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In memoria di mia madre

Ho sceso, dandoti il braccio, almeno un milione di scale
e ora che non ci sei é il vuoto ad ogni gradino.
Anche così è stato breve il nostro lungo viaggio.
Il mio dura tuttora, né piú mi occorrono
le coincidenze, le prenotazioni,
le trappole, gli scorni di chi crede
che la realtà sia quella che si vede.
Ho sceso milioni di scale dandoti il braccio
non già perché con quattr’occhi forse si vede di più.
Con te le ho scese perché sapevo che di noi due
le sole vere pupille, sebbene tanto offuscate,
erano le tue.
E. MONTALE, Satura, (1971)
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Introduction
In this thesis we describe the studies performed with the HERA-B experiment
on the production of χc states in proton-Nucleus collisions at 920 GeV. The
idea is to reconstruct the different χc states by exploiting their radiative
decay into J/ψ following the reaction: χc → J/ψγ. The main goal is to
measure two different quantities:
• the fraction (Rχc ) of J/ψ’s produced via radiative χc decays.
• the ratio (R = σχc1 /σχc2 ) of the production cross section of the two χc
states χc1 and χc2 .
The charmonium production is a very attractive test case for testing the
QCD theory. In fact the quarks involved are heavy enough for perturbative
calculations of the q q̄ production process and the cross sections are large
enough to be measured with high precision. As an example the measurement of (Rχc ) as a function of the center of mass energy allows to distinguish
between different models as the color singlet model (CSM), the color evaporation model (CEM) and the relativistic factorization approach (NRQCD).
The present experimental situation is quite contradictory and a new measurement is very important to clarify the situation. On the contrary the
σχc1 /σχc2 ratio is expected to have a slight dependence with the energy, but
the present available measurements have a small precision and don’t allow
to disentagle between the predictions of the different models.
The present work is based on the dilepton data sample collected by the
HERA-B experiment in the data taking period started in November 2002
and ended in February 2003.
The measurement of the fraction of J/ψ’s produced via the χc decays
(Rχc ) is performed by observing the decay χc → J/ψγ → µ+ µ− γ, where the
photons candidates are searched as clusters in the electromagnetic calorimeter (ECAL). In this case the large combinatoric background, due to spurious
clusters in ECAL, can make difficult the identification of the signal. For this
reason a careful analysis strategy have been developed to isolate the signal
events.
9
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The inclusive detection of the photons in ECAL, adopted for the Rχc
measurement, doesn’t allow to disentangle the χc1 and χc2 , since the energy
resolution of the calorimeter is not good enough. As a consequence in order
to measure the χc1 over χc2 production ratio a new analysis approach have
been developed by exploiting the photon conversions in the detector material
following the reaction γ → e+ e− . In this case the momentum of the photon
can be derived from the momenta of the electron and of the positron measured
by the tracking system. This method improves the mass resolution by almost
a factor 2 allowing to disentangle the two χc states.
In the first chapter of this thesis the physics motivations for these two
measurements are discussed. After a detailed overview of the detector and
of the trigger characteristics given in chapter 2, we describe in chapter 3 the
data sample as well as the main features of the Monte Carlo code. Particular attention is devoted to the detector and the trigger simulation and to
the physics generator used to describe the charmonium production. Finally
the kinematic distributions of the charmonium states produced are briefly
described. In chapter 4 the data analyses for the measurement of Rχc and of
the σχc1 /σχc2 ratio are described. In the first case the analysis is performed on
a sub-sample of the data and it allows to obtain a new measurement of Rχc .
In the second case, due to the very low efficiency of the photon conversion
reconstruction the analysis is performed on the full data sample available.
Despite the fact that the used data sample is not very large a preliminary
results on the σχc1 /σχc2 ratio is provided.
Finally, the obtained results are discussed in the frame of the present
available QCD predictions and are compared with the existing experimental
results.

Chapter 1
Quarkonium phenomenology
1.1

Introduction

Since the discovery of J/ψ in 1974, [1] and its interpretation within QCD as
charm-anticharm bound state, the study of quarkonium has received much
attention from both a theoretical and an experimental point of view. The
interest for these particles is twofold: on one side the availability of an overwhelming quantity of data on production and decay rates measured in several
different conditions, on the other side, the possibility of using the quarkonium
system as a unique test ground for proving both the perturbative and nonperturbative aspects of the Quantum Chromodynamics (QCD). During the
last seven years, investigations on charmonia and bottomonia systems have
produced striking surprises. In fact, orders of magnitude of disagreement
have been found between the old predictions and the new measurements of
ψ and Υ production at several collider facilities. Quarkonia inclusive decay rates [2] and cross sections were first calculated at leading order (LO)
and compared to experimental data under the assumption of a factorization
between a short distance part, describing the annihilation (or the creation)
of the heavy-quark pair in a color singlet state and a non-perturbative long
distance factor, accounting for the soft part of the process. Applications of
this approach, usually referred as the Color Singlet Model (CSM), led to the
calculation of the LO (Leading Order ) matrix elements for the production of
the total cross sections and pT distributions in hadronic collisions [3].
In the case of charmonium S-waves the simple factorization hypothesis
underlying the CSM was confirmed by the calculation of one-loop correction
[5, 6]. Instead the appearence of a logarithmic infrared divergence in the case
of NLO P -wave decays into light hadrons [4] violated factorization explicitly.
Even if this singularity could be handled by relating it to the binding energy
11
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of the heavy quarks, it has since then been clear that, in spite of its simplicity, the CSM suffered from serious theoretical limitations. The principal
one being the absence of a general theorem granting its validity in higher
orders of perturbation theory, as explicitly indicated by the example of the
P -states. In addition to this, the striking observation by CDF of large-p T
J/ψ and ψ 0 states produced at the Tevatron [7] at a rate more than one order
of magnitude larger than the theoretical predictions (see fig.1.1), and the serious discrepancies between fixed-target data and predictions for the relative
production rates of 3 S1 , 3 P1 and 3 P2 states, showed off any possible doubt
that the CSM was an unsatisfactory tool for this kind of processes. A brief
description of Hadroproduction kinematic and partonic cross section will be
given in section from 1.2 to 1.4. In the following sections a short description
of the charm production models will be given, while a more detailed description of the different tools for the study of quarkonium system will be given
in section 1.9.

1.2

Hadroproduction

The QCD improved parton model (see [8] for reference) describes a scattering
process between two hadrons as the result of an interaction between the
partons, the quarks and the gluons that make up the hadrons. The cross
section for a process initiated by two hadrons, labelled 1 and 2, (see Fig.1.2
for reference) can be written as a convolution between their parton density
fi,j and the partonic cross section σˆij :

σ(P1 , P2 ) =

XZ

(1)
(2)
dx1 dx2 fi (x1 )fj (x2 )σˆij (p1 , p2 , αS )

ij

Λ2QCD
+ O(
)
Q2

(1.1)

where i and j indicate a quark, an anti-quark or a gluon and Q2 the
hard energy scale of the process, αs is QCD effective coupling and ΛQCD is a
dimensional parameter able to give a parametrization of the Q2 dependence
of αs . The four-momenta of the partons p1,2 are fractions x1,2 of the total
hadron four-momenta P1,2 :
p1 = x 1 P 1 ,
(1.2)
p2 = x 2 P 2 .

(1.3)

The difference between the partonic momentum fractions gives a net longitudinal momentum pz in the centre-of-mass frame (P~1 = −P~2 ):
x1 − x 2 ≈

2pz,c.m.
√
≡ xF ,
s

(1.4)

1.2. HADROPRODUCTION
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Figure 1.1: Theoretical transverse momentum differential cross section for
J/ψ (above) and ψ 0 (below) production at the Tevatron in the pseudorapidity
interval |η| ≤ 0.6 compared against preliminary CDF data. In the upper picture the dashed curve depicts the color-singlet contributions which includes
direct J/ψ production and radiative feed-down from χcJ states. The dotdashed curve illustrates the color-octet contributions and the solid curve represents the total theoretical differential cross section. The J/ψ cross section
predicted by the high energy gluon fragmentation approximation is shown
by the dotted curve. In the lower the curves are labelled as the previous one.
The dashed color-singlet cross section includes only direct ψ 0 production.

14
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P1
f i (x1 )

x1P

1

σYij (α S)
P

2

f j ( x2 )

Y

x2P

2

Figure 1.2: Description of hadron-hadron scattering in parton model. The
hadrons 1 and 2 with four momenta P1 and P2 interact with each other
through their partons with momenta fractions x1 and x2 , to create Y in the
final state. The parton scattering is factorized into the partonic cross section
σijY .
where s = (P1 +P2 )2 is the squared energy of the center-of-mass. The variable
xF (Feynman x) and the transverse momentum pT are widely used for the
description of the produced particles. For J/ψ production, the momentum
fractions x1 and x2 must be sufficiently large to produce the invariant mass
of the J/ψ, mJ/ψ ≈ 3.1GeV /c2 :
m2 = (p1 + p2 )2 ≈ x1 x2 s > m2J/ψ .

(1.5)

Neglecting parton Fermi motion inside the nucleon, in fixed target production pA → J/ψX, where in the lab frame p2 = (x2 mN , 0, 0, 0) and
p1 = (x1 Ebeam , 0, 0, x1 Ebeam) , the system has a forward Lorentz boost γz
that is related to xF :
J/ψ

p
mJ/ψ
x1 Ebeam
γz ' z,lab ' √
'
mJ/ψ
2x2 mN
2x1 x2 mN Ebeam
mJ/ψ
1
q
=
mN −xF + x2F + 4m2J/ψ /s

1.3

(1.6)

Factorization and renormalisation

In a partonic cross section calculation as a power series, two common types
of divergences may appear: infrared and ultraviolet divergences. Ultraviolet

1.4. PARTONIC CROSS SECTION FOR CHARM PRODUCTION
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divergences occur in loop-diagrams when the momenta p → ∞. These divergences are removed through a renormalisation procedure. This introduces a
scale, µR , at which the subtractions able to remove the divergences are performed. The ’bare’ coupling constant αS , is then replaced by a renormalised
coupling constant αS (µR ), which depends on the choice made for µR . On the
other way, the infrared singularities (p → 0) are factorised into a universal
non-perturbative part of the cross section. The QCD factorization theorem
allows a separation of the long distance part (soft) and short distance (hard)
part of the interaction. These processes are separated by a factorization
scale µF . In the short distance part of the cross section the four-moment
transfers |Q| are sufficiently large to ensure that the perturbative expansion
of the cross section converges. The values of |Q| must be a few times ΛQCD
(≈ 0.2 GeV), if a truncation of the perturbation series is to produce reliable results. In contrast, processes with low momentum transfers cannot be
calculated perturbatively. However, since they are universal, they can be
measured separately, e.g. in deep-inelastic scattering experiments. Both the
renormalization scale µR and the factorization scale µF are arbitrary parameters. Their values are typically chosen to be of the order of the scale of the
hard interaction Q.
µR = µ F = Q
(1.7)
The two scales are usually varied to estimate the uncertainty associated with
the truncation of the perturbative expansion. The higher the order of the
perturbative calculation, the weaker the dependance on the exact values of
µR and µF will be. After factorizing all processes with scales Q < µF into the
parton densities, the production cross section for a hard scattering process,
calculated to order αSn is written as:
σ(P1 , P2 ) =

XZ
i,j

1.4

(1)

(2)

dx1 dx2 fi (x1 , µ2F )fj (x2 , µ2F )

n
X

m=2

σ̂ijm (p1 , p2 , αSm (µ2R ),

Q2 Q2
,
)
µ2F µ2R
(1.8)

Partonic cross section for charm production

Starting at the lowest order (leading order, LO) in αS , the production of a cc
pair has contributions from gluon fusion and quark-anti-quark annihilation.
All the propagators in the corresponding Feynman diagrams (see fig.1.3) are
off-shell by at least m2c .
The charm quark mass provides a natural choice for the scale of the
process, which is generally taken to be the minimum virtuality of an s-channel

16
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Figure 1.3: Leading order Feynman diagram for cc̄ production. The minimum
virtuality for an s-channel gluon is 4m2c , commonly used as value for the
factorization scale µF .
exchange:
µ2F = Q2 = 4m2c

(1.9)

To evaluate the theoretical uncertainty of the calculated cross section, the
charm quark mass mc is generally varied between the lower and upper limits
of 1.2 and 1.8 GeV/c2 , respectively. Observing that mc > ΛQCD , a perturbative approach for this heavy quark can give reasonable results for the partonic
cross section, unlike for lighter quarks. The LO partonic cross section are
[9]:
παS2
m2c m4c
1+λ
1
31m2c
[(1
+
4
+
)
ln(
)
−
(7
+
)λ], (1.10)
3m2
m2 m4
1−λ
4
m2
2m2c
8παS2
(1
+
)λ,
(1.11)
σqcc̄q̄ (m2 ) =
27m2
m2

cc̄
σgg
(m2 ) =

where λ =

1.5

q

1 − 4m2c /m2 and m2 = x1 x2 s.

Parton densities

The parton densities that enter into Eq.1.1 cannot be calculated perturbatively. Many parametisations are actually available to fit the data from

1.6. CHARM PRODUCTION AT HIGHER ORDER
parton density

1

10
10

convoluted

gluons
u quarks
u quarks

x 1x 2f i(x 1)f j (x 2)

x f i(x)

10

17

-1

p

Ti

p

Ti

fg(x1 ) × fg (x2 )
fq(x1 ) × fq (x2 )

1

-2

10

-3

10
-2
a) 10

10

-1

x

1

-1

b)

-0.4 -0.2

0

0.2

0.4
xF

Figure 1.4: Quark and gluon densities evaluated at the appropriate scale
Q2 = 4m2c with CTEQ5L density function for u, u and gluons in (a). In
(b) a convolution of the parton densities of the proton with the densities in
a Titanium nucleus (from parametrization A-EKS [11]) as a function of xF ,
assuming x1 x2 s ≈ m2J/ψ . The qq convolution is the sun of all flavours. The
parton densities are obtained from pdflib version 8.04.
various experiments, spanning large regions in both x and Q2 . Among the
most recent ones, there is the CTEQ5L [10] (see fig.1.4 for reference) where
quark, anti-quark and gluon densities of the proton are evaluated at the scale
Q2 = 4m2c .
Among the most important properties of the parton densities there is
the approximate scaling fi (x, Q2 ) ≈ fi (x), so that the dependence on the
factorization scale is weak. In contrast the variation with x is strong: the
dependence of the production cross section on mc is dominated by the parton
density, and not by the partonic cross section. Since the gluon density rapidly
decreases with increasing x, the cc̄ pairs are generally produced with an
invariant mass near the threashold of 2mc and therefore we have:
x1 x2 s ≈ m2J/ψ .

1.6

(1.12)

Charm production at higher order

A complete calculation at next-to-leading order for charm and beauty hadroproduction is available with the inclusion of the effects of real and virtual gluons;
see [12, 13, 14, 15, 16] for reference. In fig.1.5 are shown the results for charm
quark masses of 1.2, 1.5 and 1.8 GeV/c2 in a comparison with experimental
data at fixed target energies. A full next-to-next-leading order calculation
for heavy quark production does not yet exist, even if first steps in this kind
of calculation have been taken [17, 18].

18
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Figure 1.5: Heavy quark production cross sections as a function of the proton
beam energy in pA collision, calculated to NLO for various values of mc and
mb . The top curves show the charm production cross section, the bottom
ones the beauty production cross section. The upper and lower limit are
obtained by varying the factorization scale µF between mQ /2 and 2mQ . The
experimental data, mainly from Fermilab fixed target experiments, are also
shown.

1.6.1

Transverse momentum

In the simplest first order parton models, both the interacting partons and
the cc̄ pair produced do not have a transverse momentum with respect to the
interaction axis. Different mechanisms are in place, in different kinematical
region, to account for the kinematical distributions of the cc̄ pair:
• Perturbative
In Feynman graphs beyond leading order, one or more recoiling gluons
lead to a no-zero pT of the cc̄. A perturbative approach, however, can
only give reliable results for sufficiently large pT .
• Intrinsic transverse momentum
The description of the creation of low pT particles cannot be handled in
a perturbative way. Such processes are part of a higher twist corrections
to the factorization formula. One can effectively reproduce the observed
pT spectra by attributing an intrinsic transverse momentum ~kT to the
partons. The pT of the cc̄ pair is then inherited from the ~kT of the
partons. One generally assumes ~kT to be distributed according to a

1.7. CHARMONIUM PRODUCTION
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Figure 1.6: The charmonium system
Gaussian distribution:
b
P (k~T ) = exp(−2bkT2 )
π

(1.13)

where kT = |k~T |. This intrinsic transverse momentum gives rise to a
total pT in the final state, which is distributed according to:
dσ
∝ exp(−bp2T ).
dp2T

(1.14)

The pT distributions atqfixed target energies are reproduced assigning
to the partons hkT i = π/4b, a value of the order of 1 GeV/c.

• Gluon fragmentation
The cc̄ production at very high pT (pT > 10GeV /c) is generally described by the fragmentation of hard gluons. However, considering
that the HERA-B production of cc̄ couples occurs at lower pT (pT <
5GeV /c), we will disregard this mechanism.

1.7

Charmonium production

1.7.1

The charmonium spectrum

Charmonium, a bound state of cc̄ pair, is approximately a non-relativistic
system: the average velocity β of a c quark is estimated at βc2 ≈ 0.23. The
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State J P C

S L J

P

C

Particle

S0

0

−+

0

0

0

-1

+1

ηc

3

S1

1−−

1

0

1

-1

-1

J/ψ

3

S1

1−−

1

0

1

-1

-1

ψ(2S)(ψ 0 )

1

P1

1+−

0

1

1

+1

-1

hc

3

P0

0++

1

1

0

+1

+1

χc0

3

P1

1++

1

1

1

+1

+1

χc1

P2

++

1

1

2

+1

+1

χc2

1

3

2

Table 1.1: Charmonium bound states (Γ < 20M eV )
cc̄ pair is tightly bound, and the cc̄ interaction is dominated by the exchange
of single gluons. In analogy to positronium, a good description of the spectrum of charmonium states (see Fig.1.6 for reference) can be obtained from
non-relativistic quantum mechanism, using a Coulomb-like binding potential, with the addition of an extra term, able to ensure the confinement at
large distances:
4 αS (1/r2 )
+ K 2r
(1.15)
V (r) = −
3
r
Here, r is the distance between the two c quarks, K(≈ 430 MeV) is called
the string tension and the factor 4/3 is a color factor. For small values of r
(r < 1 fm), the value of αS is around 0.3. The charmonium system is made
up of seven different long living states (Γ < 20M eV ), that can be summed
up in the tabular 1.1.

1.7.2

Charmonium decays: direct and indirect J/ψ production

All the states that are produced with masses above the open charm threshold mDD̄ = 2MD decay strongly to a D D̄ pair and therefore should not be
considered as truly bound states. The sub-threshold charmonium states can
decay electro-magnetically or hadronically, according the different conservation rules here described:
• Color SU(3) symmetry
Since bound states are color singlet states (colorless), they cannot annihilate into a single gluon, that is a color octet state.
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• C parity conservation
The quantity C = (−1)L+S must be conserved in the decay. For this
reason, the states ηC , χc0 and χc2 that have C = +1 can decay via two
gluons or two photons (C(γ) = -1), while is forbidden for J/ψ and ψ 0 ,
since for these two states C = −1).
• Yang’s Theorem
According to the Yang’s theorem, a massive spin-1 particle can not
decay in two identical massless spin-1 particles. This forbids the χc1
decay into two photons or two gluons, although such a decay conserves
C parity.
• OZI rule
The Okubo-Zweig-Iizuka rule states that decays mediated by one or
more hard gluons, have reduced rates. This makes a bound cc̄ state
with mass below the D D̄ threshold relatively stable.
Observing that both J/ψ and ψ(2S) have the same quantum numbers as
the photons, and that their strong decay rate is suppressed because of the
OZI rule, they can decay into a lepton pair via a virtual photon, enhancing
the leptonic branching ratio to an appreciable 12%. This makes the J/ψ
relatively easy to detect experimentally. Looking at fig.1.6 it is clear as
an excited charmonium state can make a radiative transition to a state of
lower mass; since it is experimentally difficult to separate a directly produced
J/ψ from a J/ψ originating from an excited state, the common definition of
the J/ψ production cross section has to include such feed-down processes
(neglecting other contributions):
J/ψ

σ J/ψ = σdirect +

X

0

σ χcJ × Br(χcJ → J/ψγ) + σ ψ × Br(ψ 0 → J/ψX), (1.16)

where Br() is the branching ratio for the transition. Measurements show that
approximately 55% of the J/ψ produced in hadronic interactions are directly
produced (see e.g. [19] and reference therein). The indirect production is
predominantly due to χc1,2 (35%) and ψ 0 (10%).

