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Abstract

In this thesis the production of the charmonium states χc1 and χc2 in proton-
nucleus collisions at a proton-nucleon center-of-mass energy

√
s = 41.6 GeV was

studied. The data used for the analysis have been taken by the fixed-target ex-
periment HERA-B that uses the HERA proton beam to scatter protons off the
nuclei of different wire targets. About 122 · 103 recorded muonic J/ψ decays,
J/ψ → µ+µ−, resulted in almost 10 000 reconstructed χc → J/ψγ. The ratio
Rχc =

∑
i=1,2 σ(χci)Br(χci → J/ψγ)/σ(J/ψ), which is the ratio of J/ψ from χc

decays to all produced J/ψ, was measured in the kinematical range −0.35 < x
J/ψ
F <

0.15 for carbon and tungsten wire targets. The average over both materials yields
Rχc

= 0.190+0.030
−0.029. Despite the small separation of the masses of the two χc states,

comparable to the detector resolution, the ratio R12 = Rχc1/Rχc2 was measured
yielding R12 = 1.30+0.59

−0.37 which corresponds to a production cross section ratio
σ(χc1)
σ(χc2) = 0.74+0.34

−0.22. By using the known J/ψ production cross section, the χc1 and
χc2 production cross sections are calculated to be σ(χc1) = (153 ± 27) nb/nucleon
and σ(χc2) = (207 ± 39) nb/nucleon, respectively. All results were obtained under
the assumption that both the J/ψ and χc states are produced without polarization.
In addition a study of possible deviations of Rχc and R12 due to the polarization
of J/ψ and χc was performed. By varying the polarization parameter, λobs, of all
produced J/ψ by 2σ around the value measured by HERA-B, and assuming fully
polarized χc states, the maximum variations of Rχc

and R12 were evaluated. These
studies show that Rχc

could change up to 21% and R12 from −11% to +16% relative
to the values calculated without polarization.

Keywords:
HERA-B, charmonium, χc hadronic production, polarization

ii



Zusammenfassung

In dieser Arbeit wurde die Produktion der Charmonium-Zustände χc1 und χc2 in
Proton-Kern-Wechselwirkungen bei einer Proton-Nukleon-Schwerpunktenergie von√
s = 41.6 GeV untersucht. Die für die Analyse verwendeten Daten wurden mit dem

HERA-B-Experiment genommen, das die Streuung von Protonen des HERA-Rings
an feststehenden Draht-Targets verschiedener Materialien untersucht. Die Analy-
se basiert auf etwa 10 000 radiativen χc-Zerfällen, χc → J/ψγ, die aus mehr als
122 · 103 myonischen J/ψ-Zerfällen, J/ψ → µ+µ−, rekonstruiert wurden. Das Ver-
hältnis der Rate der J/ψ, die aus χc-Zerfällen stammen, zu der Gesamtrate der
J/ψ, Rχc =

∑
i=1,2 σ(χci)Br(χci → J/ψγ)/σ(J/ψ), wurde in dem kinematischen

Bereich −0.35 < x
J/ψ
F < 0.15 an Kohlenstoff- und Wolfram-Targets gemessen. Der

Mittelwert für beide Materialien ist Rχc
= 0.190+0.030

−0.029. Obwohl der Abstand der
Massen der beiden χc-Zustände vergleichbar mit der Detektorauflösung ist, konnte
das Verhältnis R12 = Rχc1/Rχc2 zu R12 = 1.30+0.59

−0.37 bestimmt werden, was ei-
nem Verhältnis der Wirkungsquerschnitte von σ(χc1)

σ(χc2) = 0.74+0.34
−0.22 entspricht. Unter

Verwendung des schon bekannten Wirkungsquerschnitts für die J/ψ Produktion,
wurden die Wirkungsquerschnitte für die Produktion von χc1 und χc2 bestimmt:
σ(χc1) = (153±27) nb/Nukleon und σ(χc2) = (207±39) nb/Nukleon. Alle Resulta-
te ergaben sich unter der Annahme, dass sowohl die J/ψ- als auch die χc-Zustände
unpolarisiert produziert werden. Zusätzlich wurde die Abhängigkeit der Ergebnisse
von möglichen Polarisationen dieser Zustände untersucht. Dazu wurde die maximale
Variation von Rχc

und R12 bestimmt, indem der Polarisationsparameter λobs aller
produzierten J/ψ im Bereich von 2σ um den von HERA-B gemessenen Wert variiert
wurde und gleichzeitig verschiedene vollständig polarisierte χc-Zustände angenom-
men wurden. Diese Studien zeigen, dass sich Rχc

um 21% und R12 zwischen −11%
und +16% relativ zu den ohne Annahme von Polarisationen berechneten Werten
ändern können.

Schlagwörter:
HERA-B, Charmonium, χc hadronische Erzeugungsverhältnis, Polarisation
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1. Introduction

The discovery of the J/ψ meson in 1974 has been one of the successes of the quark
model. Its heavy mass and properties could be explained only by an introduction of
a new charm quark already predicted by Glashow, Iliopoulos, Maiani in 1970. The
J/ψ meson has been the first observed state of the charmonium system which consists
of a bound quark-antiquark pair cc. Also other charmonium states have been found
like χc and ψ′. The charmonium physics provides a unique environment for testing of
different theoretical models in order to describe the particle formation and hadronic
interactions and soon after its discovery J/ψ turned to an object of several experimental
and theoretical studies.
The Quantum-Chromo-Dynamics (QCD) is the theory used to describe the formation

of the charmonium pair cc via interactions of quarks and gluons. The process of the
creation of the bound state is not yet understood. Several phenomenological models have
been developed in order to describe this process, observed from the experimental data:
Color Evaporation Model (CEM), Color Singlet Model (CSM) and Non-Relativistic-
Quantum-Chromo-Dynamics (NRQCD). There are still difficulties for the models to
agree with the experimental measurements. Apart from this NRQCD makes predictions
that are closer to the experimental results compared to the other models.
The HERA-B experiment, installed at the HERA accelerator at DESY exploited the

collisions of the 920 GeV proton beam on nuclei of several materials. An important
part of the physics program of HERA-B were the studies of charmonium production.
In this thesis a measurement of the fraction of J/ψ coming from the radiative decay
of χc → J/ψγ → µ+µ−γ was performed. It is quantitatively described by the Rχc
parameter, which is the ratio of the J/ψ coming from χc decays over all J/ψ. The
acquired number of χc was larger than all previous experiments had collected. The
measurement of Rχc is important to distinguish between the different models, clarifying
the current theoretical approach. In addition an effect on Rχc due to polarization of J/ψ
and χc was evaluated by using as input the measured polarization of all J/ψ.
The thesis consists of 7 chapters. In Chapter 2 an overview of the detector setup

with the detailed description of each sub-detector component and the trigger system is
given. In Chapter 3 the theory is presented that describes the charmonium production.
After an explanation on the mechanisms of the charmonium production and kinematic
variables that play a role in the theory, different models as: CEM, CSM and NRQCD will
be discussed. Then various nuclear effects that influence the charmonium production
will be presented. Finally, the existing measurements of Rχc are compared with the
three different models mentioned above. In Chapter 4 the analysis chain is explained
describing in detail the reconstruction of χc step by step, starting from the used data
sample, data quality and selection of the J/ψ events and the photons. In Chapter 5

1



1. Introduction

the distribution of the reconstructed χc is presented and the background subtraction
procedure is described in more details. Then different methods for counting of χc will be
discussed and compared. In Chapter 6 the tools for simulation of the MC and tracking
the particles through the detector are described. The method to determine the J/ψ
and photon efficiencies that will be used later for the evaluation of the final result is
presented. In Chapter 7 the possible effects on Rχc due to polarization of J/ψ and χc
were studied. Chapter 8 is devoted to the evaluation of various systematic uncertainties
that could affect the result, including the errors from polarization. Finally, in Chapter
9 the final result is presented and compared with different experiments and theoretical
models.

2



2. The HERA-B Experiment

2.1. The HERA Storage Ring

The HERA storage ring is located at the DESY laboratory in Hamburg, Germany. It
consists of two storage rings of a diameter 6.3 km: the first ring accelerates protons to
the energy of 920 GeV, which are traveling in bunches with a typical bunch crossing
rate of 10.4 MHz; in the other ring electrons are accelerated to 27.5 GeV. The whole
proton complex of the proton accelerating machines of HERA is composed of one linear
accelerator (LINAC III), a first circular accelerator (DESY III) and a second circular
accelerator (PETRA). First H− ions are accelerated to 50 MeV by LINAC III and then
the protons, freed from the electrons are injected into DESY III to reach 7.5 GeV. Next,
the protons are accelerated in PETRA to 40 GeV and finally the HERA storage ring
completes the acceleration to 920 GeV. A schematic view of the accelerating machines
is shown in Fig. 2.1. The beam is organized in 220 bunches, 180 of which are filled (see
Fig. 2.2). The separation between two bunches is 96 ns and the time duration of a bunch
is 1.5 ns. The bunches are combined into more complex structure called trains. The
train is composed of six groups of bunches separated by an empty bunch, where each
group consists of ten filled bunches. The trains are separated by five empty slots. The
last two bunches of each train are called pilot bunches. They are less populated and
barely contribute to the rate. The other fifteen bunches are not filled in order to allow
a safe beam dump. The parameters of HERA can be found in [Y+06].

2.2. The HERA-B Detector

The HERA-B fixed-target experiment [Loh94] was originally designed to measure the
CP violation by using the so-called “golden decay” channel B0

/B0 → J/ψK0
S , where

J/ψ → l+l−(l = µ, e). The CP violation should show up as a time-dependent difference
between the B0 and B0 transition rates. The measurement was in competition with the
experiments running at asymmetric e+e− colliders, Belle [A+02a] and BABAR [A+02b].
Problems with the trigger and prolonged efforts to understand and improve its perfor-
mance delayed the commissioning of the detector. In the year 2000 it became clear
that HERA-B could not accomplish its initial goal and compete with the storage ring
experiments. Therefore a new physics program was approved in order to make use of
the unique capabilities of the detector.
The HERA-B detector [Har95] was a forward spectrometer with a large angular accep-

tance. The aperture of the detector ranged from 15 to 220 mrad in the bending plane of
the magnet and from 15 to 160 mrad in the non-bending plane that corresponds to a 90%

3
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Figure 2.1.: System of accelerating machines at HERA.
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Figure 2.2.: Structure of bunch filling in HERA. Three trains of 60 bunches are headed by
two pilot bunches each. The 180 filled proton bunches contain approximately
1011 protons each.
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2.2. The HERA-B Detector

solid angle in the center-of-mass frame of the primary interactions. The collected events
were produced by the halo of the HERA proton beam interacting with a multi-wire
target. The detector was especially dedicated to J/ψ triggering and provided a good
particle identification. It had a good primary and secondary vertex resolution and an
acceptance in the negative xF region inaccesible for previous fixed target experiments.
The system of reference where the physical quantities are defined is determined by a

z-axis along the beam direction and by x and y-axes chosen in a way to form a right-
handed system of reference.
The detector was composed of different sub-detectors assembled along its length of

about 20 m. The sub-detectors can be differentiated into two groups according to their
task: one used for the reconstruction of the tracks and the other responsible for the par-
ticle identification. A schematic view of the detector is shown in Fig. 2.3. The tracking
near the target region including reconstruction of the primary and secondary vertices
was accomplished by a silicon micro-strip vertex detector (VDS). The tracking and re-
construction of the momentum of the tracks was performed by the tracking chambers,
whose granularity and technology varied depending on the distance from the main beam,
in order to limit the occupancies in each detector cell and optimize the number of elec-
tronic channels. The tracking systems were placed inside and behind the magnetic field
of the experiment. Depending on their distance to the beam pipe, they were:

- The first tracking system (Inner Tracker - ITR) was situated near the beam and
was characterized by a high granularity because of a higher track density environ-
ment. It consisted of micro strip gas chambers (MSGC).

- The outer region was covered by the Outer TRacker (OTR) made of honeycomb
drift chambers (HDC).

The second part of the detector was dedicated to provide particle identification. It
consisted of the following sub-detectors:

- a Ring Imaging Cerenkov Hodoscope (RICH), used to identify protons, pions and
charged kaons;

- an Electromagnetic Calorimeter (ECAL), used to identify and reconstruct electro-
magnetic showers;

- a Transition Radiation Detector (TRD), whose task was to separate electrons from
hadrons, but it was not fully implemented during the data taking period;

- a Muon Detector (MUON), for muon identification.

More detailed descriptions of different detector parts are given in the next sections.

2.2.1. Target
The target system of the HERA-B detector consists of 8 wires placed in two stations of
rectangular shape (4 wires each), shown in Fig. 2.4. The stations were spatially separated

5



2. The HERA-B Experiment
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electromagnetic calorimeter
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Figure 2.3.: Side-view of HERA-B detector.

by 4 cm in the z direction. The wires were made of different materials (carbon, titanium
and tungsten), varying in a wide range of mass numbers, A, offering the possibility to
study nuclear effects. They were mounted on movable forks and were interacting with
the halo of the beam. Therefore their position to the beam could be changed and it
was used to adjust the interaction rate: the closer the wire to the beam, the higher
was the interaction rate. Eight wires working simultaneously were required to achieve a
40 MHz interaction rate, while having primary vertices of up to 4 interactions separated
in space. In addition, a system ensuring an equal rate sharing among the wires was used,
minimizing the possibility to have two interactions on the same wire. The interaction
rate of each wire was measured by charge integrators, while the total interaction rate
was determined by hodoscope counters located at the exit window of the RICH. More
detailed information on the target system can be found in [Ehr00].

2.2.2. Vertex Detector System (VDS)

The vertex detector system (VDS) had the main task to provide track coordinates and to
reconstruct primary and secondary vertices, in the region close to the target and before
the magnet (from z = 9 cm to z = 220 cm, see Fig. 2.5).
The geometry of the VDS was typical for a forward spectrometer and was formed of

8 super-layers, perpendicular to the beam. Each super-layer was divided into 4 quad-
rants that consisted of two layers of silicon micro-strip sensors, mostly in a double-sided
configuration, with a sensitive area of 50× 70 mm2 and a pitch of approximately 50 µm.
These sensors were 280 µm thick and made of n-type silicon.
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Figure 2.4.: On the left: front view of the target is shown. Inside the vacuum of the
beam pipe a station of four wires was inserted interacting with the halo of
the beam. The picture on the right shows primary vertices reconstructed
in the VDS. The two stations are clearly visible, together with seven wires,
while the eighth wire was not inserted into the beam during this run.

In order to reduce scattering effects, the first seven super-layers were mounted inside
a vacuum vessel in a Roman pot system. The quadrants could be moved in radial and
lateral directions, and could be inserted or retracted from the irradiated region. The
eighth station was placed at 2 m from the target, behind the 3 mm thick aluminum
window of the vacuum vessel.
This sub-detector could give an angular covering that goes from 10 to 160 mrad, either

vertically or horizontally. The vertex resolution was 50 and 450 µm respectively for the
transverse (x, y) and parallel (z) direction with respect to the proton beam. More details
on the VDS can be found in [B+00].

2.2.3. Main Tracking System

The main tracking system (see Fig. 2.6) was composed of a magnet used to deflect the
charged tracks in order to measure their momentum, and detector super-layers dedicated
to track finding and reconstruction. The magnet, made of a normal-conducting dipole
had an integrated field of 2.13 Tm. The effect of the magnetic field on the electron beam
pipe that was passing through the magnet was compensated by a coil mounted around
the electron beam pipe.
The tracking system was providing spatial determination and momentum measure-

ment of tracks. It was extending 10 m along the beam pipe, including 7 super-layers
and covered a polar angle range from 10 mrad up to 220 mrad (zx plane) and up to

7
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Figure 2.5.: The arrangement of the 64 silicon detector wafers in 8 super-layers around
the beam axis (right) and a side view of the mechanical set up with vacuum
vessel, target stations and manipulators including Roman pots (left).
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Figure 2.6.: Overview of the tracking system of HERA-B, showing the location of the
different super-layers.
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Figure 2.7.: Sketch of a GEM-MSGC chamber.

160 mrad (zy plane). The tracking system was divided into two parts: Inner TRacker
(ITR) and Outer TRacker (OTR). These detectors were based on different technologies
because they had to spatially distinguish the signals produced by the passage of particles
in regions characterized by different track density.
The ITR [Zeu00] was placed in the region closer to the proton beam, at a distance

from 6 to 30 cm, corresponding to polar angles between 10 mrad and 100 mrad. It
had a higher granularity, because track density is approximately proportional to 1/r2,
where r is the distance to the beam pipe. The technology adopted was the one of the
micro-strip gas chambers (GEM-MSGC, Gas Electron Multiplier-Micro Strip Gaseous
Chambers, see Fig. 2.7). The MSGC could not operate alone in the dense hadronic
environment. Discharges between the anodes and cathodes caused by highly ionizing
particles (hips) were quickly destroying the electrode structure of MSGCs. Therefore a
GEM was introduced which worked as a pre-amplifying step, to allow reduction of the
amplification at the MSGC stage. The operation gas was a mixture of Ar:CO2 (70 : 30)
and it showed no aging effects. But still the large fraction of dead channels and the low
efficiency of ITR made the system unreliable to be part of the trigger chain.
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Figure 2.8.: Scheme of the drift chambers and their honeycomb layout.

The OTR [A+05a, A+05b, A+07b] was placed at a minimum distance of 20 cm up to
3 m from the beam pipe (50− 220 mrad) providing 90% coverage in the center-of-mass
system and was able to record up to 200 tracks every 96 ns. It consisted of 13 super-
layers each containing two individual planar drift chambers. The stereo layers of each
chamber, placed at angles −80 mrad, 0, 80 mrad provided 3 different stereo views in
vertical direction, improving the spatial resolution. Each stereo layer was composed of
honeycomb drift tubes of variable hexagonal dimensions (5 mm close to the beam and
10 mm in the outermost region). The structure of a honeycomb drift chamber (HDC)
is shown in Fig. 2.8. The cathode was a 75 µm polycarbonate foil loaded with 6% soot
for conductivity and was covered with a thin layer of copper and gold to provide better
surface conductivity. The anode was a gold-plated tungsten wire with 25 µm diameter.
It was positioned in the center of the tube and soldered to FR4 strips. The gas used in
the drift chambers was a mixture of Ar:CF4:CO2 in proportions of 60 : 35 : 5. Either two
or four layers of tubes were organized into single or double layer modules respectively.
In conclusion the honeycomb drift tubes technology offered clear advantages in terms of
operational safety, cathode aging and mechanical handling. The HDC were structured
to form planes perpendicular to the beam direction, grouped so that three different zones
can be distinguished:

• Magnet Chambers (MC): Initially a set of seven tracking stations were placed inside
the magnet. They were required to provide an additional information about the
K0
S reconstruction connected with the measurement of the CP violation. In order

to optimize the performance of the detector (higher trigger efficiencies) according
to the new physics program of HERA-B, six of the super-layers were removed.
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Figure 2.9.: Scheme of the Cherenkov detector.

• Pattern Recognition Chambers (PC): they were the main part of the tracking
system and consisted of 4 chambers (PC1–PC4) placed in the region after the
magnet and before the RICH. PC1 and PC4 are involved in the trigger system.

• Trigger Chambers (TC): they were placed between the RICH and the ECAL. The
signals coming from these chambers were used by the first level trigger to make a
first reconstruction of the tracks.

During the 2002 − 2003 data taking period the hit resolution of the drift cells was
300 to 320 µm and the tracking efficiency of tracks with momentum greater than 5 GeV/c
was more than 95%.

2.2.4. Ring Imaging Cherenkov Counter (RICH)

The task of the Ring Imaging Cherenkov Hodoscope (RICH) [A+04] was to separate
charged kaons from charged pions and protons, exploiting the Cherenkov effect. Charged
particles emit photons when they move through a medium with a speed larger than the
one of the light in the same medium. For a particle of speed v, these photons are emitted
at an angle given by the formula:

cos θC = 1
βn

(2.1)

11
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where β = v/c and n is the refractive index of the medium. Particles with different
masses and same momentum emit photons at different angles and can therefore be
distinguished.
The detector consisted of spherical mirrors with radius of curvature of 11.4 m. The

mirror, a 6 × 4 m rectangular cutout of a sphere, contained 80 full or partial hexagons
made from 7 mm thick Pyrex glass, coated with 200 nm aluminum and 30 nm of MgF2.
In order to place the focal surface outside the particle flux (±160 mrad vertically), the
mirror was split horizontally and both halves were tilted by 9 ◦ away from the beam
line. A set of two planar mirrors, made of float glass and composed of 18 rectangular
elements, translated the focal surface to the photon detector area (see Fig. 2.9), where
it formed rings whose radius r is connected to the emission angle by the relation

r = f · tan θC (2.2)

where f is the focal length of the mirror. The photons were then carried to a photomul-
tiplier grid, whose signals were read by a specific readout system.
The radiator gas used was Perfluorobutane (C4F10), chosen because of its low disper-

sion and low Cherenkov threshold, which is 2.7 GeV/c for pions, 9.6 GeV/c for kaons
and 18.0 GeV/c for protons, for a mean value of the refractive index n− 1 = 1.35 · 10−3.
The Cherenkov angle corresponding to β = 1 particles amounts to 52.4 mrad.
Since the momentum p can be determined from the main tracker, the mass m of a

particle can be extracted from the measurement of the angle of the Cherenkov ring by
using the approximate equation:

θ2
C = θ2

0 −
m2

p2 , (2.3)

where θ0 = 52.4 mrad is the limit angle. Fig. 2.10 shows the correlation between 1
p2 and

θ2
C , usually called a r2p2 plot. The well separated bands correspond to different particles
(electrons, pions, kaons and protons).

2.2.5. Electromagnetic Calorimeter (ECAL)
The electromagnetic calorimeter (ECAL) [A+07c] was a sampling calorimeter whose
main task was to detect and reconstruct photons and electrons and also to provide
pretrigger electron candidates to the First Level Trigger (FLT). An appropriate elec-
tron/positron (e±) and photon (γ) particle identification was performed by using classic
algorithms such as E/p (E/p ∼ 1 for e± and E/p � 1 for hadrons) and cluster shape.
In addition an electron tagging method based on the detection of the Bremsstrahlung
(BR) photons was applied at trigger level.
ECAL was located at about 13 m downstream the target, of lateral dimensions 625×

470 cm2, covering a region from 10 to 250 mrad. It was composed of 2344 modules (so-
called towers) of lateral dimensions 11.15×11.15 cm2 which were made of layers of 2.2 mm
thick absorber material sandwiched with 1 mm thick scintillator plates. The scintillator
signals were carried by plastic wavelength shifter (WLS) fibers placed perpendicular to

12
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Figure 2.10.: A typical r2p2 plot, that shows how the RICH was able to distinguish
particles.

the plates perforated for this purpose (so-called “shashlik” technology, see Fig. 2.12).
The light collected by the WLS was then sent to the photomultipliers.

ECAL was divided into three parts from the beam line outwards (see Fig. 2.11): IN-
NER, MIDDLE, OUTER, whose granularity and resolution were decreasing with the dis-
tance from the beam, in order to keep rather constant particle flux through the calorime-
ter and to limit the occupancy below 10%. The different granularity was achieved by
subdividing the modules of the INNER section into matrices of 5× 5 cells and the ones
in the MIDDLE section into matrices of 2 × 2 cells, while in the OUTER section the
modules were not segmented, amounting, in total to 5956 read out channels.

In the INNER section each module was containing 40 layers of 2.2 mm thick absorber
plates and 1 mm thick scintillator plates corresponding, in total, to 23 X0. The high
density region close to the beam pipe forced the use of W-Ni-Fe alloy as absorber due
to its small Molière radius (1.3 cm). The MIDDLE and OUTER modules consisted of
37 layers each made of 3 mm thick lead absorber plates and 6 mm thick scintillator tiles
corresponding, in total, to 20 X0 and Molière radius of 3.5 cm.

The ECAL energy σE and spatial σxy resolution was:

σE/E = A/
√
E ⊕B and σxy = C/

√
E ⊕D cm, (2.4)

where E is the energy of the incident particle expressed in GeV and A, B, C and D are
parameters depending on the ECAL section and material, listed in Tab. 2.1.
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OUTER   ECAL
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532  MODULES
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INNER   ECAL
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Figure 2.11.: Front view of ECAL. The three different parts: INNER, MIDDLE and
OUTER are indicated.

