Breit-Wigner distributions con-
voluted with the appropriate resolution function. Because of low statistics, only
two signal parameters were free in the fit: the mass M (D;"(2460)) and the yield
N(D;*(2460) — D°7™). The width TI'(D;"(2460)) was set to the PDG value and
the helicity parameter h(D3*(2460)) to the HQET prediction, h(D3"(2460)) = —1
(see Sec. B).
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6 DISCUSSION ON SPECTROSCOPY RESULTS

HERrA-II [64](this) | PDG [I]
N(Dj — D*zt) 759 4 183
N(D;t — D*rt) 634 + 223
N(D3t — Dzt) 737 4 164
M (DY), MeV 2421.9 + 4.7 | 2423.44+ 3.1
['(Df), MeV 25 fixed 25+6
h(D7) 3 fixed
M (D3, MeV 2460.6 &= 4.473% | 2464.4+ 1.9
(D), MeV 37 fixed 37+6
h(D3h) —1 fixed

Table 6.3: Results for the yields (N) and masses (M) of the DI and D3+ mesons;
widths (T') and helicity parameters (h) used in the fit. The results are compared
to those of PDG [1J].

The feed-down shapes were modelled as described in Sec. [Tl and convoluted with
the appropriate resolution function. The detailed description of the convolution
procedure for signals and feed-downs can be found in Sec. [l The masses, widths
and helicity parameters of feed-downs were the same as for the signal, implying
three free parameters for the description of the feed-downs N(D}*(2460) —
D*97t), N(Dy(2420) — D*°z") and M (D (2420)). The width (D (2420))
was set to the PDG value and the helicity parameter h(D3 (2420)) to the HQET
predictions h(Dy(2420)) = 3 (see Sec. B).

The fit results are shown in Tab. together with the parameters used in the
fits. The given systematic uncertainties are discussed in Sec.

The measured masses M (D) = 2421.9 & 4.7(stat.) 35 (syst.) MeV and M (D3™)
= 2460.6 & 4.4(stat.) "5 8(syst.) MeV agree to the average values from PDG [I]
M(D}) = 24234431 MeV and M(D;") = 2464.4+2.9 MeV and to many
other measurements (see Tab. B4]). The measurements of M(D{) and M (D3")
have a precision comparable to the measurements from other experiments. The
theoretical predictions for the D" and D}* masses in general agree (within 3 —
4MeV) to the measurements and PDG values, as is in the case for neutral
states.
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6.2 Charged excited charm mesons in the D™ spectrum
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6 DISCUSSION ON SPECTROSCOPY RESULTS

6.3 Strange excited charm mesons in the D** K2 and D°K™ spectra

To extract the signals of the excited strange charm mesons, a x? fit was performed
using simultaneously the M (DYK,) distribution shown in Fig. BE8|(b)) and the
M (D**KY) distributions in four helicity bins shown in Fig. 5.0

For the D*" K2 spectrum the fit included:
e the background contribution;
e the signal of DJ;(2535) state.
For the DYK™ spectrum the fit included:
e the background contribution;
e the D (2573) signal;
e the feed-downs from the Df;(2535) and DZ (2573) states.

The background for D** K2 mode was parametrised with four parameters ay, by,
c1, dy as B(z) = a12% exp(—cix—d,2?), where z = AMeXt—MKg. The same back-
ground function was used in all helicity bins. The background for D° K+ mode was
parametrised with four parameters ay,by,co,dy as B(z) = aox®? exp(—coz — dy?),

where v = AM®® — M+ .

The signals were fitted to the relativistic Breit-Wigner distributions convoluted
with the appropriate resolution function. The mass resolution in both spectra
was not sufficient for the measurement of the small D, width. In the fit this
width was fixed to the PDG [I] value. The observed signals of D were not
significant enough for any measurement, so the width and the mass of D7, state
were set to the PDG [I] values and the helicity parameter to the HQET predictions
h(D%) = —1 (see Sec. Bl). The following four signal parameters were free in the
fit: N(DY,) — D**KY, M(D},), h(D}) and N(D — D°K™).

The feed-down shapes were modelled as described in Sec. [[1] and convoluted with
the appropriate resolution function. The detailed description of the convolution
for both modes can be found in Sec.[IIl The masses, widths and helicity paramet-
ers of feed-downs were the same as for the signals. Only two feed-down yields
were free in the fit: N(DJ) — D**K* and N(D};) — D**K™*. The fit results
are shown in Tab. together with the parameters used in the fits. The results
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6.3 Strange excited charm mesons in the D** Kg and D° K spectra

are compared to the previous ZEUS publication [56] (HERA-I) and the PDG [I].
The given systematical uncertainties are discussed in Sec.

HERA-II (this) HERA-T [56] PDG [1]
N(Df, - D*tK9) 110 £ 20 100 £ 13
N(D}, — DK+ 306 + 64 136 4 27
N(D: — D°K) 132 + 194
N(D} — D*K™) 65 4 125
M(D}}), MeV | 2535.37 & 0.457555 | 2535.5770:414+0.10 | 2535.12 4 0.13
I'(DY), MeV 0.9 fixed 0.92 = 0.05
h(DF) 0.09 & 0.5879-32 —0.7410 331008
M (D), MeV 2571.9 fixed 2571.9 £ 0.8
(D), MeV 17 fixed 17+ 4
h(D%) —1 fixed

Table 6.5: Results of the simultaneous fit for the D, D% yields (N), mass (M),

and helicity parameter (h) of the D}, meson. The values of DJ;, D% widths, D%

mass and helicity parameter used in the fit were fized to the PDG [1] values. The
results are compared to the PDG [1).

The measured mass M (D7) = 2535.37 & 0.45(stat.) "0 15 (syst.) MeV agrees with
the average values from PDG [I] M (D7) = 2535.12 +0.13 MeV and to other
measurements listed in Tab. [6.6] including the previous ZEUS measurement [56]
M (DY) = 2535577541 +0.10 MeV. The theoretical predictions of Dy, agree with
the measurements very well (see Tab. [6.0]).

The measured DY, helicity parameter h(D];) = 0.09 4 0.587533 allows for some
S- and D-wave mixing in its decay to D*TK?2 (see Fig. G2). The result agrees

very well with the CLEO measurement h(DJ,) = —0.237033, consistent with the
previous ZEUS result k(D) = —0.7470 31008 and contradicts the pure D-wave

hypothesis h(D},) = 3.
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6 DISCUSSION ON SPECTROSCOPY RESULTS

| |

M (DY), MeV

| T(D]}), Mev

| D)

|

| This, [64] | 2535.370.451315 | 0.00 + 0.58+032
| PDG ] | 2535124013 | 092+0.05 | |
E687 [67] 2535+0.6+1 < 3.2
CLEO [68] | 2536.6+0.740.4 < 5.44
ZEus [56] | 2535.57704+0.10* —0.741 0331008
DO [R1] 2535.740.6+0.5
BABAR | 2534.7840.3140.40
BABAR [82] | 2534.6+0.3+0.7 <25
ALEPH [83] 2535.3+0.7
BBCNC [84]|  2534.241.2
CLEO [85] | 2535.34+0.240.5 <23
CLEO [85] | 2534.840.6+0.6 —0.237035
ARGUS [R6] | 2535.240.5+1.5 <3.9
Araus [87] | 2535.9+0.64+2.0 <4.6
BELLE [8§] 2534.140.6 0.7540.23
BABAR [89] | 2535.08=0.0140.15*| 0.92+0.0340.04
HLBC [90] 2535+ 28"
Model [10] 2535
Model [11] 2536
No mixing 3.0

Table 6.6: Comparison of D, mass and helicity parameter results of this ana-
lysis to other measurements, PDG averages and theoretical predictions. The most
precise measurements are shaded in yellow. The measurements not used for PDG
averages are marked with *.
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6.4 Searches for other excited charm mesons
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Figure 6.2: The allowed region of cos ¢, where ¢ is the relative phase of S- and
D-wave amplitudes, versus the fraction of S-wave in the DY, — D** K9 decay for
ZEUS, ZEUS /HERA-I and CLEO measurements.

6.4 Searches for other excited charm mesons

In a recent paper [62] the BABAR Collaboration searched for excited D meson
states in ete™ — c¢ — DW7r + X with very large statistics. In addition to the
DY and D3° resonances, BABAR observed two new structures near 2.6 GeV in the
Dtr~ and D*Tn~ mass distributions, D(2550)° and D*(2600)°, and interpreted
them as being radial excitations of the well-known D° and D*°] respectively (see
Fig.[63). In this analysis, a small enhancement of events above the background is
seen in the region near 2.6 GeV in the M (D**7~) distribution (Figs. B5l(a), B.0l).
However, the fit with D(2550)% and D*(2600)° states yielded insignificant signals
(see Fig.[64 Tab.[67) and did not significantly change the results of the other fit
parameters. The x? change for the two extra degrees of freedom was 3.5, not large
enough to be evidence for D(2550)? and/or D*(2600)° production in ZEUS.
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6 DISCUSSION ON SPECTROSCOPY RESULTS
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Figure 6.3: M (D**71) mass spectrum from BABAR [62]. Fit (top solid curve)
of the data (points) to the sum of signals (dots) and background (bottom solid
curve). The inset plots show the distributions after the background subtraction.

HERA-II (this) | PDG [1]
N(D(2550)° — D7) | 378+ 199
N(D(2600)° — D**r) | 113 +224
M(D(2550)%), MeV | 2539(fixed) | 2539 %8
T(D(2550)%), MeV 130(fixed) | 130 % 18
h(D(2550)%), MeV —1(fixed)
M(D(2600)°), MeV | 2612(fixed) | 2612 =6
(D(2600)%), MeV 03(fixed) | 93+ 14
h(D(2600)"), MeV oo(fixed)

Table 6.7: Results of the simultaneous fit for the yields (N), masses (M), widths
(T') and helicity parameters (h) of the D(2550)°, D(2600)°, mesons.
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6.4 Searches for other excited charm mesons
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Figure 6.4: The mass distributions (dots) M (D**m,) in four helicity intervals:
(a) |cosa| < 0.25; (b) 0.25 < |cosa| < 0.50; (¢) 0.50 < |cosa| < 0.75; (d)
|cosal > 0.75. The solid curves are the result of the simultaneous fit to DY, D3P,
D(2550)° and D(2600)° plus background function (dashed curves). The D(2550)°
and D(2600)° signal distributions (dotted curves) scaled by factor 3.
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7 EXCITED CHARM MESON FRAGMENTATION FRACTIONS

7 Excited charm meson fragmentation fractions

The calculation of charm fragmentation fractions requires the number of produced
charm quarks and corresponding charm mesons. While the measurement of the
number of produced charm mesons is a straightforward procedure as described
in Sec. [ it is not so easy to estimate the number of produced charm quarks.
Various techniques can be used for this, but a technique based on charm meson
tagging has important advantages, which help to make the measurement more
precise. Firstly it does not require luminosity and the secondly — it exploits
the well measured charm fragmentation fractions of the DY, D* and D* mesons.
This chapter describes the calculation procedure for charm quark fragmentation
fractions to excited-mesons using DY, D* and Dt charm-meson tagging.

