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Introduction

The discovery of charmonium, the bound state of charm quark and its antiquark
(�cc ), in 1974 was the �rst evidence of the existence of heavy quarks (mc ' 1:5
GeV). Since that moment the spectroscopy of heavy quarkonium has been a very
interesting source of informations on the nature of the strong interaction: in the
�QQ annihilation, quantum chromodynamics (QCD) is expected to apply as a per-
turbative theory, even if with approximations, and the large mass of the quark (and
antiquark) allow a non relativistic approach for the study of the strong binding
potential to describe the quarkonium mass spectrum.

The E835 experiment at Fermilab studies the spectroscopy of charmonium states
formed in �pp annihilation. The technique was pioneered at CERN by the experi-
ment R704 and then continued at Fermilab with E760 detector and its upgrade
E835, which collected data in 2 periods called E835-I (years 1996-97) and E835-II
(year 2000). At e+e� colliders, only JPC = 1�� states can be directly formed be-
cause the lepton pair annihilation proceeds through a virtual photon; the advantage
of charmonium spectroscopy in �pp annihilation is that with this technique all �cc
states are directly accessible. These experiments have to deal with a large hadronic
background; however a clean charmonium decay signal can be obtained by looking
at electromagnetic �nal states.

The  0 (23S1 charmonium state) has the same quantum numbers of the J= ,
therefore it can be produced in e+e� annihilation and, for this reason, it is one of the
�cc states studied in more detail. Its decay modes are similar to those of the J= , as
expressed by the well known \12% rule"; however, in addition, it presents radiative
decays to �cJ
 and hadronic deexcitation to a J= , accompanied by the emission of
light hadrons. All these additional decay modes explain the larger total width with
respect to the J= . Most of the measurements of the  0 branching ratios to the
various J= inclusive decay modes have been done without the full reconstruction
of the �nal state. Moreover, the only experiment that obtained a branching ratio
measurement for all the J= X channels on the same data sample is E760.

In this thesis the branching ratios (BR) of the  0 are measured on a sample
of 14.4 pb�1 of integrated luminosity collected by E835-II, identifying charmonium
decay events from the presence of a high invariant mass e+e� pair. The channels
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studied are:

 0 ! e+e�;

 0 ! J= X ! e+e�X;

 0 ! J= �+�� ! e+e��+��;

 0 ! J= �0�0 ! e+e�4
;

 0 ! J= � ! e+e�2
;

and so, for the �rst time after E760, all the J= inclusive channels are studied on
the same data sample1, providing a complete and consistent view of the  0 hadronic
deexcitation modes. The main di�erence with E760 is that, because of the improved
tracking system, it is also possible to study the features of the J= �+�� channel
using a kinematic �t reconstruction of the events.

With this measurement it is also possible to establish the scale of isospin breaking
in the strong interaction, measuring the ratio B( 0 ! J= �0�0)=B( 0 ! J= �+��)
which should be 0.5 in the case of perfect isospin conservation.

Chapter 1 is an introduction to charmonium spectroscopy, with a description of
the potential models that have been developed to describe the mass spectrum and a
look to the various typologies of charmonium decay channels. The phenomenology
of  0 decay modes, for all the channels analized in this thesis, is presented in more
detail in Chapter 2, where all the branching ratio measurements obtained by di�erent
experiments are brie
y described. The chapter also contains some experimental
results concerning the dipion invariant mass and the � angular distributions for the
 0 ! J= �� decay. The experimental technique, the p beam and the detector setup
are the subject of Chapter 3. In Chapter 4 the event selection and the background
evaluation for all the analized channels is presented and in Chapter 5 all the selection
e�ciencies are evaluated and used to obtain the measurements of the  0 BR, which
represent our �nal result. Given the high luminosity collected, it is also possible
to obtain a measurement of the dipion invariant mass distribution for both the
J= �+�� and J= �0�0 channels, as presented in the last chapter.

1With the only exception of J= �0, because of its very small branching ratio.



Chapter 1

The Charmonium

Until 1974 all the known hadrons were composed by three quark 
avors: the \up"
(u), \down" (d) and \strange" (s), with masses of a few MeV for the �rst two and of
� 100�200 Mev for the strange. In 1974, with the discovery of a massive and narrow
resonance called J= [1] [2], the existence of a new quark 
avor called \charm" (c),
with a mass of the order of 1 GeV was demonstrated.