Figure 2.12.: Scheme of an ECAL module. The scintillator plates were alternated to the
radiative material, and the optical fibers were routing the photons to the
photomultiplier grid.
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ECAL Section Cell Size A B C D

(cm)
√
GeV(%) (%) (cm

√
GeV) (cm)

INNER 2.2 20.6(0.3) 1.2(0.2) 1.25(0.03) 0.022(0.003)
MIDDLE 5.6 11.8(0.2) 1.4(0.1) 1.37(0.03) 0.28(0.02)
OUTER 11.2 10.8(0.1) 1.4(0.2) 2.17(0.09) 0.28(0.15)

Table 2.1.: ECAL performance parameters extracted from [A+07c].

2.2.6. Muon Detector

The muon detector (MUON) [E+01a], placed in a distance from 15 m to 20 m from
the target, was used for triggering and particle identification. It was divided into an
inner and outer part. The inner part was made of gas pixel chambers, covering the
high occupancy region from 9 mrad to 40 mrad. The outer part was built from gas
tube and pad chambers, covering the angular range of 20− 220 mrad in x direction and
16−160 mrad in y direction. The muon detector was composed in total of 500 chambers,
equipped with 30 000 readout channels.
The muon system consisted of four super-layers (MU1–MU4, see Fig. 2.13) interleaved

with iron loaded concrete and steel shielding after the third and fourth super-layers. The
absorbers were reducing the penetration probability of hadrons to ∼ 8 · 10−3, imposing
a muon momentum cut-off of about 4.5 GeV. The first two super-layers contained three
stereo layers oriented at 0 ◦ and ±20 ◦ with respect to the y-axis. The last two super-
layers consisted of one 0 ◦ stereo layer with pad chambers. Coincidences between pad or
pixel chambers from MU3 and MU4 were used in the pretrigger. Signals from all other
super-layers except MU2 were providing information for the FLT and the information
from MU2 was used offline. The first two stations, MU1 and MU2, were equipped with
tube and pixel chambers, the others, MU3 and MU4, with pad and pixel chambers.
The tube chambers were wire chambers with rectangular shaped drift cells of lateral

dimensions 14× 12 mm2 and a length of 3 m. A 45 µm thick gold-plated tungsten wire
was stretched inside each drift cell. In order to improve the efficiency, the drift cells were
mounted in a double layer structure that contained two groups of 16 cells each, shifted
by half a cell.
The pad chambers were assembled from an open aluminum profile of the same size as

the tube chambers, covered with a copper phenolic board. The board was divided into
60 pads. Similarly to the tube chambers, the pad chambers were mounted in double
layer structures. In addition signals from the cathode pads were collected as well.
The pixel detector consisted of a single layer of multiwire proportional chamber. The

cells were square sized with a lateral dimension of 9 × 9 mm2, formed by one 25 µm
gold-plated tungsten signal wire and four 500 µm copper potential wires with a length
of 30 mm, oriented along the beam direction. In order to decrease the number of readout
channels while keeping the spatial resolution at reasonable level, four signal wires were
connected to a single readout channel. For the first two super-layers, 2× 2 cell readout
channels were implemented. For the last two super-layers, 1 horizontal signal wire and 4
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Figure 2.13.: Scheme of the MUON super-layers.

vertical signal wires were connected into one channel. All chamber types operated with
a Ar-CF4 gas mixture.
During the 2002− 2003 running period the track efficiency of the muon system was of

the order of 77− 84 % [Zai03].

2.2.7. Trigger and Data Acquisition

In order to achieve its initial B-physics program, the trigger was designed to work at high
interaction rates (40 MHz), leading to a signal to background ratio of order of ∼ 10−6.
The main task of the trigger was not only to reduce the data acquisition frequency to
50 Hz in order to write to the tape by selecting J/ψ→ l+l− events. It also had to isolate
its decay vertex from the primary vertex and to enhance the selection of B candidates.
The trigger is structured into the following different levels:

• Electron and muon pretriggers, which were providing information about e+e− and
µ+µ− candidates to the first level trigger, using the measurements from ECAL and
the muon detector, respectively.

• A first level trigger (FLT), that was using the pretrigger data to start a first
reconstruction of the tracks. The FLT had to take a decision within 12 µs.

• A second level trigger (SLT), that was having at disposition a decision time of 10
ms, could provide a more detailed reconstruction of the tracks. It was using also
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the informations of the vertex detector.

• A fourth level trigger (4LT). It was the last level of trigger, consisting of a PC farm.
With a latency time a couple of seconds it performed a complete reconstruction of
the event.

In Fig. 2.14 a schematic view of the trigger chain and the data acquisition system (DAQ)
[D+04] of HERA-B is shown. The different parts of the trigger system are described in
deeper detail in the next sections.

The Pretrigger System

The pretrigger system consisted of three different pretriggers: MUON [B+01], ECAL
[A+97d, B+98] and high-pT pretriggers [Sch97, Bru02], all of which worked in parallel
or independently. The main task of the pretriggers was to provide seeds for the FLT by
detecting leptons or hadrons of B decays with high transverse momentum.

• The muon pretrigger selected muon candidates by hit coincidences in the last two
layers of the muon detector, MU3 and MU4. In the outer (inner) part of the muon
system a pretrigger seed was generated and transmitted to the FLT network if
there was a hit in MU3 and one of the closest six (four) cells in MU4 was also hit.
The FLT was using information from the pad and pixel chambers of muon layers
MU4, MU3 and MU1, and the main tracker super-layers TC2, TC1, PC4 and PC1
for the reconstruction of muon tracks. Since the vertical position determined by
the pretrigger was not precise enough, the vertical slope parameter η was updated
in the message using a triple hit coincidence found in MU1 (MU1 consisted of three
differently oriented layers).

• The electron pretrigger selected electron candidates from leptonic and semi-leptonic
decays of heavy particles and for hard photons (photons with high transverse mo-
mentum). The pretrigger algorithm formed clusters from 3× 3 cell nonets, around
a cell with the largest energy deposition above an adjustable threshold. Then
the total energy and the x and y coordinates of the cluster were calculated. The
threshold energy ETH was determined from the Et and position of the cluster (see
Sect. 4.8.1 for details):

ETH = Et

(√
x2 + y2 + z2√
x2 + y2

)
(2.5)

A pretrigger message was generated if the following criteria was satisfied:

Ecentral cell > ETH/2,
Etotal > ETH . (2.6)

In addition the ECAL pretrigger was using an algorithm to recover the energy loss
of electrons due to bremsstrahlung in front of the magnet improving the efficiency
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of the pretrigger. In case an electron candidate was found a trigger message was
passed to FLT, as a starting point for the electron tracking by the FLT.

• The high-pT pretrigger was designed to identify hadrons with a pT larger than
1.5 GeV/c. It was using information from the three high-pT chambers placed
inside the magnet. When a triple coincidence was found, the high-pT pretrigger
generated a message with track parameters extrapolated to TC2.
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Figure 2.14.: Scheme of different trigger levels.

The First Level Trigger

The FLT [F+98, Bru02] had to identify events with lepton pairs coming from the J/ψ
decay. Because the second level trigger had an input frequency of 50 kHz, the FLT had
to reduce the primary frequency (10 MHz) by a factor of 200.
The front-end electronics of different sub-detectors was designed such that data was

allocated in a pipeline structure of 128 elements. This limited the time of taking a
decision to 12 µs before events were filling the pipeline. In this time the FLT had to
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perform three tasks: find tracks, determine the momentum of these tracks and calculate
the invariant mass for pairs of the found tracks. For this purpose the FLT was built as a
network of custom-made hardware processor boards, each dedicated to one of the tasks.
The track reconstruction of the FLT was based on the Kalman filter algorithm (see

Fig. 2.15). The information from the pretriggers provided an estimate of the track
parameters from which a Region of Interest (RoI) was defined. The RoIs were sent to
the corresponding Track Finding Units (TFU), responsible for the first upstream tracking
layer. If a triple coincidence was found the track parameters were refined, a new RoI
was defined, and the information was passed to the next TFU layer. The direction of
the track search was toward the target (opposite to the particle flux). This procedure
was repeated until the PC1 super-layer was reached, increasing the precision of the track
parameters after each subsequent tracking chamber and leading to narrower RoIs. Once
a charge track candidate was found, its momentum and charge were determined by the
Track Processing Unit (TPU). Then the information was send to the Track Decision
Unit (TDU). The TDU either counted tracks or calculated the invariant mass of the
selected lepton pairs. A trigger message was generated in case a certain criteria was
satisfied and the event was sent to the SLT.

The Second Level Trigger

Upon an FLT accept, all data were pushed from the front-ends into the Second Level
Buffer (SLB). The SLT [GM98, Kre01] relied on a high-bandwidth and low-latency
switching network, which provided the connectivity between the SLB and the Second
Level processor farm. The switching network, the SLB and several essential event-control
units were implemented on Digital Signal Processors from Analog Devices (SHARK
DSP). The SLB was able to store up to 280 events. The Second Level processor farm
consisted of 240 CPUs. Each node of the farm processed one event by using Kalman filter
algorithm based on RoIs on the tracks accepted from FLT. The SLT RoI was derived
directly from the FLT or from the pretriggers. This design allowed the SLT to operate
only in the region of the detector around the track candidates.
The main tasks of the SLT was to refine the track candidates from the FLT using the

tracking chambers downstream the magnet (packages L2Slicer and L2Refit [t+03]).
Then the track candidates were propagated through the magnet (package L2Magnet)
into the VDS. Using a Kalman filter approach, L2Sili followed the tracks through VDS
and finally L2V ertex fitted a suitable pair of tracks to a common vertex. In addition
SLT used the drift times measured by OTR and thus improving the resolution of the
track parameters by one order of magnitude.
Originally the SLT was designed to use as an input track parameters found by FLT,

so-called “FLT seeding mode”. During the year 2000 data taking, due to problems with
the FLT, the SLT was using as an input the ECAL and MUON pretriggers (“pretrigger
seeding”) substantially reducing the trigger performance. For the 2002−2003 data taking
the so-called “star mode” was used. Due to low FLT efficiency the pretriggers were sent
both to FLT and SLT. The FLT was required to find one track candidate, while the
SLT had to recognize both tracks of the lepton pair candidate. In this mode, the J/ψ
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Figure 2.15.: The track finding algorithm (Kalman Filter) of the FLT. Every hit coinci-
dence found in the upstream super-layers was improving the track param-
eters and RoIs were becoming smaller. The scheme shows the path of the
messages inside FLT.

acquisition rate was increased to ∼ 1500 J/ψs per hour.

The Third Level Trigger

The TLT [Sch00] was designed to operate at the same PC farm as SLT. While the
SLT was limited to use only information from the RoIs, the TLT had full access of the
event. The TLT was foreseen to process non-J/ψ triggers from the FLT, such as high-pT
leptons, but during the 2002− 2003 running period it was not used.

The Fourth Level Trigger (4LT farm)

When an event was accepted by the SLT it was sent via a switched Fast Ethernet
network to the 4LT farm [G+98] that consisted of 200 linux operated Pentium CPUs.
The farm performed full reconstruction of the event and classified it into different physics
categories. A separate send-logger process sent the reconstructed event to the hard drive
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pools, and then a daemon-process copied it to the tape robot. With the reconstruction
event size of ∼ 200 kb and reconstruction time of ∼ 4 s, the archiving speed of 40 MB/s
was more than enough to handle the designed output rate of 50 Hz.
In the 2002 − 2003 running period only part of the data was reconstructed online

increasing the data logging to 300 Hz. For some special calibration and minimum bias
runs (event size of 20 kb) an output rate of 1 kHz was achieved.
In addition the 4LT farm was used for online monitoring of the detector performance,

allowing a fast detection of a possible malfunction of the detector components. A ded-
icated Calibration and Alignment system (CnA) performed automatic online control of
the calibration constants. After the experiment had finished data taking, the 4LT farm
was used for the reconstruction of the rest of data that was not reconstructed online, as
well as Monte Carlo generation and reconstruction.
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3. Charmonium production

3.1. Introduction
Since the discovery of J/ψ in 1974 [A+74a, A+74b] and its interpretation within the
QCD framework as a cc bound state, the study of charmonium has received much atten-
tion from both a theoretical and an experimental point of view. This simple two-body
system allows to study strong interactions using as first approach non-relativistic po-
tential models, and then adding corrections at different orders of v2/c2 that take into
account the dependency of the potential on the spin. The potentials reproduce the char-
acteristics of the strong interactions that is the asymptotic freedom at short distances
(Coulomb-like behavior) and quark confinement in the hadron. There is a possibility
to compare the short distance behavior with the predictions of the perturbative QCD.
Experimentally the charmonium states can be produced via e+e− annihilation, as it was
done in the experiment Crystal Ball at the storage ring SPEAR. In this way only states
with the same quantum numbers as the photon (JPC = 1−−) can be formed, e.g. J/ψ
and ψ′. States with other quantum numbers like the ηc and the χc states, have been
observed in the radiative decays of J/ψ and ψ′. In the experiments e.g. E704, E760 all
charmonium states were formed via pp̄ annihilation. In the HERA-B experiment some
of the charmonium states were produced via pN interactions. In the next sections the
charmonium system and the charmonium production mechanisms will be discussed.

3.2. The charmonium system
The charmonium system consists of charm-anticharm pairs (cc̄) which are bound by
exchanging gluons. The system can be considered non-relativistic because of the heavy
mass of the c quark (β2 ≈ 0.25 [QR79]) [Bru02]. Therefore the levels of the different
charmonium states can be calculated by using the non-relativistic Schrödinger equation.
In the center-of-mass frame of the cc pair, neglecting the spin effects we can write the
equation:

− 1
2µ∇

2ψ(~x) + V (r)ψ(~x) = Eψ(~x), (3.1)

where r = |~x| is the distance between the two quarks, µ = mc/2 is their reduced mass
and ψ is the wavefunction of the cc pair. The potential V (r) consists of two terms:
a Coulomb-like potential and a term that ensures the confinement at large distances.
Taking into account these consideration the potential can be written as:

V (r) = −4
3
αs(µ)
r

+Kr, (3.2)
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State JPC S L J P C Particle Mass [MeV/c2] Width [MeV/c2]
11S0 0−+ 0 0 0 -1 +1 ηc 2980.4± 1.2 25.5± 3.4
13S1 1−− 1 0 1 -1 -1 J/ψ 3096.92± 0.01 0.093± 0.002
21S0 0−+ 0 0 0 -1 +1 η′c 3638± 4 14± 7
23S1 1−− 1 0 1 -1 -1 ψ′ 3686.09± 0.03 0.337± 0.013
11P1 1+− 0 1 1 +1 -1 hc 3525.67± 0.32 < 1
13P0 0++ 1 1 0 +1 +1 χc0 3414.76± 0.35 10.4± 0.7
13P1 1++ 1 1 1 +1 +1 χc1 3510.66± 0.07 0.89± 0.05
13P2 2++ 1 1 2 +1 +1 χc2 3556.20± 0.09 2.06± 0.12

Table 3.1.: Charmonium bound states.

where αs is the strong coupling constant, K(≈ 430 MeV/fm) is called the string tension
and the number 4/3 is the color factor. The masses of the observed charmonium states
are sensitive to the short-distance contribution to the potential, so that they are good
for testing the reliability of the model. In order to obtain a realistic potential model we
should consider relativistic corrections.
Lattice QCD provides a non-perturbative tool for calculating the hadronic spectrum

and the matrix elements of any operator within these hadronic states. Lattice QCD can
make predictions of the dependence of quantities on αs and the quark masses. These
predictions can then be used to constrain effective theories like chiral perturbation theory,
heavy quark effective theory, and various phenomenological models.
Within the quark model, the charmonium system can be characterized by its total

spin, S = S1 + S2 (s = 0 or s = 1), the relative orbital angular momentum, L, and the
total spin, J = L+S. A charmonium bound state can be identified by the spectroscopic
notation, n2s+1LJ , where n denotes the radial excitation while L = 0 is labeled by the
letter S, L = 1 by P , L = 2 by D, etc. For a fermion-antifermion pair (such as cc),
the eigenvalues of the parity operator (P ) and charge conjugation operator (C) can be
derived from:

P = (−1)L+1, (3.3)
C = (−1)L+S . (3.4)

Considering the states with the lowest angular momentum L = 0 (S wave) and L = 1 (P
wave), several different combinations labeled by JPC can be obtained that correspond
to the charmonium states with lowest mass. These long living states (Γ < 20 MeV) are
summarized in Tab. 3.1 and the mass and decay modes are shown in Fig. 3.1.

3.3. Charmonium production and decay
All the states that are produced above the open charm threshold mDD̄ = 2MD decay
strongly to DD̄ pair and the radiative branching ratios become usually very small. The
charmonium states below this limit decay electro-magnetically or hadronically obeying
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Figure 3.1.: Scheme for the different charmonium states and their radiative decays

the following conservation rules:

• SU(3) color symmetry: since the bound states are color singlets they cannot an-
nihilate into one gluon nor be produced by one gluon.

• C and P quantum numbers conservation: the values of C = (−1)L+S and P =
(−1)L+1 must be conserved in the decay. Therefore, the states χc0, χc1 and χc2 that
have PC = ++ can decay via two photons (PC = −−) or two gluons (P = −1),
while this is forbidden for the states J/ψ and ψ′, since PC = −−.

• Yang’s theorem: a massive spin-1 particle cannot decay into 2 massless spin-1
particles. This forbids χc1 from decaying into two photons or two gluons, although
the C and P quantum numbers are conserved.

• Okubo-Zweig-Iizuka rule (OZI rule): decays represented with Feynman diagrams
with “disconnected quark” lines are suppressed, like annihilation of a cc pair. In
QCD words, it means that decays with one or more hard gluons are suppressed.
That accounts for the relative stability of the states below the DD̄ threshold.

From these rules it follows that J/ψ, having the same quantum numbers as the photon,
can decay into a lepton-antilepton pair, through the emission of a virtual photon, with
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3. Charmonium production

a high branching ratio of about 12% [Y+06]. This makes the J/ψ experimentally easily
detectable. The majority of the cc pairs, generated in the proton-nucleus collisions,
usually hadronizes into mesons, containing either a c or c̄ quark, e.g. D0(cū), D̄0(c̄u),
D+(cd̄) and D−(c̄d), while only a small fraction forms a cc bound state. The theory
of the charmonium formation has been developed by using experimental data, but still
the complete understanding of the phenomena underlying the charmonium production
mechanism stay unrevealed. In the following sections three theoretical models will be
presented describing the production of the charmonium stateH via the reaction A+B →
H +X, which differ from each other by the assumptions of factorization. These models
are:

• The color evaporation model (CEM) [G+95].

• The color singlet model (CSM) [BR83, Sch94].

• The color octet model, based on a non-relativistic QCD approach [BBL95, BR96].

3.4. Kinematic variables

In the environment of high energy collisions the final state is usually complex, containing
many particles and that is why it is convenient to introduce the so-called inclusive cross
section for the production of a particular particle. The charmonium production can be
written as: A + B → H + X, where H is the charmonium state and X are all other
particles produced in the process. The dynamics of the single particle production can be
expressed in terms of the differential cross section d3σ/dp3. The Lorentz-invariant form
is:

Ed3σ

dp3 = d2σ

πdp2
T

dxF = F (pT , xF , s), (3.5)

where E and p are the energy and momentum of the particle and s is the square of
the center-of-mass energy, and xF and pT are the so-called Feynman x and transverse
momentum respectively. The xF variable is defined as:

xF = pcmL
pmaxL

≈ 2 · pcmL√
s

, (3.6)

where pcmL and pmaxL are the longitudinal (the direction of pcmL coincides with the z-axis
direction of the chosen reference frame) and the maximum momentum of the particle
in the center-of-mass system respectively, while

√
s is the total energy of the center-of-

mass. For fixed-target experiments the relation can be rewritten in terms of laboratory
variables as follows:

xF = 1
mp

(pL − E ·
√
Ebeam −mp

Ebeam +mp
), (3.7)

where mp is the proton mass, Ebeam is the energy of the proton beam, pL is the longitu-
dinal momentum and E is the energy of the particle under consideration (charmonium
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3.5. Hadro-production

Figure 3.2.: Schematic view of a hadron-hadron collision. The two partons with momenta
P1 and P2 interact with a momentum fraction x1 and x2 to create the final
state Y.

state e.g. J/ψ, χcJ etc.) in the laboratory reference system. The transverse momentum
pT is perpendicular to the z-axis and can be written as:

pT =
√
p2 − p2

L, (3.8)

The systematic study of the cross section as a function of the introduced kinematic
variables xF and pT is a necessary ingredient for the understanding of the charmonium
production.

3.5. Hadro-production

The QCD improved parton model [ESW96] describes a scattering process between two
hadrons as an interaction between the partons, the quarks and the gluons that build
the hadrons. The cross section for a process initiated by two hadrons, labeled 1 and 2
(see Fig. 3.2) can be written as a convolution between their parton densities and a hard
scattering process:

σ(P1, P2) =
∑
ij

∫
dx1dx2f

(1)
i (x1, µ

2
F )f (2)

j (x2, µ
2
F )σ̂i,j(p1, p2, αs(µ2

R), µ2
F ) +O(

Λ2
QCD

Q2 )

(3.9)
where i and j correspond to a quark, an antiquark or a gluon, Q2 is the hard energy
scale of the process, αs is the QCD coupling constant and ΛQCD is the dimensional
parameter used in the parametrization of the Q2 dependence of αs. The hard, short
distance cross section σ̂i,j describes the interaction between the partons and can be
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3. Charmonium production

Figure 3.3.: Leading order diagram in charmonium formation.

calculated perturbatively as a series of αs(µ2
R) with the leading order contributions as

given in Fig. 3.3. The relative weight of the three diagrams depends on the interacting
hadrons (pp̄, pN, πN) and the energy. In the HERA-B experiment the gluon fusion
diagram (on the right) has been the leading order contribution. The functions fi,j are
soft, long range density functions accounting for the non-perturbative part of the process.
The definition of parton density functions also absorbs the divergence of gluon radiation
off quarks. The quantity µR is the renormalization scale that removes the ultraviolet
divergences, while the factorization scale µF defines the boundary between the soft and
hard part of the process. Usually their values are chosen to be of the order of the scale
of the interaction Q:

µR = µF = Q (3.10)

The four-momenta of the partons p1 and p2 are fractions x1 and x2 of the total hadron
four-momenta P1 and P2, respectively:

p1 = x1P1, (3.11)
p2 = x2P2. (3.12)

For χc production the momentum fractions x1 and x2 must be large enough to produce
the invariant mass of χc, mχc ≈ 3.5 GeV/c2:

m2 = (p1 + p2)2 ≈ x1x2s > mχc . (3.13)

Once the cc pair is produced in a parton-parton collision, a bound state has to be formed
in order to obtain the charmonium state. Various different models have been developed
to describe this process and their validity is checked by comparing the predictions with
the experimental data.

3.6. Color Evaporation model

One of the simplest, yet phenomenologically rather successful model for charmonium
production is the Color Evaporation Model (CEM) [G+95]. The cc pair is usually pro-
duced in a colored state (an initial qq̄ state always leads to a colored cc pair, while gluon
fusion leads to a mixture of singlet and octet states). Therefore, to form a fully devel-
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3.7. Color Singlet Model

oped charmonium state, the cc pair needs to neutralize color with the surrounding color
field, e.g. through emission of a soft gluon. The underlying assumption of the CEM is
that the color quantum numbers are adjusted at no cost in rate and with no dynamical
effects.
The production cross section σH of a charmonium state H is given by:

σH = fH

∫ 2MD

2Mc

dσ

dm
dm, (3.14)

where fH is the probability to form a charmonium state H and usually it is obtained by
fit to the data. The integration is performed over the mass of the cc̄ pair from 2Mc to
the DD̄ threshold, 2MD, where Mc is the mass of the c quark and MD, the mass of the
lightest meson containing a c quark. The probability fH to produce a particular state
H is assumed to be independent of the production process or the quantum numbers of
the cc̄ pair. Since there is no reliable method to calculate fH , this model cannot predict
absolute cross sections. Moreover the model suggests roughly equal production rates for
all charmonium states. Hence its essential prediction is that the energy dependence of
charmonium production is that of σH . As a consequence, the ratios of different char-
monium production cross sections are energy-independent e.g. the χc/J/ψ production
rate. In the CEM the final charmonium state is assumed to be unpolarized because all
spin and color informations are randomized in the transition to neutralize color.