7.1 Calculations of fragmentation fractions

The fragmentation fractions of charmed mesons are defined as:

fle— D) = G2 e - D) = S22
e = D) = ik fle - Dy) = T2,
N(DY) N(D*) (7.1)
f(C—>D+):W7 f(C—>D*+):W>
e D) = fle ) = T2

where N(c) is the true number of charm quarks in the data and N (D), N(D3%1),
N(D%), N(D*) etc. stand for the true number of corresponding charm mesons.
The number of ¢ quarks in the same sample can be tagged with different mesons:

N(D) N

N@:f@%D%_f@%D%:

(7.2)
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7.1 Calculations of fragmentation fractions

The number of D mesons can be measured if the branching ratio for a corres-
ponding decay is known, e.g.:
N(D — X N(D =Y N(D — Z
v NP X) NDoY) NDoZ)

BD—>X BD—>Y BD—)Z

The use of the two (or more) decay modes can improve the precision of the
measurement or make it simpler. In this case

N(D = X)+N(D —Y)

BD—>X + BD—>Y

N(D) =

Consider decays of excited mesons. For the decays D" — D*n " D} — D*Oz*

and D3T — DOr ™

N(DF = D)
‘Z/D’D1+—>D*07rﬂL

N(D3* — Dt + N(Di+ — Do)

BD;+ D0+ T BD;+—>D07r+

As the D*Y decays to D° with probability 100% []

N(DY) =

)

N(D5") =

N(Df — D*z%) = N(Df — D*zt, D** — D% /),

N(D3t — D*z%) = N(D;* — D*z%, D* — D°7%/~),

and
N D*+ D*O + D*O DO 0 N D*+ DO +
N(pyty = NWPa = DTt DT = D7n ) + N(Dy T = DTT) g g
BD?L%D*OW‘* + BD;+~>DOW+
N D+ D*O + D*O DO 0
BD{—>D*0n+

The combination of Eqs. (T3)), (T4) and Eq. (TI)) gives

—>DOND+—>D*O+D*O—>DOO

N(DO) BDT—}D*OWJF
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7 EXCITED CHARM MESON FRAGMENTATION FRACTIONS

flc — D) N(D;* — D*%x+ D** — D%%/y)+N(D;* — D)

c— Dit)=
f ) N(D%) Byt peort + Bpgt L por+

(7.6)

For neutral excited mesons, the expression for f(c — DY) is obtained from
Eq. (CTI)). using D** meson tagging:

N(D*+)

MO =55y

f(c = D*")N(D?Y — D*tn™)

c— DY =
e D) =250y Boapn

(7.7)
The samples for reconstruction of DY, D3° — D**7~ and D3° — DTr~ decays
are different; they contain a fully reconstructed D** or D™ respectively. Thus
they contain different numbers of charm quarks. Consider two samples of events
used for reconstruction of D3 — D**7~ /D% — D**7—(I) and D3° — D*r—(II)
decay chains. From the definition in Eqs. (l), (Z2) for samples (I) and (II):

N(D3® — D**r7)

c— D3°) =
A ) Ni(¢)Bpyo s prin-
N(D;® — D7)
c— D*O — 2
A i) N11(¢)Bpsos ptr-

Moving branching ratios to the left and adding the equations gives:

N(Dy® = D*n7) | N(Dy” = D)
N[(C) N[](C)

f(C - DSO)(BD§0—>D+r ‘|‘BD;0—>D*+r) =
Expressing N;(c) and Ny;(c) with N(D**) and N(DV):

N(D*0—D*tx— * N(D¥O—=Dtr—
( ?v(?)*-r) )f<c — D +> + ( 5\7(}+) )f(c - D+)

fle = D5°) = (7.8)

Bpso s p+a- + Bpso,prtn-
For the case of charm-strange excited mesons, the expression for f(c — D)

is obtained in a similar way, using samples with D}, — D**K*(I) and D], —
D*F KY(II) decays.
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7.1 Calculations of fragmentation fractions

From the definition in Eqs. (C]), (Z2)) for samples (I) and (II):

N(D} — DK™)

c— Df) =
e D) = N 0B pors
N(D}, — D**K?
f(C—)D:l): ( sl S)
NII(C)BD;GHD*'*K%

Moving branching ratios to the left and adding the equations we have:

N(D;rl — D*OK+) N(Djl — D*"'Kg)
_|_
Ni(e) Nii(c)

fle— D;_l)(BD;HD*OK'*‘ +BD;LIAD*+Kg) =

Expressing N(c) and Ny7(c) with N(D*T) and N(DY):

N(DY —-D*t K9 x N(DF 5D K+
flc = D) Ry (e~ D) + TS (e - D)
c s1) —

(7.9)

BDS*IHD*DKJr + BDngaD*"'Kg

The branching ratios in Eqgs. (1), (Z8), (ZH), (Z6) are not known, but can be
estimated assuming isospin conservation in excited charm strong decays. The
isospin parts of the wave function with decomposition with Clebsch-Gordan coef-
ficients [I] of 7 and D mesons are given in Tab. [T} The isospin part of the wave
functions |1, I,) of the excited charm states are given in Tab. [[2}

For each transition between initial and final state, the branching ratio in this
approximation can be calculated as:

ZBI,IZHI',I; - |<I7IZ|1’I 7I,/z>|27

where the sum is taken for all final states with certain I’ and I..

Neglecting the non-dominant decays DY — Drm and D — DT rwrr, the branch-
ing ratios of DY and D decays are:

Bpoprenm = [(1/2,-1/2[1]1/2,1/2) ® |1, =1)[* = 2/3
Bps L pone = [(1/2,1/2[1]1/2,-1/2) @ [1,1)* = 2/3
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State | |1, 1,)
=) LD
7)1, =1)

D% | 11/2,-1/2
D7) | 11/2,-1/2
DY) | 11/2,-1/2
1D3%) | 11/2,-1/2
D) | 11/2,1/2)
D) | 11/2,1/2)
DY) | 11/2,1/2)
1D37) | 11/2,1/2)

~ ~—— ~— ~—

Table 7.1: Isospin states of m and D mesons.

State \I', 1)

|ID% @ |7T) | [1/2,-1/2) ® 1,1
|ID* @ |7t) | [1/2,-1/2) @ 1,1
DRy @ |77) | [1/2,1/2) @ |1, -1
|ID*t) @ |77) | 1/2,1/2) @ |1, -1

=5

§|1/2,1/2>+\/§!3/2,1/2>
§|1/2,1/2>+\@|3/2,1/2>
—\/211/27 —1/2) + \/§|3/2, -1/2)

_\/gu/Q, ~1/2) + \/§I3/2, —1/2)

Table 7.2: Isospin decomposition of excited charm states.

)
)
)
)

Similarly,

Bpgooptn- + Bpgoopeea = [(1/2,-1/2]1]1/2,1/2) ® [1, - 1)* = 2/3
BD;+—>D07r+ + BD§0—>D*07T+ = [(1/2,1/2|1|1/2,-1/2) @ |1,1)|* = 2/3

The formulae above are correct in case of no kinematic restrictions on decay
products. In case of restricted kinematic space, some corrections should be ap-
plied. The corrections can be estimated from fragmentation functions of charm-
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7.1 Calculations of fragmentation fractions

quark mesons e.g. using theoretical calculations or phenomenological models of
fragmentation. The second choice is much more robust, and therefore the cor-
rection factors were calculated using the Lund string fragmentation model with
a Peterson fragmentation function as implemented in PyTHIA [39].

As the number of true mesons enters the Eqs. (1), (), (C3), (T4, [Z3)

*0
only as a ratio e.g. %((g%r)) , the most robust way is to calculate corrections that

will be applied to this ratio. The procedure of calculating the corrections is the
following;:

1. calculate the number of excited charm mesons in the full kinematic space
in the MC sample;

2. calculate the number of relevant ground charm mesons in the full kinematic
space in the MC sample;

3. get the ratio of the two numbers above;

4. calculate the number of excited charm mesons in restricted kinematic space
in the MC sample;

5. calculate the number of relevant ground charm mesons in restricted kin-
ematic space in the MC sample;

6. get the ratio of the two numbers above;

7. the ratio of the numbers from 3) and 6) is an extrapolation factor of order
of unity that is denoted as G, e.g. Gp;o_,p+/p+.

Taking into account the extrapolation factors, Eqs. (L), (Z8)), (Z3), (C4), [Z3)

can be rewritten as:

N(D?%D**ﬂ*)g . .

- N(D*y  IDY{—D*t/D* "

fle— DY) = — 2 —— fle— D)
DY—D*+n—

fle— D5°) =

N(D:0—D*+r— « N(D:0—D*+n—
Gp30p++ /Dot %JC(C — D) + Gpso,p+/p+ %JC(C — D7)

Bpsop+n- + Bpso_spetn-

(7.10)
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7 EXCITED CHARM MESON FRAGMENTATION FRACTIONS

N(Df =D*°7+ D*0— D00 /)

g + *0 0
N(D?) Df—D*0/D 0
fle— D) = Fle— DY)
BD#—)D*OWJr
fle— D3ty = f(c — D) x
N(D;+~>D Ot D*0 D070 /) N(D;+~>D07r+) (711)
% N(D?) gD;+~>D*O/DO + WgD;‘*eDO/DO
BD;jLHD*Ofr"' + BD;+%D07|-+
flc— DY) =
N(DH—D*+K . N(DY DK+
gDsJ,rl_’D*Jr/D*Jr%f(c — D +> + gD+ _}DO/Do%JC(C — DO)
BD:&—)D*OK‘F + BD:&%D**’K%
(7.12)

As is clear from the equations above, the fragmentation-fraction formulae have
only combinations like

extr N D*O — D*+7T_
‘FD%:O—)D*‘F/D*JF = gD;O—>D*+/D*+ ( 3V(D*+) ) Y (7'13)

which is basically the fraction of D*T that originated from D3? decays. In this
analysis these quantities are considered a part of the final results and are given
together with fragmentation fractions.

The formulae in this section assume that all D mesons originate from the charm
quark fragmentation process; the small fraction that originate from the decays of

the beauty mesons has been neglected The effect of taking beauty into account

NDY)

can be seen by taking the N(D*Jr)

ratio as an example:

NDY)  ocf(c— DY) +opf(b— DY)
N(D*+)  o.f(c = D*) + oo f(b — D*+)’

where o, and o3, are inclusive charm and beauty cross sections and f(b — D)
are the fragmentation fractions of the beauty quark to D mesons. To a good
approximation:

N(DY) _ fle—= DY) oy (fb—= DY) f(b— D)
N(D*) ™ f(c— D) <1+ Oc (f(0% DY) fle— D**))) '
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7.2 The neutral excited charm mesons

Taking into account the values obtained by OPAL [91] f(b — DY) =5.04+0.14 +
0.06%, the estimate of f(b — D*T) ~ 40% [I] and much higher charm cross-
section at HERA 2 ~ 1 x 1072 we have:

NDY) _ fle— DY)
N(D*t)  f(c— D*t)

(1 -+ Eb)

The small value of €, ~ 1x(2.5—2.0) x 1072 indicates a negligible impact of beauty
on these results. In the previous ZEUS analysis [50] a subtraction of the b-quark
relative contribution (see details in Ref. [56]) changed the relative acceptances
(excited states with respect to ground states) by less than 1.5% of their values (i.e.
close to the estimation of ¢,). Consequently, no such subtraction was performed
in this analysis and the MC simulation included the beauty production processes.
A variation of this contribution was considered for the systematics (Sec. [@).

7.2 The neutral excited charm mesons

The branching ratio for D3° and the fragmentation fractions for D¢ and D3’
were measured using the channels D3 — D¥x~ and DY, D3° — D**r~ with
D** — D%f — (K—n")rS. The numbers of reconstructed DY, D3 — D**n~
and D3 — DT n~ decays were divided by the numbers of reconstructed D** and
DY mesons, yielding the fractions of D** and DT mesons originating from the D?
and D3° decays. To correct the measured fractions for detector effects, ratios of
acceptances were calculated using the MC simulation for the DY, D30 — D*Tx~
and D3° — Dtr~ states to the inclusive D*T and DT acceptances, respectively.

The fractions, F, of D** mesons originating from D? and D3° decays were calcu-
lated in the kinematic range |n(D**)| < 1.6 and pr(D*T) > 1.5 GeV for the D**
decay and the fraction of D™ mesons originating from D3° decays was calculated
in the kinematic range pr(D*) > 2.8 GeV and |n(D™)| < 1.6.

The fractions measured in the restricted py(D**, D1) and n(D**, DT) kinematic
ranges were extrapolated to the fractions in the full kinematic phase space using
the Bowler modification [59] of the Lund symmetric fragmentation function [60]
as implemented in PyTHIA [92]. Applying the estimated extrapolation factors,
thl)HD*Jrﬂf/D*Jr ~ 1.13 gDSOHD*hﬁ/DH ~ 1.15 and QDzoﬁmr/m ~ 1.34 yields

Fo0pesn—per = 85 £ Ld(stat.)T15(syst.) %,
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f%;£—>D*+7r*/D*+ = 4.7 + 1.3(stat.) 52 (syst.) %, (7.14)

Db pia- pr = 0.7 £ 2.4(stat. )Ty (syst.) %. (7.15)

From the Eqgs. (ZI0) and definition of 7', the fragmentation fractions f(c — D?),
f(c — D3%) and the ratio of the two branching fractions for the D3° meson is:
extr

fe s Doy = T DD e /D

flc— D*), (7.16)

BD?—)D**ﬂ*

FGB(;tLD*er—/DHf(C — D) + ]:%(;tLD+w—/D+f(C — D)

c— DY) = ,
4 i) BD50—>D*+r + BD3‘0—>D+7r*
(7.17)
extr +
Bpso_spt - B 'FDSOHD+W*/D+f(C — D7)
BD§°—>D*+7T* ‘F(B(S%HDHw*/DHf(C — D*F) .

The f(c — D*") and f(c — D%) values used were obtained as a combination of
data from HERA and ete™ colliders [93]:

f(c — D*t) = 22.87 + 0.56(stat. @ syst.) T2 (br.) %,

f(c— D) =22.56 + 0.77(stat. @ syst.) + 1.00(br.) %,
where the third uncertainties are due to the branching-ratio uncertainties.
As stated above, to a good approximation

Bpospetn- =2/3, Bpgopetn- + Bpyo_pir = 2/3,
so that Eqs. (I6) and (ZI7) yields

flc— DY) =294 0.5(stat.) 02 (syst.) %,

f(c— D3%) = 3.9+ 0.9(stat.) T3 (syst.) %,
flc— DY)+ f(c — D3°) = 6.8 & 1.0(stat.)t53(syst.) %.