The J= is a member of a family of particles called \charmonium", bound state
of charm quark and antiquark (�cc ). Since 1974, quarkonium production and decay
is one of the most interesting �eld to test the quantum chromodynamics (QCD),
the �eld theory of the strong interaction, in particular some e�ective theories like
perturbative QCD (PQCD) and, more recently, the non relativistic QCD (NRQCD).

Quarkonium is a good testing ground for QCD because the energy levels are
due to the strong interaction. In particular, the heavy quarkonium systems ( �QQ ,
where Q can be either c, the charm, or b the bottom 
avor) can be treated with
non-relativistic models for the two valence quarks, with a great sempli�cation of the
theoretical treatment.

When two particles form a bound state, the attractive potential can be studied
measuring the energy spectrum of the system. In atomic physics, the binding energy
of the electron-nucleus system depends on the orbital angular momentum (L), spin
(S) and total angular momentum (J = L+S) state (neglecting the nucleus angular
momentum I). To classify the energy levels of the system the spectroscopic notation
n2S+1LJ is used. A similar pattern of energy levels is present in positronium (the
e+e� bound state); this has been used to study the potential between the electron
and the positron.

The same concept can be applied also to the mesons: the quark-antiquark (�qq )
bound states. Also in this case the spectroscopic notation n2S+1LJ for the classi�-
cation of the mesons is used.

The intrinsic parity P and charge conjugation C of a charmonium state are
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n2S+1LJ JPC M (MeV) � (MeV)

�c 11S0 0�+ 2979:7 � 1:5 16:0+3:6
�3:2

J= 13S1 1�� 3096:87 � 0:04 0:087 � 0:005
�0 13P0 0++ 3415:1 � 0:8 16:2 � 2:3
�1 13P1 1++ 3510:51 � 0:12 0:92 � 0:13
�2 13P2 2++ 3556:18 � 0:13 2:08 � 0:17
hc 11P1 1+� 3526:14 � 0:24 < 1:1 (90%C:L:)
�0c 21S0 0�+ 3594� 5 < 8:0 (95%C:L:)
 0 23S1 1�� 3685:96 � 0:09 0:300 � 0:025

Table 1.1: Quantum numbers, masses and width of the charmonium states with mass
below the open charm production threshold (PDG 2002 �t values [3]). Recently E835
measuredM�0 = 3415:4�0:4�0:2 MeV and ��0 = 9:8�1:0�0:1 MeV [4]. ��0 is in
disagreement with the PDG 2002 but it is the most precise measurement available
today.

related to the angular momentum by the relations:

P = (�1)L+1;

C = (�1)L+S;

and so also the JPC notation can be used to classify the �cc states.
The charmonium is the most widely studied heavy quarkonium system. Anyway

some of the details of its spectrum (shown in Figure 1.1) are unknown or measured
with large errors. Better measurement of the �cc spectrum could lead to a better
understanding of the strong interaction. Some of the features of charmonium states
are summarized in Table 1.1.

1.1 Mass spectrum and potential models

Even though the charmonium mass spectrum is qualitatively similar to the positro-
nium spectrum, the non perturbative features of QCD prevent the possibility of
describing it on the basis of the fundamental theory of the interaction. For this
reason the natural approach to the charmonium spectroscopy is to build an e�ective
potential model describing the observed mass spectrum . This approximation allow
to integrate out many fundamental e�ects like gluon emission or light quark pairs
and to deal with an e�ective potential which is the result of the �QQ direct inter-
action as well as the energy of the gluon �eld. This potential should nevertheless
reproduce the two main features of the bound quark states in the two limits of small
and large distance: asymptotic freedom and con�nement.
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Figure 1.1: The charmonium spectrum.
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Any potential written in this way must be 
avor independent, so the following
discussion made for the charmonium spectrum can be applied directly also to the
bottomonium.