3.7. Color Singlet Model

A more rigorous and predictive description of the charmonium formation is obtained
with the Color Singlet Model (CSM) [BR83, Sch94]. It assumes that the cc pair is
created in a color neutral state with the same quantum numbers as the charmonium
state. The model relies on the assertion that the charmonium production involves two
distinct length scales: the first scale 1/mc concerns the short distance part correspond-
ing to the formation of the cc pair and is much smaller than the typical length scale
of the charmonium wavefunction. The cc pair is created point-like, calculated within
perturbative QCD and subsequently hadronizes into a charmonium state through non-
perturbative effects encoded in the charmonium wavefunction. The typical length scale
for the hadronization process is 1/mcv [BR96].
The production cross section for a charmonium state H is then factorized as:

dσ(H(n2S+1LJ)) = dσ(cc̄(1, n2S+1LJ))
∣∣∣∣∣ dldrlRnl(0)

∣∣∣∣∣
2

, (3.15)

where Rnl is the radial wavefunction and 1 indicates that the cc pair is in a color singlet
state. The first factor on the right-hand-side of the formula is the short distance part
of the amplitude calculated perturbatively. It takes into account the number of gluons
needed to arrive at a color singlet state and therefore the expansion of the different graphs
for a given process is organized in powers of αs. The second factor on the right-hand-side
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3. Charmonium production

Figure 3.4.: Leading order diagrams in the CSM for the production of ηc and J/ψ.

is the wavefunction calculated from the Schrödinger equation with the potential as given
as in Eq. 3.2 at the origin of the charmonium state and it includes all non-perturbative
effects. This factorization scheme provides predictive power to the CSM since only the
wavefunction at the origin is required, a quantity obtainable from the measured decay
widths. Figure 3.4 shows diagrams for the production of ηc and J/ψ. According to this
model the production of J/ψ is of the higher order than the production of ηc and thus
should be less abundant which is not observed in data.
The model fails to describe the J/ψ and ψ′ production at high pT , the predicted

spectrum is much softer than the one seen in data. The reason is that high-pT J/ψ
production is usually dominated by gluon fragmentation, the production of a high energy
parton followed by its splitting into a charmonium state and other partons. A typical
fragmentation contribution to color singlet J/ψ production is shown in Fig. 3.5 (b).
Although the fragmentation contributions are suppressed by α2

s (from the emission of
two gluons) compared to the fusion process (see Fig. 3.5 (a)), they are enhanced by
p4
T /(2mc)4 at large pT and thus can overtake the fusion contribution at pT � 2mc. Still

after the color singlet fragmentation is included, the J/ψ production is underestimated
by an order of magnitude compared to data [CG94, BDFM94, RS94], suggesting that
another fragmentation contribution has to be considered.

3.8. Non-relativistic quantum chromodynamics

The necessity to obtain a better description and understanding of the charmonium pro-
duction, not yet achieved from the CSM and CEM have initiated the development of a
new model by Bodwin, Braaten and Lepage [BBL95], known as NRQCD. In this new
model, the factorization scheme is modified from the one described before, allowing the
intermediate bound state to have different quantum numbers than those of the physical
charmonium state. The NRQCD is an Effective Field Theory (EFT) that uses the renor-
malization ideas and fully exploits the properties of the local quantum field theories as
postulated by [SW87, HK64].
The EFT contains relevant degrees of freedom to describe the phenomena in a limited

kinematical range, where the limit of the applicability of the theory is set by an intrinsic
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3.8. Non-relativistic quantum chromodynamics

Figure 3.5.: Generic diagrams for J/ψ and ψ′ production through color singlet and color
octet channels, taken from [Kra01].
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3. Charmonium production

energy scale Λ. The charmonium bound states are considered non-relativistic. It involves
the inclusion of several energy scales separated by the velocity v of the heavy quark in the
center-of-mass system of the cc bound state: m� mv � mv2. The good separation of
the first two scales isolates the heavy quark creation process dealt with the perturbative
QCD (the scale mc makes the wavefunctions essentially local compared to the size of
the charmonium state) from all other effects of the scale mcv treated by NRQCD. The
power counting is done in terms of a double expansion in αs and v, where the typical
values of v2 ≈ 0.3 and αs(mc) ≈ 0.24 [BBL95] allow the application of the theory. Thus
the production cross section of a charmonium state H can be factorized as:

σ [H] =
∑
n

σn(Λ)
〈
OHn (Λ)

〉
, (3.16)

where Λ is the ultraviolet cut-off of the EFT, σn accounts for the short distance coeffi-
cients calculated with the perturbative QCD, while

〈
OHn

〉
are all the matrix elements

describing the non-perturbative part of the process. The sum is performed over all quan-
tum numbers S, L, J and color of the initial cc pair. An important feature of the matrix
elements is that they are process independent and once obtained experimentally or via
lattice QCD they can be applied for different types of experiments and therefore increas-
ing the predictive power of the NRQCD. In principle the full cross section calculation is
equivalent to the summation of an infinite number of terms but in practice only few of
them are needed. Therefore if we require an accuracy of order (αksvn) we have to keep
only those terms and matching coefficients that contribute up to that order of physical
observables under study.
The color octet mechanism may play an important role for S-wave production. If

the parton cross sections σn multiplying the color octet matrix elements have the same
magnitudes (same powers in αs) as the parton cross section multiplying the color singlet
matrix element, then the corrections from the color octet terms should be small, since
they are suppressed by v4 relative to the leading color singlet term. However, if the
parton cross section multiplying the color singlet matrix element is suppressed by powers
of αs or by kinematical parameters m2

c/p
2
T , the color octet terms can dominate. It is

observed that gluon fragmentation into color octet 3S1 charm quark pairs (see Fig. 3.5
(c)) is the dominant source for J/ψ and ψ′ production at high pT [BF95, CGMP95]. At
O(v4) in the velocity expansion, two additional color octet channels have to be included,
Fig. 3.5 (d), which do not have fragmentation explanation at order α3

s but which become
significant at moderate pT ∼ 2mc [CL96a, CL96b]. The importance of the cc̄

[
8,1 S0

]
and cc̄

[
8,3 PJ

]
contribution can not be explained from naive power counting in αs and

v but follows from the dominance of t-channel gluon exchange which is forbidden in the
leading-order color singlet cross section.
However, despite many successes there are many existing uncertainties in the NRQCD

model to claim it as a precise model for charmonium production:

• NRQCD expansion converges very slowly in most of the cases,

• the uncertainty from not calculated corrections of higher order in αs can be up to
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3.9. Nuclear effects

100%,

• the non-perturbative matrix elements are still difficult to obtain from experiments
or lattice calculations,

• charmonium production rates that depend on a high power of the charmonium
mass can get large errors due to the uncertainty in the mass.

Apart from all these problems the NRQCD model is the most comprehensive of the
models described here. The CSM can be obtained from NRQCD by removing the color
octet contributions, while CEM accounts for the color octet processes but it makes
additional restrictions [BBL05]. In order to avoid the failures of the model (absence of
polarization and equal ratios of quarkonium cross sections), CEM is limited to apply
only to cross sections that are summed over the spin states of quarkonium and in the
case when the total hadronic energy is sufficiently large.

3.9. Nuclear effects

The presence of nuclear material between the colliding proton and the nucleus leads
to additional effects that should be taken into account [GV97, CKKAG97]. A typical
proton-nucleus collision is shown in Fig. 3.6. Here the parameter b defined as the distance
between the proton and the center of the nucleus is used as a measure of the centrality
of the collision, usually referred as impact parameter. Participant nucleons are those
nucleons who take part in the interaction while spectator nucleons do not participate in
the collision. In general these nuclear effects can be divided into two categories:

• Initial state effects that are connected with the initial partons and the cc bound
state.

• Final state effects that are relevant to the charmonium formation mechanisms
[Vog00].

The proton-nucleus cross section for a material with mass number A can be expressed
with the proton-proton cross section as:

σpA = σpNAα, (3.17)

where σpA and σpN are the proton-nucleus and the proton-nucleon cross section respec-
tively, while the type of the interaction between the proton and the nucleus is represented
by α. In case α = 2/3 the proton interacts with the nucleus as a compact body. This case
is known as black disk approximation. When α = 1 the proton interacts with the single
nucleon in the nucleus that can be considered free. Since different nuclear effects affect
α, the measurement of α would shed light in understanding the relative contribution of
each of them.
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3. Charmonium production

Figure 3.6.: Schematic view of a proton-nucleus interaction.

3.9.1. Initial state effects

The most important initial state effects [GM92, BH93] that can contribute are:

• nuclear shadowing,

• energy loss of partons before the collision,

• gain of transverse momentum.

Nuclear shadowing

The measurements [Arn94] show that the parton densities for the nucleus fAi (x,Q2) are
different from the one of the proton with the difference being dependent on x (Bjorken
x). Here A and i are the mass number of the nucleus and the parton respectively. This
effect is called shadowing. The nuclear structure functions that are indicators for this
phenomenon are defined as:

RAi (x,Q2) = fAi (x,Q2)
fpi (x,Q2) (3.18)

The charmonium production at HERA-B has been mainly due to gluon fusion. The
behavior of RAg (x,Q2) is not known yet but it is assumed to be similar to RAq (x,Q2)
that has been measured.

Parton energy loss

The path of the partons inside the colliding proton and the nucleus is affected by the
presence of the nuclear matter. Partons release energy while they travel through nuclear
matter. It leads to a decrease of their x value [Vog00].
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3.10. Measurements of the Rχc Ratio

State IG (JPC) Mass (MeV/c2) Width (MeV/c2) Br(→J/ψγ)(%)
χc0 0+ (0++) 3414.76± 0.35 10.4± 0.70 (1.30± 0.11)
χc1 0+ (1++) 3510.66± 0.07 0.89± 0.05 (35.6± 1.9)
χc2 0+ (2++) 3556.20± 0.09 2.06± 0.12 (20.2± 1.0)

Table 3.2.: Properties of the three χc states [Y+06].

Transverse momentum gain

Another effect that changes the parton densities is the increase of the intrinsic transverse
momentum kT of the partons. The partons in the colliding proton undergo multiple
scattering in interactions with the surrounding nuclear matter. Although this process
decreases the mean x of the partons it increases the kT that is proportional to the length
of the path inside the nucleus.

3.9.2. Final state effects
Nuclear absorption

In general the final state effects lead to a decrease of the probability of the charmonium
formation. While inside the nucleus the cc pair can suffer interactions with the nuclear
constituents that can destroy the bound state and the separated c quarks will produce
DD̄ pairs. Therefore, the final state effects are strictly dependent on the kinematics of
the process. For xF < 0 the time that the cc pair travels inside the nucleus is larger
than for xF > 0 and the probability for charmonium suppression is much higher.

Comovers suppression

There can be another absorption effect from comovers, secondary particles that move at
a speed similar to that of the charmonium. Interactions with this kind of particles can
lead to further charmonium suppression.

3.10. Measurements of the Rχc Ratio
Many of the largest uncertainties in theoretical predictions as well as experimental un-
certainties cancel to a large extent in ratios of cross sections. Therefore it is more reliable
to test model predictions with experimental data by using ratios rather than absolute
values of cross sections. The measurement of the J/ψ produced via χc decays is a good
test for the understanding of the charmonium production and a benchmark for the mod-
els described above. This measurement could be performed in the HERA-B environment
designed for triggering J/ψ decays. The radiative decay χc → J/ψγ have been used to
study the χc production cross section, with the ratio:

Rχc =
∑
i=0,1,2 σ(χci)Br(χci → J/ψγ)

σ(J/ψ)tot
, (3.19)
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3. Charmonium production

Experiment Collision
√
s (GeV) Nχc Rχc

IHEP140 [B+84] π−p 8.5 10 0.44± 0.16
WA11 [L+82] π−Be 18.7 157 0.305± 0.05
E610 [B+85] π−Be 18.9 53.6± 17.1 0.31± 0.10
E673 [H+84] π−Be 20.2 84± 15 0.37± 0.09
E369 [K+79a] π−H2, Be 20.6 17.2± 6.6 0.70± 0.28
E705 [A+92] π−Li 23.8 590± 50 0.37± 0.03
E705 [A+92] π+Li 23.8 300± 35 0.40± 0.04
E672/706 [K+96] π−Be 31.1 484± 68 0.443± 0.054
R702 [C+78] pp 52, 63 65 0.15+0.10

−0.15
R806 [K+79b] pp 62 0.47± 0.08
CDF [A+97b], [A+01] pp 1800 1349± 73 0.297± 0.059
E610 [B+85] pBe 19.4, 21.7 11.8± 5.4 0.47± 0.23
E705 [A+92] pLi 23.8 250± 35 0.30± 0.04
E771 [A+00] pSi 38.8 66± 13 0.38± 0.08
HERA-B [A+03] pC, pTi 41.6 370± 74 0.32± 0.07

Table 3.3.: Experimental values for Rχc obtained in different experiments. The measure-
ments are made in π±N, pp, pp and pN collisions.

where Br(χci → J/ψγ) is the branching ratio of the radiative χci decay, σ(χci) and
σ(J/ψ)tot are the production cross sections for χci and J/ψ including the feed-down
from higher charmonium states. The contribution from χc0 can be omitted because of
the small radiative branching ratio compared to χc1 and χc2 (see Tab. 3.2).
The CSM and NRQCD predict a value for Rχc that depends on the center-of-mass

system energy
√
s resulting in RCSM

χc ∼ 0.7 and RNRQCD
χc ∼ 0.3 (see Tab. 3.4). The CEM

does not give an absolute value but predicts its independence on the target material
and
√
s. Phenomenological calculations can be used, providing a value of RCEM

χc = 0.4
[G+95].
The existing measurements of Rχc from various experiments are listed in Tab. 3.3. The

measurements from various experiments for different energies and targets scatter beyond
their respective uncertainties. The πN collision experiments tend to measure Rχc higher
than the pN experiments. Since the CEM model cannot make an absolute prediction
of Rχc , the existing measurements seem to favor the predictions of the NRQCD model
while the prevision of the CSM is much larger than the experimental values.

Model Reference Collision
√
s (GeV) Rχc

CEM [Vog02] pN, πN 41.6 0.40
CSM [BR96] pN, πN 41.6 0.69, 0.66
NRQCD [BR96] pN, πN 41.6 0.27, 0.28

Table 3.4.: Theoretical predictions for Rχc from CSM, CEM and NRQCD models.
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4. Selection of J/ψ and photon candidates

Starting from this chapter, a study of the relative production of charmonium states (J/ψ
and χc) will be presented considering only the following decay chain:

pA→ χc +X,

χc → J/ψ + γ, (4.1)
J/ψ → µ+ + µ−.

In this chapter the analysis chain used to select the J/ψ and photon candidates is de-
scribed. First the definition of the quantities to be measured together with the descrip-
tion of the analysis method is given. Then the description of the data acquired, of the
experimental conditions in which they were acquired and the data quality requirements
for the selected sample is explained. Finally, the selection of the J/ψ and χc candidate
events is described.

4.1. Rχc

In formula (3.19) the definition of Rχc is given. Assuming that all non-directly produced
J/ψ are coming from χc decays1, the formula of Rχc can be expressed in terms of
measurable quantities:

Rχc =

Nχc1 ·ε
dir
J/ψ

ε
χc1
J/ψ
·εχc1
γ

+
Nχc2 ·ε

dir
J/ψ

ε
χc2
J/ψ
·εχc2
γ

NJ/ψ + Nχc1
ε
χc1
γ
· (
εdir
J/ψ

ε
χc1
J/ψ

− 1) + Nχc2
ε
χc2
γ
· (
εdir
J/ψ

ε
χc2
J/ψ

− 1)
(4.2)

where:

• NJ/ψ is the total number of counted J/ψ;

• Nχc1(Nχc2) is the number of counted χc1 (χc2);

• εdirJ/ψ is the direct J/ψ total efficiency, including trigger, reconstruction and cut
selection;

1In general all decays that have a J/ψ in the final state contribute to the total J/ψ counts. The most
significant contribution comes from the decay ψ(2S) → Jψπ0π0 which amounts to about 3% of the
total number of J/ψ (will be discussed in Sect. 5.2.2). Therefore all J/ψ not coming from χc will
be considered directly produced (the efficiencies for such “pseudo” direct J/ψ are assumed to be the
same as the “true” direct J/ψ)
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4. Selection of J/ψ and photon candidates

• εχc1
J/ψ (εχc2

J/ψ) is the total efficiency (including trigger, reconstruction and cut selec-
tion) for J/ψ coming from χc1 (χc2) decay;

• εχc1
γ (εχc2

γ ) is the identification efficiency of the γ from χc1 (χc2) decay once the
J/ψ was already observed.

The contribution of χc0 to the full χc yield can be neglected due to the small χc0 →
J/ψγ branching ratio (see Tab. 3.2).
The method used to determine Rχc can be divided into the following steps:

• reconstruction of the J/ψ → µ+µ− decay;

• search for photon candidates and construction of χc candidates from J/ψγ combi-
nations;

• description of the background with the help of the so-called event mixing technique;

• determination of the efficiencies in Eq. (4.2) using Monte Carlo (MC);

• calculation of Rχc .

Equation (4.2) clearly implies the capability of the detector to separate the two χc
states. Given that the χc1 − χc2 mass difference is about 0.046 GeV/c2 and that the
detector resolution for a single χci state was of the order of∼ 0.030 GeV/c2 (see Tab. 6.2),
the separation of the two χc states is not straightforward, especially given the limited
available statistics. For this reason a simplified formula can be used as a cross-check of
the obtained result, which considers the two χcs as a single state:

Rχc =
Nχc
εχcγ
·
εdir
J/ψ

εχc
J/ψ

NJ/ψ + Nχc
εχcγ
· (
εdir
J/ψ

εχc
J/ψ

− 1)
(4.3)

obtained from Eq. (4.2) under the assumptions: Nχc = Nχc1 +Nχc2 , ε
χc
J/ψ = εχc1

J/ψ = εχc2
J/ψ

and εχcJ/ψ = εχc1
γ = εχc2

γ . In Sects. 5.4 and 5.5 the two approaches are treated, while in
Chapter 8 the impact of such assumptions on the final result is discussed.

4.2. R12

From Eq. (3.19) we can define the fraction of J/ψ coming from χc1(2) → J/ψγ with
respect to the total amount of produced J/ψ as:

Rχc i = σ(χci)Br(χci → J/ψγ)
σ(J/ψ) , i = 1, 2 (4.4)
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Similarly to Eq. (4.2) we have therefore:

Rχc1 =

Nχc1 ·ε
dir
J/ψ

ε
χc1
J/ψ
·εχc1
γ

NJ/ψ + Nχc1
ε
χc1
γ
· (
εdir
J/ψ

ε
χc1
J/ψ

− 1) + Nχc2
ε
χc2
γ
· (
εdir
J/ψ

ε
χc2
J/ψ

− 1)
(4.5)

and similarly for χc2 so that:

Rχc = Rχc1 +Rχc2. (4.6)

The χc1 to χc2 production ratio is defined as:

R12 =
Rχc1
Rχc2

= Nχc1

Nχc2
·
εχc2
J/ψ · ε

χc2
γ

εχc1
J/ψ · ε

χc1
γ

. (4.7)

From Eqs. (4.6) and (4.7) the following relations are derived:

Rχc1 = R12·Rχc
(1+R12)

Rχc2 = Rχc
(1+R12)

(4.8)

4.3. χc1 and χc2 cross sections and ratio
The production cross sections of χc1 and of χc2 are derived from Eq. (4.4) as:

σ(χci) =
σ(J/ψ)Rχc i

Br(χci → J/ψγ) , i = 1, 2 (4.9)

and:
σ(χc1)
σ(χc2) = R12

Br(χc2 → J/ψγ)
Br(χc1 → J/ψγ) (4.10)

In this ratio the J/ψ production cross section cancels. For the determination of the
individual cross sections σ(χci) the value for σ(J/ψ) obtained in [M+06] was used:

σ(J/ψ) = (502± 44) nb/nucleon at
√
s = 41.6 GeV (4.11)

This value was obtained by fitting all existing data on J/ψ and ψ′ hadro-production
using NRQCD calculations.

4.4. Data Taking and Data Sample
The data set used in this analysis was acquired by the HERA-B detector during a five-
month period from October 2002 until February 2003. A distribution of the recorded
number of J/ψ events versus time is shown in Fig. 4.1 for the combined electron and
muon channels. During this period approximately 150 million events were recorded using
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4. Selection of J/ψ and photon candidates
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Figure 4.1.: Integrated number of reconstructed J/ψ as a function of time. The flat
region corresponds to the time period of minimum bias triggering.

a dedicated J/ψ trigger, described in Sect. 2.2.7, and with different target configurations,
both single and double wire ones (see Sect. 2.2.1). Of the overall acquired pN interactions
about 63% are on carbon, 31% on tungsten and only about 6% on titanium (a detailed list
of all target configurations and the respective J/ψ statistics is presented in Tab. 4.1. The
data were acquired at an average interaction rate of about 5 MHz. Under these conditions
about 1500 J/ψ per hour could be acquired in the electron and muon channels, resulting
in an overall statistics of about 250 000 J/ψ. It has to be mentioned that the data taking
was performed under difficult and non-continuous conditions due to the contemporary
background studies performed on the HERA accelerator in order to optimize the beam
conditions for the collider experiments ZEUS and H1.

4.5. Data Quality (DQ)
The first quality selection was the one provided by the different detectors or the data
acquisition system during the acquisition. This was based on an automatic analysis of
a set of quantities continuously monitored during the run and saved continuously in
ROOT format for further inspection. These quantities were compared with a reference
set of values at the end of each run and a decision on the quality of the run itself was
taken and recorded. The quantities include:
• invariant mass distributions of J/ψ, π0, K0

S , Λ0, Λ0 and their stability in time;

• occupancies in various sub-detector parts and hit correlations between them to
cross-check their synchronization;

• monitoring of vertex and track reconstruction;

• trigger rates both of the electron and muon pretriggers;

• beam structure and target stability.
A summary of the DQ information for each run was written in the general HERA-B
database together with important DAQ parameters and was accessible at any time for
further checks.
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4.5. Data Quality (DQ)

Wire Conf. Material Calib. period % of data (µ+µ−)
I2 C Oct 4.7
I2 C Nov 22.7
I2 C Feb 1.1
I2I1 C Oct 0.9
I2I1 C Nov 5.0
I2I1 C Dec 3.4
I2B1 C Jan 8.7
B1I2 C Jan 11.2
B1I1 C Oct 3.3
B1I1 C Nov 5.9
B1 C Oct 1.6
B1 C Jan 8.5

B1B2 C Oct 1.0
B1B2 C Feb 3.0
B1O2 C Jan 16.5
B1O2 C Feb 2.5
Tot C C 100.0
I1I2 W Oct 2.3
I1I2 W Nov 9.6
I1I2 W Dec 6.0
I1B1 W Oct 6.3
I1B1 W Nov 12.9
B2B1 W Feb 10.1
O2 W Feb 8.2

O2B1 W Jan 40.9
O2B1 W Feb 3.7
Tot W W 100.0

Table 4.1.: Target configurations used during the data taking. The J/ψ statistics for the
corresponding calibration/alignment period are also given.

A further set of checks on the quality of the used runs was performed offline. As
the selection of the reaction χc → J/ψ(µ+µ−)γ relies on the combined information
from the muon detector (for the J/ψ reconstruction) and the calorimeter (for the γ
measurement), it is crucial that the two were working correctly and that their information
was always perfectly correlated. For this reason particular attention was devoted to the
synchronization and stability of the MUON–ECAL system. For this control different
quantities were monitored:

• π0 production rate normalized to the J/ψ → µ+µ− signal;

• energy deposition of triggering muons in the ECAL detector;

• calibration stability of ECAL.

For the first item the overall data sample was subdivided in 18 subsamples of compara-
ble J/ψ statistics (∼ 5500J/ψ) in subsequent runs and the stability of the π0 production
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4. Selection of J/ψ and photon candidates

normalized to the J/ψ → µ+µ− was measured [Gia07]. The π0 signal was selected by
requiring the transverse energy, Et, of the decay photons (defined in Eq. (4.15)) to be
greater than 0.2 GeV in order to keep the background under the signal as low as possible
and to allow a stable fit. The result is shown in Fig. 4.2 separately for the cases that
both photons were detected in the INNER and MIDDLE ECAL. A satisfactory stability
of the ratio can be observed, excluding major differences in the photon efficiencies among
the different groups of runs.

Figure 4.2.: Ratio of the π0 over J/ψ → µ+µ− rates for 18 subsamples of the total
acquired sample. The photons from the π0 decay were detected by the
INNER (top) and MIDDLE (bottom) ECAL, taken from [Gia07].