Assuming uncorrelated errors the ratio of two fragmentation fractions is

flc—= DY)/ f(c— D3%) = 0.8 +0.2(stat.) + 0.2(syst.).
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7.3 The charged excited charm mesons

Taking into account the correlations in the simultaneous fit performed to obtain

the values in Eqs. (ZI4]) and (Z.I3) yields

B * =
DDy 44 0.3(stat.)£0.3(syst.).

BD50—>D*+W*

7.3 The charged excited charm mesons

The branching ratio for D3 and the fragmentation fractions for D} and D}*
were measured using the channels D3t — D%t and Df, Dy — D*zt with
D*® — D%°/~, where the 7°/ are not measured directly. Since D*° always
decays to DY [I], the number of D*® and D originating from Dj /D3t are
identical. The number of reconstructed Df /Dt — D*°nt; D** — D%/~ and
D3T — D7 decays were thus divided by the total number of reconstructed D°
mesons, yielding the fractions of D° mesons originating from Dy /D3t decays.
Detector effects were corrected as described in Sec. [[L2l The above fractions
were calculated in the kinematic range pr(D°) > 2.6 GeV and |n(D°)| < 1.6
and extrapolated to the fractions in the full kinematic phase space as for the DY
and D3° (Sec. [[2). Applying the extrapolation factors, Gpo_ypetn—/p+ ~ 1.28
gD?%D*ﬂTi/DH ~ ]_]_87 and QDS)%DHW/DH ~ 135 giVGS

]:%?:D*Oﬂ/m = 5.4+ 2.1(stat.) 53 (syst.) %,
F?gi_}D*Oﬁ/Do = 1.8 4+ 0.9(stat.) 05 (syst.) %,
f‘;‘giﬁDoﬁ/Do = 2.0 £ 0.5(stat.) 05 (syst.) %.

From the Eqgs. (TI0)) and definition of F*"| the fragmentation fractions f(c — D),
f(c — D3T) and the ratio of the two branching fractions for the D' meson is:
Fextr

fle— Df) _ D —D*07— /D0

fle— D), (7.18)

BD{—>D*%+

f(C — D*+) . feg(;ti—)D*Oer/DOf(c — DO) + F%(;ti_}DoﬂJr/Dof(C — DO)
5 =

. (7.19)

BD;+—)D*OTF+ + BD;+—>D07T+
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xtr s 0
BD;+—>D+r - D;+—>D07r+/D0f(C D?)

Xtr 0y -
BD;+—>D*07r+ D;+—>D*07r+/D0f(C > D )

Using Eqgs. (Z18), (CI9) and the fragmentation fraction [93]
f(c— D% = 56.43 4+ 1.51(stat. @ syst.) 13 (br.) %,
gives
flc— D) =4.6 £ 1.8(stat.) "5 9(syst.) %,
flc— D3T) =324 0.8(stat.) 05 (syst.) %,
flc— D)+ f(c — D3t) = 7.8 £ 2.0(stat.) 3 (syst.) %.

Assuming uncorrelated errors

flc—= D)/ f(c— D3T) =1.440.7(stat.) 01 (syst.).

The ratio of the branching fractions of the two dominant decay modes of the
D3*,
Bps+ . pox
Da oD 1 4 0.4(stat.) F03 (syst.), (7.20)
BD;+—>D*O7T+

BD;+—>DO7r+

= 0.5270% (stat.) & 0.05(syst.) has been calcu-

The ratio BD

;+_>D0w++BD;+_>D*0n+

lated from Eq. (Z20) and found to be in agreement with BABAR result

BD;+—>DO7F+

= 0.62 £0.03 £ 0.02.
BD;""%D(%ﬁ + BD;""ﬁD*Oer

7.4 The strange excited charm mesons

The numbers of reconstructed D}, — D** K and D}, — D**K™ decays were di-
vided by the numbers of reconstructed D** and D° mesons, respectively, yielding
rates of D** and D mesons originating from D, decays. To correct the meas-
ured rates for detector effects, the relative acceptances were calculated using the
MC simulation as ratios of acceptances for the D, — D**K2 and D}, — D*°K~
states to the inclusive D** and D acceptances, respectively.
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7.4 The strange excited charm mesons

The fractions measured in the restricted pr(D*T, D°) and n(D*", D°) kinematic
ranges were extrapolated to the fractions in the full kinematic phase space. Apply-
ing the estimated extrapolation factors, nglﬁD*OKT/DO ~1.61 for FD;QHD*OK‘F/DO?
and Gpi | pet goypet ~ 1.30 for Fpt | pes o per gives

feggﬁwm jpe+ = 131 £ 0.24(stat.) 015 (syst.) %,
fggw*om o = 0.82 £ 0.19(stat.) 053 (syst.) %.

From the Eq. (ZI2) and definition of F*" the fragmentation fraction f(c — D)
and the ratio of the two branching fractions for the D, meson is:

xtr *+ extr 0
T D:&—)D*+K0/D*+f(c_>D )+]:Dj1—>D*0K+/D0f<C_>D )
f(C — ‘Dsl) - ‘ B B ‘ ’
D, —=D*+ K0 + D, —=D*O0K+
extr 0
Bps pror+ ‘FD;—>D*0K+/D0f(C — D7)
- xtr x4\
BD:'l—>D*+K0 D$%D*+KO/D*+JC(C — D )

Assuming the decay width of the D, is saturated by the D*K final states, i.e.
BD;—>D*+K0 + BD:‘l—>D*0K+ =1,

yields
f(c— D) = 0.76 £+ 0.12(stat.) 7008 (syst.) %.

The ratio for the two 17 states
flc— D)/ f(c— DY) = 0.26 + 0.06(stat.) 58 (syst.)

represents the strangeness-suppression factor for P-wave charm mesons.

Using f(c — D*7) and f(c — D°) [93], yields

B + *
“Da DK _ 154 0.5(stat.) o5 (syst.).

BD; —D*+ KO
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8 Discussion on charm quark fragmentation fractions results

8.1 Fragmentation fractions

The measured charm-quark fragmentation fractions, the available measurements
from other sources and theoretical predictions are summarised in the Tab. Bl
The results are given with statistical uncertainties obtained from the fits, followed
by systematic uncertainties (see Sec. [l for details).

The measured fragmentation fractions f(c — DY), f(c — D3%) were found to be
consistent with those obtained in e*e™ annihilations [83,01], see Tab. The
sum of the two fragmentation fractions, f(c — D)+ f(c — D3*) = 6.8 £ 1.0753 %
agrees with the prediction of the tunnelling model of 8.5% [22].

The ratio f(c — D?)/f(c — D3%) = 0.8 £ 0.2(stat.) £ 0.2(syst.) is in good agree-
ment with the simple spin-counting prediction of 3/5.

This analysis presents one of the first measurements of f(c — D) and f(c —
D;™), so it is possible to compare the obtained results only to the theoretical pre-
dictions and f(c — DY), f(c — D3?) values. The measured values of f(c — D)
and f(c — D3") and the sum of the two fragmentation fractions, f(c — Di") +
f(c— D3T), are in good agreement with those of the neutral excited charm
mesons. The sum of the two fragmentation fractions, f(c — D7) + f(c — D3T)
= 7.8+ 2.0729% agrees with the prediction of the tunnelling model of 8.5% [22].
The ratio f(c — Dy)/f(c — D3T) = 1.440.7(stat.) 57 (syst.) is in agreement
with the simple spin-counting prediction of 3/5.

The measured f(c — DJ) = 0.76 £ 0.12(stat.) 505 (syst.) % is lower than the
previous ZEUS measurement [56] f(c — Df) = 1.11 £ 0.1670% % and OPAL
results [01]. However, it agrees with the measurements of ALEPH [83].

The strange suppression factor for L = 1 mesons 7, = 0.26 4 0.06700° is in
agreement with the previous HERA-I measurement 0.31 + 0.06700; and with the
results for L = 0 mesons from a recent fragmentation fractions studies [04] 0.217+
0.013156% + 0.013. The obtained value of 7s is close to the value used as default
in the PYTHIA generator v, = 0.3 [39].

29The uncertainty 40.013 is related to PDG branching ratios.
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8.2 Branching ratios

The measured branching ratios, the available measurements from other sources
and the theoretical predictions are summarised in Tab.

The measured value BLSO_'WW 1.4 4 0.370% is lower than most other measure-
Dx0_sprtn— - 03
ments, including the previous ZEUS measurement [56] BiDSO_'m"— =2.840.8702.
DO D+ ’
However, the measured value is in agreement with the precise measurements of
*0_,pt+r— . .
BABAR [62 BiDQ = 1.47 £ 0.03 £ 0.16, which constrains the PDG aver-
[ ] D30~ D*+r—
Bo_,pt .-
age [ 722" — 1,56+ 0.16.
DgoaD*ﬂ*
*+*> ™ .
The PDG [I] cites only two measurements of 752 27" The measured value in
Dyt D*0x+
this work BLDﬁHDOH 1.1 4 0.4703 is slightly lower, but still consistent with the
is work, =1. AT is sli wer, but still consistent wi
DXt 5 D*0q+ 02 STy
B ..
precise measurement of BABAR [74] B%;Doﬁ = 1.6310157035. However, the
DT —D*0x+

measurement of BABAR is not taken into account®d in the PDG average, which

=19+£11+0.3. For

. . . BD*+~)DOTF+
relies only on the imprecise CLEO [95] result 2
Dyt D*0x+

this reason the measurement presented in this thesis, if taken into account, can

*+ _,p0x
significantly improve the accuracy of the s—2 2 PDG average.
D3t D*0x+
. . . BD*0—>D+7|-_ BD*+—>D07T+
Theoretical models [5,20,21,196] predict the ratios m and m

to be in the range from 2.3 to 3, well above the values measured in this analysis.
Those discrepancies can be explained with the limited precision of the experi-
mental data used for those predictions (i.e. masses and widths).

+ * 0
Dl =D +KS

The measured value =1.540.57)3 is consistent with most other

Dt p*x0k+
sl

30The note on this measurement in PDG is “Assuming I'(Y(4S) — BTB7)/T(Y(4S) —
B°B%) = 1.065 £ 0.026 and equal partial widths for charged and neutral D3 mesons”.
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8.2 Branching ratios

Bosontn- Bt por BDIﬁD”K%
B o, petam BD;+_)D*0"+ Dt 0Kt
This, [64] 1.440.3733 1.140.41703 1.5+0.5703
PDG [I] 1.56 £ 0.16 19£11£03 1.18 £ 0.16
Zeus [56) 2.84+0.8702 2.3+0.6+0.3
BABAR [62] 1.47 4 0.03 + 0.16
CLEO-I1 [66] 2.2+0.7+0.6
CLEO [6§] 23+038
ARGuUs [69] 30411415
BELLE [15] 1.9+ 0.5
BABAR [74],recalculated 1.6310 151022
CLEO [95] 19411403
BELLE [88] 0.88 £0.24 £ 0.08
ALEPH [83] 1.3240.47 +0.23
Orar [91] 19705 +0.4
CLEO [85] 1.14+0.3
ARGUS [86],recalculated by PDG 1.4+£03£0.2
Prediction [5] 3.0
Prediction [20] 2.7
Prediction [21] 2.280 = 0.007 2.266 + 0.015
Prediction [I§] 1.2-1.7
Prediction [90] 2.3

Table 8.2: Comparison of branching ratio results of this analysis to other meas-
urements and theoretical predictions. The most precise measurements are shaded

wmn yellow.
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measurements cited in the PDG [I], with an exception of previous ZEUS meas-

PAPES 934 0.6 4 0.3, which is slightly higher.

Dt 4 D*0K+
sl

urement [56]

Dt 5D+ KO .
= 2 to be in the range from
DH »D*0K+

A theoretical model [I§] predicts the ratio

C e . Dt 5D+ KO
1.2 to 1.7, which is in good agreement with the measured value of =1 =
D »D*0K+

B

b
D0~ D*+r— BD;-'——)D*O?\'J"

B

All the measured values, BDSOHWF

DitpOnt Dt D+ KO . .
- - E S if taken into
Df, »D* 0K+

account, can significantly improve the accuracy of the PDG [I] averages.

and B
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9 Systematic uncertainties and checks

It is assumed that systematic uncertainties might have three origins: the recon-
struction procedure, the signal extraction procedure and model uncertainties.

As there is no a straightforward way to estimate the uncertainty of the reconstruc-
tion procedure, a reconstruction cut variation way used, with a concentration on
cuts that might have the largest impact on the reconstruction. In each particular
case the sizes of considered variations were deduced from the detector resolution
(e.g. the DT mass window) or were chosen large enough to test the stability of
the selection procedure without dramatic changes of the reconstructed spectra. A
detailed study of tracking was not carried out since the expected uncertainties are
much smaller than the statistic and systematic uncertainties of other kinds. The
estimation of the signal-extraction procedure uncertainty was based on the modi-
fications of the fit procedure and its parameters (e.g. resolution). The model
uncertainties were relevant only for the part of the analysis that relies on MC
simulations.