1.8

Charmonium production models

Most of the cc̄ pairs created in a proton-nucleon interaction will fragment
into a DD̄ pair. Only a small fraction (∼ 5%) will bind together and form a
charmonium state. The central problem remains a firm understanding of the
production mechanisms underlying these events. Key issue of the problem is
weather or not the cc̄ pair must be created in the same color neutral state
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as the charmonium state. Three different models have been proposed in
the years to describe the charmonium formation (A + B → H + X where
the charmonium state is H): Color Evaporation Model (CEM), Color Singlet
Model and the most recent, Color Octet Model (COM).

Color evaporation model (CEM)
In the color evaporation model [20] a colored cc̄ pair, produced via a single
gluon exchange, can become colour neutral by radiating soft gluons. Each
cc̄ pair (colored or not) with a mass below the D D̄ threshold has a certain
probability AH to form a bound state H:
σH = A H

Z

2MD
2mc

dm

dσ(m)
dm

(1.17)

where m2 = x1 x2 s. Since the probability AH cannot be calculated, this model
cannot predict absolute cross sections. Nevertheless, a couple of predictions
can be made: differential production cross section should be the same for
all the charmonium states, except for an absolute normalisation factor AH .
Furthermore, cross section ratios should not depend on the centre-of-mass
energy. Both predictions are in reasonable agreement with observations [19].

Color singlet model (CSM)
A more rigorous and predictive description of charmonium formation is the
color singlet model [21] [22]. It assumes that cc̄ pair is created in a colour
neutral state with the same quantum numbers as the charmonium state. The
rules for the decay are equally applicable to the production of the cc̄ couple.
Its first implication is that only a subset of diagrams for the cc̄ production
can contribute to the final state too: no charmonium state can be produced
from an s-channel gluon because of the color neutrality, moreover because of
C-parity conservation, it is forbidden the creation of a J/ψ from gluon fusion
at leading order. Therefore, the lowest order diagrams are O(αS3 ) for the
production of J/ψ, and O(αS2 ) for the production of ηc (see fig.1.7).
The probability that a cc̄ pair with correct quantum numbers will bind
into a charmonium state H is given by the square of the radial wave function
at the origin:
σ(H(2S+1 LJ )) =|

dl
Rnl (0) |2 σ(cc̄(2S+1 LJ )).
l
dr

(1.18)

The wave function Rnl can be calculated from Schrödinger equation with a
potential V(r) as given in Eq.1.15. Its value at the origin can be obtained
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ηc

23

J/ψ

a)

b)

Figure 1.7: Leading order diagrams in CSM for the production of ηc (a)
and J/ψ (b). In the CSM, the leading order J/ψ production is O(α 3 ) as a
consequence of C parity conservation.
from the leptonic decay width [19] e.g:
Γ(ψ(nS) → l+ l− ) =

16 αS (m2c )
16α2
2
].
|
R
(0)
|
[1
−
nS
2
9Mψ(nS)
3
π

(1.19)

The CSM prediction for the ratio of (direct) J/ψ and ψ 0 production:
0
3
Γ(ψ 0 → l+ l− )MJ/ψ
σψ
≈ 0.24,
=
σ J/ψ
Γ(J/ψ → l+ l− )Mψ30

(1.20)

is in good agreement with the measured value of 0.23 [23]. However, the
prediction that σ J/ψ should be one order in αS (m2c ) ≈ 0.20 smaller than σχc
is at variance with observation at fixed target energies, where similar rates
are observed. Moreover, the CSM fails to describe the data on J/ψ and ψ 0
production at high pT . Such high pT J/ψ production is dominated by gluon
fragmentation, that, in CSM, can occur only in associations with two hard
gluons, and is therefore suppressed by αS2 .

Color octet model - NRQCD factorization
A recent approach to charmonium formation is the color octet model, based
on an effective field theory called Non-Relativistic QCD (NRQCD) [24]. It
is somehow similar to the color evaporation model because it allows for nonperturbative transitions from colored cc̄ pairs to charmonium states, but it
is built on more solid theoretical basis. For each cc̄ pair in a color octet
(8) or color singlet (1) state n (in spectroscopic notation n=2S+1 LJ ), there
H
is a transition probability hO1,8
(n)i to become a charmonium state H. The
NRQCD factorisation formula for the production cross section of state H
then includes the contributions from these transitions:
σH =

X
n

cc̄
H
σ1,8
(n)hO1,8
(n)i

(1.21)
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In contrast to the factors AH of the CEM, the non-perturbative matrix
H
element hO1,8
(n)i can in principle be calculated in NRQCD. In fact, their
value could be determined using lattice NRQCD calculations, even if, in
practice, they are extracted from fits to experimental data. A more detailed
description of NRQCD method and of Color Octet model is given in the
following section.

1.9

The new formalism: NRQCD

A significant step forward in the studies of quarkonium phenomenology has
been taken by Bodwin, Braaten and Lepage [24], who provided a new framework for the study of quarkonium production and decay within QCD. In this
new formalism, perturbative factorization is obtained by allowing the quarkonium production and decay to take place via intermediate QQ̄ states with
different quantum numbers than those of the physical quarkonium state, that
is produced or decaying. In this new kind of approach one of the cornerstone
is based on the fact that quarkonia bound states are inherentely nonrelativistic. In this way the physics of quarkonia involves consequently several energy
scales which are separated by the small velocity v of the heavy constituents
inside QQ̄ bound states. The most important scales are set by the mass MQ ,
momentum MQ v and kinetic energy MQ v 2 of the heavy quark and antiquark.
In order to keep track of this scale hierarchy, an effective field theory called
Nonrelativistic Quantum Chromodynamics (NRQCD) has been established.
This effective field theory is based upon a double power series expansion in
the strong interaction fine structure constant αS = gS2 /4π and the velocity
parameter v ∼ 1/logMQ . Quarkonia are described within NRQCD framework in terms of Fock state decompositions. The wavefunction of an S-wave
orthoquarkonio vector meson looks schematically like:
(8)

(1)

|ψQ i = O(1)|QQ̄[3 S1 ]i + O(v)|QQ̄[3 PJ ]gi
(8)

(1,8)

+O(v 2 )|QQ̄[1 S0 ]gi + O(v 2 )|QQ̄[3 S1
2

+O(v )|QQ̄[

3

(1,8)
DJ ]ggi

]ggi

(1.22)

+ ...

The spin, orbital and total angular momentum quantum numbers of the QQ̄
pairs in each Fock component are indicated in square brackets in spectroscopic notation, while the pairs’ color assignment are specified by singlet or
octet superscripts.
If the relative importance of various production channels depended solely
upon the order in v at which pairs hadronize into physical bound states,
those modes which proceed through the leading Fock component in quarkonia
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wavefunctions would generally be dominant. This is the basic assumption
of the previously quoted CSM, where quarkonium production is presumed
to be mediated by parton reactions that generate colorless heavy quarkantiquark pairs with the same quantum numbers as the mesons into which
they nonperturbatively evolve. The breakdown of this kind of approach
steams from its neglect of all high energy processes that create QQ̄ pairs
with quantum numbers different from those of all final state mesons.
In the formalism of NRQCD the general expression for a production cross
section for a quarkonium state H in the process:

is given by:

A+B →H +X

dσ(H + X) =

X

dσ̂(QQ̄[Q] + X 0 )hOH (Q)i

(1.23)

(1.24)

Q

Here dσ̂(QQ̄[Q] + X 0 ) describes the short-distance production of a QQ̄ pair in
[1,8]
the color, spin and angular momentum state Q ≡(2S+1) LJ , and hO H (Q)i,
the vacuum expectation value of a four-fermion operator defined within nonrelativistic QCD [25, 26] describes the adronization of the pair into the observable quarkonium state H. QQ̄ states with quantum numbers other than
H arise from the expansion of the H Fock-state wave function in powers of
the heavy-quark velocity v. The relative importance of the different contributions in Eq.(1.24) can be estimated using NRQCD velocity scaling rules
[26], which allow the truncation of the series in Eq.(1.24) at any order of
accuracy. If only the lowest order in v is retained, the description of S-wave
quarkonia production or annihilation reduces to the CSM one. In the case
of P-waves, instead, contributions from color-octet S-wave states are at the
same order in v as those from the leading color-singlet P-wave state. Infrared singularities, which appear in some of the short-distance coefficients
(SD) of P-wave states, can then be shown [24] to be absorbed into the longdistance part of color-octet S-wave terms, thereby ensuring a well defined
overall result. A striking consequence of the NRQCD approach is that the
effect of color-octet contributions can be extremely important even in the
case of S-wave decay or production. In fact, while their effects are predicted
to be suppressed by powers of v with respect to the leading color-singlet
ones, their SD coefficients can be enhanced by the details of the hard interaction. There are several examples of this mechanism: for instance, the
first and most important phenomenological success of this approach is the
inclusion of these color-octet processes to obtain a more satisfactory description of the Tevatron data [28, 29, 30], in conjunction with the observation
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that gluon fragmentation provides the dominant contribution to the SD coefficients at large pT [27]. Cornerstone of the predictive power of NRQCD
is the so called “universality” of the non-perturbative matrix element, i.e.
the fact that their value does not depend on the details of the hard process
and so parameters extracted from a given experiment can be exploited in
different ones. Several studies of experimental data coming from different
kinds of reactions have been performed to assess the validity of universality. For example, calculations of inclusive quarkonia production at fixed
target experiments [31], in e+ e− [32], γp [35] collisions and B decays [36]
have been carried out within this framework. Moreover, some of the most
interesting predictions of the factorization approach have not been confirmed
experimentally, and in some cases the overall agreement between theory and
data can not be considered satisfactory, clear indication that large uncertainties are still present. It is therefore important to assess to what extent
universality is applicable. Several potential source of universality violation
are indeed present, both at perturbative and non perturbative level. On a
side there are potentially large corrections to the factorization theorem itself.
In the case of charmonium production, for example, the mass of the heavy
quark is small enough for non-universal power-suppressed corrections to be
large. Furthermore, some higher order corrections in the velocity expansion
are strongly enhanced at the edge of phase space [37]. In fixed target experiments, it was found that inclusion of color-octet production channels removes
large discrepancies between experiment and the predictions of colour-singlet
model for the total production cross section. Furthermore, including octet
contributions accounts for the observed direct to total J/ψ production ratio.
Moreover a fit to fixed target data requires smaller color octet matrix elements than those extracted from high-pT production at the Tevatron. It was
argued [31] that this difference can be explained by sistematic differences in
the velocity expansion for collider and fixed-target predictions. In this way,
while the color-octet mechanism appears to be an essential part of a satisfactory description of fixed target data, important discrepancies remain for
the χC1 /χC2 production ratio and the J/ψ (ψ 0 ) polarization.

1.10

Charmonium P-wave inclusive decays

One of the first applications and successes of the factorization approach of
NRQCD has been the analysis of the decays of the P-wave [33]. For such
states the color-octet component is at the same order in the v expansion as
the color singlet and both of the Fock components have to be considered in
computing physical quantities (see fig.1.8):
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[1]

[8]

|χcJ i = O(1)|3 Pj i + O(v)|3 S1 gi,
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(1.25)

this is due to the fact that contributions to χQJ formation which involve the
first color singlet Fock component are proportional to the squared derivative
at the origin of the P-wave bound state’s wavefunction at the origin. This
quantity counts as O(v 5 ) in the NRQCD velocity expansion. On the other
hand, short distance creation of the S-wave color-octet QQ pair in the second
Fock state of 1.25 takes place at order O(v 3 ). The subsequent long distance
1
evolution of the QQ[3 S(8)
] pair into a colorless χQJ hadron via the emission
or absorption of a soft gluon costs an additional power in v in the amplitude
and v 2 in the rate. So χQJ production proceeds at the same order O(v 5 ) in
both the color singlet and color octet mechanisms.
The necessity of including all the components at a given order in v to
obtain a finite result is a general feature of NRQCD. This is bound to the
fact that the non-perturbative matrix elements characterized by quantum
numbers conserved by NRQCD interaction at a given order in v mix under
renormalization group equation. To leading-order accuracy in v can be used
the heavy-quark spin symmetry, which relates the matrix elements:
hO1 im4c ≡ hχcJ |O1 (3 PJ )|χcJ i = hhc |O1 (1 P1 )|hc i + O(v 2 )
hO8 im2c ≡ hχcJ |O8 (3 S1 )|χcJ i = hhc |O8 (1 S0 )|hc i + O(v 2 )

(1.26)
(1.27)

Moreover, using the vacuum-saturation approximation, which holds true
up to corrections of O(v 4 ), is possible to relate the non-perturbative matrix
elements in the electromagnetic decay to the hadronic ones. As a consequence, the hadronic and electromagnetic decay widths of χcJ , at leading
order in v and at NLO in αs , can be read from expressions in Appendix C in
Ref.[34] and rewritten in a compact form as:
αs
αs
BJ )hO1 i + παs (1 + D)hO8 i,
π
π
(1.28)
α
s
A1 αs3 hO1 i + παs2 (1 + D)hO8 i,
(1.29)
π
αs γγ
2
Aγγ
BJ )πe4Q αem
hO8 i, (J = 0, 2) (1.30)
J (1 +
π
0,
(1.31)
α
s
Ah αs3 hO1 i + παs2 C h (1 + Dh )hO8 i,
(1.32)
π

Γ(χcJ → LH) = AJ παs2 (1 +
(J = 0, 2)
Γ(χc1 → LH) =
Γ(χcJ → γγ) =
Γ(χc1 → γγ) =

Γ(hc → LH) =

where A,B,C,D are known numerical coefficients which in general are also
µR
, and the αs is αs = αsM S (µR ). In Table 1.2
dependant on L = 2b0 log 2m
c
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Figure 1.8: First two color singlet and color octet diagrams contributing
diagrams for |χcJ i. In the upper figure a typical color-singlet Feynman graph
(1)
that creates a χQJ . The O(αs3 ) forms a colorless QQ[3 PJ ] pair at the short
distance scale. The heavy quark and antiquark fly out from the intial collision
point in nearly parallel directions and almost on mass shell. After exchanging
many soft gluons, the color-singlet QQ pair eventually hadronize into a χQJ
bound state. In the lower figure the O(αs3 ) high energy collision creates a
QQ pair in a color-octet configuration. Far away from the collision point,
(8)
the QQ[3 S1 ] pair emits a long wavelength gluon which bleeds off its color
but carries away virtually no energy or momentum. The heavy pair thus
transforms into a colorless χQJ quarkonium state.
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Process
Γ(χco → γγ)

Γ(χc0 → γγ)

Γ(MeV)

Reference
−3

(4.0 ± 2.8) × 10 )
(1.7 ± 0.8) × 10−3 )

Γ(χc2 → γγ) (0.321 ± 0.095 × 10−3 )

CBALL [38]
CLEO [39]
E760 [40]

−3
−3

(3.4 ± 1.9) × 10 )

TPC2 [41]

(1.02 ± 0.44 × 10−3 )

L3 [43]

Γ(χc2 → γγ)

(0.7 ± 0.3) × 10 )

CLEO [39]

Γ(χc2 → γγ)

(0.44 ± 0.08 × 10−3 )

E835 [42]

Γ(χc2 → γγ)

Γ(χc2 → γγ)

Γ(χc2 → γγ)

Γ(χc0 → LH)

Γ(χc0 → LH)

Γ(χc0 → LH)

Γ(χc1 → LH)
Γ(χc1 → LH)

−3

(1.76 ± 0.62 × 10 )

OPAL [44]

13.5 ± 5.4

CBALL [38]

14.3 ± 3.6

BES [45]

15.0 ± 4.9

E835 [42]

0.64 ± 0.10

E760 [46]

1.71 ± 0.21
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E760 [46]

Table 1.2: Most recent experimental results on χcJ decay widths. The errors
have been obtained by combining in quadrature the statistical and systematics errors given in references. The widths to light hadrons have been obtained
from total widths by removing the contributions of known radiative decays
(Br(χc1 → γJ/ψ) = 27.4 ± 1.6%, Br(χc2 → γJ/ψ) = 13.5 ± 1.1%).[47]
it has been summarized the most recent experimental results on χcJ decay
widths, while in Table 1.3 is summarized the results of a global fit of the
previously quoted experimental data to the theoretical expressions for the
χcJ states that yields the set of free parameters αs , hO1 i1 ,hO8 i (see [48] for
references). From Table 1.3 is possible to estract the best value for the nonperturbative singlet matrix element (mc = 1.5GeV )
hχcJ |O1 (3 PJ )|χcJ i/m2c = (3.2 ± 0.4) · 10−2 GeV 3 .

(1.33)

to be compared with the one obtained in [49], useful in determining the
cross sections for χcJ production. As can be obtained from Table 1.3, the
agreement between theory and data improves (i.e. the χ2 /d.o.f is smaller)
after including the NLO corrections; in this way the NRQCD approach seems
to work quite well even for heavy quarks as ’light’ as charm.
1

The singlet matrix elements is given in the original notation of Ref.[24]. (O 1 =

O
2Nc )
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µ

mc

1.5mc

2mc

αs (10%)

0.320

0.293

0.273

2.41

2.30

2.35

1.93

1.84

15.2/10

15.0/10

16.1/10

hO1 i (10%) 2.67

hO8 i (20%)
χ2

d.o.f

Table 1.3: Results of the fit to the non-perturbative MEs and to αs for
different values of the renormalisation scale. All values are in MeV. The
statistical errors from the fit are in parenthesis.

1.11

Charmonium production and universality

As reported before, in Eq.1.24, the production cross section for a quarkonium
state H can be written as a sum of terms, each of which factors into a shortdistance coefficient and a long distance matrix element:

dσ(H + X) =

X

dσ̂(QQ̄[Q] + X 0 )hOH (Q)i.

(1.34)

Q

The matrix elements hO H (Q)i are related to the probability for a QQ state
with definite quantum numbers to evolve into the quarkonium H. In contrast
to the decays, the large variety of processes in quarkonium production at
both fixed-target and collider experiments offers the concrete possibility to
test the factorization approach and in particular the universality of the nonperturbative ME’s. In fact the NRQCD approach confirms that (up to O(v 4 )
corrections) the color singlet matrix elements extracted from the decays can
be treated as the same as the ones that enters into production. Unfortunately
this is not feasible for color-octet matrix elements, due to the poor knowledge
that we have of them. Nonetheless, by studying more exclusive processes, as
the pT spectrum and/or the polarizarion of the produced quarkonia, it will
be possible to constraint single color-octet matrix elements in the NRQCD
sum of Eq.1.24.
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1.12

Charmonium production in fixed target
experiment

Among the most complete reviews on charmonium production at fixed target
experiments, the already cited [31] is notably since it investigates the universality of the color octet quarkonium production matrix element in fixed
target hadron collisions and re-evaluates the failures of CSM in fixed target
production [50]. Some of the issues involved have been treated also by Tang
and Vänttinen [52] and by Gupta and Sridhar [54]. The conclusions that can
be extracted from these studies is twofold: on one hand, the inclusion of color
octet processes allows us to reproduce the overall normalisation of the total
production cross section with color octet matrix elements of an expected size
(or even smaller) without invoking a reduction for the charm quark mass.
On the other hand, the present picture of charmonium production at fixed
target energies is far from being perfect. The χc1 /χc2 [31] production ratio
remains almost an order of magnitude too low, and the transverse polarization fraction of the J/ψ and ψ 0 is too large. This can indirectly confirm the
need for further calculations at higher orders.

1.12.1

Cross sections

Fixed target quarkonium cross sections have been calculated by several collaborations [31, 54, 53]. The spin and color states that can be produced in
parton-parton collisions at order αS2 are as follows:
(1,8) 3

gg → cc[n] : n =1 S0

(8)

(1,8)

(8)

, P0,2 ,1 P1 , D − waves, ...

qq → cc[n] : n =3 S1 , D − waves, ...