An independent study was performed on the muon triggered sample aimed to study the
energy deposited by muons from J/ψ decay in ECAL [Gia07]. Muons were seen in ECAL
as minimum ionizing particles (MIPs) releasing about 0.3 GeV in the calorimeter. In
Fig. 4.3 (a) the energy distribution of triggered muons seen by the calorimeter as clusters
with Nhit ≤ 2 is shown, where the peak at ∼ 0.3 GeV can be observed together with
the tail of interacting particles at higher energy.
In Fig. 4.3 (b) the stability of the MIP peak position as a function of run number is

plotted, showing a rather stable behavior. The MIP peak position distribution (MIP
peaks for different runs) is described by a Gaussian with a mean value of ∼ 0.32 GeV
and a width of ∼ 0.008 GeV indicating a calibration stability at the level of ∼ 2.5%.
We can conclude that the ECAL and MUON detectors were satisfactory stable, en-

suring thus good working conditions for the measurement of Rχc .

4.6. Analysis Framework
The analysis performed in this thesis uses the HERA-B software package ARTE (Anal-
ysis and Reconstruction Tool) [Alb95]. The events are stored in two different formats:
DST and MINI. The typical size of a DST event is about 135 − 150 kb and it contains
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4.7. J/ψ → µ+µ− counting
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Figure 4.3.: MIP studies with HERA-B data. a) signal released by triggered muons in
the calorimeter; b) MIP position as a function of run number; c) distribution
of the MIP positions fitted with a Gaussian, taken from [Gia07].

raw information from all detectors and the result from the reconstruction procedure.
The MINI event is about 30− 40 kb large and carries all necessary information for this
analysis. This is the format used for the analysis as it allows full access to all needed
information in a faster way with respect to DST and with a smaller required disk space
for temporary storage of the data.
ARTE provides the user with a simple interface to the main data structures (ARTE

Tables), containing information of the current event. In order to further reduce the
time consumption for data processing and to become independent of the database, the
information from the selected events for this analysis is stored in ROOT format files
[BR97]. The analysis codes are written in C++ and are based entirely on the ROOT
framework. The fits in this analysis are performed by the corresponding ROOT functions
which internally utilize minimization routines from the MINUIT package [JR75].

4.7. J/ψ → µ+µ− counting

4.7.1. Muon identification

For the reconstruction of the J/ψ meson first we need to identify muon candidates among
all tracks in the event. A muon candidate is defined as a track in the detector satisfying
the following requirements:

• ≥ 5 hits in VDS, ≥ 9 hits in the OTR and ≥ 5 hits in the MUON system. The
multiplicity cuts ensure a good quality of the reconstructed tracks with an optimal
momentum measurement and small probability to be a “ghost” track.

• It is matched to an SLT-track, i.e. one of the tracks reconstructed by the Second
Level Trigger which the event was triggered on.

• No cloned tracks are produced during the reconstruction phase [MA01]. “Clones”
are a consequence of the ambiguities in the track finding algorithm.
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4. Selection of J/ψ and photon candidates

Criteria Cut value
Number of hits in VDS hsi>4
Number of hits in OTR + ITR hin+hou>8
Number of hits in MUON hmu>4
no “clone” tracks cmp & Rsegc::clonerm
Track is matched with SLT track cmp & Rsegc::slt
Track is “long” fitt==0
Muon likelihood Lµ > 0.05
Kaon likelihood LK < 0.99
χ2 probability of the track Prob(χ2, NDOF ) > 0.003
Muon momentum 4.0 GeV < pµ < 200.0 GeV
Muon transverse momentum 0.7 GeV < pµt < 5.0 GeV

Table 4.2.: Muon identification cuts.

• The χ2 probability of the track is > 0.3%.

• Muon likelihood Lµ > 5% and kaon likelihood LK < 99%. A low cut on the
muon likelihood is imposed to select tracks that could be matched to hits in the
muon detector. A cut on the kaon likelihood is used to remove the kaons wrongly
identified as muons by the muon system.

• Momentum 4.0 GeV < pµ < 200.0 GeV and transverse momentum 0.7 GeV <
pµt < 5.0 GeV. These cuts only reject tracks with non-physically low or large
momenta (the lower cut reflects the momentum cut-off due to the MUON absorber
and the upper cut removes tracks with high momenta, which are likely to be
wrongly reconstructed) and transverse momenta outside the region of full efficiency
of the HERA-B trigger or acceptance.

The used cuts are reported in Tab. 4.2.

4.7.2. J/ψ selection
A J/ψ candidate is constructed by combining two oppositely charged muons selected
with the criteria discussed in the previous section. In case more than two muon candi-
dates are found in the event, the combination with the largest product of the χ2 proba-
bilities of the track fits is taken (this happens in less than 1% of cases). The muon tracks
are refitted by the GROVER package (Generic Reconstruction Of VERtices) [E+01b]
with the constraint that they are originating from a common point in space (vertex)
and only pairs with a vertex χ2 probability larger than 10−5 are considered. GROVER
also calculates the di-lepton invariant mass and assigns the di-lepton pair to the wire
closest to the di-lepton vertex. Moreover the J/ψ is required to have −0.35 < xF < 0.15.
All cuts are reported in Tab. 4.3 while the resulting invariant di-muon mass spectra are
shown in Fig. 4.4 for the carbon, tungsten and the full data set. Photon emission pro-
cesses J/ψ → µ+µ−γ manifest themselves by a non-Gaussian “radiative” tail towards
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4.8. Photon selection

Criteria Cut value
Probability of the vertex Prob(χ2, NDOF ) > 10−5

xF restriction −0.35 < xF < 0.15
1 J/ψ per event

Table 4.3.: Vertex quality cuts.

lower masses [Spi04]. Such processes from the ψ(2S) influence the region of the J/ψ
and in order to take this effect correctly into account, the fit includes also the ψ(2S)
and the radiative tails of both signals. A slightly non-Gaussian shape of the main peak
is described by a superposition of three Gaussians [Spi05] with the same mean for both
the J/ψ and ψ(2S) peak. The background is described by an exponential of a second
order polynomial.
The number of J/ψ for the carbon and tungsten materials and for the full data set

is reported in Tab. 4.4. The second column of Tab. 4.4 represents the total number of
J/ψ for each material while the forth column shows the number of J/ψ used for the χc
analysis (see Sect. 5.1).

Material NJ/ψ σJ/ψ(MeV/c2) N2σ
J/ψ

Carbon 90568± 346 38.54± 0.14 82303± 346
Tungsten 44788± 255 38.81± 0.22 40643± 255
Total 135348± 430 38.62± 0.12 122944± 430

Table 4.4.: Total numbers of J/ψ di-muon events for the two target materials and for
the full data set. The measured width of J/ψ (σJ/ψ) is also reported.

4.8. Photon selection

4.8.1. Cluster definition and properties

Photon candidates are defined as clusters reconstructed in ECAL by the reconstruction
program CARE [A+97c]. A cluster is a collection of hit cells and/or small clusters. The
clusters containing only hit cells are called basic clusters and they represent signals with
only one maximum of energy deposit. More complex clusters consist of basic clusters
and hit cells. This procedure of organizing the data forms a hierarchal structure which
can be scaled up to include all data. The assembling of the cells in clusters obeys the
following basic rules:

• The cells are sorted in a decreasing energy order.

• Each cell that has no neighboring clusters is put in a new cluster.

• The cell is assigned to an existing cluster if its neighboring cells belong to it.
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Figure 4.4.: Real data: Invariant mass spectrum of J/ψ for a) carbon, b) tungsten and
c) full data set. The fit was performed by a function taken from [Spi04].

• A complex cluster is constructed in case that the cell has neighboring cells from
different clusters.

Once the cluster creation is completed, the next step is to split the existing clusters
into showers. A complex cluster can be separated into few showers if the difference
between the deepness of the valley between the two clusters and the lowest peak exceeds
0.2 GeV. A basic cluster or cluster which is part of a split complex cluster forms a shower
hypothesis if the energy deposited in the most energetic cell is greater than 1.0 GeV.
Several important properties of a cluster are used in this analysis:

• Cluster energy, E:

E =
n∑
i=1

Ecelli , (4.12)

where Ecelli is the energy of the cell i assigned to the cluster.

• Transverse energy of the cluster, Et: Assuming that the photon originates from
the J/ψ vertex and ends up in an ECAL cluster, one can use the coordinates of
the reconstructed J/ψ vertex and of the cluster to calculate Et. The projections
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of the photon directions on the xz and yz planes are:

θxz = xECAL−xJ/ψ
zECAL−zJ/ψ ,

θyz = yECAL−yJ/ψ
zECAL−zJ/ψ .

(4.13)

They are used to define the components of the momentum of the photon:

pγx = pγz · θxz,
pγy = pγz · θyz,
pγz = E√

1+θ2
xz+θ2

yz

.
(4.14)

Finally, Et is:
Et =

√
(pγx)2 + (pγy)2. (4.15)

The positions of the clusters are defined by the formula:

xcl = xcog −A · sinh−1[B · (xcog − xcc)],
ycl = ycog −A · sinh−1[B · (ycog − ycc)],
zcl = Á+ B́ · lnE,

(4.16)

where A and B are internal ECAL constants, Á and B́ are constants depending
on the ECAL part (INNER, MIDDLE and OUTER), {xcc, ycc} is the position of
the most energetic cell of the cluster, {xcog, ycog} is the position of the center of
gravity of the cluster defined as:

xcog =
∑n
i=1

xi·Ei
E ,

ycog =
∑n
i=1

yi·Ei
E .

(4.17)

• Asymmetry of the cluster:

A =
3∑
i=1

Emaxi

E
, (4.18)

where Emaxi is one of the three most energetic cells of the cluster.

4.8.2. Photon selection cuts
Photons from χc decays are searched for using the ECAL information with the following
requirements:

• A cluster must not be connected to a charged track (the information whether or
not a cluster is associated to a charged track is determined from the reconstruction
package ARTE) in order to reject the background due to charged particles (e±,
π±) showering in the ECAL.

• E > 0.3 GeV, in order to discard clusters with too low energy, for which the ECAL
measurement is not reliable.
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4. Selection of J/ψ and photon candidates

Criteria Cut value
No charged tracks associated to cluster
Cluster energy E > 0.3 GeV
Transverse momentum Et > 0.2 GeV
Asymmetry A > 0.8
Beam pipe x2

cl
4 + y2

cl > 484 cm2

Table 4.5.: Photon selection cuts.

• Et > 0.20 GeV.

• A > 0.8, defined in Eq. (4.18). This cut is used in order to favor particles producing
an electromagnetic shower with respect to hadrons.

• x2
cl
4 + y2

cl > 484 cm2, that excludes the innermost elliptic region around the beam
pipe. The area close to the beam pipe shows an occupancy of low energy clusters
of up to 30% [Igo02a], which increases the probability for cluster overlapping and
decreases the energy resolution.

The Et cut value was chosen in order to cope with two opposite effects: a strong
cut helps in effectively cleaning the χc signal (described in Sect. 5.1) at cost of losing
statistics but, on the other hand, it moves the maximum of the background below the
signal. The shape of the background distribution around its peak is more complex due to
fluctuations, increasing the uncertainties of the χc signal extraction. Studies performed
on real data (RD) show that the range from 0.1 to 0.2 GeV contains only a small fraction
of all χc (≈ 6%), and, moreover, that a cut at 0.2 GeV keeps the background maximum
sufficiently far away from the χc signal region (as to allow for a proper background
subtraction).
All used cuts are reported in Tab. 4.5. In Fig. 4.5 the effect of the application of the

discussed cuts is shown. A significant reduction of the number of clusters per event is
observed, lowering the number of background clusters to an acceptable level.

Photon Conversions

In order to increase the χc statistics, also photons converting after the magnet are
selected by including clusters matching with tracks beginning after the magnet and
pointing to the di-lepton vertex. Such kind of clusters are therefore selected based on
the following requirements:

• A cluster in ECAL is associated to a track;

• the associated track has no segments in VDS - short track;

• tracks satisfying the above requirement are extrapolated to the z position of the
J/ψ vertex. The difference between the x (y) coordinates of the extrapolated
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Figure 4.5.: Number of neutral clusters per event. Left: before application of the cuts,
right: after photon selection cuts.

tracks and J/ψ vertex, dx (dy), defined below is required to fulfill the following
criteria:

|dx| = |xJ/ψ − (xtr − tan θxz · (ztr − zJ/ψ))| < 3γECAL
x ,

|dy| = |yJ/ψ − (ytr − tan θyz · (ztr − zJ/ψ))| < 3γECAL
y ,

(4.19)

where xtr, ytr and ztr are the coordinates of the beginning of a short track, while xJ/ψ,
yJ/ψ and zJ/ψ determine the position of the J/ψ vertex. The angle θxz (θyz) is defined
between the projection of the short track on xz (yz) plane and the z-axis. The cuts
(γECAL
x and γECAL

y ) are described below.
The distributions of dx and dy defined by Eq. (4.19) are shown in Figs. 4.6 and

4.7. They follow the shape of a Cauchy distribution. In order to clean the signal from
uncorrelated charged particles assigned to clusters, additional cuts (γECAL

x and γECAL
y )

are applied on the dx and dy distributions. The values of the cuts are extracted from
the fit function. It includes a Cauchy function plus a linear function for the description
of the background. The probability density function of the Cauchy distribution is:

f(x;x0, γ) = 1
π

[
γ

(x− x0)2 + γ2

]
. (4.20)

The cuts on dx and dy in Eq. (4.19) are defined for the three different calorimeters
separately using the γ parameter from the corresponding fit; the efficiency of the cuts is
about 85− 90%.

4.8.3. Calibration of the ECAL energies

As will be discussed in Sect. 5.1 the χc signal is observed and counted in the distribution
of mass differences ∆M = M(µ+µ−γ) −M(µ+µ−) in order to eliminate almost com-
pletely the dependence of the χc resolution on the J/ψ resolution. The χc reconstruction
is therefore dominated by the ECAL resolution on the photon energy. A precise absolute
calibration of the photon energies is therefore crucial for a reliable reconstruction of the
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Figure 4.6.: Difference of the x positions of the extrapolated track and J/ψ vertex, from
left to right: INNER, MIDDLE and OUTER ECAL, respectively.
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Figure 4.7.: Difference of the y positions of the extrapolated track and J/ψ vertex, from
left to right: INNER, MIDDLE and OUTER ECAL, respectively.

χc signal. Two different types of ECAL calibrations were performed and further used in
the analysis:

• The relative ECAL calibration ensures the stability of the photon energy over
different run periods and ECAL sections.

• The absolute calibration, which is based on π0 studies, fixes the energy scale in a
way that the peak of π0 is tuned to its nominal position [Y+06].

Relative ECAL calibration

A detailed study of the ECAL calibration precision was performed both in real data and
in Monte Carlo to find a possible dependency on the ECAL section where the photons
were observed and on the acquisition period. Corrections were found to be needed
for both origins. Correction factors dependent on the ECAL region were obtained by
studying the distribution of the e+e− invariant mass of the J/ψ with the measured ECAL
energies and then adjusting the J/ψ peak position to the PDG value. The evaluated
corrections were applied both in Monte Carlo and real data and are presented in Tab. 4.6.
The second correction (run period dependence) was obtained by studying the position

of the E/p peak and MIP energy deposition in the ECAL as a function of the run
number. The corresponding correction factors are reported in Tab. 4.7.
The effect of the above described energy corrections is demonstrated in Fig. 4.10. The

Monte Carlo and real data samples were divided in 6 statistically equal “run periods”.
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Eγ correction factor
ECAL part RD MC
INNER 1.066 1.030
MIDDLE 1.048 1.030
OUTER 1.036 1.046

Table 4.6.: Eγ correction factors depending on the ECAL section for MC and RD [FS06].

Run Eγ correction factor
<= 20127 1.01
20128÷ 20476 0.96
20477÷ 20564 0.98
20565÷ 21266 1.00
>= 21267 0.96

Table 4.7.: Eγ correction factors depending on the run period (RD only).

For each one of the subsamples the π0 was reconstructed and the value of the π0 in-
variant mass is shown (more details of the π0 reconstruction are given in the following
Sect. 4.8.3). The left plot of Fig. 4.10 shows large fluctuations, before corrections and
only for real data, in the reconstructed π0 invariant mass as a function of time. After
applying both type of corrections the π0 mass positions show a stable behavior. How-
ever, the π0 mass stays 3− 4 MeV above the PDG value of ∼ 135 MeV (Fig. 4.10 right)
showing that an overall absolute scale correction is required in order to adjust the energy
scale of ECAL.

ECAL energy correction with π0

The high energy interactions produce a large amount of pions. The dominant decay of
the π0 is π0 → γγ with a branching ratio of 98.8% [Y+06] providing sufficient statistics
which can be used for calibration purposes. In this study the same data set as in the χc
analysis has been used. Photons from π0 decay are reconstructed as two independent
clusters in the ECAL, each made of several neighboring hit cells. The most energetic cell
defines the position of the center of the cluster which is corrected using the energy from
the neighboring cells [A+97c]. The energy of the cluster Eγ and the opening angle θ
between the two photons are used to calculate the invariant mass of the π0 (Eq. (4.21)).
The angle θ is determined from the cluster position of the photons in ECAL (xECAL

γ ,
yECAL
γ , zECAL

γ ) assuming that the π0 is produced at the interaction point. The γγ
invariant mass of the π0 candidates is:

mγγ =
√

2Eγ1Eγ2 (1− cos θ), (4.21)

where Eγi is the energy of the cluster i. The clusters identified as π0 candidates have
been selected with the same selection criteria as in the χc analysis. In addition to the
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Figure 4.8.: Invariant mass spectrum of π0 → γγ for RD (top left) and MC (bottom
left), and of π0 → γ

(
γ → e+e−

)
for RD (top right) and MC (bottom right),

reconstructed at the MIDDLE ECAL before absolute calibration.

standard cuts, it is required that both clusters belong to the same ECAL part and they
do not overlap. For this purpose the distance between the two clusters and the effective
radii of the clusters are calculated:

Dγγ =
√(

xECAL
1 − xECAL

2
)2 +

(
yECAL

1 − yECAL
2

)2
, (4.22)

Riγ =
√
Ncell · ai · ai/2, (4.23)

where Ncell is the number of cells from which the cluster is constructed and ai is the size
of the cell corresponding to the ith ECAL part [Har95]. The additional cut, Riγ1 +Riγ2 <
Dγ1γ2 , ensures that the clusters do not overlap. Figure 4.9 shows no deviation of the
reconstructed π0 mass after the cut on the distance between the clusters. Accordingly,
this cut is not used in the analysis. The plots of the reconstructed π0 candidates (only the
relative ECAL calibration corrections are applied to the photons) are shown in Fig. 4.8.
The π0 signal is fitted with a Gaussian, while the background shape underneath the
peak is described by a second order polynomial.
In the next step the calibration of ECAL fixes the position of the two-photon invariant
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Figure 4.9.: Invariant mass spectrum of π0 → γγ without (left) and with (right) distance
cut.
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Figure 4.10.: mπ0(run period) before (left) and after (right) correction.

mass peak to the PDG value of the π0 mass. The data sample is divided in two sets
according to the origin of the γ’s from which the π0 is reconstructed:

π0 → γγ: both γ’s are coming from neutral clusters.

π0 → γγ(e+e−): one of the γ’s is coming from a cluster associated with a charged
track, the other is connected with a neutral cluster.

The shape of the reconstructed π0 invariant mass depends also on the energy spectrum
of the constituting γ’s and on the different ECAL parts. The selected π0 candidates are
divided in few bins according to their energy, varying from 2 up to 4 bins depending on
the statistics. The π0 mass is reconstructed with the requirement both γ’s to belong
to the same energy bin and the same ECAL part. The calibration constants wneutcorr for
the γ’s from neutral clusters and wconvcorr for the γ’s connected with charge tracks are
calculated from Eq. (4.24) using Eq. (4.21) and assuming no dependence of mγγ on the
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4. Selection of J/ψ and photon candidates

Energy-dependent correction factors
a b

MC: INNER ECAL neutral -0.0005825 0.9942
conversion 0.0 1.010

MC: MIDDLE ECAL neutral -0.001929 0.9988
conversion -0.0002405 1.040

MC: OUTER ECAL neutral -0.007143 1.009
conversion 0.0 1.0

RD: INNER ECAL neutral -0.002179 0.9987
conversion 0.0 1.0

RD: MIDDLE ECAL neutral -0.001791 0.9749
conversion -0.009625 1.147

RD: OUTER ECAL neutral 0.0 0.984
conversion 0.0 + 1.0

Table 4.8.: Energy-dependent correction, obtained with neutral clusters and clusters
from photons converted after the magnet.

opening angle between photons, θ.

wneutcorr =
mPDG
π0

mreco
π0

, from the decay π0 → γγ

wneutcorr · wconvcorr = (
mPDG
π0

mreco
π0

)2, from the decay π0 → γ(γ → e+e−)
(4.24)

where mPDG
π0 and mreco

π0 are the PDG and the reconstructed values of the π0 invariant
mass respectively. The obtained calibration constants from each ECAL part are fitted
with a linear function, f(E), which ensures the continuity of the correction. The plots
of the fitted calibration function for RD and MC neutral γ’s are shown in Fig. 4.11. The
parameters of the linear function representing the correction are reported in Tab. 4.8.
Finally, the corrected energy of the cluster, Ecorrγ is calculated using Eq. (4.25):

Ecorrγ = f(E) · Eγ . (4.25)

Figure 4.12 shows the π0 invariant mass after the calibration correction procedure.
In general, the fully corrected ECAL cluster after applying all the corrections described

above can be written as:

Eγcorrected = Ẽγ · (a · Ẽγ + b) ; Ẽγ = Eγ · c1 · c2 ,

where Eγ is the cluster energy as measured by ECAL, c1 · c2 is the product of the
two energy corrections, shown in Tabs. 4.6 and 4.7, depending respectively on the run
number and on the ECAL section, and a, b are the coefficients obtained with the π0

procedure and reported in Tab. 4.8.
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Figure 4.11.: Calibration function f(E) for neutral clusters, RD (left) and MC (right),
MIDDLE ECAL.

0πEvents 174±4064

[GeV]0πMass 0.0003±0.1355

[MeV]0πWidth 0.35±8.33

0 0.05 0.1 0.15 0.2 0.25
mπ0 [GeV]

200

400

600

800

1000

1200

E
ve

n
ts

after correction, RDγγ→0π

0πEvents 77±991
[GeV]0πMass 0.0007±0.1356
[MeV]0πWidth 0.82±11.17

0 0.05 0.1 0.15 0.2 0.25
mπ0 [GeV]

40

80

120

160

200

E
ve

n
ts

) after correction, RD-e+(eγγ→0π

0πEvents  428± 3.03e+04

[GeV]0πMass 0.0001±0.1355

[MeV]0πWidth 0.12±8.23

0 0.05 0.1 0.15 0.2 0.25
mπ0 [GeV]

2000

4000

6000

8000

E
ve

n
ts

 after correction, MCγγ→0π

0πEvents 167±5758

[GeV]0πMass 0.0002±0.1360

[MeV]0πWidth 0.28±9.92

0 0.05 0.1 0.15 0.2 0.25
mπ0 [GeV]

200

400

600

800

1000

E
ve

n
ts

) after correction, MC-e+(eγγ→0π

Figure 4.12.: Invariant mass spectrum of π0 → γγ for RD (top left) and MC (bottom
left), and of π0 → γ

(
γ → e+e−

)
for RD (top right) and MC (bottom right),

reconstructed at the MIDDLE ECAL after calibration.
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5. Counting of the χc events

In this chapter the reconstruction of the χc mesons is presented. In order to eliminate
the uncertainty due to di-lepton mass resolution the χc meson is examined through the
mass difference distribution, ∆M =M(J/ψγ)−M(J/ψ). Particular emphasis is put on
the description of the background, whose understanding is crucial for the correct signal
counting. The event mixing method used for the background description is explained in
details, as well as the criteria for the event mixing procedure. Then the extraction of the
χc signal is discussed. Two different ways of signal counting are used based on single-
Gaussian and double-Gaussian fits. Eventually, studies of compatibility and stability of
the obtained results are shown.