9.1 Systematic uncertainties

On the basis described above, the systematic uncertainty sources were grouped
as follows:

e {01} The stability of the results was checked by a variation of the selection
cuts which have the largest effect on the ratio of signal and background in
the data:

— the cut on the minimal transverse momentum of the D**, Dt and D°
candidates was varied by 100 MeV;

— the cut on the minimal transverse momentum of the extra pion in the
excited D meson analysis was varied by +10 MeV;

— the selection cut on the cosine of angle between extra pions and charged
(neutral) excited D meson candidates was changed by 0.1 (£0.05);
The examples of spectra fitted with those variations are shown in
Fig. (neutral states), in Fig. (charged states) and in Fig.
(strange states).
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9 SYSTEMATIC UNCERTAINTIES AND CHECKS

— the widths of the mass windows used for the selection of D** and D°
candidates in the excited charm meson analyses were varied by +£5% for
each pr dependent window (see Tab. Bl), while for the D™ candidates
it was varied by +12.5%. The examples of spectra fitted with those
variations are shown in Fig. (neutral states), in Fig. (charged
states) and in Fig. (strange states).

e {05} The CAL energy scale is known with +2% uncertainty and was varied
accordingly.

e {03} The uncertainties related to the signal-extraction procedure were ob-
tained as follows:

— the ranges for the signal fits were reduced on either sides by 16 MeV
for the D**7 and D™m mass spectra, by 24 MeV for the D°r mass
spectrum and by 8 MeV for the D*T K2 and D°K mass spectra;

— the background shape was changed to the one used in [62] ;

— the widths of the Gaussians used to parametrise the mass resolutions
were changed by 420%;

— all the masses and widths of wide states were set free in the fit. Since
with the present data alone one cannot determine these parameters
well (the fit is not stable when the parameters are free), the world
average values from the PDG [I] were used as additional constraints.
This was implemented by adding for each parameter P (width or mass)
a term % to the y*-function. Here Pppg and o(Pppg) denote

the parameter value and its uncertainty from the PDG [I];

— the background functions in the four helicity intervals were allowed to
have separate sets of parameters (for D**r and D*TK2);

— the helicity parameter of the D3° meson in the fit was set free (Sec. £3).
The effects of fit range and mass resolution parameters variations on
the fit results were small for all reconstructed spectra. The background-
shape modifications, wide-states variations caused large changes of
wide states and feed-down yields. For example, the D(2400) yield
was found to be equal to zero, for the cases when the background func-
tion was not flexible enough. At the same time, the background-shape
modification changed the spectroscopy results only by a small amount.
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However, the fit with separate background functions in four helicity
bins yields I'(DY) value lower than the nominal. The examples of spec-
tra fitted with those variations are shown in Fig. (neutral states),
in Fig. (charged states) and in Fig. (strange states).

e {04} The uncertainties of M (D*")ppa, M(D°)ppa, M (DT )ppg were taken
into account. The variation of of M (D*")ppg, M(D°)ppa, M (D )ppg were
performed separately with a shift of corresponding mass spectra by the PDG
uncertainty.

e {05} The width of D} and D;" were varied within their uncertainties taken
from the PDG [I].

e {Js} The uncertainty of the beauty contamination was determined by vary-
ing the beauty fraction in the MC sample between 0 and 200% of the ref-
erence amount. As it was explained in Sec. [ any bias in the result related
to the beauty contamination depends on the beauty-quark fragmentation
fractions and the branching ratios of the beauty hadrons decaying into the
excited charm mesons. Those quantities are not known well and are not sim-
ulated well in MC samples. For this reason a huge variation of the beauty
contribution is reasonable.

e {07} The extrapolation uncertainties were determined by varying relevant
parameters of the PYTHIA simulation using the Bowler modification [59] of
the Lund symmetric fragmentation function [60]. The following variations
were performed:

the mass of the ¢ quark was varied from its nominal value of 1.5 GeV
by +0.2 GeV;

the strangeness suppression factor was varied from its nominal value
of 0.3 by £0.1;

the fraction of the lowest-mass charm mesons produced in a vector
state was varied from its nominal value of 0.6 by £0.1;

the Bowler fragmentation function parameter r. was varied from the

predicted value 1 to 0.5; the a and b parameters of the Lund symmetric
function were varied by £20% around their default values [92].
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9 SYSTEMATIC UNCERTAINTIES AND CHECKS

The variations were calculated from samples with a number of generated
decays high enough to neglect the statistical uncertainties. The obtained
values are listed in Tab.

Parameter Value

Gpypr+/pe+ | L. 13075015
Gps0 s Dot Do+ 1.1471562
Gpsop+/D+ 1.3367 5056

QD1+_,D0/D0 12831-88;?
gDTﬁD*O/D*o 1179f8(1]§§
Gt po/po 1.351%5:05
Gpt Dt Do+ 1.29870718

+0.121
gDTLlaD*O/DO 16147535

Table 9.1: Extrapolation factors with their systematic uncertainties.

The statistical, systematical and branching ratio uncertainties of the fragmenta-
tion fractions f(c — D*T), f(c — D%) and f(c — D°) were added in quadrature
and the resulting uncertainty was included in ¢;.

The contributions from all systematic uncertainties were calculated separately for
positive and negative variations and added in quadrature. The obtained values
are listed in Tabs. @2 0.3 0.4 @3, B.7, The individual contributions from
the systematic variations are shown in Figs. 0.10, 0.17T], (neutral states), in
Figs. 0.13 (charged states) and in Figs. @15 (strange states).

In addition to the variations described above, to check the stability of the system-
atic uncertainties estimation, intermediate variations have been performed. The
size of each positive (negative) intermediate variation amounts half of the cor-
responding main positive (negative) systematic variation. For example, for the
CAL energy scale variations the positive intermediate variation was +1% and the
negative -1%. There was no intermediate variations for the change of background
parametrisation and for other obvious cases. The individual contributions from
the intermediate systematic variations are shown together with main systematic
variations in Figs. @10, 0.11] (neutral states), in Figs. 0.13] (charged
states) and in Figs. [0.15] (strange states).
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Figure 9.1: Ezample of cut variation, §;. The cos 0*(D*T) cut has been increased
by 0.1. The mass distributions (dots) a) M(D*"m,) and b) M (D" r,) are shown.
Compare to the spectra in Fig. [2.8 with the nominal selection and fit. The solid
curves are the result of a simultaneous fit to a) DY and D3° and to b) D3° and
feed-downs plus background function (dashed curves). The contributions of the
wide states D1(2430)° and D}(2400)° are given between the dashed and dotted
curves. The lowest curves are the contributions of the DY and D3° to the fit.
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Figure 9.2: Ezample of cut variation, 6,. The cos0*(D) cut has been increased
by 0.1. The mass distribution (dots) M (D°r,) is shown. Compare to the spectrum
in Fig. [577 with the nominal selection and fit. The solid curve is the result of a
simultaneous fit to the feed-down (FD) DY and D3t contributions and to the
D3* signal plus background function (dashed curves). The lowest curves are the
contributions of the Df and D} to the fit.
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Figure 9.3: Ezample of cut variation, 01. The pp(D*") cut has been increased by
0.1. The mass distributions (dots), a) M(D**K2) and b) M(DK,) are shown.
Compare to the spectra in Fig. with the nominal selection and fit. The solid
curves are the result of a simultaneous fit to a) DY, and to b) D% and feed-downs
plus background function (dashed curves).

112



9 SYSTEMATIC UNCERTAINTIES AND CHECKS

700

600

500

400

300

200

Combinations per 8 MeV

100

220
200
180
160
140
120
100
80
60
40
20

Combinations per 8 MeV

= L B L
—  a) e ZEUS (373pb™")
= N(D%)=2723+ 285 =
= F 4 1 s
- N(D,’)=1808+ 295 =
= hd P TR S SN BRSO D0 S ST SR el mite: dete o0 I (TIPS PR NS J:
2.1 2.2 2.3 24 2.5 2.6 2.7 2.8 2.9
*+ ext *+

M(D &) =AM™+M(D )PDG(GeV)
e
— — simultaneous fit  —]
— b) - signals —
= H + ----- feed-downs =
= ---background =
S (L <SR 1A SR O QY 1 ) L. T backgr.&wide-state
i N(D)%)=5251+ 89 !y :;
= S(D*)>3 Wittt o
= 3
!. NI U T oY AT S e gt bieserunen RISt T TT TP TO T UoS TP Oo RSP T e
2.1 2.2 2.3 24 2.5 2.6 2.7 2.8 2.9
M(D"m,) = AM™*4+M(D")_ _(GeV)

Figure 9.4: Ezample of cut variation, §;. The cos 0*(D**) cut has been increased
by 0.1. The mass distributions (dots) a) M(D**r,) and b) M(D"x,) are shown.
Compare to the spectra in Fig. with the nominal selection and fit. The solid
curves are the result of a simultaneous fit to a) DY and D3° and to b) D3° and
feed-douns plus background function (dashed curves). The contributions of the
wide states D1(2430)° and D((2400)° are given between the dashed and dotted
curves. The lowest curves are the contributions of the DY and D3 to the fit.
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by 0.1 GeV. The mass distribution (dots) M(D%,) is shown. Compare to the
spectrum in Fig. [5.7 with the nominal selection and fit. The solid curve is the
result of a simultaneous fit to the feed-down (FD) Df and D3 contributions and
to the D3 signal plus background function (dashed curves). The lowest curves
are the contributions of the DI and D3 to the fit.

114



9 SYSTEMATIC UNCERTAINTIES AND CHECKS

> 120_ I I I I I I I ]
% — ]
—  a ]
~ 100: ) -
8 8o +—:
7)) | ]
@ - :
S 60— %E
E [ —
.g — N(D§1)=109J_r 20 X -
S 20 ;ﬁ, =
ol L T T L N RN TSP B
2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7
M(D"*K) =AM*4M(D™)__ +M(K°) _ (GeV)
PDG S'PDG
=1 i T S e I
% 350 —
> - -
o 300 b) ++ YT =
— — i 0o g i 4 ; d b -
D 250 =
n = by
S 200 N(D_),,=324+ 79 ;
= - — simultaneous fit 3
© = N(D**) = 76+128 Simu =
._% 150¢ s2’FD signals =
— *t oy ]
g 100— ¢ N(D 52)_148i % .. feed-downs —
8 50 f_ ¢ S(D%>0 ---- background —f
- e : ‘-, =
0 et s stttk ettt e et oot
2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7
M(D’K,) =AM®+M(D%__ (GeV)

PDG
Figure 9.6: Ezample of cut variation, 61. The pr(D*t) cut has been increased
by 0.1 GeV. The mass distributions (dots), a) M(D**K2) and b) M(D°K,) are
shown. Compare to the spectra in Fig. with the nominal selection and fit.
The solid curves are the result of a simultaneous fit to a) D} and to b) D% and
feed-downs plus background function (dashed curves).
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Figure 9.7: Ezample of signal extraction procedure variation. The background
shape was changed to the one used in [6Z] ; The mass distributions (dots) a)
M(D**m,) and b) M(D"r,) are shown. Compare to the spectra in Fig. [2.0 with
the nominal selection and fit. The solid curves are the result of a simultaneous fit
to a) DY and D3° and to b) D3° and feed-downs plus background function (dashed
curves). The contributions of the wide states D1(2430)° and Dj;(2400)° are given
between the dashed and dotted curves. The lowest curves are the contributions of
the DY and D3° to the fit.
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The solid curve is the result of a simultaneous fit to the feed-down (FD) Dy
and D3T contributions and to the D3 signal plus background function (dashed
curves). The lowest curves are the contributions of the Di and D3 to the fit.
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Figure 9.11: The results of neutral excited charm meson fragmentation frac-
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tions and branching ratio with systematic variations.

variations are put into groups 01-05 (see text).
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The results of neutral excited charm meson fragmentation frac-
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tions and branching ratio with systematic variations.

variations are put into groups 01-0s (see text).

Figure 9.12
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Figure 9.13: The results of charged excited charm meson fragmentation frac-

tions and branching ratio with systematic variations.

variations are put into groups 61-05 (see text).
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tion and branching ratio with systematic variations.

variations are put into groups 01-05 (see text).

Figure 9.15
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meter with systematic variations.

into groups 01-04 (see text).