(1.35)

At order αS3 , after hard gluon radiation, no stringent helicity and color
constraints remain. Adopting a value for hO8ψ (3 S1 )i on the order of those
shown in Tab.1.4, the quark annihilation channel turns out to be insignificant
at energies far enough from cc threshold such that x1 x2 ∼ 4m2C /s  1 for
the product of parton momentum fractions. The cross sections are then
dominated by the gluon-gluon fusion for both the two possible beams for fixed
targets experiments, that are pions and protons. The 2 → 2 parton diagrams
produce a quark-antiquark pair in a color-octet state or P-wave singlet state
(not relevant to ψ 0 ) and therefore contribute to ψ 0 production at order αS2 v 7 .
(For charmonium v 2 ≈ 0.25 − 0.3, for bottomonium v 2 ≈ 0.08 − 0.1.) The
2 → 3 parton processes contribute to the color singlet processes at order
αS3 v 3 . Using the notation in [50], the direct J/ψ and ψ 0 production cross
sections are:
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ME
H
hO1 (3 S1 )i
H
hO1 (3 P0 )i/m2c

· 102

hO8H (3 S1 )i · 102

J/ψ

ψ0

χc0

1.16/6

0.76/6

-

-

-

4.0/6

1.06

0.46

0.32

Table 1.4: Independent MEs for charmonium production used as input values
in the fit. Other MEs can be obtained by spin-symmetry relations. Values
in GeV 3 .

σb (gg → ψ 0 ) =
#
!"
4m2c
5π 3 αS2
4
3
ψ 3
ψ 3
ψ 1
δ x1 x2 −
hO ( P2 )i
hO8 ( S0 )i + 2 hO8 ( P0 )i +
12(2mc )3 s
s
mc
5m2c 8
"
#
!
2
20π 2 αS3
4m2c
1 − z 2 − 2zlnz
ψ 3
2 1 − z + 2zlnz
+
Θ x1 x2 −
hO1 ( S1 )iz
+
81(2mc )5
s
(1 − z)2
(1 + z)3
16π 3 αs2
ψ0 3
2
0
b
δ(x
x
−
4m
/s)hO
σ (qq → ψ ) =
( S1 )i
1
2
8
c
27(2mc )3 s
√
where z = (2mc )2 /(sx1 x2 ), s is the center-of-mass energy and αS is normalized at the scale 2mc . Corrections to these cross sections are suppressed
by either αS /π or v 2 . Note that the relativistic corrections to the color singlet √
cross section are substantial in specific kinematic regions z → 0, 1 [51].
For s > 15GeV these corrections affect the total cross section by less than
50% and decrease as the energy is raised [19]. Furthermore, notice that we
have expressed the short-distance coefficients in terms of the charm quark
mass, Mψ0 ≈ 2mc , rather than the true ψ 0 mass. Although the difference is
formally of higher order in v 2 , this choice is conceptually favored since the
short-distance coefficients depend only on the physics prior to quarkonium
formation. All quarkonium specific properties which can affect the cross section, such as quarkonium mass differences, are hidden in the matrix elements.

1.12.2

Cross sections in P-waves

The production of P-wave quarkonia differs from S-waves since in the former
the color singlet and color octet processes enter at the same order in v 2 as
well as αS in general, as quoted before. An exception is χc1 which can not
be produced in 2 → 2 parton reactions through gluon-gluon fusion in a color
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singlet state. Since at order αS2 , the χc1 would be produced only in a q q̄
collision, it is possible to include the gluon fusion diagrams at order αS3 ,
which is enhanced by the gluon distribution. For χc0 production we have:
1
2π 3 αS2
δ(x1 x2 − 4m2c /s) 2 hO1χc0 (3 P0 )i
3
3(2mc ) s
mc
σ̂(gq → χc0 ) = 0
16π 3 αS2
σ̂(q q̄ → χc0 ) =
δ(x1 x2 − 4m2c /s)hO8χc0 (3 S1 )i,
27(2mc )3 s

σ̂(gg → χc0 ) =

(1.36)
(1.37)
(1.38)

for χc1 ,
1
2π 2 αs3
Θ(x1 x2 − 4m2c /s) 2 hO1χc1 (3 P1 )i
5
9(2mc )
mc
2
8
7
6
5
4
4z lnz(z + 9z + 26z + 28z + 17z + 7z 3 − 40z 2 − 4z − 4
×[
(1 + z)5 (1 − z)4
z 9 + 39z 8 + 145z 7 + 251z 6 + 119z 5 − 153z 4 − 17z 3 − 147z 2 − 8z + 10
+
]
3(1 − z)3 (1 + z)4
(1.39)
2 3
8π αs
1
σ̂(gq → χc1 ) =
Θ(x1 x2 − 4m2c /s) 2 hO1χc1 (3 P1 )i
5
81(2mc )
mc
#
"
3
4z − 9z + 5
(1.40)
× −z 2 lnz +
3
16π 3 αs2
σ̂(q q̄ → χc1 ) =
δ(x1 x2 − 4m2c /s)hO8χc1 (3 S1 )i,
(1.41)
27(2mc )3 s
σ̂(gg → χc1 ) =

and for χc2
1
8π 3 αs2
2
δ(x
x
−
4m
/s)
hOχc2 (3 P2 )i (1.42)
1
2
c
45(2mc )3 s
m2c 1
σ̂(gq → χc2 ) = 0
(1.43)
3 2
16π αs
δ(x1 x2 − 4m2c /s)hO8χc2 (3 S1 )i
(1.44)
σ̂(gq → χc2 ) =
3
27(2mc ) s
√
where, as before, z = (2m2c )/(sx1 x2 ), s is the center-of-mass energy and αS
is normalized at the scale 2mc .
Note that in NRQCD formalism the infrared sensitive contributions to the
q q̄-induced color singlet process at order αs3 are factorised into the color
octet matrix elements hO8χcJ (3 S1 )i, so that the q q̄ reactions at order αs3 are
truly suppressed by αs . The production of P-wave states through color octet
σ̂(gg → χc2 ) =
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quark-antiquark pairs in a state other than 3 S1 is higher order in v 2 . Taking
0
into account indirect production of J/ψ from decays of ψ and χcJ states,
the J/ψ cross section is given by:
σJ/ψ = σ(J/ψ)dir +

X

0

Br(χcJ → J/ψX)σχcJ + Br(ψ → J/ψX)σψ0 (1.45)

where, as usual, 0 Br0 denotes the corresponding branching fraction.
The 2 → 2 parton processes contribute only to quarkonium production
at zero transverse momentum with respect to the beam axis. The transverse momentum distribution of H in reaction 1.23 is not calculable in the
pt < ΛQCD region, but the total cross section (which averages over all pt ) is
predicted even if the underlying parton process is strongly peaked at zero pt .

1.13

Matrix elements

The number of independent matrix elements can be reduced by using the
spin symmetry relations:
hO1χcJ (3 PJ )i = (2J + 1)hO1χc0 (3 P0 )i
hO8χcJ (3 PJ )i = (2J + 1)hO8ψ (3 P0 )i
hO8χcJ (3 S1 )i = (2J + 1)hO1χc0 (3 S0 1)i

(1.46)

0

and are accurate up to corrections of order v 2 (ψ = J/ψ, ψ ). This implies
that at lowest order in αs . the matrix elements hO8H (1 S0 )i and hO8H (3 P0 )i
0
enter fixed target production of J/ψ and ψ only in the combination
∆8 (H) ≡ hO8H (1 S0 )i +

k
hOH (3 P0 )i
m2Q 8

(1.47)

with k = 7 for the LO order analysis and k ' 6.4 at NLO.
Up to corrections in v 2 , all relevant color singlet production matrix elements
are related to radial quarkonium wave functions at the origin and their derivatives by
9
9 0
hO1H (3 S1 )i =
|R(0)|2 hO1H (3 P0 )i =
|R (0)|2 .
(1.48)
2π
2π
In this way there are only three non-perturbative parameters for the direct
production of each S-wave quarkonium and two parameters for the P-wave.
It is possible to compare the results for hadroproduction of charmonium
at fixed-target experiments with the most actual theoretical predictions [48],
accurate to the NLO corrections. Using the data collected by the E705
experiment [55] and the -Q2 MRSA set of parton densities [56], mc = 1.5
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Figure 1.9: Total ψ 0 (left) and J/ψ (right) production in proton-nucleon
collision (xF > 0 only). For the ψ the total cross section includes the radiative
0
feed-down from χC and ψ’. The solid lines are obtained with Mψ6.4 = 2.6 ·
10−2 GeV 3 and Mψ6.4 = 1.8 · 10−2 GeV 3 for ψ’ and ψ respectively.
GeV, the renormalization, factorization and NRQCD scales set equal to µ R =
µF = µΛ = 2mc , the strong coupling αs tuned to the one used by the PDF set,
i.e Λ5QCD = 152 MeV, and the MEs (Matrix Elements) collected in Table 1.4
as input values in the fits. Within the above choices the only free parameters
left is the linear combination of MEs 1.47. The results of the fit are shown
in Fig.1.9 and give:
LO
1 [8] 3
∆N
8,k=6.4 ( S0 ,

[8]
PJ )

=

(

1.8 · 10−2 GeV 3 (J/ψ)
0.26 · 10−2 GeV 3 (ψ 0 )

(1.49)

to be compared with the LO results of [31]:
1 [8] 3
∆LO
8,k=7 ( S0 ,

[8]
PJ )

=

(

3.0 · 10−2 GeV 3 (J/ψ)
0.52 · 10−2 GeV 3 (ψ 0 )

(1.50)

As expected, the inclusion of NLO corrections significantly reduces the
values needed for the color-octet MEs. Unfortunately, the same sources of
uncertainties present at LO, both theoretical (dependance on the choice of the
heavy quark mass and on the scale) and experimental (nuclear dependence,
limited xF range, presence of elastically produced charmonia) make it difficult
to associate reliable errors to the fitted values. Nevertheless, since most of
these uncertainties should cancel in the ratios of cross-sections, it is useful to
compare also:
σ(χc1 )
σ dir (J/ψ)
Rχ =
Rψ = tot
(1.51)
σ(χc2 )
σ (J/ψ)
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hO1ψ (3 S1 )i hO8ψ (3 S1 )i hO8ψ (1 S0 )i hO8ψ (3 P0 )i
NRQCD

1

v4

v 2 λ2

v4

CEM

1

1

1

v2

Table 1.5: Velocity scaling in NRQCD and the color evaporation model
(CEM) relative to hO1ψ (3 S1 )i for the S-wave quarkonia. λ ≡ k/p ∼ v, with
|~k| ∼ mQ v 2 . The standard velocity counting is recovered for λ = v [60].
where σ tot (J/ψ) is the one in Eq.1.45. The results are shown in Fig. 1.10.
While the color-singlet approximation for Rψ is rather uncertain and clearly
disfavored by the data, both the LO and the NLO NRQCD predictions show
a much better agreement. Moreover the NLO results turns out to be quite
stable under scale variations. With a certain confidence, this results can be
considered a remarkable success for the NRQCD approach.

1.14

The χc1/χc2 ratio

As noted in (1.35), the leading-order gluon-gluon fusion process can not produce a spin-1 P-wave state. Consequently, at energies where qq annihilation
is irrelevant, the ratio is:


σ(χ1 )
αS
R≡
=O
σ(χ2 )
π



∼ 0.05

(colorsinglet)

(1.52)

with the numerical value from [31]. All the data [57] compiled in Tab.1.6
clearly show more copious χ1 production.
In the contest of the color singlet model, the χ1 production cross section has sometimes been boosted by taking into account an exclusive quarkantiquark fusion mechanism [58] qq → χcJ at order αS4 . As this mechanism
produces χcJ states in the ratio 0:4:1, it raises R at low energies, especially
in πN and pN collisions. The justification for keeping this higher-order contribution derives from the presence of two infrared logarithms, so that this
contribution is of order αS4 ln2 (mc /λ), where ln(mc /λ) is interpreted as a
non-perturbative parameter. On the other side, if this contribution existed,
it would contradict NRQCD factorization. However, the origin of the double
logarithm is the exclusive final state considered. The relevant cut diagram
at order αS4 contains other cuts related to interfering qqg final states, which
would cancel the infrared logarithms in agreement with NRQCD factorization. Thus, there is no infrared enhancement in the quark-antiquark fusion
mechanism and it can not help to raise the χ1 /χ2 ratio.
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Figure 1.10: Ratio of direct to total J/ψ production (bottom) and χc1 /χc2
(top) in proton-nucleon collisions as a function of the beam energy. The
experimental value at 300 GeV for σ dir (J/ψ)/σ tot (J/ψ) is 0.62 ± 0.04.

38

CHAPTER 1. QUARKONIUM PHENOMENOLOGY
Experiment beam/target

√

s/GeV

R

E673

pBe

19.4/21.7

0.24 ±0.28

E705

pLi

23.7

E771

pSi

38.8

0.31 ±0.14

WA11

πBe

18.63

E673

πBe

18.88

0.7 ± 0.2

0.96± 0.64

E673

πBe

20.55

E705

πLi

23.72

0.9 ± 0.4

E672/706

πBe

31.08

0.09

0.53

0.57 ± 0.19

Table 1.6: Experimental data on the χ1 /χ2 ratio R. Data compiled from [57].
All the measurements are not rescaled to account for the latest χc branching
fraction.
Another possible candidate for the χ1 enhancement are the relativistic
corrections in the velocity expansion [31, 59]. Indeed, since they dominate
direct J/ψ production, that suffers from the same suppression as χ1 in the
color singlet gluon-gluon channel, they should naturally also be large for
χ1 production. Extracting from Tab.1.5 the contributions that scales as v 4
relative to the leading order contribution for P-wave production, is possible
[60] to get a rough estimate of the ratio R taking into account only the octet
3
PJ 0 intermediate states:
(8)

σ(χ1 )f rom3 PJ 0

(1)

σ(χ2 )f rom3 P2

=

15 hO8χ1 (3 P2 )i + 15/4hO8χ1 (3 P0 )i
1
∼
χ2 3
8
hO1 ( P2 )i
3

(1.53)

Multiplying this ratio by 2 to take into account the intermediate S and Dwave state, [60] obtains a χ1 production cross section an order of magnitude
larger than in Eq.(1.52). Since the new production channels contribute also
for χ2 production the final value of the ratio R is estimated like:
R ≈ 0.3

(1.54)

This estimate is in agreement with the measurements in pN collisions, but
it is lower than the measurements in πN collisions. If this trend will be
confirmed the problem of the ratio χ1 /χ2 will focus on the differences between
proton and pions beams. Unless there is an unknown enhancement of the
qq annihilation channel, such a difference would violate the initial/final state
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factorization of NRQCD and would have to be attributed to a ’higher twist’
effect. To be noticed that as long as the qq annihilation channel can be
neglected, the χ1 /χ2 ratio should be energy-independent.

1.15

The χc ratio

The measurement of the relative production ratio of the J/ψ and χc 2 states
in hadronic collisions is a sensitive test of the production mechanism which
can be obtained with the actual HERA-B performances. The leptonic decays
of the J/ψ provide an excellent signature for triggering. The radiative decays
of χc → J/ψγ provide a base to study the production cross section of the χc
mesons, with the characteristic value of:
Rχc =

σχc1 Br(χc1 → J/ψγ) + σχc2 Br(χc2 → J/ψγ)
σ(J/ψ)tot

(1.55)

The theoretical predictions on this ratio diverge. The CSM model predicts
= 0.7, NRQCD gives RχNcRQCD = 0.3 for p-A interactions. The CEM
does not give an absolute number but requires the ratio to be independent
√
from beam energy and target material and from the c.m.s energy s. On
CEM
= 0.4 [23]. The existing
the other side π − A and p − A data yield Rchi
c
measurements of Rχc are summarized in table 1.7. These measurements
together with the studies of the absolute and differential cross section of
J/ψ [61] favour NRQCD model but not rule out completely CSM and CEM.
The J/ψ and ψ(2S) polarization [62] data do not support all these models
but do not exclude them either. More experimental data are required to
distinguish between these models. The production rate is also influenced by
the presence of the nucleus. There are several models which try to take into
account changes of the initial parton density functions and/or absorption of
the produced cc̄ pair (see [63] for a review). It has been suggested that the
production rate of charmonium can be expressed by the function
RχCSM
c

σpA = σpN Aα

(1.56)

where σpN is the production cross section of the given state in protonnucleon interactions and A is the atomic mass of the nucleus. The parameter
α represents the combination of different nuclear effects. As was shown in [65]
χc production is expected to be more sensitive to the nuclear effects than J/ψ
production. However, the mean value of the parameter α is around 0.92 for
both kind of mesons, and the variation of α does not exceed 0.02 [65]. This
2

Here the χc stands for the combination of the χc1 and χc2 states.
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Exp.

collision

√
s (GeV )

R χc

IHEP140

π−p

8.5

WA11

π − Be

18.7

0.44 ± 0.16

E610

π − Be

18.9

E673

π − H2 , π − Be

20.2

E369

π − Be

20.6

E705

π − Li

23.8

E705

π + Li

23.8

E672/706

π − Be

31.1

0.443 ± 0.041 ± 0.035

E610

pBe

19.4, 21.7

E705

pLi

23.8

0.47 ± 0.23

E771

pSi

38.8

E702

pp

52, 63

ISR

pp

62

0.47 ± 0.08

CDF

pp

1800

0.297 ± 0.017 ± 0.057

HERA-B

pC

41.6

0.18 ± 0.04

0.30 ± 0.05

0.31 ± 0.10

0.71 ± 0.28

0.37 ± 0.09

0.37 ± 0.03

0.40 ± 0.04

0.30 ± 0.04

0.74 ± 0.17
+0.10
0.15−0.15

Table 1.7: The world measurements of Rχc in pp̄, pA and πA collisions. The
E771 Rχc value is deduced from the published cross sections σ(χc1 ), σ(χc2 )
and σ(J/ψ). The references could be found in [64].
translates into an expected increase of the value of Rχc of 0 − 5% for Carbon
and 0 − 8% for Titanium, respectively, compared to the proton data. At
present, nuclear suppression of the production of the different charmonium
states is measured only for J/ψ and ψ 0 , and only in the positive xF region 3 .
A measurement of Rχc with a relative precision of better than 5% over a large
kinematic region would give insight into nuclear effects. Even a measurement
with a relative precision of better than 20% will significantly improve our
knowledge on the relative production ratio of J/ψ and χc in proton-nucleus
interactions, and will help us to understand the production mechanism.

3

xF is the longitudinal momentum fraction xF = pz /pmax
in the c.m. system.
z

Chapter 2
The HERA-B detector
2.1

Overview

HERA-B is one of the four experiments installed at HERA (Hadron-ElektronRing-Anlage), the largest accelerator of DESY (Deutsches Elektronen Syncrotron), a large particle physics laboratory located in Hamburg (Germany),
see Fig. 2.1 for reference. The HERA facility is composed of two intertwining storage rings able to accelerate protons up to 920 GeV and electrons
or positrons to 30 GeV.The protons and electrons/positrons run in opposite
directions in two separate beam pipes, installed in a quasi circular ring of
6.3 Km circumference. The HERA main goal, whose construction was completed in 1992, is to produce electron-proton collisions at high centre-of-mass
energies. The other experiments on the HERA ring are Hermes [67], H1 [68]
and ZEUS [69].

2.2

The proton ring

The total complex of pre-accelerating machines for the proton beam is composed by a linear accelerator (LINAC III), a first circular accelerator (DESY
III) and a second circular accelerator (PETRA). The LINAC III provides
a first acceleration to 50 MeV for H − ions, whose protons, once freed by
electrons, are injected into DESY III and taken to 7.5 GeV energy. These
protons are then transferred to PETRA that increase their energy up to 40
GeV before being definitively stored in the HERA storage ring that accelerates them to 920 GeV. The HERA proton beam has a structure organized
in bunches, where every bunch has a temporal extension of 1.5 ns (full width
at half maximum of the longitudinal distribution of protons). The bunches
are 30 cm long and are separated from each other by a bunch crossing period
41
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Figure 2.1: The HERA facility
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of 96 ns. The proton ring of HERA contains 220 bunches, of which 180 are
usually filled. Since the pre-accelerator PETRA has room for 60 bunches and
DESY III for 10, the filling scheme is the following (see Fig.2.2): three trains
of 60 proton bunches are each headed by two empty pilot bunches. The 180
filled protons bunches consist of approximately 1011 protons. The HERA
ring contains four straight sections of 360 m, in which the four large experiments are installed. The ZEUS and H1 experiments, located in the south and
north halls respectively, use the colliding proton and electron beams for deep
inelastic scattering measurements. HERMES, situated in the east hall, uses
the polarized electron beam and a polarized gas target for measurements of
the spin structure of the nucleon. The HERA-B experiment, finally, where
the studies for this thesis were performed, is located in experimental hall
West. It uses the proton beam of HERA for fixed target collisions.