5.1. Construction of the M(J/ψγ)−M(J/ψ) mass difference
distribution

The next stage of the analysis follows through construction of the mass difference, ∆M .
Muon pairs with an invariant mass in the range |Mµ+µ− − MJ/ψ| < 2σJ/ψ (σJ/ψ is
the width of the J/ψ determined from the fit of the invariant mass distribution of the
selected µ+µ− pairs) are combined with all selected γ in the event and the mass difference
spectrumM(J/ψγ)−M(J/ψ) is built. The reason for using the mass difference spectrum
are explained in the following. The invariant mass M of a decaying particle can be
determined by the properties of its products by:

M =

√√√√(
n∑
i=1

Ei)2 − (
n∑
i=1

~pi)2, (5.1)

where the four-vector (Ei, ~pi) is the energy and momentum of particle i. The χc mass,
Mχc , is obtained after substituting in Eq. (5.1) the four-momenta of the two decay
products, (EJ/ψ, ~pJ/ψ) and (Eγ , ~pγ), and using the relation Eγ = |~pγ |:

Mχc =
√
M2
J/ψ + 2Eγ(EJ/ψ −

∣∣∣~pJ/ψ∣∣∣ cos(θ)), (5.2)

where θ is the angle between the flight direction of J/ψ and γ. The influence of the J/ψ
mass resolution, δMJ/ψ, on the χc mass resolution, δMχc , is evaluated after assuming no
uncertainty related to the determination of photon momentum. The variation of Mχc

after neglecting the second order variations and correlations between MJ/ψ and ~pJ/ψ is:
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Figure 5.1.: Reconstructed χc invariant mass in RD. The M(J/ψγ) distribution (left
plot) and the mass difference distribution M(J/ψγ)−M(J/ψ) (right plot)
are shown.

δMχc =
MJ/ψ

Mχc

· δMJ/ψ
∼= 0.877 · δMJ/ψ (5.3)

On other hand, the influence of δMJ/ψ on ∆M = Mχc −MJ/ψ is significantly smaller:

δ(∆M) =
∣∣∣∣∣MJ/ψ

Mχc

− 1
∣∣∣∣∣ · δMJ/ψ

∼= 0.123 · δMJ/ψ, (5.4)

This leads to the resolution ratio:∣∣∣∣ δMχc

δ(∆M)

∣∣∣∣ =
∣∣∣∣MJ/ψ

∆M

∣∣∣∣ ∼= 7. (5.5)

By using the mass difference spectrum, the resolution on the χc signal is therefore
mainly due to the photon energy resolution on the ECAL. The difference between the
∆M and Mχc distributions is shown in Fig. 5.1. A cleaner peak of χc is observed for
the ∆M spectrum than for the direct Mχc spectrum. The distribution is dominated
by background from combining J/ψ and photons in the event which are not originating
from the χc decay. This leads to a mass difference distribution dominated by a large
combinatorial background. For this reason the understanding of the origin, shape and
level of the background is of highest importance for a reliable χc counting. Therefore,
an extensive study of this problem, which is one of the crucial points of the analysis, is
performed.

5.2. Background Description
As mentioned before, the background description and subtraction is a delicate point in
the χc analysis. Such background can be produced by different sources, both wrong
J/ψγ combinations and other processes.
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5.2.1. Combinatorial background
A combinatorial background arises from uncorrelated combinations of J/ψ and γ and it
is the most important source of background. It dominates the statistical error on the χc
counting and induces a systematic contribution to the overall uncertainty. For this reason
it is crucial to correctly understand and describe the background distribution in order
to do a proper background subtraction. This is achieved by using an Event Mixing
Method [L’H94]. According to this method the background is constructed by taking
J/ψ and γ from two different events and calculating the mass difference distribution,
M(J/ψγ) − M(J/ψ). The general idea of such generated background is to keep all
uncorrelated combinations of J/ψγ but the correlation of interest2. The advantage of this
method is that only combinatorial background is reproduced preserving all important
features as detector acceptances for J/ψ and γ, trigger and reconstruction efficiencies,
etc. In the future the following notations will be used:

• ∆M : mass difference spectrum produced by associating J/ψ and γ from one event
(same event = SE).

• ∆Mme : mass difference spectrum produced by associating J/ψ and γ from differ-
ent events (mixed events = ME).

Important features of this method are:

• It is possible to combine the photons from one event with the J/ψ from Nme

different events one can produce a background as large as desired to minimize its
statistical fluctuations. In practice we require that the background produced by
ME should be at least one order of magnitude larger than the one present in the
SE distribution. The only limitation is imposed by the computing time needed to
produce the desired amount.

• By performing this procedure within groups of runs taken at the same conditions
(same target configuration, same calibration/alignment period) one can produce a
ME background highly coherent with the SE background it aims to describe.

On the other hand such a procedure has to be used with great care in order not to
introduce biases which can lead to an improper description of the background underneath
the χc signal. In the following section a detailed explanation of the procedure is given
together with all the tests performed in order to be able to rely completely on the results
obtained.

5.2.2. Background processes
The main contributions for the physical background can be identified as:

• Decay of heavy mesons such as B-mesons, Υ or χb having a J/ψ in the final state:
since the production cross section of such mesons is low (e.g. σ(Υ)

σ(J/ψ) ≈ 10−5) this
source can be neglected.

2The J/ψγ combination which belongs to the χc signal
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• Charmonium states other than χc (as ψ(2S) or ηc(2S)): since the decay branching
ratio of such particles in J/ψγ are about 20 times smaller than χc1 and χc2 they
can also be neglected.

• ψ(2S) → J/ψπ0π0 is the only sizable source of background in the ∆M spectrum
where the χc signal has to be counted.

The contribution of the decay ψ(2S) → J/ψπ0π0 to the mass difference distribution of
χc is caused by the combinations of J/ψ and γ’s coming from π0 [Gol08, Ros08]. In
order to study the effect on the final result, the number of combinations (Nγ−comb) of
J/ψ and γ’s coming from π0 is compared to the number of reconstructed χc in real data.
After neglecting the differences in the efficiencies for ψ(2S) and J/ψ, the Nγ−comb can
be written as:

Nγ−comb ' A ·NJ/ψ · 4 · εψ(2S)→J/ψ π0π0
γ ,

where A represents the fraction of J/ψ that belong to ψ(2S), εψ(2S)→J/ψ π0π0
γ is the pho-

ton efficiency, calculated from Monte Carlo and NJ/ψ is the number of J/ψ reconstructed
in real data. The factor A is given by:

A = Br(ψ(2S)→ J/ψ π0π0) ·Br(J/ψ → µ+µ−)
Br(ψ(2S)→ µ+µ−) ·

Nψ(2S)
NJ/ψ

,

where Nψ(2S) (NJ/ψ) are the numbers of reconstructed ψ(2S) → µ+µ− (J/ψ → µ+µ−)
decays in the corresponding real data sample. Using the branching ratios given in
Tab. 5.1 and the ratio of ψ(2S) to J/ψ cross sections from the fits of the di-muon
mass spectra in the real data (of the order of ∼ (1.95 ± 0.1)% [Spi05]), one obtains
A ' 0.0295.
A rough estimation of the reconstructed χc events gives:

Nχc ' Rχc ·NJ/ψ · εχcγ .

Assuming a typical value of Rχc = 0.18, the relative fraction of the contribution of the
J/ψγ combinations from the total Nχc is:

Nγ−comb/Nχc ≈
4A
Rχc
· ε

ψ(2S)→J/ψ π0π0
γ

εχcγ
≈ 4 · 0.0295

0.18 · 0.1
0.4 ' 0.15

which is considerable amount of events to be subtracted from the ∆M spectrum. The
comparison between the ∆M spectrum of the SE (solid line in Fig. 5.2) and the ME
(dashed line in Fig. 5.2) from the decay ψ(2S)→ J/ψπ0π0 shows a substantial difference
in the shape of the ∆M distribution. In addition all entries in the histograms shown in
Fig. 5.2, which are produced from Monte Carlo, are re-weighted according to [VZ80] in
order to properly reproduce the distribution ofmπ0π0 observed in real data. The analysis
is performed in the same way as for the χc. The contributions of ψ(2S) → J/ψπ0π0

are subtracted both from the ∆M spectrum of SE and ME samples in the real data,
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properly normalized to the NJ/ψ. The effect of this procedure leads to an overall increase
of about 10% of the observed total number of χc.
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Figure 5.2.: The contribution of the ψ(2S) → J/ψ π0π0 background to the mass differ-
ence distribution of the background in the SE (solid line), and of the ME
(dashed line). The spectrum has been simulated for the November i2 data
set after proper re-weighting of the mπ0π0 distribution.

Br(ψ(2S)→ J/ψ π0π0) = (16.46± 0.35)%
Br(ψ(2S)→ µµ) = (0.73± 0.08)%
Br(J/ψ → µ+µ−) = (5.93± 0.06)%

Table 5.1.: Branching ratios relevant for ψ(2S) → J/ψ π0π0 background contribution
evaluation [Y+06].

5.2.3. Correction to Mixed Events Distribution

The calculation of the mass difference distribution includes several different combinations
of J/ψγ depending on whether J/ψ (γ) belong to the χc signal or not. In order to simplify
the description of the procedure the following notations are used: Φk denotes J/ψ or γ
which are coming from the χc, while Fk is used to mark the rest of J/ψ or γ which are
not connected to the χc. The subscript k identifies the particle type (k = ψ for J/ψ and
k = γ for γ). The only exclusion from the above described rules is made for the ∆M
distribution of the χc signal, Φψγ , in order to differentiate it from the case where both
J/ψ and γ are coming from the χc but from different events, ΦψΦγ .
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5. Counting of the χc events

Several mass difference distribution types of J/ψγ can be distinguished depending on
the origin of J/ψ and γ:

- Φψγ (only in SE);

- ΦψFγ (SE and ME);

- FψFγ (SE and ME);

- FψΦγ (only in ME);

- ΦψΦγ (only in ME).

The mass difference distribution (∆M) can be expressed in terms of the possible
combinations described above:

f seψγ = FψFγ + ΦψFγ + Φψγ ,

fmeψγ = FψFγ + ΦψFγ + FψΦγ + ΦψΦγ ,
(5.6)

where f seψγ and fmeψγ are the SE and ME mass difference distributions, respectively.
A χc signal is observed on top of huge combinatorial background (see Fig. 5.1). There-

fore the proper description of the background generated by the Event Mixing Method
is of the highest importance for the analysis. As a consequence of applying the Event
Mixing Method an additional effects arise which will be discussed here. One of these
effects leading to discrepancies between SE and ME ∆M distributions is studied and
treated accordingly below. Also different tests of reliability of the method are performed.
Pairing particles from different events may change the shape of the background in the

∆M spectrum we are aiming to describe. An important check of compatibility between
SE and ME ∆M distributions of the combinations of J/ψγ that are present in both (FψFγ
and ΦψFγ) is shown in Fig. 5.5. MC data keeps all information related to the origin of
the particle and therefore all possible combinations of J/ψγ can be reproduced in SE
and ME ∆M distributions. A SE ∆M distribution containing a particular combination
of J/ψγ (e.g. ΦψFγ) is fitted by a function following the shape of the corresponding ME
∆M distribution. The plots in Fig. 5.5 show good agreement between SE and ME ∆M
distributions containing photons not coming from χc decay. This comparison between
FψFγ and ΦψFγ combinations in SE and ME ∆M distribution demonstrates that the
Event Mixing Method can be used for the background description.
An unavoidable feature of the Event Mixing Method is that some combinations of

J/ψγ are present in ME ∆M distribution, but not in SE ∆M distribution (FψΦγ and
ΦψΦγ). A comparison between the various contributions of Eq. (5.6) is shown in Fig. 5.3.
The shapes of the ∆M distributions representing FψΦγ and ΦψΦγ are similar (having
the same mean value of about 0.5 GeV and similar RMS, see Fig. 5.3 (c) and (d)), while
they differ from the distributions FψFγ and ΦψFγ (mean value of about 0.45 GeV, see
Fig. 5.3 (a) and (b)). An important conclusion can be drawn from the plots in Fig. 5.3:
regardless of the origin of the J/ψ, the shape of the ∆M distribution is dominated by
the photon. Moreover, the presence of the extra terms (FψΦγ and ΦψΦγ) in Eq. (5.6)
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Figure 5.3.: Contribution to the ∆M distribution for mixed events (MC):
a) FψFγ ; b) ΦψFγ ; c) FψΦγ ; d) ΦψΦγ .

may lead to a change in the shape of the background. Figure 5.4 shows the ∆M dis-
tribution after subtraction of a background derived from ∆Mme distribution without
correction for the combinations FψΦγ and ΦψΦγ . A clear overshoot on the left of the
peak and undershoot in the higher mass region is observed confirming the fact that the
combinations containing a γ from a χc decay are enhancing the region around the χc
signal which leads to an underestimation of the number of reconstructed χc. Therefore,
in order to reproduce the proper shape of the background in the SE ∆M distribution a
correction is needed which cancels the effect of the combinations including photons from
χc.

The correction which is applied to recover the shape of the background of the SE ∆M
distribution from the ∆Mme distribution due to photons from χc has been given by a
formula in [Lan04]:

∆Mcor = Nχc ·
[
(fmeψγ − ΦψΦγ)− (1−NR) · (FψFγ + ΦψΦγ − ΦψFγ − FψΦγ)

]
, (5.7)
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Figure 5.4.: ∆M distribution of χc after subtraction of background produced by the
Event Mixing Method: a) MC, C sample; b) RD, C sample.
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Figure 5.5.: Test of similarity between the background produced in the SE and ME ∆M
distributions. Combination of J/ψγ in the SE containing a background
photon is fitted by the shape of its corresponding estimate in the ME. The
left plot shows the FψFγ distribution after subtraction of the fit. The right
plot shows the subtracted ΦψFγ distribution. The solid red line corresponds
to the fitted χc signal from the same data sample.
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Figure 5.6.: Mass difference distribution of the shape of the correction produced from
combinations of J/ψγ containing a photon from a χc decay that is applied
to the ME ∆M distribution.

where all ∆M distributions are normalized to unity, e.g.
∫
fmeψγ (∆M)d∆M = 1, Nχc is

the number of χc and NR is the averaged number of χc in a event (0 < NR < 1). The
correction in Eq. (5.7) consists of two terms. The second term contains ∆M distributions
of different combinations of J/ψ and γ. Here we can use the observation discussed above
that the shapes of the ∆M distributions are mainly defined by the photon. Therefore, the
second term is negligible and can be omitted as proposed in [Lan04] and the distribution
which we have to correct for is simplified to:

∆Mcor ≈ Nχc · (fmeψγ − ΦψΦγ). (5.8)

In other words, a naive interpretation of the correction is: the ∆Mme distribution con-
tains Nχc unwanted combinations ΦψΦγ which we correct for by subtracting them from
the ∆Mme distribution and adding the same amount Nχc ·fmeψγ to keep the scaling of the
background. The shape of the correction to the ∆Mme distribution shown in Fig. 5.6
suggests an enhancement of the region around the χc signal and decrease of the overshoot
in the low mass region which is observed in Fig. 5.4.
Figure 5.7 shows the ∆M distribution after subtraction of the background with and

without the correction. The application of the correction improves the fit quality. The
χ2 of the fit decreases from 156 to 124 (MC) and from 88 to 84 (RD) before and after
correction, respectively (see Fig. 5.7). The observed difference in Nχc is about 10%,
significantly changing the value of the result by leading to an increase of the χc counts.
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Figure 5.7.: ∆M distribution of χc after background subtraction:
a) MC, C sample, correction for χc photons is included;
b) MC, C sample, no correction for χc photons;
c) RD, C sample, correction for χc photons is included;
d) RD, C sample, no correction for χc photons.

The influence of the correction in MC is of the same order as in RD, shown in Fig. 5.7,
demonstrating that the procedure can be applied to both samples with the same result.

5.2.4. Kinematical Constraint

A good mixing procedure should preserve as many correlations as possible between the
J/ψ and the rest of the event, except for the kinematical correlation between the χc and
γ from χc. The absence of correlations in the ME could result in further differences of
the ME ∆M distribution from the SE ∆M distribution and thus introducing systematic
uncertainties. In order to keep as many correlations as possible an additional kinematical
constraint is applied to the event pair which is mixed. The constraints used in the
analysis are chosen from among others following the criteria: to produce a smoother
shape of the ME ∆M spectrum and to give smaller χ2 values of the fit performed on
the SE ∆M distribution. The constraints are:
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5.3. Signal Fit

• Similar number of reconstructed clusters in SE and ME (same multiplicity).

∆Nγ = N se
γ −Nme

γ < ∆N cut
γ , (5.9)

where Nγ is defined as the number of reconstructed clusters that pass the photon
selection cuts in the event. The value of ∆N cut

γ was fixed to 1 after studying the
cases ∆N cut

γ = 0, 1, 2, 3. This constraint ensures that the energy spectrum of all
γ’s is similar to the event pair which is mixed, since in higher multiplicity events,
more low energetic clusters can be found.

• |(Σ~pγ,i)sexy − (Σ~pγ,i)mexy | < ∆φcutγ ,
where (Σ~pγ,i)xy is the projection on the xy plane of the total vector momentum
of all clusters observed by ECAL and ∆φcutγ is the value of the cut. Different
values of ∆φcutγ were tested both in RD and MC and a ∆φcutγ = 0.2π proved to
give the best match between the SE and ME ∆M background distribution. This
value was therefore used in the analysis to build the ME ∆M spectrum. Figure 5.8
demonstrates the influence of the kinematical constraint on the ∆M distribution
of χc. This kinematical constraint ensures compatibility among the kinematics of
the events and thus preserves the correlation of the J/ψ with the rest of the event.
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Figure 5.8.: ∆M distribution of χc after background subtraction for RD:
a) No ∆φcutγ ; b) ∆φcutγ = 0.2π.

5.3. Signal Fit
The signal is extracted by fitting the SE ∆M distribution by the following expression:

f = λ · fme +Nχc · Cχc + S2, (5.10)

where:

• fme is the ∆M distribution of the background estimated by the event mixing
procedure with the kinematical constraints discussed in Sect. 5.2.4, without the
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5. Counting of the χc events

correction for χc photons (Sect. 5.2.3), but already corrected for the contribution
of the decay ψ(2S)→ J/ψπ0π0 (Sect. 5.2.2);

• λ is a free parameter representing the normalization of the ME ∆M distribution
to the SE ∆M distribution;

• Cχc represents the normalized ∆M distribution of ME, where the combinations
containing χc photons are subtracted, as discussed in Sect. 5.2.3;

• S2 is given by the formula:

S2 = Nχc ·r·∆xbin
(r+1)

√
2πσχc1

exp
(
− (∆M−∆Mχc1 )2

2σ2
χc1

)
+

Nχc ·∆xbin
(r+1)

√
2πσχc2

exp
(
− (∆M−∆Mχc2 )2

2σ2
χc2

)
,

(5.11)

where Nχc denotes the total number of χc, r = Nχc1/Nχc2 , ∆xbin is the bin width
of the histogram, ∆Mχc1 and ∆Mχc2 are the mean values of (M(χc1)−M(J/ψ))
and (M(χc2) − M(J/ψ)), respectively, σχc1 and σχc2 are the widths of the two
states.

Hence, the χc signal is fitted with two Gaussians (double-Gaussian), while the back-
ground is estimated from the ME ∆M distribution and normalized to the SE ∆M
distribution with a free parameter.
However, using a function with 7 free parameters (6 for the Gaussians and 1 for the

normalization of the background) makes the fit unstable. From the MC the photon
resolution is estimated to be of the same order as the difference between the two states
additionally complicating the situation. Therefore, the number of free parameters is
reduced after imposing the following constraints:

σχc2 = σMC
χc2
σMC
χc1
· σχc1 ,

∆Mχc2 = ∆Mχc1 + ∆MPDG
χc ,

(5.12)

where σMC
χc1 and σMC

χc2 are the fitted widths obtained fromMC and ∆MPDG
χc = Mχc2−Mχc1

is extracted from PDG [Y+06]. The effect of the constraint (5.12) on the Rχc result will
be discussed in Sect. 8.2.1. Then, after using Eq. (5.12), the formula (5.11) changes to:

S2 = Nχc ·r·∆xbin
(r+1)

√
2πσχc1

exp
(
− (∆M−∆Mχc1 )2

2σ2
χc1

)
+

Nχc ·∆xbin

(r+1)
√

2π
σMC
χc2
σMC
χc1
·σχc1

exp

− (∆M−(∆Mχc1+∆MPDG
χc

))2

2
(
σMC
χc2
σMC
χc1

)2

·σ2
χc1

.
(5.13)
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5.4. χc counting with a single-Gaussian fit
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Figure 5.9.: Top plots: ∆M distribution of χc using RD data samples fitted by the
parametrization (5.10) (red line). The estimated background from ME ∆M
distribution is shown with the blue line. Bottom plots: ∆M distribution of
χc after background subtraction. The solid line corresponds to the function
(5.13) drawn with the parameters calculated from the fit in the upper plots;
a) carbon; b) tungsten.

The fitting parameters are: Nχc , r, ∆Mχc1 , σχc1 and λ. A detailed study of reliability of
the fitting function (5.10) is presented in Appendix A, where other parametrizations are
tested. The result of the fit of the ∆M distribution using Eq. (5.10) gives the smallest
χ2/ndof from the cases where different/modified fitting functions (see Appendix A) are
applied. Therefore, the function (5.10) is used to count the number of χc (Nχc).
Due to the fact that theM(χc2)−M(χc1) is approximately the same as the resolution

of χc1 and χc2, another approach for counting Nχc is to treat the two states as one signal
(single-Gaussian fit). The advantages/disadvantages of the single-Gaussian fit compared
to the double-Gaussian fit are:

• Good side: the fit contains less parameters and is therefore more stable. Further,
it is used as a cross-check of χc counting with double-Gaussian fit.

• Bad side: there is no possibility to measure the Nχc1/Nχc2 ratio.

5.4. χc counting with a single-Gaussian fit
The χc signal, selected as explained in Sects. 4.7.2 and 4.8.2 is observed in the ∆M
spectrum, which is shown in Fig. 5.9 (a) for carbon and (b) for tungsten targets. The
fit (red line) of the SE ∆M spectrum is performed by using the parametrization (5.10),
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5. Counting of the χc events

Material Nχc < ∆M1G > MeV/c2 σ1G MeV/c2

Carbon 6575± 603 432± 3 39± 3
Tungsten 3500± 687 434± 5 44± 9
Total 10075± 914 433± 3 40± 3

Table 5.2.: Number of χc per target material obtained with a single-Gaussian fit. The
measured average χc mass (< ∆M1G >) and width (σ1G) are also reported.

where Eq. (5.11) is replaced by a single-Gaussian. The parameters of the fit include the
normalization (λ) of the background estimated from ME, the total number of χc (Nχc),
the average mass of χc (< ∆M1G >) and the width of χc (σ1G). The results of the χc
yield for carbon, tungsten and the full data set are presented in Tab. 5.2.

5.5. χc counting with a double-Gaussian fit
In order to separate the two χc states (χc1 and χc2), a fit is performed by using the
parametrization discussed in Sect. 5.3. On the other hand the separation of the two
states is complicated by the limited statistic available and by the fact that the mass
difference of the two χc states (about 0.046 GeV [Y+06]) is comparable to the mass
resolution predicted by MC (about 0.029 GeV for χc1, and about 10% larger for χc2, see
Sect. 6.5.1). As already discussed this fit gives an opportunity not only to measure the
ratio Nχc1

Nχc2
, but also to obtain more information about σχc1(χc2) and ∆Mχc1(χc2) of the

two states.
The free parameters in the fit are reduced to 5, where the additional requirements

Eq. (5.12) are imposed. The value of σMC
χc2
σMC
χc1

= 1.1 is taken from MC, while the mass
difference of the two χc states is fixed (∆Mχc = 0.04564 GeV) according to [Y+06].
The free parameters are therefore: number of χc (Nχc = Nχc1+χc2), width of χc1 (σχc1),
ratio (Nχc1

Nχc2
), ∆Mχc1 = Mχc1−MJ/ψ and a normalization parameter for the background,

λ. Figure 5.10 shows the results of the double-Gaussian fit for carbon and tungsten.
In Tab. 5.3 all the numbers from both single-Gaussian and double-Gaussian fits are
reported. In general one can observe:

• Nχc = Nχc1+χc2 is compatible with the result obtained by the single-Gaussian fit,
showing that the two counting methods are compatible with each other, within
statistical uncertainties;

• the obtained width σχc1 = 0.028 ± 0.005 GeV/c2 for carbon and σχc1 = 0.036 ±
0.009 GeV/c2 for tungsten are within the errors compatible with the MC predic-
tions (see Sect. 6.5.1);

• the value of the ratio, Nχc1
Nχc2

, is measured with a large error and no statistically firm
conclusion can be drawn;
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Figure 5.10.: Double-Gaussian fits of the carbon (a) and the tungsten (b) RD samples
with all parameters left free.