Figure 9.16

The individual systematic variations are put
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9.1 Systematic uncertainties

total | & 09 03 04

M(DY), MeV | T5 | 555 | Tos | Tos | Toa
M(Ds%), MeV | T3 | 100 | 508 | 703 | T00
L(DY), MeV | *24 | 535 | 198 | Fas | 700
L(D3), MeV | 555 | 555 | T2 | 117 | Zoo
h(DY) ity I I I S B

Table 9.2: Total and §,-04 (see text) systematic uncertainties for the mass, width
and helicity parameters of the neutral excited charm mesons.

total 51 (52 (53 (54 (55

+ +34 | 4+3.2 | 40.0 | 40.6 | +0.1 | 4+0.6
M(Dl ), MeV -1.2 | —01 | —0.7 | =0.1 | —0.1 | —0.9
*+ +3.7 | 417 | +3.1 | 404 | 40.1 | +0.9
M(Dz >7 MeV | T5s | Zo5 | Zo0 | —o2 | ~01 | ~o6

Table 9.3: Total and §,-05 (see text) systematic uncertainties for the mass, width
and helicity parameters of the charged excited charm mesons.

total 51 52 63 (54
+ +0.41 | +0.35 | +0.00 | +0.20 | +0.10
M(Dsl)? MeV | Tg2s | 2017 | Zo10 | —0.00 | —010
h(D+ ) +0.43 | +0.40 | +0.13 | +0.08 | +0.00
sl —0.12 | —0.02 | —0.10 | —0.06 | —0.00

Table 9.4: Total and §,-04 (see text) systematic uncertainties for the mass, width
and helicity parameters of the strange excited charm mesons.
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total,% 51,% 52,% 53,% (54,% 567% (57,%

Jpextr +19.2 +16.4 | +6.7 +3.4 +0.3 +1.5 +6.5
D;0—D*+7—/D*+ —14.5 —12.2 | —0.0 —-75 —0.0 —2.0 0.0
rextr +13.5 +11.9 | +3.7 | +1.2 +4.9 +0.9 +0.1
D30—D*+x—/D*+ —18.2 -12.9 | —50 | —11.8 | —0.0 -1.5 —0.0
Frextr +25.2 +18.6 | +11.9 | +5.4 +1.0 +0.5 | +10.7
D30—D+x—/D+ -17.3 7.8 —0.0 —154 | —0.0 —0.8 | —0.0
D30 —> Dt +20.1 19.9 +0.0 19.6 40.0 123 | +144

B .. . —19.5 —135 | —47 —-3.3 —0.7 —25 | —12.7

D;OHD*JHT*

0 +15.8 +11.9 | 43.7 | +1.2 +4.9 +0.9 +8.1

fle— DY) —18.6 —129 | —-50 | —11.8 | —0.0 —-15 —-3.6

0 +22.4 +16.1 | +89 | +4.0 +0.6 +0.6 | +12.2

fle— D3°) ~15.1 ~9.1 ~0.0 | —10.7 | —0.0 1.0 | -53

Table 9.5: Total and §,-0; (see text) relative systematic uncertainties for extra-
polated fractions, for ratios of the dominant branching fractions and for fragment-
ation fractions of the DY and D3° mesons.

total,% 51,% 52,% 53,% 54,% 55,% 56,% 67,%

pextr +42.6 4305 | +183 | 437 | 400 | 4222 | +1.8 16.0
Dt D*Ox+ /DO ~6.1 ~0.0 ~0.0 2.6 ~0.0 | —0.0 ~5.2 ~1.9
xtr 1+24.6 +14.7 | +6.3 +1.2 +0.0 | +135 | +35 | +12.5
Dt D g+ /DO ~14.8 1.3 2.4 7.9 ~0.0 | —46 —40 | -105
pextr +18.0 1134 | +5.6 10.2 10.0 13.6 11.6 19.8
Dt DOx+ /DO ~8.0 ~0.8 4.3 ~5.2 ~0.0 ~0.0 1.4 ~3.9
Dyt —>pOnt +23.8 +10.5 | +8.3 +7.0 +0.0 +6.9 +2.7 | +16.9

B .. ~19.1 —85 2100 | —47 ~0.0 91 “19 | —93

DT —D*0x+

+ +42.7 4305 | +18.3 | 43.7 100 | 4222 | +1.8 +7.1

fle—= DY) 7.3 ~0.0 ~0.0 2.6 ~0.0 | —0.0 5.2 —4.4
o +16.7 +12.0 | +1.8 +0.5 +0.0 182 12,5 +7.7

fle—= D3") —71 ~0.0 ~0.0 5.4 ~0.0 1.2 —27 36

Table 9.6: Total and §,-0; (see text) relative systematic uncertainties for extra-
polated fractions, for ratios of the dominant branching fractions and for fragment-
ation fractions of the Dy and D3 mesons.
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total,% 51,% 52,% 53,% 54,% 55,% 56,% (57,%

]:-extr +11.2 +3.8 +3.2 +4.1 +0.9 +0.0 +0.0 +9.1
D} DK+ /DO —5.5 —3.4 -0.0 —2.5 —0.7 —0.0 —0.0 —3.5
]_—extr +14.5 +5.6 +0.0 +4.2 +0.1 +0.0 +0.0 +12.7
D;Ll_>D*+Kg/D*+ —12.2 -1.6 —0.6 —6.3 —0.1 —0.0 —0.0 —10.3
pH—D*+KY +14.8 +4.2 +3.3 +5.0 +0.8 +0.0 +0.0 +12.8

R —11.3 —5.1 —0.0 —0.5 —0.6 —0.0 —0.0 —10.1

D 1~>D*0K+
+ +10.4 +3.5 +2.0 +4.1 +0.5 +0.0 +0.0 +8.6
f(C — Dsl) —5.7 —2.4 —0.0 —3.7 —0.4 —0.0 —0.0 —3.6

Table 9.7: Total and §,-0; (see text) relative systematic uncertainties for extra-
polated fractions, for ratios of the dominant branching fractions and for fragment-
ation fraction of the DY, meson.

9.2 Additional checks

To increase confidence in the results, in addition to the systematic variations
listed above, extra checks were performed:

o the effect of the reweighting of the pr(D) and n(D) distributions of the MC
sample was found to be negligible (see Sec. B9);

e the effect of the momentum bias (see Sec. L2]) was checked by scaling the
decay-particle momentum by 1 + ¢, where ¢ = —0.003, —0.0015, 0.0015,
0.003;

e the dE/dx selection quality was checked with a variation of [, and [x cuts
by £100%, the effect was found to be negligible;

e the possible dependence of the acceptance on | cosal was studied. At the
generator level in the MC simulated sample, the distributions of | cos a|(D?)
and |cosa|(Df)) are flat. It has been found that the reconstructed and
reconstructed-matched (see Sec. on matching) signal distributions in
the MC simulated sample (see Fig. @.I7) are also flat i.e. the acceptances
of DY and DY, do not depend on |cos c|.

The obtained results were not included to the total systematic uncertainties.
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Figure 9.17: Matched distributions of MC simulated decays a) |cos(a)|(Df) b)
lcos(a)|(DY). The distributions are consistent with the assumption of helicity
independent (flat) acceptance.
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9.3 Conclusions on systematic uncertainties and checks

It is expected that the performed procedures for the estimation of systematic un-
certainties cover a possible bias of the analysis results. The estimated systematic
uncertainties have approximately the same size as the statistical uncertainties. It
was found that there is no single uncertainty source (d; — d7) that is dominant for
all the measured quantities. However, the uncertainties related to the selection
(61) and signal extraction (d2) procedures are the largest. In general, individual
variations affect the measurements in expected way, for example:

e the helicity parameter h(DY?) is sensitive to background variations;
e the DI and D" yields are sensitive to the variations of I'(D{") and T'(D3™");

e the D7 yields are sensitive to the variation of resolution parameters.
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10 Conclusions

In this thesis, the production of excited charm mesons at HERA and their prop-
erties were studied. The full available data taken by the ZEUS experiment from
2003 to 2007 has been used. Signals of D;(2420)° and D3(2460)° were seen in
the D**7~ decay mode and a clear D}(2460)° signal was seen in the D™~ decay
mode. The study of excited charm meson properties was concentrated on spec-
troscopy including mass, width and helicity measurements and the measurement
of fragmentation fractions and branching ratios.

The measured D} and D3? masses and widths are in good agreement with the
latest PDG values. The measured D? helicity parameter allows for some S-wave
mixing in its decay to D*Tw~. The result is also consistent with a pure D-wave
hypothesis. The helicity of D3°, when set free in the fit, is consistent with the
HQET prediction, h = —1.

A clear Dj(2460)" signal is seen for the first time at HERA in the D*7" decay
mode. Feed-downs of both resonances D;(2420)" and D;(2460)" in the decay
mode D**7™ are seen in the expected mass region of M (D7) ~ 2.3 GeV.
To measure the mass parameters from the latter a special procedure has been
developed.

The measured D and D;" masses are in good agreement with the PDG values
and the D3 mass is consistent with the precise measurements of BABAR.

The D,;(2535)" signal is clearly seen in D*T K2 and D**K decay modes. The
measured mass is consistent with latest PDG. The measured DY helicity para-
meter allows for some S- and D-wave mixing in its decay to D*"K3. The result
contradicts the pure D-wave hypothesis.

The fractions of c-quarks hadronising into DY, D3 and D], are consistent with
those from the previous ZEUS publication and, in comparison with eTe™ annihil-
ation results, in agreement with charm fragmentation universality. The fractions
of c-quarks hadronising into Df and Dj" were measured for the first time and
are consistent, respectively, with the fractions of the neutral charm excited states
DY and D3°.

The ratios of the Dt D3° D}, dominant branching ratios are consistent with
the PDG values.
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11 Appendix:Fit procedure

The fit procedure is one of the most important parts of the analysis. The current
section describes the fit procedure as well as related studies.

11.1 Fit parametrisation

The reconstructed mass spectra of the excited charm meson candidates contain
several components. The most important one is the signal of excited charm
mesons itself, which is present at the true and reconstructed levels. According
to the theory, the mass distribution, M, of a resonance with a non-negligible
natural width decaying into two particles is described by a relativistic Breit-
Wigner function with a mass-dependent width [97]:

AN MM,T(M)
dM (M2 — M2)2 + M2T2(M)’

(11.1)

MO p* 2 L/ *x %
ron =ty (%) 0.
where ['y is the nominal resonance width, p* is the momentum of the decay
products in the resonance rest frame and pj; is the value of p* at the resonance
nominal mass My. The hadron transition form-factor, F!(p*,py), in the Blatt-
Weisskopf parametrisation [98] equals 1 for S-wave (I = 0) decays,

1+ (pgr)?
Fl *’ *) 0

(p pO) 1 4 (p*?”)Q
for P-wave decays and

9+ 3(pir)* + (phr)!

F2 kR
W) = 3 + ()’

for D-wave (I = 2) decays, where 7 = 1.6 GeV~! is a hadron scale. An example of
a mass distribution according to the Breit-Wigner function is shown in Fig. [T1]
The described parametrisation Eq. (III]) was used in the fit procedure for the
data. In the used MC simulated samples, the shapes of D meson resonances are
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11.1 Fit parametrisation
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Figure 11.1: The comparison of shape of the S- and D-wave Breit-Wigner dis-
tributions. The plots have the same normalisation. The parameters of signal are

M (DY) = 2.420 GeV, T'(DY) = 37 MeV

simulated with a Breit-Wigner function [39]

N 1
dM (M = My)® + T2(M) /4’

(11.2)

where I' = I’y is the nominal resonance width. Consequently, the parametrisation
from Eq. (IT.2) was used in the fit procedure for the MC simulated events. Near
the nominal mass of the resonance, the shape of the Breit-Wigner function is
very similar to the one of the relativistic Breit-Wigner, however the behaviour
of the tails differs (e.g. the tails go below the physical threshold). For this
reason the allowed values of M were limited in the MC simulations with range
[Mo — 5I", My + 5T°]. The same limits were used in the fit function.
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11 APPENDIX:FIT PROCEDURE

Signals are not only peaking structures in the reconstructed mass spectra. Under
certain conditions a decay chain with an incomplete reconstruction (i.e. one or
more particles is not reconstructed) can produce distinct peaks. We call those
peaks feed-downs. The main condition for the feed-down appearance is an
extremely restricted kinematic space for the missing particle. In this case the
reconstructed invariant-mass signal will be shifted from the nominal value and
slightly distorted. The shift value will be close to the mass of the missing particle
and the distortion strength will be proportional to the available kinematic space
of the missing particle. A special procedure has been developed to measure the
mass parameters from the feed-down signals. For a more detailed explanation let
us consider the decay chain Do — D*m; D* — D7 in the D* centre of mass
system. Let us for example assume the D} decay to a neutral D*® meson and
7t with a subsequent decay of D* to D" and neutral pion 7° or photon 7. In
the centre of mass system of D**, the D° and 7° are produced with back-to-back
momenta. The momenta of particles in this system are:

2
P = (M2 = M _M§+> — M?

2MD*0

2
— M,

2
P20 — on — M%*O - M%O + Mgo
b 4 2MD*O

where M is the D5 mass. The measured M?(D%") is given by

M2, = M*(D°n%) = Mo+ M2. + 2,/ P2, + Mo\ P2 + M2, — 2Py o cosa,

where « is the helicity angle between 7° and 7. Using the equations above one
can parametrise M,, as:

M?% = M*(1 — a) + b+ g\/(M2-d,)(M2?-dy) cos a, (11.3)

where
a = (Mp-o® + Mpo? — Mpo?)/(2Mpwo?),

b= Mu? — (Mpwo? — M;?)(Mpeo® + Mpo? — Mpo?)/(2Mp-o?),

9=/ (Mpeo® + Myo® — Mpn®)? — 4Mpes® Mo /(2Mpeo?),

d1 = (MD*O —+ Mﬁ+)2,
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11.1 Fit parametrisation

d2 - (MD*O - Mﬂ-Jr)Q.
From Eq. (IT3]) one obtains M as a function of M,, and «

M = M(M,,,«).
If the spectrum shape of M is
dN
_—
o = 5(),

where N is the number of events, then the M,, spectrum shape is

dN dM

L. f(M(Mm))m-

Combining Eq. (IL3) with the normalised helicity angular distribution

dN 14 hcos’«
d(cosa)  2(1+ h/3)

yields
d?N dM 1+ hcos?a

T MM, .
DMd(cosa) 1 M M@)o 578
The integral of the Eq. (IT4) over cos a gives the shape of the feed-down:

(11.4)

1
dN dM 1+ hcos®a
—_— = M(M .
o (Mo o) 500 73, s )
—1

Using the explicit form of M?(M,a) = = i‘/ﬁ, where

A=(1-a)’—g°cos’aq,
B =2(b— M2)(1—a)+ g*cos® a(d; + dy),
C = (b— M2)? — g° cos® adydy

and D = B* —4AC we can calculate £2=. The f(M) is parametrised in the same
way as for the prompt signals, with a (relativistic) Breit-Wigner function.