2.3

The HERA-B spectrometer

The HERA-B experiment [66], is a fixed target, forward spectrometer characterized by a large geometrical acceptance, crossed longitudinally by the
protonic and electronic beam lines. The apparatus total length is around 20
m and the angular opening with respect to the interaction region is between
10 mrad and 220 mrad, covering something like 90% of the solid angle in the
center of mass. In Fig. (2.3) a schematic representation in top view of the apparatus is shown. The coordinate system is conventionally defined as follow:
the beam direction of the protons defines the z axis, while the vertical axis,
with upper direction defines the y one. The origin of coordinate is conventionally defined in the target region, where the primary interactions occur.
The primary interactions are produced through the collisions of protons on
thin wire targets working on the beam halo. This target is a complex mobile system, able to react to the sudden modifications of the beam structure
and position, as to regolarize the interaction frequency required (from few
MHz to 40 MHz) granting, in this way, an approximately constant behavior.
The detector itself is composed by many sub-detectors devoted to tracks and
vertex reconstruction and to particle identification.
The tracks reconstruction in the target region and the primary (and secondary) vertices identification is performed with a Silicon vertex Micro-Strip
detector (Vertex Detector System - VDS), while the tracking in the farthest
region is performed through different tracking chambers:
• the inner tracking Inner TRacker - ITR, covering the region closest to
the proton beam where an higher granularity is required, is made up
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Figure 2.3: The Hera-B spectrometer in top view
with Micro Strip Gaseous Chambers (MSGC), modified with the addition of a Gas Electron Multiplier (GEM), able to multiply the electron
signal from the primary ionization.
• the outer tracking Outer TRacker - OTR, covering the outer angular region from the proton beam, is realized with different planes of esagonal
section drift chambers, placed in an honeycomb structure Honeycomb
Drift Chambers.
For the measuring of the charged tracks momentum a magnetic field on
the negative y direction is produced through a dipolar magnet, whose symmetry axis is located at an approximate distance of 4.5 m from the target
region. Four different sub-detectors are devoted to the particle identification:
• the Čerenkov detector(Ring Imaging Čerenkov Counter - RICH able
to discriminate between charged pions and kaons.
• the electromagnetic calorimeter (Electromagnetic CALorimeter - ECAL)
for the electromagnetic shower reconstruction and for the energy measuring of electrons, positrons and photons.
• the MUON Chambers - MUON, located after ECAL and after some
concrete filters to shield the adronic component of the radiation, able
to identify the muon tracks.
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Figure 2.4: Target system

In the following paragraphs the different subdetectors as well as the trigger
scheme of the experiment will be described in details.

2.4

The target

The target system consists of two stations of four wires each, positioned
around the proton axis as illustrated in Figure 2.4. These wires can be inserted individually or jointly in the halo of the proton beam, approximately
4-6 σ (transverse beam width) from the beam centre, until the desired interactions rate is reached. The eight wires, of different materials (Carbon,
Titanium, Alluminium and Tungsten), are placed in a rectangular structure,
transversal to the beam direction, and displaced on two different planes,
called stations, placed to a relative distance of 4 cm each. The wires are
defined Inner, Outer, Upper e Lower, according to their positions in the accumulation ring. The target configuration is shown in Fig.2.4. Each wire
is 30 mm long, with transversal and longitudinal dimension of 50 µm and
100 µm respectively depending on the material, and are mounted on movable forks, making it possible to adjust the position relative to the beam and
thereby control the interaction rate. In order to obtain an on-line monitor
of the interaction rate and to measure the contribution of the single bunch
to the inelastic interaction rate, a series of scintillator hodoscopes with low
geometrical acceptance is used. The low acceptance is motivated by the
possibility of saturation in high frequency interactions.
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Figure 2.5: The VDS superlayers

2.5

Vertex Detector System

The Vertex Detector System (VDS) is designed to give information about
the position of the vertices of the charged particles. It is positioned between
the target and the magnet and consists of eight stations of silicon micro-strip
detectors. Each station has four modules of two double sided silicon detector
panels, arranged in four quadrants, as shown in Fig.2.5.
The strips on the four silicon planes of one module are positioned with
angles of 2.5, 2.5, 87.5 or 92.5 degrees with respect to the vertical axis. This
gives equal precision for the track reconstruction in both the vertical and
horizontal track direction. The readout pitch of 50 µm ensures that the hit
occupancy won’t exceed ∼ 5%. Since the track and vertex resolutions are
dominated by multiple scattering the amount of material in the path of the
tracks has been minimized. Consequently the VDS is placed in the so-called
Roman pots, which allows modules to be placed in the vacuum end position
very close to the beam axis (see Fig.2.6 for reference).
The impact parameter resolution is ∼ 35µ m for high-momentum particles
(p > 50GeV /c). The resolution of primary vertices is approximately 500 µm
along the beam (in z ) and 40 µm in the directions transverse to the beam
(in x or y).

2.6

HERA-B magnet

The HERA-B magnet has an integrated field of 2.2 T · m. The magnetic field
points upward and bends charged particles in the horizontal direction. It is
a dipolar magnet, made of two irony polar expansions and a return circuit,
whose center is placed at an approximate distance of 4.5 m from the target.
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Figure 2.6: Schematic overview of the VDS Roman pots
The magnetic field is produced via conventional copper coils. The vertical
and horizontal opening of the magnet are, respectively, 160 mrad and 250
mrad. The HERA electron beam pipe crosses the magnet and is covered by
an additional coil to compensate the magnetic field, in this way the electron
beam can pass the HERA-B detector undisturbed, avoiding any problem to
the other experiments.

2.7

The Tracking system

The tracking system extends in the z direction from the exit window of the
vertex vessel (z = 210 cm) to the front of the calorimeter (z = 1325 cm).
It consists of 6 tracking stations or ’superlayers’, as illustrated in fig.2.7.
Six of them, placed after the dipole magnet, are devoted to the trigger and
pattern recognition, while the station placed before the magnet is used for
the tracks and the ”ghost” reduction. Every tracking superlayer consists
of several layers of drift chambers or micro-strip planes arranged in three
different orientations: 0 mrad, +80 mrad and -80 mrad with respect to the y
axis. This enables tracks to be reconstructed in all three spatial coordinates
while keeping combinatorial ambiguities for space point reconstruction low.
According to the different purposes, two parts can be distinguished in the
region after the magnet:
Pattern recognition Chambers (PC) The main part of the tracking system is a set of four different pattern recognition chambers, installed in
the field-free region between the magnet and the RICH. These superlayers consist of a densely staggered layers. This, and the absence of a
magnetic field facilitates the search for charged tracks. The first and
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Figure 2.7: Schematic overview of the tracking system
the last of these PC chambers are also used by the First Level Trigger,
that will be described in the forthcoming paragraphs.
Trigger Chambers (TC) The First Level Trigger of HERA-B performs a
track search, initiated by pretrigger seeds from the calorimeter or the
MUON system. To better reduce the search window for track finding,
two tracking stations are installed close to the calorimeter.
To adjust for the particle flux, which decreases with the distance to the
beam axis, two different technologies in the composition of both PC and TC
Chambers are used:
• The Inner TRacker (ITR) in the region close to the beam pipe;
• The Outer TRacker (OTR) in the more external regions.

2.7.1

The Inner Tracker

The Inner Tracker system is distributed on 10 superlayers planes, that cover
the area between 5 to 25 cm from the beam pipe. These planes are composed
of micro-strip gas chambers with gas electron multiplier (GEM-MSGC) (see
Fig. 2.8). A strip pitch of 300 µm provides a hit resolution of 80 µm in the
x direction, transversal to the magnetic field, and 1 mm in the y direction.
The main problem faced in the chamber construction was due to their sensibility to highly ionizing particles (hadrons), able to produce an high voltage
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Figure 2.8: ITR foils composition
discharge that could cause the immediate brake down of the electrodes. This
problem was solved with the addition to the common MSCG chambers, of
a second amplification element, that is the GEM. Essentially the GEM is
a kapton perforate sheet, of 50 µm thickness, covered on both side with a
copper thin layer of 7 µm thick, inserted in the drift region and filled with
a mixture of Ar − CO2 . With this device, the electrons are multiplied for
the first time inside the drift region, and a second time before arriving at the
anode, drastically reducing the damages of the electrodes.

2.7.2

The Outer Tracker

The outer region, ranging from 25 cm up to 3 m from the beam axis, is
covered by 7 Outer Tracker superlayers. The Outer Tracker is build from
honeycomb drift chambers with cell size of 5 mm in the region close to the
beam pipe, and 10 mm in the outermost region. The gas used in the drift
region is a mixing of Ar − CF4 − CO2 (60/35/5). The system is optimized
for gathering the signals of tracks during the bunch crossing, working with
a typical gain of 4 · 104 and a drift velocity of 100µm/ns. The chamber
length is optimized to maintain a low level occupancy (less than 10%), with
a segmentation, in the region close to the proton beam, of 20 cm.
These honeycomb drift chambers, can provide a spatial resolution of about
440 µm in the dimension transverse to the beam and anode wires.

2.8

Particle Identification

The particles of interest in the HERA-B physics program are mainly µ+ µ−
or e+ e− from the J/ψ, and π + π − from KS0 . To reduce the background in the
reconstruction of these decays, several detectors for particle identification are
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Figure 2.9: OTR Honeycomb drift chambers composition.
used. Electrons are identified with an electro-magnetic calorimeter, muons
with a MUON detector, and a RICH is used to identify pions, kaons and
protons.

2.8.1

RICH

The Ring Imaging Čerenkov Counter (RICH) is located at the end of the
outer tracker system. Its purpose is the separation of the pions, kaons and
protons. The particle identification is based on the detection of the Čerenkov
photons emitted from the passage of charged particles in a medium, when
the particle’s speed is greater than the light speed in that medium. The
polar emission angle, relatively to the particle’s trajectory, is bound to the
velocity v of the particle by the relation:
cos ϑ =

1
βn

(2.1)

being β = v/c and n the refractive index of the medium. In this way is easy to
understand that particles with different mass and same momentum will emit
photons with different opening angles. The azimutal angle is isotropically
distributed. The detector is formed with two composite spherical mirrors,
with bending radius of around 11 m, able to project the Čerenkov light in
rings whose radius is bound to the polar angle. (See Fig. 2.10 for reference).
The photons are then detected by photomultipliers.
The radiating medium chosen for this detector is freon (C4 F10 ), with a
reflection index n = 1 + 1.35·10−3 , corresponding to a limit angle of 51.5
mrad for β = 1 particles.
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Figure 2.10: RICH

2.8.2

ECAL

The Electromagnetic CALorimeter (ECAL), installed at about 13.5 m from
the target, is a sampling calorimeter whose task is to identify the electromagnetic showers produced by electrons, positrons and gammas and to measure their energies. Its dimensions are 6.24 m in the transverse direction and
4.68 m in the vertical one.
ECAL is composed by a matrix of modules (see Fig. (2.11)) with dimensions 11.15 · 11.15 cm2 , of different materials: each detection module is built
with a shashlik technology where plastic scintillators tiles are sandwiched
between thin layers of absorber material (a W-Ni-Fe alloy in the inner part
and lead in the middle and outer parts). Wavelength shifting fibres, running perpendicularly to the scintillators, guide the light to photo-multipliers
(PMTs). The PMTs transform it to an electrical pulse that is subsequently
sent to a fast ADC for readout.
ECAL is subdivided in three parts in order to match the different occupancies in the detector (see Fig.2.12 for reference). The innermost region
(INNER) is equipped with ECAL cells of ∆x × ∆x = 2.24 × 2.24 cm2 (5
× 5 cells per module) and has a total depth of 22 radiation length (X0 ),
with an average Moliere radius of ∼ 1.3 cm. With this solution, in a 3 × 3
group of cells (nonet), being the central cell the most energetic one, it carries
more than 50% of the energy of the shower. In the innermost region, close
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to the proton beam, the translation of the light signal is obtained through
HAMAMATSU photomultipliers, characterized by an extreme resistance to
radiation damage compared to the high cost, while in the remaining regions
the FEU-68 photomultipliers are used. The middle and outer regions have
square cell sizes of 5.6 cm x 5.6 cm (segmentation 2 × 2) and 11.18 cm x
11.18 cm (no segmentation) respectively, and a depth of 20 X0 , with an average Moliere radius of 3.5 cm. In these sections FEU-84 photomultipliers
are used. In total ECAL is equipped with 5956 detection cells and provide a
direct measurement of the energy deposition of e− , e+ and γ on a very wide
energy range, in fact its sensitivity ranges from few hundreds of MeV up to
200 GeV with a design energy resolution of:

in the inner region, and

M
σ(E)
17%
=q
1.6%
E
E(GeV )

M
10%
σ(E)
1%
=q
E
E(GeV )

(2.2)

(2.3)

L

in the middle and outer regions. The symbol
defines a squared sum.
The energy calibration is actually performed with a method based on π 0
mass reconstruction from γ’s showers deriving from the decay π 0 → γγ.
ECAL provides the pretrigger seeding to the First Level Trigger (FLT) of
the experiment.

2.8.3

MUON

The MUON system, located after the ECAL at about 15 m from the interaction point, must provide a reliable offline muon identification as well as
the muon seeds to the first level trigger (FLT). It consists of four superlayers
(MU1, MU2, MU3 and MU4) interleaved with concrete and steel absorbers,
as depicted in fig.2.13. These absorbers are designed to stop must of pions
and kaons, whereas muons of more than 5 GeV can traverse the detector
completely. The covering angle is nearly the same of the whole HERA-B
detector: 240 mrad in the horizontal direction and 160 mrad in the vertical
one. Three different types of technologies have been used in the wire chambers construction: Tube Chambers (TC), Pad Chambers (PaC) and Pixel
Chambers (PiC). The first two stations, MU1 and MU2, are equipped with
TC and PiC, while for MU3 and MU4 were employed PaC and PiC. The inner region (x, y < 33cm) is equipped with gas pixel detectors of 9 × 9 mm2
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Figure 2.13: MUON superlayers
cell size, and 30 mm wire lenght. In the outer region, proportional wire tubes
chambers with cell sizes of 1.2 cm provide sufficently granularity. The total
number of channels in this sub-detector is around 30000. The gas mixture
used in all chambers is Ar − CF4 (proportions 80/20).

2.9

The Trigger system

The main task of HERA-B trigger is the reduction of the incoming event
rate from the initial bunch crossing rate, 10.4 MHz, to a final rate of about
100 Hz without introducing significant dead time in the system. Considering
an average event dimension of 100 kB, it is possible to evaluate the total
incoming flux of information arriving at the trigger: (100 kB ) · (10.4 MHz)
' 1 TB/s. Actually the total storable flux on a mass memory is around
2 MB/s, corresponding to a 20 Hz rate. In this way, the total reduction
operated by the trigger will be at least: (10.4 MHz)/(20Hz) ' 105 . See
Table 2.1 and Fig.2.14 for reference.
The trigger system is specifically designed to select events containing a J/ψ
decaying leptonically in e+ e− and µ+ µ− . The trigger chain is organized in
four different steps:
Pretrigger The electronic and muonic pretrigger systems, developed with
dedicated electronic boards, send to the First Level Trigger (FLT) the
relevant informations about the e+ e− (using the infos from ECAL) and
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µ+ µ− (from the MUON system) candidates.
First Level Trigger (FLT) The FLT consists of custom-made hardware
processor boards that perform a track reconstruction in the main tracker.
This Track reconstruction is initiated by an energetic cluster in ECAL
or a coincidence of hits in the MUON system, both of which give a
first estimate of the track parameters (position, energy or direction).
These track candidates are further reconstructed in the main tracker.
After determining the momenta of these tracks, a mass reconstruction is performed from pairs of found tracks. A mass cut of typically
m > 2GeV /c2 can be further applied. The FLT has a maximum decision time of 12 µs.
Second and Third Level Trigger (SLT & TLT) Once the event is accepted by the FLT, all data are transmitted from the detector to the
Second Level Buffer (SLB). One of the 240 PCs that make up the Second Level Trigger (SLT) farm will process this event, improving the
accuracy in the track parameters of the tracks already found by the
FLT. The SLT includes the measured drift times of the Outer Tracker
in the reconstruction. In fact, a fit performed with drift times can improve the track parameter resolution by a factor of 10. The tracks are
further traced back through the magnet and the vertex detector and a
vertex fitting is then performed. After one of the nodes of the SLT has
accepted the event, this PC will assemble the full event from the SLB.
The SLT decision time is of the order of few ms. Third Level Trigger
(TLT) algorithms, can be executed on the same SLT farm, in order to
perform a secondary vertex fitting in the vertex detector. Alternative
(i.e. non J/ψ) triggers, such as single high-pT leptons or photons, can
also be implemented at this trigger level.
Fourth Level Trigger/FARM After the SLT/TLT, the event rate is sufficiently reduced to allow a full event reconstruction by a second PC
farm. A final event selection can further reduce the rate of events written to tape, if necessary. Online alignment, calibration and data quality
monitoring process also reside at the FARM.

2.9.1

The electronic Pretrigger system

The electronic pretrigger is a hardware trigger completely designed and assembled by the Bologna group. It is able to select the signals on the unique
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Trigger Level

input rate

reduction

time

hardware

FLT

5-10 MHz

100-200

< 12µs

custom-built processors

SLT+TLT

50 kHz

500-1700

< 20ms

PC farm

FARM

50-100 Hz

-

1-2 s

PC farm

Table 2.1: Rate reduction of the different trigger levels.
basis of the ECAL information: only the energy deposit over a certain threshold can contribute to form a signal. Every single board can run up to 50
ECAL readout channels. The different operations can be summarized in 5
subsequent steps:
• First of all, all the channels with a local maxima of energy deposition
are selected.
• For each maximum, an energy sum on the 3·3 cells is performed, where
the maximum energy deposit is identified in the central cell.
• The different energy information gathered from the nonets are then discriminated with a threshold function, dependent on the shower position
on ECAL. Typically a transverse energy cut (ET ) is imposed.
• At this stage the messages for the FLT are prepared, consisting essentially in energy information and shower coordinates, to mark for the
FLT the different positions of tracks on the tracking chambers before
the calorimeter.
• On the last step, it is also foreseen the possibility for the recovery of
bremsstrahlung gamma and generated showers in the ECAL emitted
before the magnet.

2.9.2

The first level trigger

As said before, the SLT can accept a data flux with a typical frequency of
50 kHz. Therefore the pretrigger and the FLT must be able to reduce the
frequency from 10.4 M Hz of a factor 200. Considering moreover that frontend electronic should be able to store in a pipeline structure an amount up
to 128 events, the FLT must be able to decide weather rejecting or not an
event in a time limit of 12 µs (128/10.4 M Hz −1 = 12.288 µs), before the
complete saturation of the pipeline. The FLT strategy can be summarized
in four different steps:
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• Gathering of information from the pretrigger system on lepton candidates and localization of the Region of Interest (ROI) on the tracking
chambers, starting point for a backward tracing towards the interaction
region.
• Recursive backward tracing on the four tracking planes, located between the magnet and the electromagnetic calorimeter. The algorithm
able to perform this is the so-called ”Kalman filter”, that is an iterative interpolation algorithm, starting from the farthest region from the
interaction point, to the closest one, adding at every step the contribution of the signals found on its way. Each signal contributes to better
determine the precision of the track parameters and consequently to
reduce the uncertainties on the extension of the region of interest in
the following chambers.
• Track parameters extrapolation to the production vertex. It is performed through a particular approximation able to consider the presence of the magnetic field.
• Combination of the track pairs for the calculation of the invariant mass.
The FLT device is realized with a special electronic network, built up of three
different units: Track Finding Units (TFU), Track Parameter Units (TPU)
and Track Decision Units (TDU). Each TFU has a specific portion of one
ITR/OTR superlayer under its control. Those units are all inter-connected to
better exchange the messages for the Kalman filter actuation. The tracking
process can end both with success at the final sensitive plane and for lack of
signals on the chosen path. Once obtained the straight path of the particle in
the region after the magnetic field, an evaluation of the geometric parameters
and of the momentum in the region before the magnet is necessary. This is
performed by the TPU, able to evaluate the deflection of the particle (and so
its sign) on the magnetic field. In the last step, for each pair of leptons with
opposite signs the calculation of the invariant mass is performed. If one of
these couples satisfies some criteria defined by the TDU, the signal is finally
sent to the SLT.