• ∆Mχc1 obtained by the fits is compatible with the PDG value 0.4137 ± 0.0001
[Y+06].

Since the fit value of σχc1 reproduces well the corresponding MC values, a new re-
quirement is imposed by fixing σχc1 to the MC predicted value (0.029 GeV in carbon
and 0.0312 GeV in tungsten, see Sect. 6.5.1). This results in reducing the correlations
between some of them and lowering the fit errors. The result from such a fit is shown
in Fig. 5.11. A substantial drop of the error on Nχc is observed, demonstrating the high
correlation between Nχc and σχc1 and no significant change of the other parameters is
seen. The results are compatible with the previous fit (all parameters free) within the
statistical uncertainties.
Moreover, the obtained value for ∆Mχc1 is compatible with the PDG value. It allows

to fix this value according to the literature. The results from the fit (Fig. 5.12) agree
with the ones obtained from the previous fits, the only effect being to reduce the error
on Nχc1

Nχc2
.

The dependence of Nχc = Nχc1+χc2 ,
Nχc1
Nχc2

and ∆Mχc1 on σχc1 is studied by varying σχc1

over a large range of fixed values around the MC predicted value of about 0.029 GeV. The
results are shown in Fig. 5.13 for the full RD set. The number of χc, Nχc , (Fig. 5.13 (a))
increases with the larger values of σχc1 , but always remains compatible with the value
of Nχc obtained using the predicted MC value for σχc1 . It is not possible to observe
any dependence of Nχc1

Nχc2
(Fig. 5.13 (b)) on σχc1 due to the large statistical fluctuations.

Finally, ∆Mχc1 (Fig. 5.13 (c)) is always compatible with the reference value [Y+06],
although it is systematically increasing.
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Figure 5.11.: Double-Gaussian fits of the carbon (a) and the tungsten (b) RD samples
with the χc1 width fixed to the value predicted by the MC.

In Fig. 5.14 the same study is presented with the difference that ∆Mχc1 is fixed to
the PDG value. Note that Nχc (Fig. 5.14 (a)) shows the same behavior as in Fig. 5.13
(a), but the large statistical uncertainty on Nχc1

Nχc2
(Fig. 5.14 (b)) is reduced significantly.

A rather constant value (Nχc1
Nχc2

∼ 1.2) is observed, suggesting the only parameter Nχc1
Nχc2

depends on is ∆Mχc1 .
Finally, the dependence of Nχc and Nχc1

Nχc2
on the ratio of the assumed χc2 and χc1

widths (σχc2/σχc1) is studied. Both values Nχc = Nχc1+χc2 and Nχc1
Nχc2

(see Fig. 5.15) are
stable against large variations of this parameter, confirming that the parameters which
Nχc and

Nχc1
Nχc2

depend on are only σχc1 and ∆Mχc1 .

Figures 5.16 (carbon) and 5.17 (tungsten) show the behavior of the reduced χ2 of the
described fits as a function of σχc1 with either free (a) or fixed (b) ∆Mχc1 , and as a
function of ∆Mχc1 (c) with σχc1 fixed to the MC prediction. In the carbon case, the
minimum of χ2 in all three plots (Fig. 5.16) is obtained at the predicted MC value. In
the tungsten case, the minimum of χ2 (see Fig. 5.17 (a) and (b)) is observed at σχc1 ,
slightly higher than the MC predicted value (σχc1 = 0.0312 GeV), being still compatible
within 1σ. The same behavior is followed by the scan over ∆Mχc1 , shown in Fig. 5.17
(c). The value of the minimum is consistent within a 1σ deviation from the PDG value
[Y+06]. This suggests that the assumption made by fixing σχc1 and ∆Mχc1 are well
justified.
The results from Tab. 5.3 and the studies performed above can be interpreted as

follows:
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Figure 5.12.: Double-Gaussian fits of the carbon (a) and the tungsten (b) RD samples.
The width of the χc1 is fixed according to the MC prediction and the
position of χc1 to the PDG value [Y+06].

• Nχc = Nχc1+χc2 is correlated to σχc1 although it is statistically compatible with the
value of Nχc obtained using the MC width of χc1, σχc1 , over a large range of σχc1

around the assumed value. The dependence on σχc1 is included as a systematic
error of Rχc (see Sect. 8.2.1).

• Both Nχc = Nχc1+χc2 and Nχc1
Nχc2

are almost independent of σχc2/σχc1 in a large
range of values.

• Nχc1
Nχc2

is strongly correlated to ∆Mχc1 . The value of Nχc1
Nχc2

has a large uncertainty
when the parameter ∆Mχc1 is left free in the fit. In order to obtain a statisti-
cally meaningful result, ∆Mχc1 is fixed according to [Y+06] and the effect of this
assumption for the systematic error is discussed in Sect. 8.2.1.
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5. Counting of the χc events
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Figure 5.13.: Real data: behavior of Nχc = Nχc1 + Nχc2 (a), Nχc1
Nχc2

(b), and ∆Mχc1 (c)
for the full data sample as a function of the fixed σχc1 .

 [MeV]
c1χσ

24 28 32 36 40

cχ
N

8000

9000

10000

11000

12000

c1χσ vs  
cχN = 0.4137 [GeV]

c1χ M, Δ (a)

 [MeV]
c1χσ

24 28 32 36 40

c2χ
/N

c1χ
N

0.8

1.2

1.6

2

c1χσ vs 
c2χ/N

c1χN

= 0.4137 [GeV]
c1χ MΔ

(b)

Figure 5.14.: Real data: behavior of Nχc = Nχc1 + Nχc2 (a), and Nχc1
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data sample as a function of σχc1 with ∆Mχc1 fixed to the PDG value.
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5.5. χc counting with a double-Gaussian fit
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Figure 5.15.: Real data: behavior of Nχc = Nχc1 + Nχc2 (a), and Nχc1
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(b) for the full
data sample as a function of the ratio σχc2/σχc1 .

 [MeV]
c1χσ

10 20 30 40

/n
d

o
f

2 χ

1.1

1.2

1.3

1.4

free
c1χMΔ (a)

 [MeV]
c1χσ

10 20 30 40

/n
d

o
f

2 χ

1.1

1.2

1.3

1.4

= 0.4137 GeV
c1χMΔ (b)

 [GeV]
c1χMΔ

0.38 0.40 0.42 0.44

/n
d

o
f

2 χ

1.1

1.2

1.3

1.4

1.5 = 29 MeV
c1χσ (c)

Figure 5.16.: Carbon: reduced χ2 as function of: (a) σχc1 with free ∆Mχc1 ; (b) σχc1

with ∆Mχc1 fixed to the PDG value; (c) ∆Mχc1 with σχc1 fixed to the MC
prediction (0.029 GeV).
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5. Counting of the χc events

Mat Nχc Nχc1+χc2
Nχc1
Nχc2

∆M(χc1) σχc1

1G fit (GeV/c2) (GeV/c2)
C 6575± 603 6471± 642 1.08± 0.78 0.411± 0.011 0.028± 0.005
W 3500± 687 3387± 642 2.72± 2.73 0.424± 0.009 0.036± 0.009
Tot 10075± 914 9858± 908 1.20± 0.75 0.419± 0.007 0.031± 0.005
C 6575± 603 6522± 465 1.15± 0.75 0.412± 0.010 0.029
W 3500± 687 3165± 386 2.31± 1.79 0.423± 0.008 0.0312
Tot 10075± 914 9687± 604 1.32± 0.69 0.419± 0.006 0.030
C 6575± 603 6493± 444 1.29± 0.27 0.4137 0.029
W 3500± 687 3270± 362 1.22± 0.44 0.4137 0.0312
Tot 10075± 914 9763± 573 1.27± 0.23 0.4137 0.030

Table 5.3.: Real data: results of the double-Gaussian fit of the χc signal (3-rd to 6-th
columns). In the second column the χc counting with the single-Gaussian
fit is reported. The upper part of the table refers to the double-Gaussian fit
with free σχc1 . In the middle part σχc1 is fixed to the MC predictions. In the
lower part also ∆Mχc1 is fixed to the PDG value.
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Figure 5.17.: Tungsten: reduced χ2 as function of: (a) σχc1 with free ∆Mχc1 ; (b) σχc1

with ∆Mχc1 fixed to the PDG value; (c) ∆Mχc1 with σχc1 fixed to the MC
prediction (0.0312 GeV).
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6. Monte Carlo Simulation
A detailed MC simulation is used to determine the trigger, selection and reconstruction
efficiencies that enter in Eq. (4.2) for the calculation of Rχc . The MC simulation can be
divided into two parts:

• the generation of the particles produced in the proton-nucleus collision,

• tracking of the particles through the detector and its response.

6.1. Event Generation
The HERA-B MC generation is performed with Pythia 5.7 [Sjo94] package which
uses a standard description of the charmonium production based on the Color Singlet
Model. As discussed in Chapter 3, the CSM does not describe properly the charmonium
production mechanism. In order to generate reliable MC data sets whose properties
are closer to the data, the NRQCD and the color octet model (COM) are required.
For this reason color singlet and color octet processes are added, following the NRQCD
approach, to the standard generator as described in [Igo02b], where all the details about
the implementation are given. The CSM is instead used to evaluate the model dependent
systematics. The CEM is not used because it is not able to give any conclusive prediction
for the differential cross sections.
In order to obtain the proper NRQCD kinematic distributions from Pythia without

the necessity to re-generate all the MC samples, kinematic weights (kin. weight) are
applied on each event dependent on pT and xF . This procedure plays an important role
in the calculation of the efficiencies, distinguishing the directly produced J/ψ from the
different χc states.
First, Pythia is used to simulate the heavy quark production (c and b) in the nucleon-

nucleon interactions and hadronization in the nuclear matter. Second, Fritiof 7.02
[Pi92] is used for the generation of the light quarks, secondary interactions and inelastic
interactions.
In case of the production of χc and direct J/ψ, the process pN → cc̄X is generated by

Pythia, and the four-momentum of the rest of the interaction (X) is passed as an input
to Fritiof which simulates the interactions inside the nucleus. A charmonium event is
combined with n inelastic interactions to simulate several interactions per bunch crossing
as observed in RD. The number of interactions (n) is Poisson distributed with a mean
value of 0.5 determined from the typical experimental interaction rate of 5 MHz. Then
the generated particles are plugged into Geant 3.21 [BBM+87], the software package
that simulates the response of the detector in detail, including measured hit resolutions,
mapping of inefficient channels and electronic noise.
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6. Monte Carlo Simulation

6.2. Detector and trigger simulation
The detector response is simulated with Geant. The model is based on a complete
description of the detector geometry during the period of data taking, including the
beam-pipe, shielding of VDS and the other detector layers and the absorbers of the
muon chambers. The simulation accounts for processes like Bremsstrahlung, Coulomb
scattering and energy loss. The position of the dead channels in all sub-detectors is
simulated. The digitization of the signal coming from the detectors is treated as realistic
response by taking into account the efficiencies, resolutions, calibration and alignment.
Due to the frequent changes of the data taking conditions, the detector simulation follows
the variation of the different parameters obtained from the extensive studies of the data.
Therefore, the generated sample is reconstructed accounting for the different detector
periods in order to better reproduce the features of the RD. The trigger simulation is
organized in the following steps:
• Starting the digitized data the pretrigger emulators (ECALSIM and MPRE) are
called, performing an accurate software and hardware emulation.

• The output of this step is sent to the Second TDU emulator and forwarded to the
SLT simulation package [t+03].

• On the events accepted by the SLT, a probability for the event to survive the FLT
is calculated and used as a weight in the analysis (trig. weight). The reason for
the particular treatment of the FLT is due to the difficulties in the simulation of
its complicated behavior.

6.3. MC Samples
The two processes used for the generation of the MC data are the direct J/ψ (pN →
J/ψX) and χc (pN → χcX) channels. As the analysis has to be performed for C and
W targets separately, MC samples are generated for each of the materials. Moreover,
the efficiencies depend on the wire configurations, materials and the periods of data
taking and therefore MC samples are produces for each combination (wire configuration,
material, period) accordingly. Table 4.1 contains a detailed list of information of J/ψ
statistics for each combination as a percentage of the total statistics of J/ψ obtained for
the corresponding material. Also this information provides the numbers that are further
used for re-weighting the MC samples in order to match the composition of the data set.
Then the re-weighted MC samples are combined in one set for each material. In this way
the best representations of detector performance are obtained, providing a satisfactory
description of data for the analysis.

6.4. J/ψ efficiency
The formulae (4.2) and (4.3) require the efficiencies of direct J/ψ (εdirJ/ψ) and J/ψ coming
from χc (εχc1

J/ψ, ε
χc2
J/ψ) to be determined separately. MC generated data samples contain
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6.4. J/ψ efficiency

carbon tungsten
εdirJ/ψ (%) 0.8875± 0.0025 0.6731± 0.0027
εχc1
J/ψ (%) 0.9240± 0.0061 0.7068± 0.0066
εχc2
J/ψ (%) 0.9283± 0.0037 0.7115± 0.0040

Table 6.1.: J/ψ efficiency for carbon and tungsten.

not only direct J/ψ but J/ψ from χc1 and χc2 and these can be distinguished using the
GEANT code that classifies the mother particle of the J/ψ.

The J/ψ candidates are selected by the same cuts as in RD, the only difference being
the kinematic and trigger weights applied to each event as described in Sec. 6.1 and
Sec. 6.2, respectively. The total weight used, event by event, to reconstruct all Monte
Carlo distributions is given by:

(total weight) = (trig. weight) ∗ (kin. weight)

For each event type (direct J/ψ, χc1 and χc2), the respective J/ψ mass spectrum is
then fitted and the number of reconstructed, weighted J/ψ (N rec(J/ψ)) is obtained.
The efficiency is defined as:

ε(J/ψ) = N rec(J/ψ) /Ngen(J/ψ),

where Ngen(J/ψ) is obtained from MC by counting the weighted number of generated
J/ψ (only kin. weight is applied). In Fig. 6.1 (carbon) and Fig. 6.2 (tungsten) the
J/ψ mass distributions for direct J/ψ, J/ψ from χc1 and J/ψ from χc2 are shown. The
corresponding efficiencies are reported in Tab. 6.1.
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Figure 6.1.: MC: J/ψ invariant mass spectrum for carbon.
a) Direct J/ψ; b) J/ψ from χc1; c) J/ψ from χc2.
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Figure 6.2.: MC: J/ψ invariant mass spectrum for tungsten.
a) Direct J/ψ; b) J/ψ from χc1; c) J/ψ from χc2.

6.5. Photon efficiency

In order to determine the photon efficiency, once the J/ψ is already reconstructed, the
cluster produced by a photon from χc decay is searched for in the ECAL with the same
cuts as in RD. As opposed to the real data, the kinematical properties of the photon are
known from the MC generation information (MC truth) and its impact point in ECAL
(xMC , yMC) can be extrapolated from its direction at the origin and compared to the
coordinates of all clusters in ECAL (xcl, ycl). A cluster is assigned to the generated MC
photon if the following requirement is satisfied:

d =
√

(xcl − xMC)2 + (ycl − yMC)2 <
√
Ncell/π · aECAL

cell , (6.1)

where Ncell is number of cells from which the cluster is built from and aECAL
cell is the

size of the cell corresponding to the current ECAL part. In case of multiple choices the
photon is assigned to the cluster with the smallest d. Also the assignment of the e+e−

pairs coming from photon conversions after the magnet is automatically granted since
the direction of the photon is unaffected by the magnetic field. The results from the
matching procedure is presented in Fig. 6.4. The left histogram shows the superimposed
∆M distributions of the χc (following the same analysis chain as in data) and of the
χc reconstructed from the selected MC truth photons. The right plot represents the
difference between photons reconstructed from neutral clusters and conversions after the
magnet, the latter accounting for about 10% of the full sample. The photon efficiency

Mat. εχc1
γ (%) σχc1 (MeV/c2) εχc2

γ (%) σχc2 (MeV/c2)
C 40.7± 0.8 29.0± 0.3 41.3± 0.5 31.8± 0.2
W 37.2± 1.1 31.2± 0.5 38.1± 0.6 33.1± 0.3

Table 6.2.: Photons efficiencies and widths for χc1 and χc2 obtained with MC truth
information. All efficiencies are corrected for fεγ = 1.144.
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6.5. Photon efficiency
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Figure 6.3.: Difference between the impact point of the MC truth photon and the po-
sition of the reconstructed cluster. The red slices represent the cluster size
dependent cuts of the selection. From left to right the distributions of IN-
NER, MIDDLE and OUTER ECAL are shown, respectively.

is defined as:
εχciγ =

NMC
χci

Nχci
J/ψ

, (6.2)

where NMC
χci is the number of χci obtained from the fit by the sum of a Gaussian and a

second order polynomial after the application of the selection criteria described above,
Nχci
J/ψ is the number of J/ψ coming from χc decays and i takes values 1 or 2 dependent

on the state of the χc (χc1 or χc2).
A test of reliability of the MC truth selection is shown in Fig. 6.3. The selected χc

photon candidates are well separated from the background clusters by using a set of cuts
dependent on the cluster size and ECAL part. For this reason a reliable value of εχciγ is
calculated by using the MC truth photons.

6.5.1. Photon efficiency correction
In order to check the reliability of the εγ calculated by MC, a method was developed to
compare the efficiencies obtained in RD and in MC based on photon conversions before
the magnet. A detailed overview of the whole procedure is described in [Gia07]. This is
an effective method as the energy spectrum of electrons from γ-conversions is similar to
the one of photons from χc. The conclusion of this study is that a correction factor:

fεγ =
εMC
γ

εRDγ
= 1.144± 0.034 (6.3)

averaged over the entire ECAL has to be applied to the photon efficiency (calculated
in Sect. 6.5) in order to describe correctly the RD, stable against the cuts used for the
selection of γ-conversions.
Figure 6.5 shows the ∆M spectra of the χc1 and χc2 for carbon and tungsten, selected

by the MC truth information described above. The corresponding numbers for εγ are
reported in Tab. 6.2.
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Figure 6.4.: ∆M distribution obtained from MC simulations. The left plot: distribution
of all J/ψγ combinations. In the filled histogram only the matched photons
from MC truth selection contribute. The right plot: a comparison of the
∆M distributions of χc reconstructed from the matched MC truth photons
from neutral clusters (filled green histogram) and from clusters assigned to
converted photons (filled gray histogram) is shown.
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Figure 6.5.: MC truth: ∆M spectrum of:
a) χc1 for carbon; b) χc2 for carbon; c) χc1 for tungsten; d) χc2 for tungsten.
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7. Polarization

7.1. Introduction

In QCD models for charmonium production in hadronic interactions polarization of the
produced states arises from the dominance of specific amplitudes. For example, the color
octet diagram where a single gluon couples to a J/ψ would lead to polarization of the
J/ψ which inherits the helicity of the massless gluon. The experimental determination of
polarization could be used to probe the assumptions about the dominance of the leading
QCD diagrams and the influence of nuclear effects.
In the analysis of χc production using HERA-B data we have little chance to determine

the polarization of the χc states because of the large backgrounds. The main purpose
of considering here possible χc polarization is the necessity to investigate systematic
influences of polarization on the acceptances and thus on the determination of the χc
rates.
In the HERA-B note [AK08] the full angular distribution of the final state particles

in the radiative decay
χcJ → γJ/ψ → γ l+l− (7.1)

has been presented for pure χc polarization states |J,M〉 with J = 0, 1, 2 and M =
0, ..., J . The angular distribution formulae are independent of the choice of a particular
polarization axis (e.g. Gottfried-Jackson, Collins-Soper or other systems can be used).
Possible coherent mixtures are not considered (but could easily be composed from the
amplitudes given in [AK08]). It is assumed here that the pure states will be sufficient
to study systematic acceptance effects due to polarization.

7.2. Definition of Angles

Assuming azimuthal symmetry for the production process the χc decay depends on 3
angles which are chosen as follows (Fig. 7.1): a polar decay angle θ defining the direction
of the J/ψ in the χc rest system with respect to the polarization direction, which is the
z-axis in Fig. 7.1 (because of the assumed symmetry the corresponding azimuthal angle
is not used); a polar angle θ′ defining the direction of the positive lepton in the J/ψ
rest system with respect to the J/ψ flight direction (in the χc rest system); an azimuth
angle φ′ which is the angle between the plane defined by the polarization direction and
the decay plane of the J/ψ.
Defining ~n the unit vector in polarization direction, ~p the J/ψ momentum in the χc

rest system and ~k the momentum of the positive lepton in the J/ψ rest system, the
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Figure 7.1.: Definition of the angels as described in the text (on the right is the χ decay
plane and on the left the J/ψ decay plane).

angles in Fig. 7.1 can be written as:

cos θ = ~n ~p

|~p|
, (7.2)

cos θ′ = ~p~k

|~p||~k|
, (7.3)

φ′ =
arccos (~n×~p)(~k×~p)

|~n×~p||~k×~p|

2π − arccos (~n×~p)(~k×~p)
|~n×~p||~k×~p|

for ~p× (~n× ~p) (~k × ~p)
≥ 0

< 0
. (7.4)

The last equation defines the angle φ′ unambiguously from 0 to 2π.

7.3. Concept for the Derivation of the Angular Distributions

7.3.1. Multipole Amplitudes

In decays involving real photons the amplitudes can be expanded in terms of multipoles of
the photons. The radiative decay of a χc to a J/ψ is parity changing (the parity change of
an electric transition En is π = (−1)n and for a magnetic transition Mn is π = (−1)n+1).
It restricts the multipoles to odd electric and even magnetic transitions. The decay
scheme in the charmonium system is shown in Fig. 7.2. The labels on the transitions of
the χc states have the meaning: E1 = electric dipole, M2 = magnetic quadrupole, E3
= electric octupole. The figure shows that χc2 can have all three transitions, χc1 the
lowest two and χc0 only the electric dipole transition. The leading multipole is in all
cases the electric dipole. Measurements show that the higher multipole amplitudes are
very small in χc decays [Y+06] so that we can safely neglect them.
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Figure 7.2.: Energy-level diagram for charmonium showing the radiative transitions with
their multi-polarities.

7.3.2. Helicity Formalism
In the HERA-B note [AK08] the angular distributions have been derived employing the
helicity formalism. Using the expansion of the helicity amplitudes in terms of multipole
amplitudes the angular distributions are fully determined using measured multipole am-
plitudes. For the final formulae the experimentally justified restriction to E1 multipole
transitions has been applied.