For the description of the D% spectra, both decays D** — D% and D** — D%
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11 APPENDIX:FIT PROCEDURE

are taken into account, while for the Dt spectra the decay D** — D'~ was
neglected (see Fig. I1.2).

_‘@ [ T T T T T T | T T T | T T T | T T T T ]
S 30— . —
> C D, — D°r, ]
g C relativistic D-wave Breit-Wigner 7]
£ 25— —
< B *, *| B
T B L EE L D, — D°r*, ]
o0l— D D° z° D-wave feed-down ]
C D;"—) D 'z, 7
15— D D° y D-wave feed-down ]
10— —
51— ; ]
— 'l' —
- ] L = ':l , 4 ’ L .
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3
M(Dx+), GeV

Figure 11.2: The comparison of shape of the prompt Dy — D7 and feed-
downs D3* — Dt D*0 — D% D* — D% in D°7" mass spectrum. The
plots have the same normalisation. The parameters of signal are M(D;") =
2.460 GeV, T'(D3") = 37 MeV, h(D3") = —1.

The other significant contribution to the reconstructed mass spectra is combin-
atorial background. As the background does not show any irregular features, it
was assumed to be smooth and has been modelled in the following way.

e For the central values, a pure empirical parametrisation has been used.
B(I’) - A(‘T - MD - MW)Be_c($_MD_M")_D($_MD_M")27

where x = M (D).
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11.1 Fit parametrisation

e For systematical tests a background function from BABAR analysis [62] has
been used.
gerzteaz? for x < xg,

B(x) = P(z) x {ed0+d1x+d2z2

where z = M (Dr) and P(z) = 3=+/[2? — (mp + m,)?|[z? — (mp — mz)?] is
a two-body phase-space factor. Only four parameters are free in the piece-
wise exponential: c¢;, co, ds, and xy. The parameters dy and d; are fixed by
requiring that B(z) be continuous and differentiable at the transition point

xo.

for x > x,

The last considered contribution to the reconstructed mass spectra are reflec-
tions and peaking background. The reconstructed decay chains involve up
to 6 different tracks. In the case of wrong combination of these tracks or wrong
mass hypothesis assignment, the total mass of the reconstructed decay should
fall into background and produce a smooth distribution. However, in many cases
those tracks have a correlated origin e.g. belong to the same decay chain. In
that case the background will have a complicated structure with possible bumps
and dips. This makes the fit procedure more complicated. The following pro-
cedures were suggested to avoid non-smooth background in the reconstruction of
Dt — K ntnt decay:

e the signal from D, — ¢(K~ KT)r" decay was removed with a cut on the
mass combination M(KK): 1.0115GeV < M(KK) < 1.0275 GeV;

e the signal from D*t — K~ 7t} decay was removed from M (K77) mass
spectrum with a cut on the mass difference M (Knm) — M (Km) < 0.15GeV.

Concerning the D** reconstruction, it is known that D** — DY(K—7")n+ and
D*t — D°(K~—n~ 7T n")rT™ decay modes have a lot of reflections, but all of them
are related to the reconstruction of D% (D° — K~ ITy, D' — K- 7tx0 etc.)
and can be neglected for the D** reconstruction. The contamination caused by
semileptonic decay modes is estimated from the MC simulations to be at a level
of few percents.

The following procedure was suggested to avoid non-smooth background in the
reconstruction of D, — D°(7n®) K™ and DI — D°(7°)K, D°K™* decays:

e The signal of D** — K~ 77} decay was removed from the M (K7 K) mass
spectrum with a cut on the mass difference M (Knm) — M(Km) < 0.15GeV.

136



11 APPENDIX:FIT PROCEDURE

The following reflections were seen in the excited charm meson mass spectra:

e The reflection in the M (D**,) spectrum(see Fig. [T.3(a)) appears if K,

and 7, tracks originated from the D — K ueTirueTs true decay. In this
decay Kie and Tiue are swapped, but the formed D° candidate still has
a proper mass. Latter, the D° candidate with an incidental track forms a
valid D** candidate that is used for the further combination with 7, which

is in reality 7 true-
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Figure 11.3: Reflections in reconstructed spectra (dots): a) in D**m spectrum,
candidates with 0.1405 GeV < M(Dmr,) — M(D") < 0.1505 GeV (yellow) and b)
in DT spectrum: candidates with |M(Krrm,) — M (D®)ppa| < 15 MeV (yellow).
The reflections are scaled by factor 3.

e The reflection from D° — K3m decays in the M (D" n,) spectrum appears
around M (D) + M (), when the DT candidate is combined from three D°
decay tracks, with wrong mass assignment (see Fig. [T3(b)).

Even though it is very easy to reduce significantly the amount of reflections, it is
more convenient to exclude the reflection region from the fit.
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11.2 Acceptance and resolution

Detector reconstruction distorts the mass spectrum of a resonance. The size of
this bias is different in different parts of the spectrum. However, in a very simple
approach it can be described with two quantities, acceptance and resolution, with
the following definition.

The acceptance in the mass spectrum E(x) is the probability to reconstruct
the decay with a true mass x. In the current context only the relative acceptance
E(x)/E(My) is used.

The resolution in the mass spectrum R(z,z() is a probability for the recon-
structed decay with true mass x to have the reconstructed mass xg.

In the case of a binned spectrum, the functions should be replaced with acceptance
E and resolution R “matrices”. The “acceptance matrix” is diagonal

E = diag{El, EQ, cee }7

and the the elements F; are the probabilities to reconstruct the resonance with
the mass in bin ¢. Each element R;; of the “resolution matrix” R represents the
probability for a decay with true mass in bin j to be reconstructed in the bin 7.

By definition,
> Ry=1.
i=1

In this approach, the binned reconstructed spectrum z’ is related to the true

spectrum x as .
' = REx. (11.5)

The Eq. (ITH) has been used in the fit procedure to take into account the re-
construction level bias. The acceptance and resolution matrices were estimated
using matching of the reconstructed decays to the decays on true level in the MC
simulated samples. The obtained matrices were approximated with the following
functions separately for signals and feed-downs:

1 _(M—-M')?

R(M, M') = e e, (11.6)
2no

E(M) =1+ Ax (M — M), (11.7)

where 0 = 09+ B x (M — M) and M, is an arbitrary constant, chosen to be close
to to the nominal masses of the resonances. It was found that the acceptance is
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11 APPENDIX:FIT PROCEDURE

flat in the studied mass range i.e. the coefficients A from Eq. (IT.1) are consistent
with 0. The result of the resolution fits are listed in Tab. 1.1

Decay chain Resolution, MeV

Parametrisation o =09+ B x (M[GeV] — My GeV])
DY D3° — D**x~ D** — D(K)

M (DY, D3%)rec. — M(DY, D3°)uc true | 4.70£0.70+(7.32+5.50)(M-2.44115)
DY, Di® — D*tx~ D** — D°(K3r)

M(D?, D3%)rec. — M(DY, D3")\ic true | 5.3540.88+(10.6047.14)(M-2.44115)
D% — Dtr

M(D3%)sec. — M (D) ric true 6.95+1.064(9.1647.00)(M-2.4622)
DY, Dy — D*tx— D*t — D+

M(D*7)ree. — M(DTT)MC true 4.5640.20+(11.1444.73) (M-2.30617)
Dyt — DOt

M (D5 )ree. — M(D3MC true 7.57+1.184-(8.1748.10)(M-2.4654)
DY, Dyt — D7 D** — DY(Kr)

M (D7 )see. — M (D7) \ic true 6.58£1.04+(9.35+7.68)(M-2.30942)
Parametrisation o = 0y

Dy — DK

M (Ds1)rec. — M(Dsi)MC true 1.5

Dy — DK+ D* — DO(Kn)

M (DK )zee. — M (DK )Me true 1.5

Table 11.1: Resolution in reconstructed the mass spectra. The values obtained
from MC samples using the weak matching procedure.

As the resolutions for the decay chains D** — D**r,; D** — Dr; DY — K
and D** — D**n,; D** — D%r; D° — K37 is the same within uncertainties, the

spectra were added (see Sec.[l) and fitted with a single resolution, the one for the
D** — D** 7, D*Y — DOr: D° — K7 decay chain.
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11.3 Fit implementation

All fits were performed with a maximal likelihood criteria. The theory expectation
in each bin was evaluated as an average (an integral divided by the bin width)
of the fit function. The integral was estimated as a Legendre-Gauss Quadrature
with 32 points [99]. The integral over the helicity took into account that the
helicity dependence of the fit function is quadratic, so that the Newton-Cottes
quadrature with 2 points [100] gives the exact result.

The normalisation of the signal function to the signal yield was performed using
precalculated (one calculation per call of the minimised function) integrals on
the 2-D width-mass grid and quadratic approximation for the values between the
grid knots. The normalisation of the wide states was performed with precalculated
integrals. All the integrals for normalisation used the ranges of the fit as bounds.

The minimisation has been performed with patche MiNuIT package [101]. The
main fit algorithm for minimisation was MIGRAD. The symmetric uncertainties
on the fit parameters were estimated with HESSE and asymmetric with MI-
NOS algorithms from the MINUIT package. All calculations were performed with
double precision (types double in C or double precision in FORTRAN). To speed up
the fitting procedure the code was parallelised with the PTHREADS library [102].

31The MINUIT code was patched to increase the maximal number of parameters from 30 to 60.
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12 Appendix:Using the Grid for the ZEUS experiment

12.1 Introduction

This section describes the general ideas of a computing grid, particularly the EGI
Grid [103] and its utilisation for computing in the ZEUS experiment.

A grid is a system for a distributed computing. The basic idea behind the comput-
ing grids has an analogy with the electrical “power grid”. It implies the accessing
of large computer resources from any computer in the Internet should be as simple
as accessing electrical power from an electrical grid. Many large projects success-
fully implemented and utilised these ideas for different purposes. The key of their
success is to provide global resource sharing, secure access and efficient resource
utilisation based on open standards.

One of the first grid projects established for purposes of HEP was the EDG
(European Data Grid) project [104] and its successors, EGEE (Enabling Grids
for E-sciencE) [105] and EGI (European Grid Initiative) projects [L03]. The EGI
project is now in the active phase and coordinates grid efforts of almost 30 NGI
(National Grid Initiatives) and two European intergovernmental research organ-
isations — CERN and EMBL (European Molecular Biology Laboratory). Since
2004 DESY operates a Grid Centre in the context of the National Grid Initiative
NGI-DE of the EGI. The ZEUS experiment together with the H1 and HERMES
is officially supported by EGI. Thus, more than two dozen sites worldwide grant
computing resources to the dedicated Grid Virtual Organisation (ZEUS VO 3

12.2 EGI infrastructure

Every particular Grid implementation is based on a low-level software, which
is called middleware. The most common middleware within EGI is gLite [107]

32A Virtual Organisation (VO) is basically a group of people that are authorised to run Grid
jobs on a set of Grid resources. For example, a research project members can join in a VO, so
that they can negotiate access to Grid resources, policies etc. Typically, a VO has a manager
which maintains the list of members and contacts resource owners whenever a negotiation is
needed, for example, if a new user has a certificate issued by a new CA, or CA public keys
have changed. VO managers are normally in charge of negotiating resources available for
the VO members. Each site on the Grid can subscribe to different VO’s allowing all their
members to run grid jobs on the corresponding site [106].
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and its successor, EMI [108]. This middleware is currently deployed on hundreds
of sites and enables global science in a number of disciplines, notably serving
the LCG (LHC Computing Grid) and many other projects. The simplified Grid
system, according to Ref. [109] includes:

e A User Interface (UI) is an access point to the EGI Grid. This can be any
machine where users have a personal account and where their user certificate
is installed. From a UI, a user can be authenticated and authorised to use the
EGI resources, and can access the functionality offered by the Information,
Workload and Data management systems described below. It provides tools
to perform some basic Grid operations:

— list all the resources suitable to execute a given job;

— submit jobs for execution;

— cancel jobs;

— query the status of jobs and retrieve their output;

— copy, replicate and delete files from the Grid;

— submit and manage file transfer jobs;

— retrieve the status of different resources from the Information System.