2.9.3

The second/third level trigger

The SLT works with a input frequency of 50 KHz, and must reduce it to
50-100 Hz, that is a net reduction of a factor 500-1000. Another factor 10
reduction can be obtained with the TLT (Third Level Trigger), actually not
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implemented. The SLT, using an improved Kalman filter algorithm, can reconstruct the tracks of a leptonic decay like the one of J/ψ in a more accurate
way than the FLT, being able to use all the information from tracking chambers, including the drift times. In this way the tracks are then traced back
trough the magnetic field region to the vertex detector in order to better
reconstruct the J/ψ decay vertex. This trigger is made out of three different
components:
• An electronic board system with SHARC 1 processors (DSP - Digital
Signal Processors) able to transport data from the FLT, storing them
temporarily on a buffer (Second Level Buffer, SLB), before sending
them to the trigger processors.
• 240 Pentium 300 MHz commercial processors, with Linux operating
system. They receive the data from the SLB through a custom designed
interface SHARC/PCI.
• PCI LAN desk for machine remote booting, monitoring and data transfer to the fourth level trigger via a fast Ethernet tube.

2.9.4

The fourth level trigger

The FARM for the fourth level trigger works with an Intel PCs lan, working
with Linux operating system. The fourth level trigger has as main task the
”complete” event reconstruction; Furthermore it performs:
• event selection;
• event storing on mass memory;
• data quality monitoring;
• preparation of specific data sets for calibration and alignment;
• first offline data analysis.
All data are written in DST files (Data Summary Tape) or MINI-DST, with
smaller size, where only the most relevant information are stored. The total
flux of incoming data, for the fourth level trigger, is 5 MB/s (100 kB per
event), while the exiting one is around 2 MB/s (reduction factor (∼ 2.5)).
Starting with a storing frequency of 20 Hz, and a typically size of 100 kB per
1

Super Harvard ARchitecture Computer, a digital signal processing (DSP) IC with
on-chip memory
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event, during a complete machine year of 107 seconds (taking into account the
dead times of the experiment and of the HERA machine), the total storable
data quantity on mass memory can be evaluated as of the order of 20 TB.

Chapter 3
Sample definition and method
of measurement
In this chapter there will be presented the tools developed for the detection
of the radiative decay of the χc into J/ψγ. Two different approaches have
been used to measure the produced γ: in the first the γ is observed directly
as an electromagnetic shower in ECAL (high efficiency), in the second the
γ is observed after its conversion into an e+ e− pair in the materials of the
apparatus and the two outgoing leptons are measured separately (high energy
resolution). The main goal of the present analysis is the study of the χc states
to perform the calculation of the ratio:
Rψ =

P

J=1,2

Br(χcJ → J/ψX)σχcJ
.
σJ/ψ

(3.1)

one of the test in NRQCD. The analysis is based on the radiative decay of
χc → J/ψγ, based on the J/ψ → µ+ µ− channel. The χc is observed as a
signal in the distribution of the invariant mass difference ∆M = M (l + l− γ) −
M (l+ l− ). Rχc has been extracted using the equation:
N (χc )
N(J/ψ) εγ

Rχc =

(3.2)

where Nχc and NJ/ψ are the numbers of reconstructed χc and J/ψ events,
respectively, and εγ represents the photon reconstruction efficiency. This
analysis’ other goal is the study of the ratio:
Rχ =

σ(χc1 )
σ(χc2 )

that represents one of the missing test to verify the NRQCD approach.
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The intrinsic difficulties in these kind of measurements rely on the relatively small mass separation between the χc states. In particular, considering
only the χc1 and χc2 , that have a sizeable radiative decay branching ratio,
their mass separation is only 46 MeV (1.3%).
In the first approach, due to intrinsic experimental limitation, the direct
detection of the photon on the calorimeter doesn’t allow the separation between the two close by χc states but it provides enough efficiency and large
acceptance for the calculation of the ratios (3.3).
The method developed for the second kind of detection (γ → e+ e− conversion) is based on a backward reconstruction of the electron and positron
tracks to a common vertex where the photon is supposed to convert into the
couple. An optimal γ energy reconstruction is achieved when the gamma
converts in a region that extends from the target to the magnet. Photons
converting inside or after the magnet will not be reconstructed. The J/ψ
produced in the χc decays will be detected via its decay into the muon channel, to guarantee a better and clearer signal. The main difficulties of this
method are the reconstruction of the electron/positron tracks to a common
vertex in anti-coincidence with the track segments deriving from the VDS,
for which a specific tool has been developed, and the clear definition of the
signal onto the calorimeter due to the presence of a huge background, mainly
due to the π 0 decays.
In this chapter, after a first part devoted to the data taking, the details
of the software and of the hardware trigger used and the Monte Carlo for the
apparatus are discussed, with the main emphasis on the J/ψ dilepton final
state. The actual analysis and the measurements of the ratios in eq. 3.2 and
eq. 3.3 will be presented in the next chapter.

3.1

Sample definition

The present analysis has been performed on a data sample acquired during
the years 2002 and 2003. The data were acquired with one or more wires on
the target, simultaneously operating with an interaction rate of 5 MHz.
In this data taking period (starting in October 2002), HERA-B was routinely running and able to collect ∼ 164 · 106 events triggered with a dilepton
J/ψ-trigger. The data were taken using the so-called star mode trigger. In
this trigger configuration, the events are selected with the requirement of two
pretrigger seeds originating either from the muon pretrigger or the ECAL pretrigger, one track from the first level trigger (FLT) and the second track from
the second level trigger (SLT). On the SLT in addition a vertex constraint
was applied. This mode is similar to the single FLT/ double SLT trigger
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proposed in the status report [71]. Since HERA-B was able to collect up to
1500 reconstructed J/ψs per hour, the predicted rates in [71] were reached.
Most of the collected data were taken in a 2-wire configuration: a carbon
wire and a tungsten wire, separated by at least 5 cm along the beam line. A
special sample of 18 Millions of events has been acquired with the single i2
(Carbon) wire. This sample is particulary interesting for Rχc analysis since
the level of gamma background is at its minimum.
A detailed description of the used trigger algorithms is presented in the
following paragraphs.

3.2

Dilepton Trigger

The HERA B trigger system was designed to select J/ψ dilepton decays out
of a large hadronic background at high rates. To minimize processing time,
the first levels employ a highly parallel architecture and consider only a small
fraction of the event data. As events pass through the second level, they are
either discarded or increasingly more event data and more processing time
are devoted to them.
The HERA-B pretriggers are designed to define search windows for the
First Level Trigger (FLT). The MUON pretrigger [70] identifies muon candidates via coincidences in the MUON detector [72]. The electron pretrigger
[73] selects electrons, with transverse energy above a certain threshold, using the cluster energy deposited in the Electromagnetic Calorimeter (ECAL)
[74]. The FLT [75] is designed to track particles through the tracking chambers behind the magnet [76]. It can apply pT cuts on individual tracks and
mass cuts on pairs of tracks. If an event is accepted by the FLT, the complete
event is read-in and it is stored into temporary buffers called Second Level
Buffers (SLBs)1 [77].
The SLT [79] is a software trigger running on a farm of 240 PCs. These
Second Level Processors (SLPs) access the detector information stored on
the SLBs through a high-bandwidth and low-latency switching network.
The SLT algorithm is structured in different steps. Only the data needed
at a given step and limited to a given Region of Interest (RoI) are requested
from the SLB. After each step tracks are rejected if certain conditions are
not fulled. If, after rejection of a track, the trigger requirements cannot be
satisfied, the event is rejected.
The SLT defines the RoIs given the input seeds from the previous trigger levels (pretriggers). Based on the RoIs, tracks are refined by following
1

The SLBs are made of SHARC VME-modules [78].
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them backward through the tracking chambers behind the magnet. After
propagating them through the magnetic field, new RoIs are calculated which
are used for searching tracks in the Silicon Vertex Detector (VDS) [80]. In
addition the SLT can require a pair of tracks to come from common vertex.
The algorithms for each these steps is described in detail in the following
sections.
For the events accepted by the SLT, event building is performed in the
SLP by reading all the SLBs of the selected event and a Third Level Trigger
(TLT) [81] could potentially be applied to further reduce the event rate.
Afterward, the events are sent to the Fourth Level Trigger (4LT) [82] farm
where full reconstruction is performed, allowing for extensive data quality
monitoring, early online physics analysis and event classification.

3.2.1

Seeding algorithms

This step consists of setting up RoIs for the trigger algorithms in the tracking system. The original design of the SLT seeding is based exclusively on
FLT trigger and track messages (FLT seeding). Additionally, the very flexible
software running on the SLT farm opens other seeding possibilities, based directly on pretrigger messages and taking over parts of the FLT functionality,
like muon tracking or di-electron invariant mass selection. This pretrigger
seeding mode proved to be very useful not only as a FLT debugging tool but
as a seeding alternative to avoid a direct dependence on the FLT. It can be
further extended to the standalone seeding mode, where also the pretrigger
components are replaced or emulated in the SLT. The disadvantage however
of this last seeding mode is a limitation in trigger rate capabilities, due to
the additional detector data to be loaded at SLT input and/or due to the
higher SLT latencies caused by more complex seeding algorithms. A detailed
review of dimuon SLT seeding mode is given below.

3.2.2

FLT seeding

The FLT performs tracking through four of the six main tracking stations,
TC02, TC01, PC04 and PC01 [76] (see Fig. 3.1), providing a preliminary
position and momentum measurement of the track candidates.
Only events already triggered by the FLT will reach the SLT. The SLT
RoIs are derived exclusively from the FLT messages, with no need for additional detector information. They are based on 2 geometrical locations with
their errors, at the upstream and downstream ends of the tracking system
(TC02 and PC01). The average RoI sizes are of 2 cm in x and 4.6 cm in
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Figure 3.1: Detector in top view with detailed specifications.
y for electrons (resp. 2 cm and 17 cm for muons) 2 . In order to cope with
non-perfect detector alignment, the SLT RoI sizes can be re-adjusted, allowing a minimum size of 5 cm in both directions. The maximum sizes are
(∆x = 20 cm, ∆y = 8 cm) at PC1 and (∆x = 10 cm, ∆y = 10 cm) at TC2.
The SLT either handles directly the trigger types manufactured by the
FLT (single, pair triggers) or performs its own trigger assignments, e.g. combinations of lepton pair candidates with invariant mass cut above 2 GeV.
Moreover, the SLT applies a ”distance cut” of 50 cm between RoIs at TC02,
in order to remove FLT clone tracks. Both electron and muon channels as
well as various trigger types can be handled simultaneously.

3.2.3

Muon Pretrigger seeding

The MUON pretrigger forms coincidences between hits in the MU03 and
MU04 chambers (see Figure 3.1), equipped with segmented cathodes (pads)
based on a predefined set of patterns. Events are forwarded to the SLT in
case at least two of these coincidences are found, adding the request of one
FLT track for the 2002 data taking period.
The first step in the SLT is to reject all muon coincidences separated
by less than 50 cm at MU03. This cut is based on the high percentage of
fake double coincidences: if a charged particle passes close to the edge of a
MUON pad, the adjacent pad will often also record a hit, giving rise to two
2

The SLT coordinate system is defined with the origin at the target, the z axis along
the beam line, the y axis pointing upward and the x axis pointing to the center of the
HERA ring.
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Figure 3.2: The distance between two MUON pretrigger coincidences. The
peak at 10 cm is from coincidences in adjacent pads, which fired due to
the same charged particle. Also shown is the distribution for muons from
J/ψ → µ+ µ− decay.
pretrigger coincidences for the same particle. This can be seen in Figure 3.2,
where the distance between two pretrigger coincidences is shown. This cut
rejects approximately 50% of the muon pretriggered events, without affecting
the J/ψ → µ+ µ− trigger efficiency. Starting from the position indicated by
the MUON pretrigger messages, the SLT performs a tracking algorithm using
the information coming from MU01 and MU02 (see Fig. 3.1). This procedure
increases the precision in the RoI position and rejects events before setting
the RoIs for seeding the SLT. The muon tracking uses hits from the 0. layers
[72]. Due to the aluminum walls separating the tube cells, a cell in a single
layer of the muon detector is sensitive over approximately 85% of its surface.
To achieve ∼ 100% hit efficiency, the muon chambers contain two layers,
shifted by half a cell size with respect to each other in such a way that if
a particle passes through the insensitive area of the first layer it will pass
through the sensitive area of the second layer, and vice versa. When cells in
both layers fires, they were counted as a single hit. For the 2000 data taking
period, due to the high occupancy in MU01 (more than four times higher
than in MU02), it was required that cells in both layers fire in this station,
doubling the insensitive area and reducing the hit efficiency to 72%.
In the 2000 run, an isolation cut was also applied to eliminate track candidates caused by hadron showers in the ECAL and the front muon absorber,
which if sufficiently energetic, reach the muon pretrigger layers where they
can cause signals in several neighboring cells. To eliminate such fake track
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candidates, we required that cells next to a hit are empty. The isolation
requirement was not applied during the 2002 run. Instead, the hits were
clustered. If the distance between two tube cell hits is less than 2.1 cm, they
are joined into a single cluster. This distance corresponds to two neighboring
cells or two cells located one behind the other in a double layer. Many cells
can be joined into a single cluster. Clusters wider than 3 cells are broken
into multiple clusters.
After the preparation of the hits in MU01 and MU02, the MUON tracking algorithm is performed. The algorithms for the 2000 and 2002 running
periods differ, but in essence, for both cases, hits in MU01, MU02 and the
MUON pad coincidence to lay roughly on a straight line.
In the 2000 version, the x coordinate of the MU02 hit is required to
lie within 20 cm of the MUON pad coincidence when projected toward the
target position. The line connecting hits in MU01 and MU02 is projected
to the pad in MU03 and required to be within 20 cm from the pad. These
cuts are adjusted according to the residuals observed in real data, which are
dominated by the 12 cm wide pads. No cuts are done in the y-coordinate,
except that all hits must reside in the same half-plane (y > 0 or y < 0) as the
muon pad coincidence. To reduce the number of possible combinations, only
the first track found for each pad coincidence is retained, which unfortunately
makes the efficiency dependent on the hit occupancy.
In 2002, the RoI for the hit search defined from the MUON pad coincidence uses the same window size as does the FLT. The size depends on
the coincidence position, with an average value of 54 cm. If a hit in MU02
is found within the RoI, the line passing through the hit and the pretrigger coincidence is extrapolated in a straight line to MU01. Here a tube hit
should lie within in average 16 cm of the extrapolation in x. If several hits
are found, all hit combinations are taken as valid muon tracks. Since the SLT
algorithm limits the number of tracks to 24, the muon track candidates are
sorted according to their quality, where the quality is defined as the difference
between the MU01 hit position in x and the extrapolated track.
The seed RoIs for the SLT algorithm are defined in the same way for
both, 2000 and 2002, versions. In contrast with the electron case, the muon
pretrigger does not provide an estimate of the track energy, but of the track
position at MU01 and direction from hits in MU01 and MU02. Due to
multiple scattering, the track direction estimate has large uncertainties when
extrapolated to PC01 (see Fig. 3.1). Alternatively, the trajectory can be
calculated by assuming a pT value, a charge, and the track position in MU01
together with a fixed pT kick in the magnet. By assigning the value pT =
1.6 GeV /c, the predicted trajectory comes closer to the Monte Carlo truth
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Figure 3.3: Residual in x at PC01 between Monte Carlo truth and RoIs
calculated from either a fixed pT = 1.6 GeV /c assumption or from the muon
track extrapolation. The fixed pT assumption is observed to give the best
prediction.
than when using the track direction estimate from MU01, MU02 hits, as seen
in Figure 3.3.
The RoI size is calculated by varying the pT assumption between 0.7GeV/c
and 2.5GeV/c, which results in RoI sizes between 3 cm for the muon tracks
closest to the beam pipe and up to 50 cm for the outermost tracks. The RoI
is then required to be at least 5 cm and no more than 48 cm in x and 60 cm
in y. In the 2000 run, the full data record of MUON tube system, consisting
of 18 FEDs [77] in 3 SLB modules, (each FED with a data size of 136 bytes)
was read from the SLBs before the start of the tracking algorithm. The SLT
input rate was thus limited to 12-14 kHz due to bandwidth limitations of
the SHARC links. For the 2002 run, an RoI-driven MUON read out was
implemented. Thus only the needed data was read, (although, for simplicity
full FEDs were read). This allowed for an increase in SLT input rate to more
than 30 kHz, with the limit coming from message handling in the MUON
SLBs rather that the bandwidth limitations of the 2000 run.
For the bulk of the triggered running during the 2002 period, an FLT
required at least one found FLT track and at least two pretrigger candidates
originating from the same pretrigger source (electron or muon) which seeded
the found FLT track. The FLT output record contained both the found FLT
tracks and the pretrigger seeds. The SLT algorithm could in principle use the
FLT tracks instead of the pretriggers as seeding sources for those pretriggers
which result in an FLT track. Code to do so was developed but not used
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during standard production because of the high rate of near-duplicate tracks
from the FLT. Not using the FLT tracks at the SLT has the additional
advantage of making the SLT efficiency estimate fully independent of FLT
tracking. For this combined seeding code, the pretrigger clusters which seed
found FLT track should not be used by the SLT as seeds (to minimize CPU
load). To identify such redundant pretriggers, the ECAL pretrigger clusters
were required to be further than 5 cm, and MUON pretrigger seeds further
than 20 cm from the extrapolated FLT tracks. This cut could eliminate
pretrigger seeds unrelated to FLT track, but the efficiency loss has been
found to be negligible [83].

3.2.4

Combined FLT and Pretrigger seeding

For the bulk of the triggered running during the 2002 period, an FLT required at least one found FLT track and at least two pretrigger candidates
originating from the same pretrigger source (electron or muon) which seeded
the found FLT track. The FLT output record contained both the found FLT
tracks and the pretrigger seeds. The SLT algorithm could in principle use
the FLT tracks instead of the pretriggers as seeding sources for those pretriggers which result in an FLT track. Code to do so was developed but not
used during standard production because of the high rate of near-duplicate
tracks from the FLT. Not using the FLT tracks at the SLT has the additional
advantage of making the SLT efficiency estimate fully independent of FLT
tracking.
For this combined seeding code, the pretrigger clusters which seed found
FLT track should not be used by the SLT as seeds (to minimize CPU load).
To identify such redundant pretriggers, the ECAL pretrigger clusters were
required to be further than 5 cm, and MUON pretrigger seeds further than
20 cm from the extrapolated FLT tracks. This cut could eliminate pretrigger
seeds unrelated to FLT track, but the efficiency loss has been found to be
negligible [83].