Two-body decay of a particle

In the following we obtain the decay angular distribution for a → 1 + 2 (in our case
is: χc → J/ψγ or J/ψ → e+e−), where the decaying particle a (denoted by the state
|J,M〉) has spin J and spin projectionM along an arbitrarily chosen quantization z-axis.
The final state particles 1, 2 have helicities λ1 and λ2, respectively. Note that a two-
particle helicity state |J,M, λ1, λ2〉 is invariant under rotations with the same rotational
properties as the state |J,M〉 (i.e. the helicity states are irreducible representations of the
rotation group for total spin J). Physically, the invariance follows from the definition of
the helicity specified as the spin component in the momentum direction (the momentum
transforms along with the spin under rotation such that the helicity remains invariant).
Because the J,M, λ1, λ2 are eigenstates of the total angular momentum, they transform
irreducibly under rotations:

|J,M, λ1, λ2〉 −→
∑
M ′

DJ
M M ′(α, β, γ)|J,M ′, λ1, λ2〉. (7.5)
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The D-functions are defined as:

DJ
M M ′(α, β, γ) = e−iαM dJM M ′(β) e−iγM ′ , (7.6)

where α, β and γ are the Euler angles. The “little” d-functions can be found for example
in the PDG [Y+06].
In general a state with helicities λ1 and λ2 in terms of spherical coordinates (θ, φ)

(direction of the momentum of particle 1) can be expressed as a superposition of all
possible helicity states |J,M, λ1, λ2〉 [Ric84]:

|θ, φ, λ1, λ2〉 =
∑
J,M

√
2J + 1

4π DJ
M λ(φ, θ,−φ)|J,M, λ1, λ2〉. (7.7)

Then the amplitude of the decay of a particle a in a state |J,M〉 into a two-particle
state f1f2 with helicities λ1 and λ2 mediated by an interaction operator U is:

A(a→ f1f2; λ1, λ2) = 〈θ, φ, λ1, λ2|U |J,M〉

=
∑
Jf ,Mf

√
2Jf + 1

4π DJ∗
Mf λ

(φ, θ,−φ) (7.8)

· δJfJ δMfM 〈Jf ,Mf , λ1, λ2|U |J,M〉

=

√
2J + 1

4π DJ∗
M λ(φ, θ,−φ) 〈J,M, λ1, λ2|U |J,M〉,

where λ = λ1 − λ2 is the “total helicity” in the (θ, φ) direction chosen arbitrarily in
the direction of particle 1, accounting for the negative sign of λ2. The matrix element
〈J,M, λ1, λ2|U |J,M〉 depends only on the helicities λ1 and λ2 for a given J following
from the rotational invariance of the helicities. Therefore the helicity amplitudes are
defined as:

AJλ1λ2 = 〈J,M, λ1, λ2|U |J,M〉. (7.9)

After inserting Eq. (7.9) into Eq. (7.8) the decay amplitude becomes:

A(a→ f1f2; λ1, λ2) =

√
2J + 1

4π DJ∗
M λ(φ, θ,−φ)AJλ1λ2 . (7.10)

This is the basic formula for the amplitude of a two-body decay of the particle a in the
helicity formalism. The amplitude yields the angular distribution:

dW (a→ f1f2; λ1, λ2)
d cos θ dφ =

∑
λ1,λ2

|A(a→ f1f2; λ1, λ2)|2. (7.11)

Here the summation is performed over all not measured helicities λ1 and λ2.
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Sequential two-body decay

The helicity formalism could be easily extended to describe the decay of a χc into J/ψ
and γ with the subsequent decay of the J/ψ into a lepton pair. The decay chain is
schematically represented by:

a → 1 + 2
↓ (7.12)
3 + 4

where the decaying particle a is in the angular momentum state |J,M〉 and the final
state particles have helicities λ1, λ2, λ3 and λ4 with respect to the direction (θ1, φ1) for
particle 1 and (θ3, φ3) for particle 3. Then the combined transition amplitude for the
sequential decay according to Eq. (5.16) from [Ric84] is:

AJ,M (a →f ;λ2, λ3, λ4)
=
∑
λ1

〈θ3, φ3, λ3, λ4|U(1)|s1,M1 = λ1〉〈θ1, φ1, λ1, λ2|U(a)|J, M〉

=
∑
λ1

Ds1∗
λ1 λ3−λ4

(φ3, θ3,−φ3)DJ∗
M λ1−λ2(φ1, θ1,−φ1)Bs1

λ3λ4
AJλ1λ2 . (7.13)

Here the sum is over all allowed helicities of the intermediate particle state 1 with
spin s1 because they cannot be measured (if some of the helicities, λ2, λ3, λ4 are not
measured the amplitudes have to be summed as in Eq. (7.11)). The angles (θ1, φ1) are
defined in the rest frame of particle a, and the angles (θ3, φ3) are measured in the rest
frame of particle 1. The z-axis in the rest frame of particle a is an arbitrarily chosen
quantization axis forM (according to physics expectations for polarization). The z′ axis
is not arbitrary. It is the momentum direction of particle 1 in the particle a rest frame,
so the spin projection along z′ is M1 = λ1.

7.3.3. The Angular Distributions of χc Decays

Decay amplitudes: The general formula for the amplitude of the sequential two-body
decay is obtained in the previous Sect. 7.3.2. It can be applied for the χc decay with
some simplifications after taking into account the symmetry properties of the helicity
amplitudes. In order to use the same terminology as in the existing literature [OS86,
SGR92, A+93] on p̄p annihilation, the Eq. (7.13) is changed to:

AJ,M (χ→ψγ→ l+l−γ;κ1, κ2, µ) =
∑
σ

Dj∗
σ κ(φ′, θ′,−φ′)DJ∗

M ν(0, θ, 0)Cjκ1κ2A
J
σµ. (7.14)

Here the new definitions are the following:
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Eq. (7.14) Eq. (7.13) meaning
j s1 ψ spin (j = 1)
σ λ1 ψ helicity (σ = 0, ±1 )
µ λ2 γ helicity (µ = ±1)
ν = σ − µ λ1 − λ2 total ψγ helicity
κ λ3 − λ4 total l+l− helicity (κ = ±1)
κ1, κ2 λ3, λ4 l+, l− helicities (κ1, 2 = ±1/2)
Cκ1κ2 Bλ3λ4 ψ→ l+l− helicity amplitude
θ θ1 χ decay angle (φ1 = 0)
θ′, φ′ θ3, φ3 ψ decay angles

In Eq. (7.14) the first D-function describes the rotation from the J/ψ momentum
direction into the direction of the leptons in the J/ψ decay and thus have the superscript
j = 1. The second D-function describes the rotation from the polarization axis into the
J/ψ momentum direction. The two zeros in the argument arise from the assumption of
azimuthal symmetry yielding the “little” d-functions:

DJ∗
M ν(0, θ, 0) = dJ∗M ν(θ). (7.15)

The J/ψ decay into leptons is an electromagnetic decay with the exchange of a virtual
photon:

J/ψ → γ∗ → l+l− (7.16)

Because of the vector coupling of the photon the lepton pair helicity can only be κ = ±1
in the limit of vanishing lepton masses. Therefore C1

++ and C1
−− can be safely neglected.

The helicity amplitudes can be reduced additionally by using the symmetry properties of
the amplitudes for two-body processes. By charge conjugation invariance the amplitudes
should satisfy [RSG92]:

C1
λ1λ2 = ηc(−1)1C1

λ2λ1 , (7.17)

where ηc is the charge conjugation parity of the state. For quarkonium,

ηc = (−1)L+S , (7.18)

where L is the orbital angular momentum and S is the spin. The values of L and S for
charmonium are given in Tab. 3.1. By parity invariance [RSG92] for the amplitudes A
and C,

MJ
λ1λ2 = ηp(−1)JMJ

−λ1−λ2 , (7.19)

whereM is A or C and ηp is the parity of the state under consideration. For quarkonium,

ηp = (−1)L+1 . (7.20)
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Using Eqs. (7.17) and (7.19),

|C1
++|2 = |C1

−−|2 = 1
2 |C

1
0 |2 ,

(7.21)
|C1

+−|2 = |C1
−+|2 = |C1

1 |2 .

By parity invariance Eq. (7.19),

AJσ,−1 = +AJ−σ, 1(J = 0, 2) ,
(7.22)

AJσ,−1 = −AJ−σ, 1(J = 1) ,

so from 3 · 2 helicity amplitudes for χc decay (σ = 0,±1 and µ = ±1) only half survive
that can be unambiguously labeled by AJ|ν|. The following normalizations are used:∑

κ1,κ2

|C1
κ1κ2 |

2 = 2|C1
1 |2 + |C1

0 |2 = 1 ∼= 2|C1
1 |2 ,

(7.23)
J∑
ν=0
|AJν |2 = 1 .

By inserting the Eqs. (7.21)–(7.23) into the χc decay amplitude, Eq. (7.14) becomes:

AJ,M (χ→ψγ→ l+l−γ;κ, µ) =
∑
ν(µ)

D1∗
ν+µ, κ(φ′, θ′,−φ′) dJM ν(θ)AJ|ν| , (7.24)

where ν takes values from −J to 0 for µ = +1 and from 0 to +J for µ = −1.

Differential decay probabilities: The probability for the χc decay when the final po-
larizations of γ, µ+ and µ− are not observed is obtained by squaring the combined
transition amplitude Eq. (7.24) and summing over the final helicity indices µ, κ1 and
κ2. This probability yields the unnormalized angular distribution:

W J,M (θ, θ′, φ′) = dwJ,M (θ, θ′, φ′)
d cos θ d cos θ′ dφ′ =

∑
µ=±1

∑
κ=±1

|AJ,M (χ→ψγ→ l+l−γ;κ, µ)|2.

(7.25)
In terms of D-functions the final expression for the angular distributions is:

W J,M (θ, θ′, φ′) =
+J∑

ν(µ), ν′(µ)=−J

∑
µ=±1

dJM ν(θ) dJ∗M ν′(θ) AJ|ν|A
J
|ν′| ρ

ν+µ, ν′+µ(θ′, φ′). (7.26)

89



7. Polarization

Table 7.1.: Helicity density matrix for the J/ψ decay as defined in Eq. (7.27)
.

ν + µ�ν
′ + µ -1 0 1

-1 1+cos2 θ′

2 − sin θ′ cos θ′√
2 eiφ

′ sin2 θ′

2 e2iφ′

0 − sin θ′ cos θ′√
2 e−iφ

′ sin2 θ sin θ′ cos θ′√
2 eiφ

′

1 sin2 θ′

2 e−2iφ′ sin θ′ cos θ′√
2 e−iφ

′ 1+cos2 θ′

2

The density matrix ρν+µ, ν′+µ(θ′, φ′) used in Eq. (7.26) is defined as:

ρν+µ, ν′+µ(θ′, φ′) =
∑
κ=±1

D1
ν+µ, κ(φ′, θ′,−φ′) D1∗

ν′+µ, κ(φ′, θ′,−φ′) . (7.27)

These matrix elements are shown in Tab. 7.1.

The angular distribution can be decomposed into terms with trigonometric expressions
T Ji (θ, θ′, φ′) and coefficients KJ,M

i (AJ|ν|):

W J,M (θ, θ′, φ′) =
∑
i

KJ,M
i (AJ|ν|) T

J
i (θ, θ′, φ′) (7.28)

The values of KJ,M
i (AJ|ν|) and the trigonometric functions T Ji (θ, θ′, φ′) are listed in

Tabs. 7.2 and 7.3 for J = 1, 2. The normalizations of the angular distribution for
different values of J are:

∫
W J,M (θ, θ′, φ′) d cos θ d cos θ′ dφ′ =

32π2

3 for J = 0
64π2

9 for J = 1
64π2

15 for J = 2

(7.29)

The helicity amplitudes AJ|ν| can be expanded into multipole amplitudes ai that are
measured in various experiments (corresponding to E1, M2, E3 for i = 1, 2, 3, respec-
tively, see Sect. 7.3.1). Therefore, the angular distributions for the pure polarization
states |J, M〉 are determined within the uncertainties of the measurements. For J = 1
the expansion is [OS86]:

A0 =
√

1
2a1 +

√
1
2a2

A1 =
√

1
2a1 −

√
1
2a2 (7.30)

with the normalisation:

A2
0 +A2

1 = 1, a2
0 + a2

1 = 1. (7.31)
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And for J = 2 the expansion is [OS86]:

A0 =
√

1
10a1 +

√
1
2a2 +

√
2
5a3

A1 =
√

3
10a1 +

√
1
6a2 −

√
8
15a3 (7.32)

A2 =
√

3
5a1 −

√
1
3a2 +

√
1
15a3

with the normalization:

A2
0 +A2

1 +A2
2 = 1, a2

0 + a2
1 + a2

2 = 1. (7.33)

From the existing measurements [Y+06] of the multipole amplitudes follows that the
electric dipole amplitude (a1) is dominant compared to the other two amplitudes (a2 and
a3) so they can be safely neglected. With the restriction to electric dipole transitions,
i.e. a1 = 1, a2 = a3 = 0, the helicity amplitudes become:

J = 1 :
A0 =

√
1
2

A1 =
√

1
2

(7.34)

J = 2 :
A0 =

√
1
10

A1 =
√

3
10

A2 =
√

3
5

In Tabs. 7.2 and 7.3 the coefficients KJ,M
i calculated with these values for the helicity

amplitudes are shown.

7.4. Direct J/ψ polarization

7.4.1. J/ψ angular distributions

The J/ψ polarization is measured observing the angular distribution of the decay into
l+l− pairs. After integrating over the azimuthal angle of the decay plane of the J/ψ (as-
suming azimuthal symmetry) the distribution of the polar decay angle can be expressed
as:

1
N

dN

d cos θ = a(λ)(1 + λ cos2 θ) with a(λ) = 1
1 + λ/3 , (7.35)

where θ is the angle between the l+ and the z-axis which is an arbitrarily chosen axis.
Among various possible definitions of the “polarization axis” this particular measurement
of λ is performed in the so-called Collins-Soper (CS) frame where the z-axis is defined as
the bisector of the angle between the momenta of the proton beam, pb, and the target
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7.5. Method for evaluation of the systematic uncertainties due to polarization

nucleon, −pt, in the J/ψ center-of-mass system.

7.4.2. J/ψ polarization measurement
In the analysis of J/ψ production of HERA-B data the polarization of J/ψ was measured
[FS06]. However, the observed J/ψ sample includes not only directly produced J/ψ but
also J/ψ from χc and it is not possible to distinguish the two contributions. Therefore,
the value λobs has to be considered as the average J/ψ polarization, independent of
the origin. Here the numbers from the measurement of J/ψ polarization are reported
(performed in the CS frame as mentioned above for the muon and the electron decay
channels [FS06]), assuming no dependence on pT and xF :

• muons : λµobs = −0.32± 0.06;

• electrons : λeobs = −0.38± 0.06;

• average: < λobs >= −0.35± 0.04.

The averaged value < λobs > is used to estimate the effect of J/ψ polarization on Rχc
and R12 while a variation band for λobs is chosen to fully cover the allowed values for
the muon and the electron case (corresponding to about 2σ variation around < λobs >):

• lower limit: λminobs = −0.44,

• upper limit: λmaxobs = −0.26.

7.5. Method for evaluation of the systematic uncertainties due
to polarization

In this section the method is explained describing the calculation of the systematic
uncertainties of Rχc and R12 coming from possible polarizations of the χc and J/ψ
states. The only measured value which is used for these studies is < λobs > (Sect. 7.4.2).

7.5.1. Principle of the method
The main sources of the systematic uncertainties of Rχc and R12 due to polarization of
direct J/ψ and χc are caused by the efficiencies which enter in the formulae Eqs. (4.2)
and (4.7). Therefore, the efficiencies are evaluated for the pure helicity states of χc (χc
events) and for different values of λ (direct J/ψ events) leading to a range of values for
Rχc and R12, which are used to determine the systematic uncertainties. Following the
J/ψ analysis scheme, the polarization states of χc are calculated in the same frame (CS).
The formulae for Rχc and R12 depend on the efficiency of the direct J/ψ denoted by

the parameter λdir. Since the observed λobs is a product of the polarization of directly
produced J/ψ and J/ψ from χc it is necessary to disentangle λdir from λobs by using the
values of λ1 and λ2 corresponding to the pure helicity states of χc. In order to calculate
λdir an iterative procedure is applied because Rχc and R12 enter as input parameters in
the formula for λdir.
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7.5.2. Determination of λdir
In general, the parametrization of the angular distribution Eq. (7.35) can be written as:

1
N

dσ

d cos θ ∝
1 + λobs cos2 θ

(1 + λobs/3) , (7.36)

where λobs is the measured value of the polarization in RD reported in Sect. 7.4.2. From
the other side the J/ψ sample is a mixture of direct J/ψ and J/ψ from χc1 and χc2.
Equation (7.35) can therefore be rewritten as:

1
N

dσ

d cos θ ∝
(1 + λdir cos2 θ)

(1 + λdir/3) ndir + (1 + λ1 cos2 θ)
(1 + λ1/3) n1 + (1 + λ2 cos2 θ)

(1 + λ2/3) n2, (7.37)

where λdir, λ1 and λ2 are the polarizations of the direct J/ψ, J/ψ from χc1 and J/ψ
from χc2 respectively, while ndir, n1 and n2 are the fractions of the different types of
J/ψ. From the comparison between Eq. (7.36) and Eq. (7.37) one can obtain λdir as a
function of λobs, λ1 and λ2:

λdir(λobs, λ1, λ2) =
aobs · λobs − a1·λ1·R12·Rχc

1+R12
− a2·λ2·Rχc

1+R12

aobs − a1·R12·Rχc
1+R12

− a2·Rχc
1+R12

(7.38)

where the following notations are used:

ndir + n1 + n2 = 1,
n1 + n2 = Rχc ,
n1
n2

= R12,

ai = a(λi) for i = obs, 1, 2.

(7.39)

In Eq. (7.38) λobs, λ1 and λ2 are fixed values in the input on which all λdir, Rχc and R12
depend. On the other hand, as Rχc and R12 also depend on λdir, an iterative procedure is
applied, starting with a zero order approximation obtained with λdir = 0. The final λdir
is the value obtained in the nth iteration when the difference (λdir(nth)−λdir((n−1)th)) <
10−6 and it defines the corresponding Rχc .
Since we do not have a direct measurement of λ1 and λ2, the angular distributions

derived in Sect. 7 are used to determine the band of allowed values for λ1 and λ2, out of
the full range [−1.0, 1.0]. For this purpose the angular distribution of cos θ is re-weighted
with Eq. (7.28) and further fitted with the function:

1
N

dN

d cos θ = a(1 + λ cos2 θ), (7.40)

where a is a normalization coefficient and λ is the calculated polarization parameter
from the fit of a pure helicity state of χc1 and χc2. The maximum range for λ1 and
λ2 is defined by the extreme values obtained from the fit enlarged by ± 2σ, where σ is
the fit error. The calculated extreme values of λ1 and λ2 together with < λobs >, λminobs ,
λmaxobs and λdir are used to study the maximum changes on εχcJγ (J = 1, 2) and εiJ/ψ
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(i = dir, χc1, χc2) leading to the maximum effect on Rχc and R12 due to polarization.

7.5.3. Polarization dependence of the efficiencies

J/ψ efficiencies: Assuming no dependence of λ on xF and pt (approximately valid
within the errors of our measurement [FS06]), the efficiency of J/ψ can be written as
[Han07]:

εiJ/ψ(λ) =
N i
J/ψ, reco

N i
J/ψ, gen

=

=
∫
A(cos θ, P ) ·M(P ) · (1 + λ cos2 θ) · d cos θdP∫

M(P ) · (1 + λ cos2 θ) · d cos θdP , (7.41)

where θ is the polar angle in the polarization frame, P is shorthand for all the other
phase space variables, A(cos θ, P ) is the acceptance at the kinematical point (cos θ, P ),
M(P ) is the squared matrix element in P and λ is the polarization parameter. After
calculating the integrals we find:

εiJ/ψ(λ) = εiJ/ψ(λ = 0)1 + λ · 〈cos2 θ〉
(1 + λ/3) , (7.42)

where 〈cos2 θ〉 denotes:

〈cos2 θ〉 =
∫
A(cos θ, P ) ·M(P ) · cos2 θ · d cos θdP∫

A(cos θ, P ) ·M(P )d cos θdP .

All J/ψ efficiencies are calculated using Eq. (7.42) (both direct J/ψ and J/ψ from the
two χc states).

Photon efficiencies: The effect of the polarization on photon efficiencies is determined
by using the basic formula:

εχcJ ,Mγ =
NχcJ,M

N
χcJ,M
J/ψ

, (7.43)

where J , M denotes the helicity state considered (|J, M〉), NχcJ,M
J/ψ is the number of J/ψ

coming from χcJ and NχcJ,M is the number of observed χcJ . The value of NχcJ,M
J/ψ is

obtained from a fit of the J/ψ mass distribution, where each event enters with a weight
of the type:

w(cos θ, λJ,M ) = 1 + λJ,M · cos2 θ

(1 + λJ,M/3) . (7.44)

The value of NχcJ,M is obtained from a fit of the ∆M distribution of MC truth χcJ ,
where the weight for each entry in the histogram corresponds to a certain pure helicity
state of χcJ , calculated by Eq. (7.28).
The estimation of the systematics is done using the values of λ1 corresponding to

helicities M = 0 and M = 1 for χc1 combined with the most negative and positive
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7. Polarization

values of λ2 corresponding to helicities M = 0 and M = 2 for χc2 (4 combinations in
total for each of the three quoted values of λobs).
The value of Rχc calculated for the already described set of variables (λobs, λ1 and

λ2) is then compared to the reference value of Tab. 9.1 (Rrefχc at λobs = λ1 = λ2 = 0)
and to the value Rpolχc obtained when the measured polarization < λobs > is assumed and
λ1 = λ2 = 0, in order to distinguish the polarization of direct J/ψ from the polarization
of χc. Since R12 does not depend on λdir, for the systematic error the cases are assumed
when λ1 and λ2 are leading to the most positive and most negative relative values of
R12 compared to the reference value (Rref12 of Tab. 9.2 obtained with λ1 = λ2 = 0).
All values used for the evaluation of the systematic errors on Rχc and R12 due to

polarization are listed in Tab. 8.2 as well as the results.
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8. Systematic Uncertainties

Various sources contribute to the systematic uncertainty on the measurement of Rχc and
R12:

• detection and simulation of the decay J/ψ → µ+µ−;

• detection and simulation of the γ from χc decay;

• event mixing procedure for background description;

• possible polarization of J/ψ and χc.

8.1. J/ψ selection

The systematic uncertainty on the determination of the J/ψ candidates was evaluated
by changing the range and binning of the fitting function and fitting with and without
ψ′ contribution. The low background levels ensure a stable J/ψ fit in all conditions and
a maximal effect of ±0.25% on Rχc was found.

8.2. γ selection

Two groups of uncertainties can be identified related to γ selection: (i) the one connected
with the reconstruction of χc → J/ψγ events, and (ii) the γ efficiency determination and
Monte Carlo simulation.

8.2.1. Systematic effects on the reconstruction of χc → J/ψγ events

• Analysis cuts: the systematic uncertainty on Rχc was evaluated by changing each
of the used cuts (E, Et, asymmetry of the cluster, area around the beam pipe) in a
wide range around the cut values. The largest variation of Rχc was observed when
changing the Et cut (±4.5%). Figure 8.1 shows the dependence of Nχc1+χc2 , ε

χc1(2)
γ

and Rχc on Et in the range from 0.1 to 0.28 GeV. Since the effect of the other
cuts is negligible, the overall systematic error on Rχc is asumed to be ±4.5%.

• χc counting: the number of χc is calculated by using the double-Gaussian fit, where
M(χc2)−M(χc1), σχc1 , σχc2/σχc1 and ∆Mχc1 are fixed. In order to study the effect
on Rχc the following tests were performed:
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8. Systematic Uncertainties

– Stability of Rχc against a change of the mass difference of the two χc states
(M(χc1) −M(χc2)). The value of M(χc1) −M(χc2) taken from [Y+06] was
varied within one standard deviation quoted in [Y+06]. No change in Rχc
was observed above the statistical errors.

– Dependence of Rχc on σχc1 . In order to evaluate the systematic uncertainty
arising from the choice of fixing σχc1 to the predicted Monte Carlo value, the
stability of Rχc was studied in a range defined by the values of σχc1 at which
the χ2 value of the fit changes from its minimum by 1 (see Fig. 5.16 for the
carbon and Fig. 5.17 for the tungsten samples). The resulting systematic
uncertainty on Rχc is estimated to be ±4.0%.

– Dependence of Rχc on the ratio σχc2/σχc1 . No change in χc counting and
therefore on Rχc was observed by varying this parameter around the Monte
Carlo predicted value by 10% (see Fig. 5.15). No systematic error is therefore
quoted due to this source.

– Stability of Rχcon the bin width. A systematic study was performed by using
two different bin widths of ∆M distribution (10 MeV and 20 MeV). No change
in Rχc was observed above the statistical errors.

In summary, the overall effect on χc counting is estimated to be ±4.0%.

• Stability of χc yield in time. In order to study possible deviations of Rχc in different
data taking periods, the full data set was divided into three statistically equal data
sets and Rχc was calculated for each of them. The efficiencies (εχcJγ , εdirJ/ψ and εχcJJ/ψ)
were evaluated by using the appropriate Monte Carlo data corresponding to such
defined periods in real data. The calculated Rχc were found to be compatible
within the statistical uncertainties and since the three smaller data sets were part
of the total data set used in the analysis no systematic uncertainty was evaluated.

• J/ψ mass window. As explained in Sect. 5.1 a window of ±2σ around the J/ψ mass
was used to select the χc signal. This cut was varied from 1σ from the nominal value
of J/ψ mass (leading to a drop of statistic by ∼ 30%) to 3σ (increasing the number
of J/ψ by ∼ 5%). The efficiencies (εχcJγ , εdirJ/ψ and εχcJJ/ψ) were calculated accordingly
and Rχc was evaluated and compared to the reference value of Rχc corresponding
to the selection of J/ψ in a 2σ mass window. The maximum deviation of ±4.0%
was observed and can be quoted as a systematic error due to this source.