In addition, the EGI API are also available on the UI to allow develop-
ment of Grid-enabled applications.

e A Workload Management System (WMS) serves to accept user jobs,
to assign them to the most appropriate Computing Element (CE), to
record their status and retrieve their output. Jobs to be submitted are
described using the Job Description Language (JDL), which specifies,
for example, which executable to run and its parameters, files to be moved to
and from the Worker Node (WN), machine, on which the job is run, input
Grid files needed, and any requirements on the CE and the Worker Node.
The choice of the CE to which the job is sent is made in a process called
match-making, which first selects, among all available CEs, those which fulfil
the requirements expressed by the user and which are closeP] to specified
input Grid files. It then chooses the CE with the highest rank, a quantity

33 Application Programming Interface
34i.e. have the best 1/O speed
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derived from the CE status information which expresses the “goodness” of
a CE (typically a function of the numbers of running and queued jobs). The
gLite WMS allows not only the submission of single jobs, but also collections
of jobs (possibly with dependencies between them). Finally, the Logging
and Bookkeeping service (LB) (see Ref. [I09]) tracks jobs managed by
the WMS. It collects events from many WMS components and records the
status and history of the job.

e A Computing Elements (CE), in Grid terminology, is some set of com-
puting resources localised at a site (i.e. a cluster, a computing farm). A CE
includes a Grid Gate (GG), which acts as a generic interface to the cluster;
a batch system, and the cluster itself, a collection of Worker Nodes (WNs)
to run the jobs. The GG is responsible for accepting jobs and dispatching
them for execution on the WNs. The WNs have an arbitrary set of installed
software applications. VO-specific software may be installed at sites in a
dedicated area, typically on a shared file system accessible from all WNs.
It is worth stressing that, strictly speaking, a CE corresponds to a single
queue in the batch. According to this definition, different queues defined
in the same cluster are considered different CEs. This is currently used to
define different queues for jobs of different lengths or other properties (e.g.
RAM size), or for different VOs.

In addition to that very important components of Grid infrastructure are:

e A Storage Element (SE) provides uniform access to data storage re-
sources (dcache, disk arrays) via different data access protocols (GSIFTP)
and interfaces (dcap, xroot, NFS). Most sites provide at least one SE. Most
storage resources are managed by a Storage Resource Manager (SRM), a
service providing capabilities like transparent file migration from disk to
tape, space reservation, etc. The storage element might be build with a
disk-based storage only or with front-end disks and back-end tape storage.

e A File Catalogue provides mappings between different file names: Grid
Unique IDentifier (GUID), Logical File Name (LFN), Storage URL (SURL)
and Transport URL (TURL). While the GUIDs and LFNs identify a file ir-
respective of its location, the SURLs and TURLs contain information about
where a physical replica is located, and how it can be accessed. In the same
time the files are stored in Storage Elements. Currently, the only file cata-
logue officially supported in WLCG/EGI is the LCG File Catalogue (LFC).
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12.2 EGI infrastructure

e An Information Service (BDII) provides information on the existence of
EGI Grid resources and further information about their structure and state.
This information is essential for the use and operation of the Grid, as it is
via the Information System that resources are discovered. The published

information is also used for monitoring and accounting purposes.

A simplified diagram of Grid infrastructure is shown in Fig. [2.]
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Figure 12.1: A simplified infrastructure of the EGI Grid.

Despite the whole Grid infrastructure being quite complicated, the user deals
mainly with UI, I/O operations (copy and write to/from SE), and the VO-specific
software. The support of the latest one for the ZEUS experiment, as well as ZEUS
VO management was on the tasks of the author.
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the support of ZEUs MC event simulation on the Grid is described in the next
section.

12.3 Grid usage for ZEUS MC event simulation

The procedure for the event reconstruction on Grid CEs is very similar to the
reconstruction performed on a classical FUNNEL, described elsewhere [I10]. The
most important difference is that on the MOZART, ZGANA and ZEPHYR execut-
ables run one after other on the whole output. On the other hand, the life-cycle
of a simulation job in ZEUS Grid site system is very similar to any generic Grid
job. A brief description of the life-cycle, starting from registration is given below.
A scheme for the described work-flow is shown in Fig. [2.2

e The registration of new jobs is implemented in script “gridregister.sh”
that is executed via crontab every 5 minutes (in case it is not already run-
ning). The script checks the content of a directory where the links to the
input files reside and registers all the files on SE. For each file a set of
sub-jobs is created in MySQL database with number of events that does
not exceed some limit, which is set in “Funnel.properties” file (after the
upgrade in 2011 the limit is between 3000 and 5000 and depending on the
MC sample). At the same time, a unique ID is assigned for each sub-job.
The job gets status “REGISTERED” after this procedure.

e The Submission of new jobs is implemented in scripts “gridsubmit1.sh”,
“gridsubmit2.sh”, “gridsubmit3.sh” that are executed via crontab every 5
minutes (in case they are not already running). Each of those scripts deals
only with sub-jobs with ID in a certain range (e.g. 0 < ID < 51). Each
script loops over all jobs with status “READY” or “FAILED”, prepares a
JDL file from template. The content of the template depends on configura-
tion files “Queues.properties”, with the list of used CE sites and a JDL file
where the list of logical conditions is set. The script uses a delegate
proxy for submission to the WMS. In case of successful submission the job
gets status “SUBMITTED”. If the submission fails (e.g. the proxy has ex-
pired, there is no CE element that satisfy logical conditions, etc.) the job
remains in status “READY”.

35The same proxy is used for multiple jobs.
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FUNNEL input
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Figure 12.2: Workflow of the ZEUS MC jobs on the Grid after upgrade. The
processes with (P) and dark blue nodes after the upgrade are executed in parallel.
FExceptional situations are handled by the Grid operator manually.
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e The checking of job status is implemented in script “gridproc.sh”, that is
executed via crontab every 5 minutes (in case it is not already running). This
script checks the status of all “SUBMITTED” jobs. Normally, the jobs with
status “SUBMITTED” are submitted on CE, scheduled and then executed.
During the execution, jobs run scripts to copy the input from SE, split it,
copy the GAF tarball from SE, unpack it, select the proper executables,
run MOZART, ZGANA and ZEPHYR sequentially, copy the output to SE
and pack logs. The packed logs are put into the output sandbox. At this
stage the execution finishes. Jobs that have finished its execution on the
Grid enter status “DONE”. In case the job is in the “SUBMITTED” status
for more than 30 hours and the execution has not started yet, the job is
cancelled and returns to “READY” status. In some rare cases the job fails
on CE (no libraries/executables or there is no access to SE with input files
or GAF's) and the script cancels the job.

e The downloading of jobs is implemented in scripts “gridcompletel.sh”
and “gridcomplete2.sh”. that are executed via crontab every 5 minutes (in
case they are not already running). The scripts download the output sand-
box of “DONE” jobs. The sandbox includes log files of MOZART, ZGANA
and ZEPHYR. The scripts check content of every log for a certain patterns
with error/success messages. If at least one error message is found or at least
one success message is not found, the script sets to the job status “FAILED”.
In the opposite case, the script sets to the job status “DOWNLOADING”
and starts copying the output from SE to /acs filesystem (“tape”). In the
case of successful downloading of the job to tape the script sets to the job
status “COMPLETED”. There is no an automatic procedure for the case
if the job sticks in “DOWNLOADING” status. In such a case the Grid
operator should resubmit or cancel the job manually.

e Waiting for sub-jobs: when all sub-jobs have “COMPLETED” status,
the job is purged from the MySQL database by “gridproc.sh” script that is
executed via crontab every 5 minutes (in case it is not already running).

Working as a Grid operator the author solved problems in the work-flow and
supported the production of MC simulated events. One of the key issues of
this work was to provide a high performance of the Grid simulations. The Grid
produces almost 95% percent of all ZEUs MC events. In the beginning of 2011
the Grid site delivered up to 7—11 x 10° events per day (up to 75 x 10° events per
week, see Fig. [[2.3)). At that time the machine that was supporting the work-flow
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12.3  Grid usage for ZEUS MC event simulation

and bookkeeping of the MC simulations on the Grid was at the end of its life-
cycle. For this reason it was decided to make a simultaneous upgrade of hardware
and software. The update included:

e switching on a compressing mechanism for the intermediate MOZART and
ZGANA files as suggested in Ref. [111];

e change to a new host: machine with 4 Intel Xeon 5160 CPU cores/4Gb
RAM;

e change to a new OS: Scientific Linux 3 — Scientific Linux 5;
e change to modern architecture: 32-bit/i386 — 64-bit/x86_64;
e optimisation of the file system;

e implementation of parallel submission;

e using proxy delegation to avoid limits on number of submissions.

180 7000
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160 6000

140

Upgrade

Events/week,M

5000
120

100 4000

80 3000

60
2000

40
1000
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Figure 12.3: The weekly performance of the production on Grid for the period
from September 2009 to September 2012 (green bars) and the total number of
events simulated on Grid (red line). Most periods with low entries correspond to
pertods without submission.
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At first, with the help of M. Lisovyi, the first item was implemented and the
production rose to 12 — 15 x 10° events per day. Later the other upgrade actions
have been performed by the author. This increased the efficiency of CPU power
utilisation and dramatically boosted performance. The production increased to
27 — 33 x 10° events per day with some jumps to 35 — 45 x 10° events per day (up
to 180 x 10° events per week, see Fig. [23)). While the productivity of the system
before the upgrade was limited by software [I11], the productivity of the updated
system is limited only by the I/O rate and the ability of the FUNNEL system to
provide the input files. The update system is scalable and efficient enough to
have a high output rate even with limited number of sites (see Fig. [2Z4]) and in
case of improved I/0O rate the performance might be even increased.
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Figure 12.4: The relative contributions of different CE to the ZEUS MC produc-
tion on Grid for the period from September 2011 to September 2012.

12.4 Future of ZEUS MC simulations on the Grid

The official support of the current ZEUS MC production system terminates at the
end of 2012/beginning of 2013, together with the bulk of other ZEUS computing
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services. A major effort was put to make a physics analysis possible after the
end of 2012. This initiative is an official part of the HEP Data Preservation
Project [I12], which collects and maintains the data and documentation from the
most HEP experiments of the last decades.

One of the most important topics in this context is an ability to produce the
MC simulated events after the end of 2012. For this purposes a virtual machine
(ZEUS-DPHEP) that emulates an ordinary ZEUS work-group server has been
created by the DESY IT division. On this machine the full ZEUS software chain
for the MC simulations, reconstruction and analysis has been installed. It was
called ZMCSPPY. The software chain is based on the scripting codes used for the
MC simulations on the Grid and has been prepared by J. Malka and the author,
who wrote the initial proof-of-concept version.

Despite the fact that the software chain has been designed for a specific environ-
ment, it has been created to be as much as possible independent from the host
system. It makes possible to use ZMCSP outside the ZEUS-DPHEP environ-
ment and benefit from the large amount of available computing resources. The
possible options include computer farms of DESY and other institutes and Grid
sites. The latest option is the most attractive as the Grid technology has been
successfully exploited for many years for exactly the same tasks in ZEUS and other
HEP experiments. A set of scripts for MC simulations with ZMCSP on the Grid
has been implemented and tested by the author.The estimated production rate is
3 — 15 x 10° events per day ] using the DESY Grid site and can be significantly
increased by exploiting other sites. This rate is much higher than the estimated
rate of production on the ZEUS-DPHEP machine and hereby the developed set
of scripts can be beneficial for physics analysis.

As any software maintenance for the ZMCSP is not foreseen in the future, an
important property of the system is the estimated lifespan. For the ZMCSP on
Grid this depends on the lifespan of the host operating system (Scientific Linux
6), which is around 8 years [113] and to a smaller extent on the lifespan of the
middleware (EMI), which is 3 years [I14]. It means no major software problems
are foreseen for the running of ZMCSP on the Grid at least till 2015.

36ZEus MC Standalone Package

37The estimation is based on the speed of the MC simulation and Common Ntuples production
on DESY Grid site. A more precise estimation is impossible without using the package for
the massive production.
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12.5 Conclusions

The Grid is the technology of the future. The utilisation of the Grid is vital
for ZEUS and many other HEP experiments. During recent years more than
95% of ZEUS MC simulated events were produced on the Grid. The upgrade
of the production system done by author increased the performance of ZEUS
MC simulations by 4-5 times. The upgrade has allowed the completion of the
simulations of large MC samples ahead of schedule.

151



13 Appendix:Estimation of relative tracking efficiency for data
and MC

13.1 Introduction

The determination of the absolute and relative efficiency of data and MC tracking
is an important task for any tracking-based analysis. As was stated in Sec. .2 the
reconstruction of tracks depends on the type of particles. It means the absolute
and relative tracking efficiencies for different particles might be different. How-
ever, as the overwhelming majority of registered particles are pions, the primary
goal of tracking efficiency studies is to determinate the relative (data to MC)
tracking efficiency for pions.