3.2.5

Slicer and Refit in the SLT

The SLT algorithm for tracking in the main tracker3 is divided into two parts:
Slicer, a fast ghost removal, and Refit, refining the tracks and providing a
further ghost rejection. The seeding algorithms define the RoIs used for
determining the detector regions of the main tracking system from which
3

The main tracking system consists of six superlayers, with both Inner TRacker (ITR)
(not used in the SLT up to now) and Outer TRacker (OTR) chambers, located between
the magnet and the calorimeter
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the SLT requests data. In order to cope with the non-perfect alignment
and to adjust for different conventions for the definition of RoI boundaries
4
, the RoIs adjusted and possibly enlarged to a minimum width and height
of 5 cm. An upper limit is also imposed since larger regions are likely to
contain unrelated tracks. The upper limit is set to 48 cm in width and 60
cm in height for MUON pretrigger seeding and 10 cm in both directions for
ECAL pretrigger and FLT seeding 5 . Slicer performs a fast rejection of ghost
tracks based on the hits contained in the RoI. In order to reduce the latency
and to limit the amount of data to be read out, only hits in the 0◦ layers
are used. After the hits in the RoI have been read out, Slicer checks that
each superlayer contains at least one hit. In order to avoid suffering from
inefficiencies or instabilities of the OTR [85], one superlayer is allowed to be
completely empty 6 . The RoI is then divided into slices by splitting each end
of the RoI into eight equally sized segments and connecting all the segments
from one end with all the ones from the other end, as illustrated in Figure
3.4. For each of the 64 slices, the algorithm calculates the number of hits
and of superlayers without any hit. A hit is de.ned to be inside a slice if it
is within 1.5 σ from its limits, where σ is the hit resolution, fixed to 1.5 mm
for 5 mm OTR channels and 3 mm for 10 mm OTR channels. Slicer requires
at least one slice with hits in more than four out of six possible superlayers
and with a minimum number of hits 7 .
Refit is a simplified Kalman filter [86] which confirms and refines the
charged track candidates in the region behind the magnet. It calculates the
track parameters using hits located inside the RoI and confirms or reject
the possible track 8 . To simplify the calculations and thus save CPU time,
the tracking is done first in the horizontal plane using the hits already read
out by Slicer (RefitX). Afterwards hits in the stereo layers (±5◦ ) are read
out and used to calculate the track parameters in y (RefitY). Since Refit is
not required to provide high precision tracking, a significant saving in CPU
4

For the ECAL pretrigger seeding the RoIs are given with only 1σ boundaries, which
makes possible to run without Slicer and Refit, as it was done at the beginning of the data
taking period in 2000.
5
The determination of the center of the RoI for the MUON pretrigger case, based on
an average transverse momentum, forces the use of larger RoIs for seeding the first steps
of the SLT algorithm.
6
Allowing for an empty superlayer also increases the acceptance, mainly in the case of
tracks crossing the first station behind the magnet in the ITR system, MS10, instead of
the corresponding OTR layer, PC01.
7
This number was set to 9 after being tuned with real data.
8
Refit was meant initially to work on small RoIs, based on FLT tracks, not for general
track finding. For that reason, the large RoIs from the MUON pretrigger seeding resulted
in an efficiency drop.
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Figure 3.4: The subdivision of an RoI into slices by the Slicer algorithm.
(The detectors are not to scale, z axis is pointing to the right).
time can be achieved by neglecting the multiple scattering in the detector,
reducing the parameter calculation to a least-squares fit of a straight line 9 .
The track parameters in a single coordinate (x or y) are parameterized by
the track slope, t, and the intercept, b, at z = 0 (ignoring the magnetic field
influence). Ignoring multiple scattering implies that the order in which hits
are added to the track has no effect on the determination of track parameters.
Since PC01 (Fig. 3.1) has a lower hit occupancy compared to TC02 the
tracking was done from PC01 to TC02 during the 2000 run. However, this
is not optimal for RoIs based on muon seeding, as the RoIs at PC01 can
be up to 10 times larger, compensating for the lower hit occupancy. For
that reason, in the 2002 running period the tracking in Refit proceeded from
TC02 to PC01. The pattern recognition procedure processes hits in a single
superlayer, at a time. The track candidates are found by combining hits,
which according to a χ2 test, lie on a straight line with respect to upstream
tracks candidates. After each superlayer only five track candidates, of best
quality, are kept. The track quality is determined by the χ2 and the number
of layers where the track candidate has at least one hit. The initial track
candidate is calculated from the RoI center and width.
More precisely the algorithm proceeds as follows:
9

In this sense Refit is considered as a simplified Kalman filter.

72CHAPTER 3. SAMPLE DEFINITION AND METHOD OF MEASUREMENT
• If there are no hits at all in the RoI in a given superlayer skip to the
next superlayer.
• Loop over layers within the superlayer:
– Loop over track candidates:
∗ For every hit in a layer calculate the χ2 for adding the hit to
the track candidate 10 .
∗ If χ2 < 5· ”number of hits on track”, a new track candidate
including the hit is created 11 .
∗ If at least one new track candidate is created, the original
candidate is removed.
∗ A track candidate is also removed if this is the third consecutive empty layer, otherwise it continues to the next layer.
• Clean-up the list of track candidates:
– Sort tracks according to their track quality, Q, given by:
Q = 0.05 · χ2 + ”number of empty layers”

(3.4)

– Remove all but the five tracks with the best Q.
– If tracks are clones

12

of each other, remove those with worst Q.

• Go to next superlayer if any candidates are left.
The χ2 test is calculated as:
2

χ =

X (mi − xi )2
i

2
2
σm
2 + σx2 SL
i

(3.5)

i

where xi is the track position at the z of hit number i. The position is
calculated from the first i hits. Adding an extra hit to the track requires
only the calculation of an extra term, not the full χ2 . In order to save CPU
time, the track position uncertainty σx22 SL is calculated once per superlayer
i
(before any hits are added from the superlayer). The track quality, Q, is
10

To further reduce the number of combinations in RefitX, during the 2002 running
period, a hit is only considered to be added to a track candidate if it lies within 5s of the
expected position.
11
Practically all hits satisfy the χ2 requirement.
12
Tracks are defined as clones if their di.erence in slope is less than 0.3 mrad and their
difference in intercept is less than 1 mm.

3.2. DILEPTON TRIGGER

73

defined as above in Eq.(3.4) and therefore weights both how straight a track
is and how complete it is.
The above algorithm description is given for RefitX. The algorithm for
RefitY is almost identical. The hits are measured in stereo layers with wires
f, is therefore related to the
rotated ±5◦ from vertical. A hit coordinate, m
(x, y) position through the relation:
f = x cos θ − y sin θ
m

θ = ±5◦ .

(3.6)

These hits contain information on both the x and y position of the track.
From RefitX a reasonably good estimation of the x position is available and,
to save computing time, the measured points are transformed into a y coordinate using the track given by RefitX:
m=y=

f
x cos θ − m
,
sin θ

σ(m) =

σm
e
sin θ

(3.7)

These measurements are used to calculate track parameters and covariance matrices for the y coordinates. First it is checked that the hit transformed according to Eq. 3.7 lies inside the RoI in y. This removes approximately 85% of the hits that are read out. As the hit uncertainty is 12 times
larger in y than in x, the clone removal cuts have been modified to 2.5 mrad
in slope and 5 mm in intercept. The OTR has 14 0◦ layers and 16 stereo
layers, of which 4, respectively 8, are double layers. In Refit a double layer
is treated as a single layer. This gives a maximum of 14(16) hits that can be
used to determine x (y) coordinates. Figure (3.5) shows the number of hits
used by Refit in data and simulation. Only the track candidate with the best
quality was forward to L2Magnet.
The use of the OTR drift time information in Refit 13 produces only a
marginal improvement in tracking precision or rejection, increasing significantly the time spent by Refit. As a consequence, this information has not
been used.

3.2.6

Magnet propagation, Vertex detector tracking
and Vertexing

L2Magnet propagates the Refit tracks, through the magnet, toward the VDS
using a parameterization based on momentum, track slopes and the position
of hits in the tracking stations right in front of the magnet (SI08 and MC01,
see Figure 3.1). An early version of L2Magnet has been described in detail
13

Off-line test using the 2000 data.
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Figure 3.5: Number of hits on Refit tracks in data and J/ψ → µ+ µ− Monte
Carlo. a) Distribution after RefitX. b) Distribution after RefitY (with hits
from RefitX counted also).
in Ref.[87]. The code was upgraded before the 2000 run to provide higher
precision.
The tracking through the VDS detector in the SLT is performed by L2Sili
[88]. This algorithm uses only the seven superlayers inside the vacuum vessel,
as the last superlayer, SI08, is used by L2Magnet. The tracking starts at
SI07 following the tracks toward the target. For speed reasons tracking is
done independently in x and y coordinates. After the tracking procedure is
completed, the possibility of fitting the tracks to a common vertex is available
14
. For vertexing, a precise estimate of not only the track parameters, but
also their covariance matrix is needed. The multiple scattering must be taken
into account being significant compared to the nominal hit resolution.
In the design SLT configuration, L2Sili is followed by the vertexing in
L2Vertex. Each pair of accepted tracks, found by the previous algorithms,
is required to come from a common vertex. The vertexing step was used in
the 2002 running period, but not during year 2000. When using multiple
target wires, tracks from interactions on different wires are easily rejected
by the vertex requirement, while tracks from different interactions on the
same wire are much harder to discriminate. The rejection factor of L2Vertex
14

Although it was not used in the 2000 data taking period.
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therefore increases with the number of target wires. It also increases the
rejection of ghost tracks, since, in general, they do not point back to the
target wires. The L2Vertex algorithm has been described before in Ref.[88].
It finds the di-lepton vertex, (xv , yv , zv ) by minimizing a χ2 , which measures
the minimum distance between the two tracks, when track uncertainties are
taken into account. The χ2 is defined as:
2

χ =

X

i=1,2

(bx,i + tx,i zv − xv )2 (by,i + ty,i zv − yv )2
+
2
2
σx,i
σy,i

!

(3.8)

where as usual, bx , by ) are the intercept, and tx , ty ) are the track slopes.
The sum is done over the two tracks.

3.3

HERA-B event simulator

Event simulation of the HERA-B detector is essential to determine detector acceptance, trigger efficiencies, and reconstruction efficiencies for decays
reconstructed in real data.
The HERA-B event simulation is based on Monte Carlo techniques. It
consists of three parts (see Fig. 3.6 for reference): physics process generation,
particle interaction with detector material, and realistic detector performance
simulations. The first part simulates the underlying physics processes of a
920 GeV/c proton beam interacting with different target materials. The
second part takes into account all relevant interactions between the particles
produced in the primary as well as secondary interactions or decays and the
detector material. The parameters used in the simulation have been adjusted
to reproduce distributions which are well measured in the data. During the
tracing of the produced charged or neutral particle information on the impact
point of the particles with the detector layers are recorded for further analysis
(the so-called Monte Carlo IMPact points, MIMPs in short).
The last part of the simulation is to convert MIMPs into detector data
and pass it through a simulation of the active components of the detector,
their read-out electronics and of the trigger algorithm. After the trigger
simulation, the Monte Carlo data is basically the same as the real data.
To have the same reconstruction efficiency, the same offline reconstruction
procedure as used for real data is also applied to Monte Carlo data.
All these steps are performed in an “Analysis and Reconstruction Tool
Environment” - ARTE [92, 93] which is the main program of the experiment
for MC event generation, digitization, simulation and reconstruction. The
same code can also be run on real data for reconstruction or for (software)
trigger simulations.
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Figure 3.6: HERA-B Monte Carlo simulation procedure

3.3.1

Physics process simulations

In the first step of the MC event generation, the beam energy as well as
the target positions and materials are supplied to the simulation code. The
physics processes are generated by a combination of the packages PYTHIA
5.710 [89] and FRITOF 7.0 [90]. PYTHIA is used for the production and
fragmentation of heavy quarks, for example, the charmonium state for J/ψ →
µ+ µ− or open charm state for D0 D̄0 → µ+ µ− X. PYTHIA generates the hard
interaction between the beam proton and target nucleon. Only the fragments
associated with the heavy quarks and their decay products are kept. All other
fragments and particles are ignored.
The energy of the removed particles is summed up and passed to FRITIOF
in fixed target mode with the selected target nucleus. FRITIOF simulates
the proton-nucleus interactions like energy loss and multiple scattering of
partons crossing the nucleus. In the end, some adjustments and corrections
are done by the event generator to conserve total momentum and energy [91].

3.3.2

Particle Interaction with Detector Material

To make a full generation of simulated events, one has to simulate the detector response as well as the physics process under study. In the second part of
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the simulation, a description of detector material and geometry is loaded into
ARTE. The detector model is based on the best knowledge of the actual year
2002/3 detector, including the beam pipe, the stainless steel RF shielding
inside the VDS vessel, various detector layers with their shielding, and the
absorbers in the muon detector. The interaction of particles passing through
the detector is simulated using GEANT 3.21 [94]. The simulation includes
all possible effects, such as bremsstrahlung, strong interaction of hadrons,
Coulomb scattering, and energy loss.
The generated Monte Carlo truth information and MIMPs on detector
layers are saved into files for later analysis.

3.3.3

Realistic Detector Performance Simulation

Particles hitting the detector layers produce MIMP information. The geometric acceptance of an ideal detector can be studied by looking at the
MIMPs directly. To get a full simulation of the realistic detector, we need to
include the detector and trigger efficiencies.
By separating the event generation from the detector performance and
trigger simulation, one Monte Carlo sample can be used for analysis under
different detector conditions or trigger algorithms. For example, during the
step to convert MIMPs into simulated detector signals, information about
efficiencies (including hot and dead channels) is incorporated according to
the detector conditions when the real data were taken. The hit information
is passed to a software routine simulating the trigger algorithms. Afterwards,
the data is carried through the same reconstruction chain applied to the real
data.

3.4

Monte Carlo simulation of Charmonia production

The HERA-B Monte Carlo program provides several schemes to generate
charmonia states: the default scheme which is based on the measured kinematic distributions of J/ψ , the CSM and NRQCD schemes. The last two
ones are here described in details, being significantly different from the base
scheme for J/ψ.

3.4.1

Default ARTE J/ψ production scheme

The present HERA-B Monte Carlo includes a scheme to produce J/ψ . It
is based on the default PYTHIA [89] algorithm by T.Sjöstrand with the
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development done by J.Ivarsson,T.Lohse and P.Kreuzer [91]. In the following
is summed up the whole scheme to show what is done and what is still missing
in the default package.
The scheme considers the interaction of gluons only. The J/ψ are foreseen
to be produced directly by g + g → J/ψ + g and via decays of χc : g +
g → χci + g, where i = 0, 1, 2. The differential cross section corresponds
to the CSM production mechanism. The momentum distribution of the
gluons is taken from the CERNLIB. In principle, those kind of reactions give
the major contribution to the production within the CSM. However, not all
processes of CSM are included which mostly affect production of J/ψ with
J/ψ
low PT (PT < 1GeV /c). No additional dependence on the material of the
target is introduced for the production of cc (or bb) resonances except the
PDF of gluons. After the event is generated by PYTHIA, the bank where the
particles are stored is passed to FRITIOF. On this step the heavy resonance
and the products of its decay are saved into the MTRA bank, while the
accompanied gluon with the corresponding bunch of particles is removed.
Instead the 4-vector of the beam with subtracted 4-vector of the resonance
is transferred to the FRITIOF as a proton momentum.
The kinematic distribution of the J/ψ s can be compared with data of
E789 experiment which is similar to HERA-B. As it was shown [91] it is
significantly different from the one produced by PYTHIA. To correct the
distribution, each event is assigned with a weight to accomplish the highest
agreement of its weighted kinematic distribution with the E789 one.

3.4.2

Implementation of NRQCD processes in PHYTIA

The implementation of new NRQCD procesess in PHYTIA is not a trivial
task.In the present condition of the ARTE package it seemed the easiest way
to include CSM/NRQCD processes in a way that was the most similar one
to the presentation of g + g → J/ψ + g in the original scheme. Therefore,
we have added few additional processes which describe the formation of the
J/ψ , χc or ψ(2S) via color singlet(CS) or color octet (CO) states (see table
3.1).
For each process the kinematic parameters of the collision is calculated
by PYTHIA taking into account the default PDF. Then the amplitude of the
short-distance matrix elements is calculated and multiplied by long-distance
parameters. All the added CS and CO processes are taken from [95] and
[30], respectively. The CSM scheme invokes the CS mechanisms only, while
NRQCD invokes both CS and CO processes. During the initialization phase,
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Process
g+g →

χc0

g+g →

J/ψ + g

χc2
χc0 + g
χc1 + g
χc2 + g
ψ(2S) + g

g+q →

χc0 + q
χc1 + q
χc2 + q

q+q →

χc0 + g
χc1 + g
χc2 + g

Table 3.1: All the new processes added. For each one of these, both the CSM
and COM contributions are included.
the total cross section of each process is calculated by PYTHIA, while during
the event the mechanisms are selected according to the cross sections ratio.
The decays of the charmonia are controlled by the ARTE decay table.
To give a better description some fundamental points have to be stressed:

• The short distance matrix elements (|A(ab → cc)|2 ) are taken from [95]
for CSM and [30] for NRQCD.
• The long-distance matrix elements for CSM are equivalent to the wave
function R(H) at origin and can be estimated from the decay width of
the charmonia. R(χc ) and R(J/ψ) are available in PYTHIA parameter
list. The ψ(2S) wave function at the origin, which is used to calculate
CSM process g + g → ψ(2S) + g, is not available.
• The NRQCD long distance matrix elements are extracted from Tevatron data. There are several sets of parameters available in the literature. Two of them are hard-coded in the function pyinitcom.F with
input parameter:
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1. fit of M.Beneke, I.Z.Rothstein [31] (Tevatron data)
2. fit of P.Cho, A.Leibovich [30] (CDF data)
The second option is default and set if LUND COM is called from
kumac. The common block /PYNRQCD/ (defined in pyocom.fi) contains parameters of the NRQCD model.
• The differential cross-section formulas are summarized in the new function pygetcom.F. The function is called from pysign.F. The kinematic and color flow is calculated in pyscat.F routine.
• The present implementation does not include ηc , hc resonances since
parameters of the NRQCD are not available for those states. However
considering that their branching ratio to J/ψ are very small, these
channels can be neglected for J/ψχc analysis.
• The behavior of J/ψ kinematic distributions depends on the internal
PYTHIA threshold of the transverse energy transported in the reaction,
Qt . The default value is set to 1 GeV/c.
Even if both the CSM and the NRQCD assume such threshold for cross
section calculation, there is no theoretical prediction for the value, while
J/ψ
the threshold of 0.5 GeV/c changes PT distribution considerably. The
parameter could be tuned to obtain the shape of CSM model similar to
the one observed on data, without extra weighting of the events. The
value of 0.5 GeV/c is set for new models. The generation of all other
processes such as minimum bias or Drell-Yan remains untouched.
• The present implementation of models does not include production of
bottomonium. However the formulas for differential cross section are
the same as for charmonium in both CSM and NRQCD models.

3.5

Monte Carlo samples

To perform the study of the reconstruction efficiencies for the χc both with
the converted gamma and without, two different complementary samples
have been analyzed: first a sample completely devoted to the χc with a
gamma forced to convert before the magnet mixed with inelastic background
to simulate the detector conditions, on the other side the bigger sample of
prompt J/ψ decaying in µ+ µ− of which at least a 30% come from a χc event.
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”Pure” χc sample

In this sample a total number of 52978 events of χc (all the three types) have
been generated from the interaction of the beam with a carbon wire (Inner2
sample, i2). Each one of these events are forced to convert before the magnet
in a couple e+ e− that will open after the magnet and will be reconstructed on
the electromagnetic calorimeter. In Fig.?? the reconstructed J/ψ spectra is
illustrated, both the total sample, and the events with an associated photon.
In Fig.4.14 the E/p distribution for electrons and positrons. The data have
been mixed with an inelastic background to better simulate the detector
conditions. The total number of the generated χc was subdivided with these
proportions:
• Number of generated χc0 : 2057;
• Number of generated χc1 : 13619;
• Number of generated χc2 : 37302.
As can be noticed the χc2 production is enhanced with respect to the χc1 , in
this way the final result has been re-weighted to take in account this kind of
production.
This sample has been generated with the 2000 geometry version that still
includes the tracking chamber inside the magnet. In this case an higher
number of interaction with media may happen, creating a bias in the final
efficiency. Nevertheless this sample has represented the best testground for
the codes developed for these kind of interactions.