• Event Mixing. The reliability of the event mixing procedure was studied by chang-
ing various parameters and fitting functions. The following main sources of sys-
tematics are to be taken into account for the evaluation of the systematic error:

– correction to the ∆M ME background: as described in Sect. 5.2.3 the cor-
rection leads to an increase of the number of χc. The fit of the mass differ-
ence distribution was performed with and without the correction resulting in
change of Rχc by +0

−3.2%.
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Figure 8.1.: Dependence of Nχc = Nχc1 + Nχc2 (a), εχc1
γ (red rectangles) and εχc2

γ (blue
rectangles) (b) and Rχc (c) on Et for the carbon sample.

– Dependence on ∆N cut
γ (see Sect. 5.2.4). The study was performed by changing

the kinematical constraint ∆N cut
γ = 0, 1, 2, 3, while keeping the ∆φcutγ fixed

to the reference value of 0.2π. The systematic uncertainty was calculated to
be ±2.1%.

– Dependence on ∆φcutγ (see Sect. 5.2.4). In analogy to the previous case now
the kinematical constraint ∆N cut

γ is fixed to the reference value of 1, while
changing the other ∆φcutγ = 0.1π, 0.2π, 0.3π, 0.4π. The corresponding error
is ±2.9%.

– Background subtraction: a fit performed on the subtracted ∆M distribution
by assuming a non-perfect background subtraction (allowing an additional
polynomial term in the background) gives an asymmetric deviation of +4.7

−0.0%
on the value of Rχc and therefore it is quoted as a systematic error.

In summary, the total systematic error due to the event mixing procedure is eval-
uated to be +6

−5%.
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8. Systematic Uncertainties

8.2.2. Systematic effects on the efficiency determination and Monte Carlo
simulation

• Photon efficiency determination: this source concerns the reliability of the Monte
Carlo to properly simulate and describe the detector material. A study was per-
formed that compares the detection efficiency of photons from electron/positron
Bremsstrahlung and photon conversion probabilities in Monte Carlo and real data
[Gia07]. Finally, a systematic uncertainty of ±5% was evaluated [Gia07].

• Photon efficiency correction: a detailed studies on the photon efficiency correction
is explained in [Gia07] and a systematic uncertainty of ±4% on Rχc is quoted.

• Monte Carlo Model: the analysis chain was repeated with different kinematic
weights (see Sect. 6). These weights do not distinguish whether J/ψ is directly
produced or comes from χc. This change affects mainly the efficiencies (εχcJJ/ψ, ε

dir
J/ψ

and εχcJγ ) and leads to an overall ±1.5% effect on Rχc .

In Tab. 8.1 the various sources of systematic uncertainties on Rχc are reported together
with the overall observed effect.

Source Systematic error (%)
Contribution from the reconstruction of J/ψ → l+l− candidates

0.25%
Contributions from the reconstruction of χc → J/ψγ events
J/ψ mass window ±4.0%
Analysis cuts ±4.5%
χc counting ±4.0%
Event mixing procedure +6.0

−5.0%
Contributions from the efficiency determinations

photon efficiency determination ±5.0%
photon efficiency correction ±4.0%
model dependence ±1.5%
Total ∆Rχcsys

+11.5
−11.0%

Total ∆R12sys
+43
−24%

Table 8.1.: Systematic uncertainties on Rχc (not including polarization). In the last
row, the total systematic uncertainty on R12 is reported.

8.3. Systematic uncertainty on R12

The systematic uncertainty of R12 is mainly due to the precision of the absolute cali-
bration procedure that defines the position of ∆Mχc1 . Note that R12 and ∆Mχc1 were
found to be fully correlated as shown in Fig. 5.14. From the π0 studies, a precision of
∼ 2% could be estimated on the absolute ECAL calibration (see Sect. 4.8.3), further
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comfirmed by the MIP studies (see Sect. 4.5). This reflects on an uncertainty on the
determination of ∆Mχc1 of ∼ 8 MeV/c2. The systematic error on R12 was evaluated by
varying the ∆Mχc1 by ±8 MeV/c2 around the nominal position of χc1 [Y+06]. With this
procedure the systematic error of the R12 was evaluated to be +43%

−24%. No dependence of
R12 on σχc2/σχc1 was observed (see Fig. 5.15). Moreover R12 proved to be insensitive
to changes in the event mixing procedure which determines the background shape. The
systematic uncertainties of R12 is reported in the bottom line of Tab. 8.1.

8.4. Polarization effects
In general the efficiencies of J/ψ reconstruction and of the detection of the photons from
χc decays are dependent on the polarization of the produced charmonium states (see
Sect. 7). Since a possible χc polarization cannot be determined directly from our data
the systematic uncertainties were calculated as deviations from the unpolarized reference
values (Rrefχc and Rref12 ) and as deviations from values (Rpolχc and Rpol12 ) where polarization
of directly produced J/ψ and unpolarized χc states is assumed.
In Chapter 7 the method for the estimation of the uncertainties is described:

• The only experimental constraint on polarization is the parameter λobs observed
in inclusive J/ψ production [FS06].

• The corresponding values λ1, λ2 for all possible combinations of χc1 (J = 1, M =
0, 1) and χc2 (J = 2, M = 0, 2) polarization states are determined using the
full angular distributions of the states. The value of λ2 corresponding to the
polarization of the χc2 state with J = 2 and M = 1 is omitted since it does not
produce an extreme value of λ2.

• With this input λdir, Rχc and R12 are evaluated.

The reference values for Rχc and R12 are taken from Tabs. 9.1 and 9.2 of Chapter 9
without any polarization:

Rrefχc = 0.190, Rref12 = 1.30. (8.1)

The results of the study are summarized in Tab. 8.2 where only the polarization states
giving the largest variations are reported.
The overall effects on Rχc and R12 coming from polarization only are:

Rχc−R
ref
χc

Rrefχc
= +9.5%+11.2%

−6.6%
R12−Rref12
Rref12

= +0%+16.2%
−11.2%,

(8.2)

where the following ingredients are used:

• The central values (boxes of of the upper part in Tab. 8.2) are obtained using
the average measured value for λobs and assuming no polarization of χc1 and χc2
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8. Systematic Uncertainties

Input Conditions for λobs = −0.35
|J, M〉 not pol |1, 0〉 |1, 0〉 |1, 1〉 |1, 1〉
|J, M〉 not pol |2, 0〉 |2, 2〉 |2, 0〉 |2, 2〉
λ1 0.0 −0.2373 −0.2373 0.2148 0.2148
λ2 0.0 −0.1762 0.1838 −0.1762 0.1838

Results
λdir −0.424 −0.381 −0.419 −0.427 −0.465

(Rχc −Rrefχc )/Rrefχc +0.095 +0.072 +0.183 +0.045 +0.156
(R12 −Rref12 )/Rref12 0.0 +0.162 −0.075 +0.115 −0.112

Input Conditions for λobs = −0.26
|J, M〉 not pol |1, 0〉 |1, 0〉 |1, 1〉 |1, 1〉
|J, M〉 not pol |2, 0〉 |2, 2〉 |2, 0〉 |2, 2〉
λ1 0.0 −0.2373 −0.2373 0.2148 0.2148
λ2 0.0 −0.1762 0.1838 −0.1762 0.1838

Results
λdir −0.315 −0.271 −0.308 −0.320 −0.357

(Rχc −Rrefχc )/Rrefχc +0.068 +0.045 +0.154 +0.019 +0.127
(R12 −Rref12 )/Rref12 0.0 +0.162 −0.075 +0.115 −0.112
(Rχc −Rpolχc )/Rpolχc −0.025 −0.046 +0.056 −0.066 +0.030
(R12 −Rpol12 )/Rpol12 0.0 +0.162 −0.075 +0.115 −0.112

Input Conditions for λobs = −0.44
|J, M〉 not pol |1, 0〉 |1, 0〉 |1, 1〉 |1, 1〉
|J, M〉 not pol |2, 0〉 |2, 2〉 |2, 0〉 |2, 2〉
λ1 0.0 −0.2373 −0.2373 0.2148 0.2148
λ2 0.0 −0.1762 0.1838 −0.1762 0.1838

Results
λdir −0.532 −0.490 −0.530 −0.533 −0.572

(Rχc −Rrefχc )/Rrefχc +0.123 +0.100 +0.213 +0.072 +0.186
(R12 −Rref12 )/Rref12 0.0 +0.162 −0.075 +0.115 −0.112
(Rχc −Rpolχc )/Rpolχc +0.025 +0.005 +0.112 −0.020 +0.086
(R12 −Rpol12 )/Rpol12 0.0 +0.162 −0.075 +0.115 −0.112

Table 8.2.: Variation of Rχc and R12 due to polarization calculated for < λobs > (top),
< λobs > + 2σ (middle) and < λobs > − 2σ (bottom). The values of Rrefχc
and Rref12 are calculated without the assumption of polarization (Tabs. 9.1
and 9.2). The values of Rpolχc and Rpol12 are evaluated with the assumption of
only direct J/ψ polarization (second column of the top table). The framed
values show the change due to direct J/ψ polarisation (top) as well as the
maximum negative (middle) and positive (bottom) variations of Rχc and R12
with respect to Rpolχc and Rpol12 , respectively.
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(λobs = −0.35, λ1 = 0 and λ2 = 0), i.e. by assuming that the observed J/ψ
polarization is only due to direct J/ψ. The measured Rχc is shifted up by 9.5%,
while obviously no effect on R12 is produced.

• The variation band is defined by taking the extreme positive and negative varia-
tions on the central values defined above, among all combinations of λobs (varied
within twice the measurement uncertainties [FS06], corresponding to a 95% c.l.)
and λ1 and λ2 (corresponding to the different pure helicity states |J, M〉):
– upper value: λobs = −0.44, λ1 = −0.24, λ2 = 0.18 (for Rχc) and λ1 = −0.24,
λ2 = −0.18 for R12. The values are given in the boxes of the bottom part of
Tab. 8.2 where also the corresponding helicity states are shown;

– lower value: λobs = −0.26, λ1 = 0.21 and λ2 = −0.18 (for Rχc) and λ1 = 0.21
and λ2 = 0.18 for R12. The values are reported in the boxes of the middle
part of Tab. 8.2 where also the corresponding helicity states are shown.
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9. Results and discussion

9.1. Results
9.1.1. Rχc

Following the Eqs. (4.2) and (4.3) and by using the values of the evaluated efficiencies
(J/ψ and γ) quoted in Tabs. 6.1 and 6.2, and the numbers of J/ψ and of χc obtained from
the fits performed on real data (Tabs. 4.4 and 5.3) one can calculate Rχc . In Tab. 9.1
the values of Rχc are reported for each material and the total data set evaluated with
the two formulas. The quoted systematic error is calculated from Tab. 8.1 and does
not include polarization. In case of formula (4.2), the value of Rχc is obtained by fixing
∆Mχc1 and σχc1 as explained in Sect. 5.5. The final value of Rχc , calculated by weighted
averaging of the results obtained from the two statistically independent measurements
(carbon and tungsten) by using formula (4.2) is:

Rχc = 0.190+0.030
−0.029(+0.041

+0.004)pol, (9.1)

where the first part of the error includes the statistical and systematic uncertainties
added in quadrature (extracted from Tab. 9.1) and the second part is due to polarization
(described in Sect. 8.4 and reported in Eq. (8.2)).

Sample Rχc Rχc
(Eq. (4.3)) (Eq. (4.2))

C 0.188± 0.013stat
+0.024
−0.023sys 0.186± 0.020stat

+0.024
−0.022sys

W 0.208± 0.024stat
+0.027
−0.025sys 0.205± 0.037stat

+0.027
−0.025sys

Total 0.193± 0.011stat
+0.025
−0.023sys 0.190± 0.017stat

+0.025
−0.023sys

Table 9.1.: Values of Rχc calculated by Eq. (4.2) and Eq. (4.3).

9.1.2. Rχc1, Rχc2 and R12

In Tab. 9.2 the values of Rχc1 , Rχc2 and R12 are reported, evaluated by the formulas (4.2)
and (4.7), where the ratio Nχc1/Nχc2 is obtained from the double-Gaussian fit (explained
in Sect. 5.5). The systematic errors are quoted only for R12, estimated in Sect. 8.3. The
final value of R12 obtained, by averaging the results from the measurements of the two
materials is:

R12 = 1.30+0.59
−0.37(+0.21

−0.15)pol, (9.2)
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Sample Rχc1 Rχc2 R12
C 0.106± 0.014 0.080± 0.012 1.32± 0.24stat

+0.57
−0.32sys

W 0.114± 0.026 0.091± 0.023 1.26± 0.38stat
+0.54
−0.30sys

Tot 0.108± 0.012 0.082± 0.011 1.30± 0.20stat
+0.56
−0.31sys

Table 9.2.: Measured values of Rχc1 , Rχc2 and R12 = Rχc1/Rχc2 .

9.1.3. χc1 and χc2 cross sections and ratio

In Sect. 4.3 the procedure for the determination of χc cross sections (σ(χc1) and σ(χc2))
and their ratio (σ(χc1)

σ(χc2)) is explained (see Eq. (4.9) and Eq. (4.10)). In Tab. 9.3 the values
of the cross sections and their ratio are presented. After averaging the results from the
two materials the total χc cross sections are therefore:

σ(χc1) = 153± 27 nb/nucleon,
σ(χc2) = 207± 39 nb/nucleon,
σ(χc1)
σ(χc2) = 0.74+0.34

−0.22,
(9.3)

where the errors do not include the effects from polarisation.

Sample σ(χc1) σ(χc2) σ(χc1)
σ(χc2)

nb/nucleon nb/nucleon
C 150± 25stat ± 17sys 200± 36stat ± 23sys 0.75± 0.14stat

+0.32
−0.18sys

W 161± 40stat ± 19sys 227± 62stat ± 26sys 0.71± 0.22stat
+0.31
−0.17sys

Tot 153± 21stat ± 17sys 207± 31stat ± 24sys 0.74± 0.12stat
+0.32
−0.18sys

Table 9.3.: Production cross sections of σ(χc1), σ(χc2) and σ(χc1)
σ(χc2) .

9.2. Discussion of the results

The combined result of Rχc for the two materials is presented in Sect. 9.1.1 (see Eq. 9.1).
From Tab. 9.1 follows that the two independent measurements for C and W are com-
patible within the error.
In comparison to other experiments the result for Rχc is lower (∼ 1.5σ), but none of

the experiments has accounted for possible polarization. The most significant deviations
show the experiments E705 and R806 which are 2.3σ and 3.3σ, respectively. All the
recent measurements of Rχc and the current one are summarized in Fig. 9.2. Note that
the measured value of Rχc for experiments using pions is higher than the ones with
protons. More of the most precise results from pN experiments are compatible with
the Tevatron result, except the current measurement which is lower by 1.6σ. Also the
presented value of Rχc is calculated by using almost 10 000 reconstructed χc, more than
all experiments have collected together (see Tab. 3.3) leading to a better precision than
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the other experiments.
In comparison to the previous result from HERA-B [A+03] the present one is lower

by 1.7σ. The previous measurement did not include the effect of the background coming
from the decay ψ(2S) → J/ψπ0π0 nor the correction for photons from χc decay that
would lead to even higher Rχc . The reason for the lower value of Rχc could also be an
effect of the event mixing procedure but various studies and tests indicate a rather stable
value of the counted χc (see Sect. 8.2) and thus we believe that the differences from the
previous HERA-B result are mainly statistical.
The studies on polarization of J/ψ and χc show that the measured value of Rχc could

change by up to 20%. Although all the previous experiments neglected the polarization,
however it could lead to the same effect, since all measurements share similar uncer-
tainies to greater or lesser extent, depending on the geometry of the detector used. The
calculated effect of polarization represents the maximum range Rχc could vary dependent
on the contribution from the already measured J/ψ polarization.
In Fig. 9.2 the comparison of the result of Rχc with the three theoretical models is

shown. As a first observation, the CSM largely overestimates Rχc from the existing
experimental data. The incompleteness of the CSM for the description of charmonium
production is already suggested in [A+97a]. The CEM makes no absolute predictions for
Rχc . In this model the value of Rχc is simply an input from experiments. The NRQCD
model provides predictions closer to the current status of measurements.
Table 9.4 presents measurements from various experiments of the values of the χc cross

sections (σ(χc1) and σ(χc2)) and their ratio (σ(χc1)
σ(χc2)) updated by using the current PDG

values [Y+06] for the χc decay branching ratios and the J/ψ cross sections obtained from
[M+06]. The values of σ(χc1), σ(χc2) and σ(χc1)

σ(χc2) listed in Tab. 9.4 are shown in Fig. 9.1.
As can be seen, the data scatter strongly beyond their respective uncertainties. The
results from the most precise experiments for the σ(χc1)

σ(χc2) are smaller than the Tevatron
result. Also there seem to be a trend towards larger values of the ratio in πN than in
pN experiments.
The theoretical situation is far from certain. The CSM predicts that σ(χc1)

σ(χc2) ≈ 0.05 −
0.07 for both pN and πN collisions [BR96, Ben96]. The lower value of the ratio is due
to the fact that χc1 cannot be produced in leading-order gluon-gluon fusion process.
There are substantial differences among the NRQCD model predictions for σ(χc1)

σ(χc2) in
fixed-target experiments. Beneke [Ben96] gives a crude estimate σ(χc1)

σ(χc2) ≈ 0.3 for both
pN and πN collisions. This estimate is based on the assumption that the 3P2 and 3P2
color octet matrix elements dominate the χc1 production. Maltoni [Mal00] gives values
of the ratio for pN collisions that vary from σ(χc1)

σ(χc2) ≈ 0.04 to σ(χc1)
σ(χc2) ≈ 0.1 when the beam

energy changes from 200 GeV to 800 GeV. However, his calculations suffer from large
uncertainties depending on the renormalization scale and on the choice of the heavy
quark mass. In summary, the existing predictions for σ(χc1)

σ(χc2) based on NRQCD model
are in the range 0.04 − 0.3 for both pN and πN collisions. The CEM model predicts
σ(χc1)
σ(χc2) ' 3/5 [AEGH97, AEGH96].
In conclusion, both pN and πN data yield results for the cross sections ratio suffi-

ciently larger than the CSM predictions. The pN experiments seem to favor NRQCD

107



9. Results and discussion

  [GeV]s
10 15 20 25 30 35 40 45 50

) 
n

b
/n

u
cl

eo
n

c1χ(σ

10

210

310

Nπ 
 pN

 this measurement

  [GeV]s
10 15 20 25 30 35 40 45 50

) 
n

b
/n

u
cl

eo
n

c2χ(σ

10

210

310

Nπ 
 pN

 this measurement

a) b)

  [GeV]s
10 15 20 25 30 35 40 45 50

)
c2χ(σ

)/
c1χ(σ

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8
Nπ 

 pN

 this measurement

c)

Figure 9.1.: Summary of experimental results on σ(χc1) (a), σ(χc2) (b) and σ(χc1)
σ(χc2) in pN

and πN collisions.

model while πN experiments favor the CEM model. However, the large theoretical and
experimental uncertainties do not allow to make a firm conclusion.

9.3. Conclusion

In this thesis a new measurement of the fraction of J/ψ produced via χc decays triggered
by the HERA-B detector in pC and pW interactions at 920 GeV (

√
s = 41.6 GeV) is

presented. The measurement was performed by triggering and selecting the events from
the J/ψ → µ+µ− decay channel in the region −0.35 < xF < 0.15 and detecting the γ
from the decay χc → J/ψγ. The reconstructed number of χc from the two materials
amounts to almost 10 000 χc that is the largest sample ever observed in pN collisions.
The measured value of Rχc = 0.190+0.030

−0.029 is compatible with the value published by
the HERA-B Collaboration [A+09] where also the electron decay channel of J/ψ (J/ψ →
e+e−) is included (parts of this analysis have entered into the HERA-B publication), but
it is lower than other experiments. The presented result favors the NRQCD model over
CEM and CSMmodels. Combining this result with the published HERA-B measurement
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9.3. Conclusion

Ref. Collision
√
s (GeV) σ(χc1)

σ(χc2) σ(χc1) (nb/n) σ(χc2) (nb/n)
[L+82] π−Be 18.7 0.79± 0.28 42± 10 53± 14
[B+85] π−Be 18.9 0.98± 0.65 49± 21 50± 25
[H+84] π−Be 20.2 1.12± 0.48
[A+92] π−Li 23.8 0.80± 0.16 94± 16 118± 23
[K+96] π−Be 31.1 0.65± 0.22 199± 45 304± 74
[A+01] pp 1800 1.20± 0.35
[B+85] pBe 19.4, 21.7 0.24± 0.28 43± 50 177± 90
[A+00] pSi 38.8 0.61± 0.24 238± 69 392± 124

Table 9.4.: Experimental values for σ(χc1)
σ(χc2) , σ(χc1) and σ(χc2) obtained in different ex-

periments. The measurements are made in π−N, pp and pN collisions.

on ψ′ production [A+07a] one can estimate a lower value of ∼ 26% (fraction of J/ψ from
χc and ψ′ decays relative to the all produced J/ψ) from the commonly assumed one
(40%) to describe Quark-Gluon Plasma.
The large χc statistics allows to separate the two χc states, providing an additional

information on the ratio R12 = Rχc1/Rχc2 = 1.30+0.59
−0.37 and on the ratio of the cross

sections σ(χc1)
σ(χc2) = 0.74+0.34

−0.22. The value of the ratio σ(χc1)
σ(χc2) is compatible with the mea-

surements of fixed-target experiments and it is about 1σ lower than the Tevatron result.
However, the large experimental and theoretical uncertainties prevent to rule out either
the NRQCD or the CEM model. The χc1 and χc2 cross sections are calculated to be
σ(χc1) = 153± 27 nb/nucleon and σ(χc2) = 207± 39 nb/nucleon in the full xF range.
In addition, an evaluation of the possible effects of polarization of J/ψ and χc was

performed. The maximum possible range of the variation of the Rχc and R12 due to the
measured J/ψ polarization [FS06] was calculated. The studies on polarization indicate
a rather symmetric behavior of R12 (11− 16% change around its reference value defined
in Sect. 8.3 with tendency for larger values, towards increasing the value of R12) while
Rχc tends to shift to higher values (+22% change from its reference value, see Sect. 8.3).
Although, these results were influenced by the negative polarization of J/ψ (< λobs >=
−0.35± 0.04) measured by the HERA-B experiment, the effects of polarization could be
significant and therefore polarization should be considered in future analyses.
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A. Various parametrizations of the χc
fitting function

In order to study the reliability of the parametrization of the fitting function (5.10),
used for χc counting, a detailed study, using Monte Carlo data is performed. The
analysis chain, including selection of the events, χc reconstruction and background es-
timation obtained by the event mixing procedure is the same as for real data. Only
the parametrization (5.10) is changed by omitting one or two of its terms. Such a study
sheds more light on the influence of each term of Eq. (5.10) to the final result. Therefore,
the following tests are performed:

• The same mass difference distribution is fitted with two different fitting functions.
For this purpose the term S2 in Eq. (5.10) is replaced by one Gauss function
instead. The plots (see Fig. A.1 (a) and (b)) of this test show complete agreement
of the values of Nχc calculated with the two different fitting functions.

• The kinematical constraint resulting in the change of the first term in Eq. (5.10) is
not used. The second term is also changed but since it is a first order approxima-
tion, a small change in the shape of the correction will change the result with the
same magnitude. Therefore, the first term will significantly influence the result.

• The second term representing the correction due to combinations with χc photons
is omitted. The kinematical constraint is preserved.

• At the end both corrections are not used in the mass difference distribution.

The comparison of the last three cases show deviation from the MC truth selection.
In all cases different from (a) and (b) not good background description is observed
appearing either as overshoot (Fig. A.1 (d)) or undershoot (Fig. A.1 (c)) in the low
mass range. The best fits resulting in the smallest χ2/ndof are the cases (a) and (b).
After taking into account the results of this study, the parametrization (5.10) is further
used to fit the ∆M distribution of the SE.
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A. Various parametrizations of the χc fitting function
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Figure A.1.: Effect of the corrections to the mixed background on the fit results: a) ∆M
distribution of χc fitted by Eq. (5.10); b) ∆M distribution of χc fitted by
Eq. (5.10) where Eq. (5.13) is replaced by a single-Gaussian; c) the same as
(a) but the background is estimated without using a kinematical constraint;
d) the same as (a) but the second term in Eq. (5.10) is omitted; e) the same
as (a) but the second term in Eq. (5.10) is omitted and the kinematical
constraint is not applied.
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