One of the possible ways to estimate the relative tracking efficiency is to measure
the reconstruction rates of D° — K3m decay with respect to the two-body decays
D — Kr in data and Monte Carlo simulated samples. Let us discuss this
approach in details.

The numbers of reconstructed decays in selected kinematic region for both modes
in data and MC are denoted as:

Data reconstructed Data true Data .
NpoS ke = Npolskn €D0 K (13.1)
Data reconstructed Data true Data
NpoSksn = Npo_s kar €005 K35 (13.2)
MC reconstructed MC true MC
ND0—>K7T NDO—>K7T DO K (133)
MC reconstructed MC true MC
NDO—>K37T ND0—>K37r DO K37 (134)

where the e stands for the reconstruction efficiency and N for the number of
reconstructed or true mesons in the corresponding modes/samples. We assume
the reconstruction efficiency can be factorised as

€ = CTrigger€KinematicCTracking efficiency - (135)

For proper simulation of the decay kinematics the kinematic efﬁcieney@, EKinematics
should be the same in data and MC.

MC Data
€Kinematic — CKinematic

38The probability that py and 7 of decay particles are in selected kinematic region.
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The trigger efficiency, eryigger, should be, to good approximation, the same for

both decay modes.
€Trigger DO—K3r — €TriggerDO— K- (136)

Taking into account Eqs. (3.1), (32)), (B33), (34), (I33), we have:

MC reconstructed MC true oMC

N e

DS Kr DY Kn Tracking,DO—Kr
MC

NMC reconstructed NMC true e
DY— K3 DY— K3n ~Tracking,DO—K3m

and
NData reconstructed NData true eData
DY Kr A e Tracking,DO—Km
Data reconstructed ~ Data true
N DO K3rn N DO K3r ©Tracking, DO K372

The ratio of true-level decays is known from the PDG [I]

NData true

DO—Kr R
NData true PDG-
DO —K3n

The equivalent for the MC simulated sample is

MC true
ND0—>K7r =R
NMC true  +'MC-

DO —K3rm

So, from the previous expressions
NMC reconstructed eMC .
DO S K - R Tracking,DO—K (13 7)
NMC reconstructed — fMC eMC )
DO—K3n Tracking,D0—K3m

and
Data reconstructed eData )
Tracking,DO—Km (13 8)

NDO*)KW — R
NData reconstructed - 'PDG  Data
DY—K3rm Tracking,DO—K3m

If assume that the reconstruction efficiency for both modes can be factorised as

€Tracking,DO—K3r — €K, (PT, 77)€7r1 (pT, 77)€7r2 (pT, U)eng (pT, 77),

€Tracking, DO—»Knr — €Ky (PT7 77)€7r (pTa 77)7

and select the kinematic region where the efficiency of track reconstruction is
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constant with pr and 7 i.e.
ex = e, (Pr; 1) = ek, (pr,n) = const, ex == ex(pr, 1) = ex, (pr, 1) = const,

the ratio of Eq. (I3.1) and Eq. (I3.8) gives

NMC reconstructed NData reconstructed Data

2
DO K / DY K _ Rue (eﬂ )
MC reconstructed Data reconstructed MC

NpoZ,'’an NpoZ ks Rppa \ ez

or,

Data MC reconstructed Data reconstructed
€r — \/NDOHKW /NDO%KW RMC (13 9)

MC MC reconstructed Data reconstructed '
Cr Npol, Ran N6 k5n Rppa

Eq. (I30) provides a recipe to calculate the relative track reconstruction efficiency.
To reduce the combinatorial background, the D° candidates were tagged with D**

decay D*T — D r, with the assumption that the slow pion registration efficiency
is the same for both modes.

13.2 Samples, events and candidates selection

To maximise the statistics, the full HERA-II data sample was used. The MC
sample was the same as for excited charm-meson analysis (see Sec[H). To reduce
the background, a basic DIS-like selection was used:

e at least one electron candidate with energy E. > 10GeV, and probability
of electron identiﬁcatior@> 0.9;

e the Q% y kinematic cuts 0.7 < yo and 5.0 GeV? < Q2%; < 1000 GeV? (see
Sec. for details and definitions);

e SPP02 trigger (see Ref. [63] for definition) for the 2003, 2004, 2005 data
taking periods;

e SPP09 and HPP31 triggers (see Ref. [63] for definition) for the 2006 and
2007 data taking periods.

To ensure high quality of the tracking, the Z position of the primary vertex had
to be within |Zytx| < 30 cm. All selected tracks were required to pass at least
three CTD superlayers, starting from the most inner superlayer. The tracks from

39The probability was estimated in the Sinistra package [115].
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DY decays were restricted to the region |n| < 1.6 and pr > 0.45GeV. The cuts
on the transverse momenta of reconstructed D°/D** mesons were the following:
pr > 3.0/3.5 and |n| < 1.8/1.6. The cuts applied on the slow pion were: py >
0.15GeV and |n| < 1.6. The selected mass region for the D° candidates was
1.80 GeV < M (D) < 1.92GeV. To minimise the effect of finite spatial resolution,
only very loose cuts were to the distance of closest approach between tracks
DCA < 0.3cm and the x? of the D vertex fit x?(D°) < 30.

The obtained mass difference spectra for data and MC simulated samples are
shown in Fig. [3J] and Fig. [3.2]

13.3 Signal extraction

To determine the yield of reconstructed D**, a fit of the AM = M(Knr) —
M(Km) and AM = M(K3nrm) — M(K3r) spectra was performed. For the de-
scription of signal a relativistic Breit-Wigner function convoluted with Gaussian
resolution was used. The width of the Gaussian resolution function was a free
parameter in the fit. As the natural width of the D** state is ~0.1 MeV [1], well
below the resolution of the ZEUS detector, it was not expected to get a reasonable
width from the fit. However, it was convenient to use the relativistic Breit-Wigner
function in the fit as it has a correct behaviour near the threshold, for the tails
and it was possible to reuse the fit set-up for excited charm meson spectra (see
Sec. ). For the background description a phenomenological parametrisation
(a,b,c) was used:
F(AM) = a(AM)be=AM,

For both data and MC simulated samples the right and wrong charge spectra
from both modes were fitted simultaneously in order to reduce the uncertainty
of the final result; the peak position parameters were the same for both modes.
For both data and MC simulated samples it was assumed that right and wrong
charge backgrounds for each decay mode have the same shape, but different nor-
malisation. The fits for data and MC simulated samples are shown in Fig. [3.1]
and Fig.
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13.4 Corrections

To assure high quality of results, a validation of the MC simulation quality
is needed. First of all, the reflections in the mass difference spectrum were
studied with the MC simulated sample. It was found that, for the given se-
lection, the most prominent reflection in the M (Knmy) — M(Km) mass spec-
trum comes from incomplete reconstruction of semileptonic decays of the D?,
when the muon or electron is misidentified as a pion. These decay modes of
D° have similar branching fractions (see Tab. [3d)) to the studied hadronic
mode D° — K, however, because of an incomplete reconstruction only a very
tiny part of semileptonic decays will produce reflections in AM spectra (see
Fig. I33). The relative contribution of the reflections to the signal peak is
about 1.5%. To take into account reflections from the semileptonic decays and
ensure a good peaking background description, their contribution to the MC
signal was weighted to reflect the ratio of % in PDG [1I]. The only ex-
pected reflection in the M (K3nms) — M(K3m) spectrum is the reflection from
DY — KrnK° decay. The calculated branching ratio for this decay mode in
the MC simulated sample was found to be consistent with the PDG value (see
Tab. I30). The semileptonic decay modes that could cause another reflection
have a negligible branching ratios (see Tab. [3d]). To check the description of
data by the MC simulation, background subtracted distributions of pr(DY),
pr(D*T), n(D°), pr(D*") for D** candidates from D° — Km and D° — K3r
decays were studied. Those distributions were obtained from the distributions
of right charge candidates with 144 MeV < M(Knm) — M(K7) < 149 MeV and
144MeV < M(K3nm) — M(K3m) < 149 MeV with subtraction of weighted dis-
tributions of corresponding wrong charge candidates. The weighting coefficients
were obtained from the fit as a ratio of wrong-charge background to the right-
charge background. To ensure a good description of the data, the MC events with
generated D*" — DOrf decays were weighted to fit pr(DY), pr(D*t), n(DY),
pr(D*T) background subtracted distributions of data (see Fig. [34]). The weight
function was

W = [+ 0.29(D;*))e 0 or iGN 55),

where the product runs over all generated D*T in the event. For the events
from pr(D*') bins with the biggest discrepancy extra reweighting factors was
applied: W = 1.35 for 3.5GeV < pr(D;T) < 3.875GeV and W = 0.62 for
4.625 GeV < pr(Di") < 5.0 GeV.
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FOR DATA AND MC

Name Mode PDG [1] PyTHIA
g D — K~ et oy, 3.55 £0.04 % S=1.2
T D’ - K~ utu, 3.30 £0.13 % S=1.0
[y D' - K- nt 71 et u, (2.8 1) x107*
['ys DY — K,(1270)" et v, (7.6 739) <1074
Y D' — K- 7t a= utu, < 1.2 x1073 CL=90%
Ly7 DY — (K*(892) 7 )~ ut v, < 1.4 x107* CL=90%
Ty D — K% K~ «t (2.6 £0.5) x 1073 0.08 %
Iy D’ — K~ nt 3.88 £0.05 % S=1.2 | 7.30 %
Lo DY — K~ 27t 7~ 8.07 T9-% % S=1.3 15.43 %
L7 D® — K~ 7t p° total 6.74 +0.33 %
s D® — K~ 7t p° 3-body (5.1 £2.3) x1073 0.93 %
o D° — K'(892)° p° ,

K'(892)° = K~ nt 1.05 £0.23 % 1.80 %
7 D® — K~ a;(1260)" ,

a1(1260)" — 27t 7~ 3.6 £0.6 % 6.91 %
Iy D° — K'(892)° 7t 7~ total,

K'(892)° - K~ nt 1.6 £0.4 %
| D® — K'(892)° 7t 7~ 3-body,

K'(892)" - K~ ot (9.9 £2.3) x1073 1.85 %
D — K, (1270) 7t |

Ki(1270)" = K~ 7t 7~ (2.9 £0.3) x1073 0.71 %
| D® — K~ 27 7~ non-resonant | 1.88 +0.26 % 3.23 %
R =& 2.08 £ 0.05 2.11

Table 13.1: D° branching ratios according to PDG [1] The %3% ratio takes into
account correlations.
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13.4 Corrections
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Figure 13.3: The distribution of the mass difference AM = M (Knmg)— M(Km)
in the MC simulated events for all events (blue line) and events with D** —
D, D° — Klv, decays only (yellow).

From the previous studies [I16] it is known that the relative efficiency of low pr
tracks to high pr tracks is slightly higher in data than in MC. To correct for
this effect, all reconstructed candidates in MC sample were given a weight (see
Fig. [335(a)):

W = [ [ min(1,1 + 0.526(p;,[ GeV] — 0.26)),

where the product runs over all tracks in the decay. Effects related to the depend-
ence of the track efficiency on the track multiplicity were corrected according to
studies in Ref. [I17] by giving a weight(see Fig. [33b)) to each track in data and
MC simulated sample as:

(11— 0.0880(NN; — 3) 6 < 21° and N; > 3
1 —0.0044y/N; — 2 — 0.0379(N; — 2)
W =]]1/{ —0.0030(N; — 2)? 21° < 0 < 169° and N; < 2
i 1 —0.1960(N; — 5) 0 >169° and N; > 5
1 otherwise,

\

where 6 is the track azimuthal angle and N stands for the number of tracks inside

a cone \/A¢? + An? < 0.3 around i-th track.
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13.5 Results and conclusions
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Figure 13.5: Corrections of track efficiency: a) for track multiplicity in data and
MC; b) for low pr pions in MC.

13.5 Results and conclusions

The fitted values of D** signals in data and MC sample are given in Tab. I3.2]
Using the Eq. [3.9 the relative tracking efficiency for pions with py > 0.45 GeV

Quantity Data MC
N(D** — Dr,; D° — K) 3066 £ 87 10917 £+ 127
N(D*t*—DOrs;D° = K)
N (D" Dom D95 13) 0.626 +£0.030 | 0.712 £ 0.013
R 2.08 £ 0.05 (PDG) 2.1188

Table 13.2: The results of AM spectra fits in data and MC sample.

and |n| < 1.6 that passed at least three innermost CTD superlayers is:

e = 0.946 £+ 0.027,
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or,

e =0.946 + 0.024 + 0.011,
where the second error comes from PDG uncertainty on R.

The check with an independent method [118], which assumed a poor simulation
of hadronic interactions in MC simulated samples, has shown that the tracking
efficiencies should be at level of 98%, which is slightly higher that the obtained
number.
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