3.5.2

Standard MC generation

This sample is composed by a ”prompt” J/ψ production in different target
configurations. This is the standard Monte Carlo for every analysis performed at Hera-B. The production simulation for the prompt J/ψ has been
performed first generating the process pN → ccX through PYTHIA version
5.7; afterwards, once obtained the 4-vector for the momenta of the remaining
part of the process (X), it is given as input for FRITIOF 7.02, (able to generate light quarks, secondary interactions and inelastic processes) to simulate
the nucleus interactions. Considering that for every passage of the proton
beam is possible to obtain more than one interaction on the target wires, a
background of Minimum Bias events is added to the generated ones, in order
to better take in account of the correct number of interactions for bunch
crossing at 5MHz. At this point the particles are then passed to GEANT
3.21, the code for the simulation of the apparatus, able to simulate all the
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Wire(s)
i2
i1i2
b2
b1o2
o2b1
b1i1

Material
N.events generated
Carbon
∼ 500.000
Tungsten-Carbon
∼ 500.000
Titanium
∼ 500.000
Carbon-Tungsten
∼ 500.000
Tungsten-Carbon
∼ 500.000
Carbon-Tungsten
∼ 500.000

N.J/ψ
9967 ± 98
9919 ± 99
10340 ± 103
14800 ± 120
11420 ± 110
10800 ± 105

Table 3.2: Schematic view of the Monte Carlo runs used in this analysis.
Each sample is composed of 500.000 events per wire.
structure condition, the signal digitization and the work condition of every
subdetectors. All these generated data have been produced in a trigger mode
as close as possible to the so called star mode trigger used for the real data
acquisition. The main difference stays in the FLT contribute, that in MC
data is evaluated as a weight to be added to all events, that is the probability
for the FLT to detect the event, described as (1 − (1 − ε1 )(1 − ε2 )..., where
(1 − εi ) are the inefficiencies of the would-be trigger tracks. For more details
see [97].
For this analysis some selected configurations have been used for a total
amount of events analyzed of around 3.0 million events, with around half
million event for each configurations. In Table 3.2 a more detailed description
of the different target configurations is given.

3.6

Kinematical behaviors for χc and J/ψ

The kinematical behavior of χc and J/ψ signals can be studied through the
use of the Monte Carlo generator. In Fig.3.7 and in Fig.3.8 the kinematical
distributions (xF and pT ) of J/ψ in the p-nucleus interactions are shown,
both for the Color Singlet Model (in dark) and for the Color Octet Model (in
red). In Fig.3.9 the kinematical distribution of the χc1 and χc2 as obtained
in the Color Octet Model are shown. Similar distributions are obtained in
the Color Singlet Model, the main difference being in the high pT tail (see
Fig. 3.10).
In Fig. 3.11 is reported the energetic distribution of the generated gamma
and its pT kinematical distribution. These plots are taken from the description of MC Truth, that is the ”real” behavior of the generated particles before
any reconstruction.
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Figure 3.7: xF and pT distributions of the J/ψ produced directly or via ψ 0
or χc decays in the Color Singlet Model.

Figure 3.8: xF and pT distributions of the J/ψ produced directly or via ψ 0
or χc decays in the Color Octet Model.
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Figure 3.9: a)-b)xF and pT distributions of the χc2 state in the Color Octet
Model. c)-d) xF and pT distributions for the χc1 state in COM.

Figure 3.10: a)-b)xF and pT distributions of the χc2 state in the Color Singlet
Model. c)-d) xF and pT distributions for the χc1 state in CSM.
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Figure 3.11: pT kinematic distribution for the generated photon from MC
Truth in the upper side of the figure. In the lower part, the energetic distribution of the generated photon.
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Chapter 4
Reconstruction Method and
Data Analysis
We describe here the data analysis performed to measure the fraction Rχc of
J/ψ’s produced via radiative χc decays and the ratio R = σχc1 /σχc2 of the
production cross section of the two χc states χc1 and χc2 . From the experimental point of view, the specific decay χc → J/ψ γ is advantageous since
the decay signature J/ψ → `+ `− (` = µ, e) is used as trigger requirement.
The energetic gamma (with an average energy of about 10 GeV, see Sect.3
for more details) can be reconstructed either as a cluster in the electromagnetic calorimeter (Inclusive technique), either in the tracking system exploiting its conversion (γ → e+ e− ) in the detector material (Conversion
technique). The reconstruction of the J/ψ decay have been focused, for
both analyses, only on the µ+ µ− channel because of the the presence of a
huge background for the χc other’s product of decay, the gamma. In fact
the detection of the J/ψ decay in the electron channel adds a supplementary difficulty due to the presence of at least four products of decay on the
electromagnetic calorimeter, plus the possible bremsstrahlung production of
each electron/positron. Moreover, one should notice that several systematic
errors cancel in the ratio, and the only significant difference in the detection
of the χc and the J/ψ is the photon reconstruction.
Due to the small branching ratio of χc0 → J/ψ γ, ((1.02±0.17)·10−2 ), the
χc0 contribution to the reconstructed χc signal can be neglected. The χc1 and
χc2 states, with radiative branching ratios (0.316 ± 0.032) and (0.187 ± 0.020)
respectively, are separated by 46 MeV/c2 . As a consequence the inclusive
reconstruction of the gamma in ECAL cannot resolve these two states, due to
the insufficient energy resolution. On the contrary the conversion technique,
which exploits the very good momentum resolution of the tracking system,
has enough resolution to disentangle the two χc states.
87
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The χc is observed in the decay χc → J/ψγ → µ+ µ− γ using the value
of ∆M , that is the difference between the invariant mass of the (µ+ µ− γ)
system and the invariant mass of the muon pair µ+ µ− as:
∆M = M (µ+ µ− γ) − M (µ+ µ− ).

(4.1)

Here, the uncertainty in the determination of the J/ψ mass essentially cancels. An excess of events with respect to the combinatorial background determines the number of χc candidates Nχc .
The analysis is based on the dilepton data sample collected by the HERAB experiment in the data taking period started in November 2002 and ended
in February 2003 (see Sect.3.1 for more details). The statistics used for the
two analysis techniques are the following:
• Conversion technique: full data sample, consisting of ∼ (164 · 106 )
di-lepton trigger events
• Inclusive technique: i2 sample, consisting of ∼ (18 · 106 ) di-lepton
trigger events acquired with a Carbon wire, with low photon background in ECAL.

4.1

Reconstruction χc with the inclusive and
converted photon methods

For these studies two different codes have been implemented, both for Monte
Carlo analysis and for real data.
The χc reconstruction with the inclusive technique can be very briefly
summed up in these few steps:
• J/ψ reconstruction performed on muon tracks.
• Photon reconstruction: performed by looking for clusters on ECAL,
corresponding to γ’s that didn’t have any conversion process before
the magnet.
• χc reconstruction: obtained from the combination of the J/ψ and the
photon by looking at the ∆M quantity.
• Finally, the fundamental χc ’s quantities are calculated and stored for
the analysis.
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The χc reconstruction with the conversion technique photon requires the
detection of two different clusters in the electromagnetic calorimeter (corresponding to the e+ e− conversion pair) and the reconstruction of the two
corresponding charged tracks in the detector. This makes the analysis more
complicated and considerably reduces the reconstruction efficiency. The analysis proceeds following the same steps of the inclusive technique, described
just before:
• First of all the J/ψ reconstruction is performed as discussed above.
• Photon reconstruction. At the second step a loop on the calorimeter’s
clusters is performed in order to select the two signals corresponding
to the electron and the positron candidates. Then two charged tracks
matching the two cluster are searched in the tracking system and in
the vertex detector. These two tracks are then traced backward the
interaction region and required to form a common vertex in the region
before the magnet.
• χc reconstruction: as in the inclusive technique the J/ψ and the photon
are combined in order to reconstruct the χc signal.
• Photon validation: the photon chosen for the χc reconstruction is carefully checked whether it may come or not from a π 0 decay.
• In the final stage the fundamental χc ’s quantities are calculated and
stored for the offline analysis.

4.2

J/ψ reconstruction

As stated before the J/ψ reconstruction is a common step to both the analyses and is performed in following steps:
• Muon track selection: first of all, candidate muons are chosen according
to three different requests:
– good pattern track: by requiring a total number of hits in the
Inner and Outer tracker greater than 8;
– good muon identification: by requiring at least 4 hits in the muon
chambers and a muon likelihood (Lµ ) greater than 0.01;
– suitable track momentum: by requiring the momentum of the
reconstructed track inside the interval: 6 < p < 200 GeV /c.
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Figure 4.1: The di-muon invariant mass spectrum corresponding to the full
data sample.

4.2. J/ψ RECONSTRUCTION

91

Figure 4.2: In this plot the complete J/ψ spectrum from i2 wire. The total
number of reconstructed J/ψ is (18490 ± 150).
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• Track pairing: in this step, a double loop onto the muon track candidates is performed with the calculation of the invariant mass. If the
couple of selected muons accomplishes the request of being of opposite
charge signs and with an invariant mass above an imposed cut (2.3
GeV), the two tracks are submitted to a common vertex fit procedure
using the ARTE vertex reconstruction tool, GROVER1 . To better define the pair, a loose cut on the χ2 of the reconstructed dilepton vertex
is performed.
• Pair selection: considering that in few cases, more than a J/ψ per event
is reconstructed, only the best candidate is selected: the product of the
MUON likelihood of each couple of tracks is performed and only the
dimuon couple with the maximum product of likelihood, among the
chosen sample, is selected.
• The J/ψ candidates are chosen in a 2σ mass window around its nominal
value.
In Fig. 4.1 the dimuon invariant mass distribution is obtained by running
the analysis on the full data sample with the above mentioned requirements.
As one can see a clear peak corresponding to the J/ψ signal is sitting
over a smooth background. The distribution has been fitted with a gaussian
plus an exponential background. The J/ψ peak is at a mass value of 3.09
GeV/c2 , very close to nominal mass value and has a width of 44 MeV/c2 .
The total number of reconstructed J/ψ is:
NJ/ψ = (130501 ± 446).

(4.2)

In the χc analysis with the inclusive technique, some more cuts are requested to better define the J/ψ sample:
• cut on the transverse momentum of the muon tracks: pT > 0.7 GeV /c;
• an increased cut on both Muon likelihood: Lµ > 0.7;
• an increased cut on χ2 of the vertex: P (χ2 ) > 0.01.
In Fig. 4.2 the di-muon invariant mass distribution is obtained by running
the analysis on the i2 data sample used for the inclusive χc reconstruction.
Again a clear peak corresponding to the J/ψ signal is visible. The result
of the fit with a gaussian plus an exponential gives a J/ψ mass position at
3.098 GeV/c2 , a width of 43 MeV/c2 and a total number of events:
NJ/ψ = (18490 ± 151)
1

Generic Reconstruction Of VERtices

(4.3)
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Gamma reconstruction

As discussed before the gamma reconstruction is performed in two ways,
according to the two different analysis strategies:
• Inclusive technique: with a direct detection of the gamma on ECAL.
• Conversion technique: with the gamma reconstruction performed by
exploiting its conversion in the detector material placed before the magnet region.

4.3.1

Inclusive gamma detection

This reconstruction technique is straightforward and efficient, but presents
the disadvantages that the combinatorial background can be present in relevant quantities and that the experimental resolution isn’t good enough to
distinguish between the two χc states. This method is based on the reconstruction of a cluster on ECAL, which is supposed to be produced by the
photons which proceed undeflected through the magnetic field region. These
clusters can derive both from a direct photon and from a photon converted
after the magnet, where the e+ e− tracks are not deflected and proceed along
together in the original direction. The cuts applied in order to select the γ
candidates have been determined after detailed studies performed on Monte
Carlo data and cross-checked on Real Data. At the end of this procedure
the following requirements for the definition of the photon candidates were
made:
• a minimal energy of the reconstructed cluster (Eγ > 3 GeV );
• a minimal transverse energy of the cluster: (ET γ > 0.15 GeV );
• the cluster shape compatible with the electromagnetic shower hypothesis;
• a minimal ratio between the energy of the central cell of the cluster
and its total energy: (ECentralCell /ECluster > 0.6), in order to reduce
the hadronic background;
• the charged tracks associated to the ECAL cluster have to begin after
the magnet and their momentum have to be very large. This excludes
from the selection clusters associated to charged tracks coming from
the target region.
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Figure 4.3: Schematic overview of an electron/positron track reconstructed
in the HERA-B detector.
• All the clusters reconstructed in the elliptic region of ECAL close to
the beam pipe, are excluded from the analysis. This cut has been used
in order to reduce the combinatoric background coming from region of
the calorimeter with the largest occupancy.
At the end of this procedure a list of photon candidates is defined and it is
possible to combine them with the selected J/ψ’s in order to reconstruct the
χc states.

4.3.2

Gamma reconstruction via conversion

This kind of reconstruction is structured as a backward reconstruction of
the photons which had a conversion before the magnet, starting from e+ e−
clusters in ECAL towards a common production vertex.
As can be seen in Fig.4.3, an electron/positron track trajectory can be
divided into two parts: in the region before the magnet it keeps the same
direction of the original photons and it can release signals mainly in the
VDS detector (see Fig.4.4); then, after the magnet, the trajectory is bent
in the horizontal plane, due to the presence of the magnetic field. In the
region after the magnet, it releases hits in the tracking system and energy
in ECAL. Because of the interactions of the electron/positron particle with
the detector material a bremsstrahlung photon can be emitted everywhere
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Figure 4.4: MC Truth z conversion position. As can be seen most of the
conversion happen before the magnet, in the VDS region.
along the trajectory. If this emission happens before the magnet region then
an energy deposit can be found on ECAL along the linear extrapolation of
the original photon direction.
Following these arguments a series of cuts have been applied in order to
improve the reconstruction of the converted photons. A first set of requirements has been used for the electron/positron tracks recognition. Then the
e+ and the e− are combined in order to reconstruct the photon. Further cuts
on the photon are then applied in order to minimize the background.
The main cuts used for the e+ and the e− tracks selection are listed here:
• each track must be associated with a segment in the VDS, a cluster in
ECAL and a segment in the OTR.
• A number of hits in the VDS segment greater than 6 (NV DS > 6).
• The area close to the beam pipe shows an occupancy of up to 30% of soft
clusters [98]. Under such conditions the probability for the overlapping
clusters and therefore for poor energy resolution is very high. To avoid
this a cut was implemented on the elliptic regions defined by e+ e−
coordinate: x2 /4 + y 2 > 1089 cm2 . The value 1089 cm2 has been
optimized for this kind of detection.
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• A minimal transverse of the cluster in ECAL (ET > 0.05 GeV).
• the E/p ratio of each track in the range 0.87 < E/p < 1.2. Where E is
the energy of the cluster in ECAL and p is the momentum of the track
as measured by the tracking system.
In Fig.4.5 and Fig.4.6 are shown the E/p spectra for Real Data and
for Monte Carlo events respectively, for electron and positron tracks. As
expected two clear peaks centered close to the unity, corresponding to the
electrons and the positrons are visible. The result of the fit on the real
data, performed with a gaussian and a polynomial background, gives a peak
position for both tracks at about 0.96 and a width of the peaks between
8% and 9%. These results are well in agreement with the expectations as
it is shown in Figure4.6, where the results from Monte Carlo simulations
are shown. As one can see the peak width is well compatible both for the
electrons and the positrons. This behavior confirms the reliability and the
good quality of the simulations of this kind of events and more in general of
the detector behavior.
For the recovery of bremsstrahlung photons emitted before the magnet, a
cluster on ECAL is searched in the position defined by the extrapolation of
the track direction in the target region. In order to reduce the number of fake
combinations, a cut on the difference between the position of selected cluster
on ECAL and the relative extrapolated track for bremsstrahlung emissions is
applied. The cut is performed both in x and in y plane with a linear extrapolation from the common reconstructed vertex and is sensitive to the different
regions of the calorimeter, each characterized by different precision. In each
region a 3σ cut is applied on the distance between the cluster position and
the relative associated track. In Fig. 4.7 are shown the differences, in the x
and y directions, between the position of the bremsstrahlung clusters and the
linear extrapolation on ECAL of the e+ e− tracks. As can be seen the width
of the distributions is of the order of few centimeters and is changing in the
different ECAL sections. Moreover the Monte Carlo simulations are reproducing very well the experimental distributions (see Fig. 4.8), confirming the
quality of the detector simulation.
If the two tracks candidates are satisfying these requirements they are
combined together, their distance at the closest approach point is computed
and the two track are submitted to a common vertex fit procedure. At this
point all the relevant kinematic quantities of the γ are computed and a further
selection is made in order to define the final photon sample. The photons
are accepted for the analysis only if the following conditions are satisfied:
• the invariant mass of the e+ and the e− tracks is compatible with zero:
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Figure 4.5: E/p distributions for electrons (upper part) and positrons (lower
part) as obtained in the Real Data sample
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Figure 4.6: E/p distributions for electrons (left) and positrons (right) as
obtained in the simulated Monte Carlo Events.
|Me+ e− | < 0.02 GeV /c2 ;
• the photon energy is in the following interval: 5 < Eγ < 25 GeV ;
• the transverse momentum pT of the photon is in the range: 0.2 < pT γ <
0.8 GeV /c;
• the photon cannot come from a π 0 decay. As in the inclusive technique
we check that the combination of the converted photon with any other
γ reconstructed as a cluster in ECAL is not compatible with the π 0
mass.
In Fig. 4.9 is shown the invariant mass distribution of the e+ e− tracks
which satisfy the above mentioned cuts. A very narrow peak corresponding to
photons is present. As expected the peak is centered at zero and the width is
about 3 MeV/c2 . The background in the invariant mass distribution is almost
negligible (only a small tail on the right side of the peak is visible), showing
the validity of the method and of the criteria adopted for the reconstruction
of the photons via conversion. Furthermore one can see the good agreement
of this distribution with the corresponding Monte Carlo one, which shows
exactly the same shape and width of the real data.
As for the inclusive technique, at the end of this procedure a list of photon
candidates is defined and one can combine them with the selected J/ψ’s in
order to reconstruct the χc states.

4.3. GAMMA RECONSTRUCTION

99

Figure 4.7: Real Data: ∆x (upper part) and ∆y (lower part) distributions for
electrons (left column) and positrons (right column) bremsstrahlung clusters
in the different ECAL sections.
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Figure 4.8: Monte Carlo: ∆x (upper part) and ∆y (lower part) distributions
for electrons (left column) and positrons (right column) bremsstrahlung clusters in different ECAL sections.

4.3. GAMMA RECONSTRUCTION

101

Figure 4.9: e+ e− invariant mass distribution of photon candidates as obtained
in Real Data analysis (upper Plot) and in Monte Carlo simulations (lower
plot).
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Figure 4.10: The di-muon invariant mass spectrum corresponding to the
sample where a J/ψ is in association with a converted photon.
Once the J/ψ and γ signals are reconstructed, it is possible to try to
reconstruct χc state, by combining these two particles. In Fig.4.10 the sample
of J/ψ reconstructed with a candidate photon associated, satisfying the above
conditions. Events where the obtained J/ψγ invariant mass is sitting between
2.0 and 5.6 GeV/c2 , are accepted for the analysis. Two more cuts on the χc
quantities are also added a this stage to better define the signal:
• cut on χc energy: 30 < Eχc < 100 GeV ;
• cut on transverse momentum of χc : 0.5 < pT χc < 2 GeV /c;

4.4

Background description

The obtained invariant mass distribution is dominated for both techniques
(the inclusive and the conversion one) by the combinatorial background. This
makes necessary the development of a reliable method for the description and
the subtraction of such a kind of background.
With this aim an innovative method based on the combination of J/ψ
and γ coming from different events has been developed. Since each event
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can have several photon candidates, the signal χc → J/ψγ is to be selected
against a large number of combinations of all photon candidates that pass
the above described identification cuts. Therefore is important to have a correct estimate and subtraction of these background events. For these reasons
we have developed the so-called event mixing method [99, 100, 101]. In this
method the J/ψ and the photon candidates of different events are combined,
requiring that the ”actual” (that means of the present event) J/ψ has to be
combined with the photon candidates of a different event. The combination
can be obtained with a single event or, with more complexity, with an arbitrary number of events. Considering that the χc → J/ψγ signal is not
present in the mixed-event distribution, only the combinatorial background
is left, which is similar to the combinatorial background of the events where
the J/ψ and the photon candidates are coming from the same event. In this
procedure, such complex factors as detector acceptance for J/ψ and γ, trigger and reconstruction efficiencies, noise levels, etc. are automatically taken
into account and minimized.
To obtain mixed events with similar kinematic characteristics of the real
ones, each J/ψ is combined with photon candidates, which pass the above
described identification cuts, from the N neighbouring events having the same
number of photons [102, 103].
The combinatorial background is normalized to the real distribution after
re-weighting the events in two selected side band mass regions out of the
signal region.

4.5

χc Reconstruction

In this section we show the reconstruction of the χc signals achieved by
using both the inclusive and the photon conversion techniques. After the
combination of the J/ψ and of the γ candidates, the ∆M mass distribution
is constructed and the combinatoric background has to be subtracted by
exploiting the method described in the previous paragraph.

4.5.1

Inclusive technique

In this kind of strategy, in order to obtain the χc signal, a combination
of the J/ψ signal with all the reconstructed photon candidates from the
electromagnetic calorimeter, have to be done. Since the number of cluster
reconstructed in each event can be large, the number of combinations which
can be built can be consequently large. In Fig. 4.11 one can see the number
of combinations per event obtained on the i2 sample.
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Figure 4.11: Number of combinations for χc for each event.
Even in this target configuration, where the occupancy in ECAL is quite
low, is feasible to find events with up to 50 combinations. This kind of
events clearly affect the J/ψγ invariant mass distribution increasing considerably the combinatorial background and making difficult the detection of
the χc signal. This effect can be clearly seen in Fig.4.12 where the J/ψγ
invariant mass distribution is shown for the events passing the above described selection procedure. As expected no clear peak corresponding to the
two χc states is visible. This makes necessary the application of the background subtraction method described in the previous section. After subtracting the combinatoric background from the ∆M distribution one obtains
the mass difference distribution shown in Fig.4.13. A clear peak at a ∆M
position of 422 MeV/c2 is present. It corresponds to the two χc states which
sit respectively in the following positions: ∆M (χc1 ) = 413.64M eV /c2 and
∆M (χc2 ) = 459.31M eV /c2 . As expected the peak is not narrow enough to
allow to disentangle these two states. From the Gaussian fit of the distribution one obtains a peak width of 35 ± 7 M eV /c2 and a total number of
reconstructed χc events given by:
Nχc = 945 ± 178

(4.4)
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Figure 4.12: J/ψγ spectrum without any background subtraction.

4.5.2

Photon conversion technique

In this kind of analysis, the photon detection efficiency is very small because
the low conversion probability and the stringent cuts applied in the analysis
in order to reduce the huge background from π 0 ’s. As a matter of fact the
statistics may result to be not enough to obtain a precise result. In Fig.4.14
is possible to see the number of χc combination per event. As can be noticed
the number of photon candidates per event in this channel is quite small.
The J/ψγ spectrum, without the background subtraction can be seen in
Fig.4.15. No clear peak can be seen. The estimation of the combinatorial
background, considering the lack of events, has been carefully examined to
avoid fluctuation in the description: the number of combinations for each
event of the actual J/ψ with a past event with same number of gamma has
been taken to 100, both for the real data and for MC. The result after the
subtraction of the background can be seen in Fig.4.16. The peak sitting
in the position of the two χc states can be seen. The distribution has been
fitted with a two gaussian functions of the same width, plus an exponential
tail. Two peaks can be fit with a width of σ = (19 ± 8)M eV /c2 respectively
at a position of 401 M eV /c2 and 485 M eV /c2 , which may be attributed to
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Figure 4.13: Mass difference M (J/ψγ) − M (J/ψ) after the background subtraction. The clear peak are the 2 χc states (χc1 and χc2 ) not resolved. The
mean value of the gaussian fit is (422 ± 8) M eV /c2 , with a number of events:
945 ± 178. The observed width is 35 ± 7 M eV /c2 in perfect agreement with
the MC estimation.
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Figure 4.14: Number of combinations for χc for each event.

the χc1 and χc2 states. The number of χc1 events obtained from the fit is:
Nχc1 = 22 ± 14

(4.5)

Nχc2 = 26 ± 12.

(4.6)

and the number χc2 events is:

The presence of radiative tails tends to shift the χc2 state to a larger mass
value. In any case the peak position is compatible with the nominal mass
within the fit errors. Same arguments can be used for the width of the
two peaks. This study is actually not final and it’s still under investigation,
particulary for a better refinement of the cuts. The main goal is to increase
the overall detection efficiency in order to obtain a statistically significant
result. The extension of this analysis to the e+ e− sample would provide an
higher statistic and probably a cleaner result.
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Figure 4.15: J/ψγ spectrum without the background subtraction.

4.6

MC simulations and efficiency determinations

For the inclusive analysis a total sample of 500.000 charmonium events have
been generated, according to the prescriptions of 3, on the i2 Carbon wire.
On the other hand, for the analysis with the conversion technique a total
sample of 3 millions of charmonium events, in different target configurations
has been generated and analyzed. In both cases the MC events were analyzed with the same code and the same cuts used in the real data. A full
simulation of the trigger algorithm and of the main detector features have
been implemented in the code.
In the two following subsection a description of the results achieved for
J/ψ and χc in both analysis is given.

4.6.1

χc simulation with the inclusive method

When the 500.000 i2 MC sample was passed through the inclusive technique
analysis chain N = 8329 ± 104 J/ψ’s survived to the applied cuts. The obtained invariant mass distribution is shown in the upper part of Fig. 4.17. As
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Figure 4.16: χc subtracted spectrum. The fit is performed with a double
gaussian with the same width plus a radiative tail.
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Cuts
pT
Likelihood
χ2

Single 
0.995 ± 0.013
0.814 ± 0.011
0.995 ± 0.013

Cumulative 
0.995 ± 0.013
0.810 ± 0.011
0.806 ± 0.012

Table 4.1: Detailed evaluation of the contribution of the cuts to the J/ψ
reconstruction efficiency. The left column shows the the effect of the single
cuts, while in the right column the overall cumulative efficiency is shown.
one can notice the width of the peak is σ = (31.1 ± 0.3) M eV /c2 . This values
is about 30% lower than the width obtained in the real data distribution.
This is mainly due to the non perfect alignment constants used for the real
data reconstruction. The total trigger+reconstruction efficiency for J/ψ can
be easily obtained as:
T OT
J/ψ
= (8329/500.000) = 1, 66%

(4.7)

The effect on this number of some of the analysis cuts applied in order to
improve the quality of the J/ψ signal are summarized in Table 4.1. As one
can see the overall effect of these cuts is to produce a small decrease of the
J/ψ statistics.
In the used i2 MC sample, about 200.000 events (30%) contained a χc
state. The µµ invariant mass distribution for these sub-sample of events,
after all the analysis cuts, is shown in the lower part of Fig. 4.17. The total
number of J/ψ reconstructed is:
MC
NJ/ψ
= 3252 ± 52,

(4.8)

with the same efficiencies discussed above.
Following the same analysis strategy used with the inclusive technique on
the real data, the J/ψ’s have been combined with the ECAL clusters selected
with the above described criteria. When we perform the combination of a
J/ψ, produced in a radiative χc decay, with the corresponding χc photon,
by exploiting the MC truth information, we get the distribution shown in
Fig.4.18. By definition, in this case the combinatoric background is absent,
being present only 1 combination per event. In fact in the two plots one
can see the χc1 and χc2 practically background free. This makes possible
a direct estimation of the mass resolution, which turns out to be of about
∼ 32M eV /c2 . As expected this is not enough to disentangle the two χc
states.
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Figure 4.17: MC Spectra for χc with direct photon. In the upper figure, total
J/ψ spectra, both with an associated photon in the event and not. In the
lower figure, J/ψ spectra with a photon in the event.
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Figure 4.18: MC-truth mass spectra for χc1 and χc2 .
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Figure 4.19: Mass difference spectrum for χc with the superposition of the
background (in red).
Instead, when we combine the J/ψ’s with all the ECAL clusters, by neglecting the MC truth, we obtain the ∆M mass distribution of Fig.4.19. A
single bump corresponding to the 2 χc signals is visible. The dotted red line
corresponds to the distribution of the combinatoric background as obtained
with the method described in Sect.4.4. The normalization of the background
spectrum is performed by requiring the same number of events in two sidebands mass windows placed between (0.- 0.3) and (0.6 - 1.1) GeV /c2 . The
subtraction of these to mass spectra gives the distribution shown in Fig.4.20.
As for the real data case, a clear peak at a ∆M position of 439 MeV/c2
is present. From the Gaussian fit of the distribution is possible to obtain a
peak width of 34 ± 5 M eV /c2 well in agreement with the one obtained in
the real data analysis (see Fig.4.20) and a total number of χc reconstructed:
C
NχMM
C = (941 ± 127) events.
c

4.6.2

χc simulation with the converted photon method

As in the previous sections the 3 · 106 MC events, produced in a multi-wire
configuration, were submitted to the conversion photon technique, by applying the same analysis cuts used for the real data. The total J/ψ spectrum
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Figure 4.20: MC mass difference after the background subtraction. The fit
has been performed with a gaussian.
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is shown in Fig.4.21. The fit performed with a simple gaussian gives a total
J/ψ number of 67320 ± 292, with a width compatible to the one obtained for
the inclusive technique. In this case the total reconstruction J/ψ efficiency
is a little bit larger than in the previous case, since less stringent cuts are
applied (see Sect.4.2 for more details).
Following the same analysis strategy used with the inclusive technique,
the J/ψ’s have been combined with the photon candidates reconstructed
trough the conversion method. The resulting the ∆M mass distribution is
shown in Fig.4.22. A bump corresponding to the 2 χc signals is visible. The
red line corresponds to the distribution of the combinatoric background as
obtained with the method described in Sect.4.4. The normalization of the
background spectrum is performed by requiring the same number of events
in in the two sidebands mass windows placed between 0.1-0.3 and 0.6-1.1
GeV /c2 .
The subtraction of the normalized background to the mass spectra, gives
the distribution shown in Fig.4.23. As in the real data case, a peak is sitting
in the position of the two χc states. The distribution has been fitted with
a two gaussian function of the same width, plus an exponential tail. Two
peaks can be fitted with a width of ∼ 17 M eV /c2 respectively at a position
of 411 M eV /c2 and 458 M eV /c2 , corresponding to the χc1 and χc2 states.
The total number of reconstructed is the following:
• Nχc1 = (65 ± 19)
• Nχc2 = (45 ± 19)

4.7
4.7.1

Estimation of Rχc
Inclusive gamma detection

The ratio Rχc can be evaluated with the following expression:
Rχc =

N χc
NJ/ψ · εγ

(4.9)

where εγ is the gamma reconstruction efficiency. A detailed evaluation of the
reconstruction cuts for J/ψ and χc can be seen in Table 4.1.
To estimate the efficiency εγ we follow the formula:
εγ =

NχMc C
MC
NJ/ψ

(4.10)

116CHAPTER 4. RECONSTRUCTION METHOD AND DATA ANALYSIS

Figure 4.21: Total MC spectrum for J/ψ for the photon conversion analysis.
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Figure 4.22: J/ψγ spectrum with the superposition of its background, after
the renormalization. As can be seen the background shape agrees well with
the signal with the exception of a small radiative tail in the region before the
peak.
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Figure 4.23: The χc spectrum after the background subtraction: the two
peaks are quite clear and in the right positions, within the errors. The number
of χc1 events have to divided by two, because it has been re-weighted, taking
into account the initial χc2 production enhancement.
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MC
are obtained from the fit of MC histograms (see Fig.4.2
where NχMc C and NJ/ψ
and Fig.4.13). The result is:

εγ = (28.9 ± 3.9)%

(4.11)

The trigger efficiencies and the reconstructed efficiencies for the J/ψ and χc
reconstruction have been evaluated to be nearly around one.
The final evaluation of Rχc with the i2 carbon sample is:
Rχc = (0.18 ± 0.04)

(4.12)

This value have to be considered as a preliminary estimation of the ratio,
considering that the sample is limited. Further studies on different target
materials are ongoing to test the J/ψ nuclear suppression. This result is
about two standard deviations below the one published by the HERA-B
Collaboration from the analysis performed on a small data sample acquired
in the year 2000, A comparison of the present experimental situation can be
seen in Fig.4.24
A study to establish whether a model dependence uncertainty has been
introduced, has been performed [102]. The kinematic parameters of the
photon and J/ψ are supposed to be different in the NRQCD and the CSM
models, as does the photon reconstruction efficiency. However, the ratio of
the trigger efficiency of χc and direct events is close to 1 in both cases. The
variation, which does not exceed 4%, is regarded as systematic uncertainty
for the acceptance. The two mentioned uncertainties correlate, and the total
systematic uncertainty for both together is estimated to be 4%. In the CEM
model the J/ψ kinematic distributions are similar to NRQCD (within a few
percent) within the HERA-B acceptance [63]. The difference between the
direct and non-direct J/ψ spectra is insignificant. The photon momentum
in the c.m. system is equal to J/ψ . Consequently if the J/ψ spectra are
identical in the CEM and NRQCD models, the photon kinematics is similar
as well. We assume that the difference does not exceed 5%.

4.7.2

Results from the converted photon analysis

The ratio R can be defined as:
σ(χc1 )
σ(χc2 )

(4.13)

Nχc1 εχc2 Br(χc2 → J/ψγ)
·
·
εχc1 Nχc2 Br(χc1 → J/ψγ)

(4.14)

R=
and can be evaluated as follows:
R=
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Figure 4.24: Present experimental situation in the evaluation of Rχc . All the
experimental value are taken from Table1.7 in Chapter 1.
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As before, the most important role is played by the gamma reconstruction
efficiency, εχc1,c2 , for the two χc states. These two values has been evaluated
by the full MC statistic analyzed: the fraction of the generated χc1 over the
total amount of 3 million events are 10.35 %, that means that a set of 310500
χc1 events has been generated; in the same way the fraction of χc2 generated
is 27.98% of the total sample, that means a total of 839400 events generated.
Considering that the total number of MC reconstructed χc1 events is 68 (to
be divided by 2, because the χc1 production is enhanced with respect to the
χc2 ), and the total χc2 reconstructed events is 45, the total efficiency for
gamma reconstruction for the two states can be evaluated as:
εγχc1 = (1.09 ± 0.3) · 10−4

(4.15)

εγχc2 = (0.55 ± 0.2) · 10−4

(4.16)

Considering that the two Branching ratio are (as extracted from [104]):
Br(χc1 → J/ψγ) = 0.316 ± 0.032

(4.17)

Br(χc2 → J/ψγ) = 0.187 ± 0.020

(4.18)

the determination of the value of R, considering all the branching ratio and
efficiency values , is:
R ≈ 0.3

(4.19)

Performing the calculation of the statistical error, we get a value of around
0.2. The uncertainty is mainly due to the low statistics of the real data signal.
The comparison of this estimation in the present experimental situation and
in the frame of the phenomenological models can be seen in Fig.4.25.
Since the detection efficiencies are at the moment too small and the data
sample is not large enough, it is impossible to derive any stringent physics
conclusion from the present analysis. While the analysis method to reconstruct converted photon has been proved to work, improvements are necessary in order to finalize the results. In particular different cuts can be studied
to raise the photon efficiency, trying to keep the background at a reasonable
level. In this modus operandi, a richer MC sample can be useful for the testing of the cuts. Moreover all the statistic acquired in the di-electron trigger
can be added.
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Figure 4.25: Present experimental situation for pA experiments, with a comparison with phenomenological models. The upper curve is the NRQCD
prediction at NLO, while the lower one is the CSM one. The error associated with the HERA-B experimental point have to be considered simply as
an evaluation of the uncertainty for the present experimental situation.

Conclusions
In this thesis we describe the studies performed with the HERA-B experiment
on the production of χc states in proton-Nucleus collisions at 920 GeV. In
particular the following two quantities have been studied and measured:
• the fraction (Rχc ) of J/ψ’s produced via radiative χc decays
• the production ratio of the two χc states (R = σχc1 /σχc2 ).
The present work is based on the di-lepton data sample collected by the
HERA-B experiment in the data taking period started in November 2002 and
ended in February 2003. A total statistics of ∼ 164 · 106 was acquired both
with a di-muon and a di-electron trigger. In the present work we concentrate
on the di-muon sample, where the background situation is more favorable
and the occupancy in the electromagnetic calorimeter is lower.
The measurement of the fraction of J/ψ’s produced via the χc decays
(Rχc ) is performed by observing the decay χc → J/ψγ → µ+ µ− γ. Here
the photons are reconstructed with an ”inclusive method” as clusters in the
calorimeter. In order to select the signal in the huge combinatoric background, an original technique has been developed. This method is based on
the description of background through the combination of a J/ψ and a γ
coming from different events. This allowed the reconstruction of very clear
signal peaks.
The result obtained from the analysis of a sub-sample acquired with the
Carbon target, where the occupancy in ECAL, and consequently the combinatoric background, is lower, gives the following result:
Rχc = (0.18 ± 0.04)

(4.20)

This preliminary value is compatible (within two standard deviations) with
the one published by the HERA-B Collaboration from the analysis performed
on a small data sample acquired in the year 2000. Moreover when compared
with QCD predictions it falls below the NRQCD result. This will make necessary further investigations in order to reduce the statistical error by enlarging
the used data sample and by adding samples with new target materials.
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CONCLUSIONS

Since the inclusive detection of the photons in ECAL, adopted for the
Rχc measurement, doesn’t allow to disentangle the χc1 and χc2 , a different
approach has been used to measure the χc1 over χc2 production ratio. This
method is based on the reconstruction of photons which undergo a conversion
in the detector material placed before the magnet, following the reaction
γ → e+ e− . In this case the momentum of the photon can be derived from
the tracking system providing the necessary mass resolution to disentangle
the two χc states.
In order to achieve this goal a new analysis code has been developed for
the converted gamma reconstruction. The results show a very good photon
signal over a very small background contribution, proving the validity of
this method. However in this case the photon reconstruction efficiency is
very small. This fact is affecting the final precision achievable running the
analysis code on the full data sample. In fact by running this analysis on the
full di-muon sample it is possible to reconstruct only a very small number
of events corresponding to the χc1 and the χc2 states. As a consequence the
obtained result on R has a limited statistical significance.
A possible way to improve the present achievable precision on R is to
increase the converted photon detection efficiency and to extend the analysis
to the full di-electron sample acquired together to the di-muon one.
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[58] Kühn J.H., Phys. lett. B89 (1980) 385.
[59] Gupta S. and Mathews P., Phys.Rev. D55 (1997) 7144, TIFR/TH/9653, [hep-ph/9609504].
[60] Beneke M., CERN-TH-97-055, CERN-TH-97-55, Lectures given at 24th
Annual SLAC Summer Institute on Particle Physics: The Strong Interaction, From Hadrons to Protons (SSI 96), Stanford, CA, 19-30 Aug
1996. In ’Stanford 1996, The strong interaction, from hadrons to partons’, 549-574., [hep-ph/9703429].
[61] G.A.Schuler, Eur.Phys.J. C8 (1999) 273.
[62] T.Affolder et al., Phys.Rev.Lett. 85 (2000) 2886.
[63] R.Vogt, Phys.Rev. C61 (2000) 035203.
[64] ISR collab., A.G. Clark et al., Nucl. Phys. B142 (1978) 29;
E610 collab., D.A. Bauer et al., Phys. Rev. Lett. 54 (1985) 753;
E705 collab., L. Antoniazzi et al., Phys. Rev. Lett. 70 (1993) 383; E771
collab., T. Alexopoulos et al., Phys. Rev. D62 (2000) 032006;

BIBLIOGRAPHY

129

IHEP140 collab., F. Binon et al., Nucl. Phys. B239 (1984) 311;
WA11 collab., Y. Lemoigne et al., Phys. Lett. B113 (1982) 509;
E610 collab., D.A. Bauer et al., Phys. Rev. Lett. 54 (1985) 753;
E673 collab., T.B.W. Kirk et al., Phys. Rev. Lett. 42 (1979) 619;
E369 collab., S.R. Hahn et al., Phys Rev.D30 (1984) 671;
E705 collab., L. Antoniazzi et al., Phys. Rev. Lett. 70 (1993) 383;
E672/E706 collab., V. Koreshev et al., Phys. Rev. Lett 77 (1996) 4294;
CDF collab., F. Abe et al., Phys. Rev. Lett. 79 (1997) 578.
[65] R.Vogt, [hep-ph/0107045].
[66] Lohse T. et al., ”HERA-B proposal. An experiment to study CP violation in the B system using an internal target at the HERA Proton
Ring”, DESY-PRC 94/02, May 1994.
[67] K. Ackerstaff et al., ”The HERMES Spectrometer”, NIM A417 (1998)
230-265 [hep-ex/9806008 and DESY-98-057].
[68] Abt I. et al.,”The H1 detector at HERA”, Nucl. Instr. and Meth. A.386,
in two parts: pages 310 - 347 and 348 - 396 (1997), DESY-H1-96-01.
[69] ZEUS Technical proposal, 1986.
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