The �cc system can be described with a Schr�odinger equation:

H	(x) = E	(x);

where the hamiltonian for the �cc system can be written as:

H = H0 +H 0

and H0 can be expressed by a free particle hamiltonian plus a non-relativistic po-
tential V (r):

H0 = 2mc +
p2

mc
+ V (r);

where mc is the charm quark mass and p its momentum. H 0 includes the spin and
orbital dependent part of the strong interaction, explaining the charmonium �ne
structure.

V (r) can be built thinking at the properties of strong interaction in the limit
of small and large distances. At small distance the potential between the quarks is
coulomb-like:

V (r) � �4

3

�s(r)

r
;

where r is the distance between the quarks and �s is the strong coupling constant.
The value of the running coupling constant �s depends on the energy scale of

the interaction � in the way shown in Figure 1.2. At the leading order in the inverse
power of ln(�2=�2), it is described by:

�s(�) =
4�

�0ln(�2=�2)
; (1.1)

�0 = 11� 2

3
nf ;

where � ' 0:2 GeV is the non-perturbative scale of QCD (the energy where (1.1)
diverges) and and nf is the number of quarks lighter than the energy scale �. It is
clear from Equation (1.1) that, as the energy scale of a strong process decrease and
become closer to �, �s increases and the QCD can not be treated as a perturbative
theory.

At large distance the \con�nement" term is dominating. It can be written in the
form:

V (r) � kr;
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Figure 1.2: Behavior of �s(�) [3].

where k ' 1 Gev � fm�1 is called string constant. The energy of a �qq system in-
crease with the distance so the absence of free quarks in nature is explained by the
con�nement term.

The two behaviors can be put together to write the Cornell potential, shown in
Figure 1.3 [5]:

V (r) = �4

3

�s(r)

r
+ kr: (1.2)

With this potential, the charmonium wave function can be expressed as:

	(r; �; �) = Rnl(r)Y
m
l (�; �) (1.3)

but this is not enough accurate to reproduce the mass di�erence for charmonium
states in the same orbital angular momentum or spin multiplets. To explain the
charmonium �ne structure one needs additional interaction terms depending on S
and L [6]:

H 0 = VLS + VSS + Vtens; (1.4)

the various terms are described in the following:

1. spin-orbit: the spin orbit term splits the states with the same orbital angular
momentum depending on the hL � Si expectation value (�ne structure):

VLS = (L � S)

�
3
dVV
dr

� dVS
dr

�
=(2m2

cr);

where VS and VV are the scalar and vector components of the non-relativistic
potential V (r);
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Figure 1.3: Cornell potential.

2. spin-spin: this term describes the e�ect of the interaction between the spin
of the quarks and is responsible of the splitting between the spin singlet and
triplet (hyper�ne structure):

VSS =
2(S1 � S2)

3m2
c

r2VV (r);

the expectation value for S1 � S2 is +1=4 for S = 1 and �3=4 for S = 0;

3. tensor: the tensor potential, in analogy with electrodynamics, contains the
tensor e�ects of the vector potential:

VT =
S12

12m2
c

�
1

r

dVV
dr

� d2VV
dr2

�
;

S12 = 2[3(S � br)(S � br)� S2]:

The Coulomb-like part of V (r) corresponds to one gluon exchange and contributes
only to the vector part VV of the potential; the scalar part VS is due to the linear
con�ning potential. The linear con�ning term could in principle contribute to both
VS and VV but the �t of the �cJ masses suggest that the VV contribution is small
[7].
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R MR �MJ= (MeV)
PDG 2002 MB (1983) [7] GRS (1989) [8] GJRS (1994) [9]

�c �117:2 � 1:5 -113 -115.8 -109.0
�0 318:2 � 0:8 285 315.3 318.6
�1 413:64 � 0:13 391 410.1 414.4
�2 459:31 � 0:14 428 456.6 459.1
hc 429:27 � 0:24 405 421.6 429.4
�0c 497� 5 490 522.2 525.4
 0 589:07 � 0:13 560 592.8 588.9

Table 1.2: Charmoniummass states splitting (with respect to the J= ). Theoretical
predictions obtained with the potential models and comparison with the experimen-
tal values.

Other suggestions for the functional form of the binding potential V (r) exist,
but they are essentially coincident with the values from (1.2) in the region from 0.1
to 1.0 fm, the dimension scale of the �cc system, and lead to similar results.

The theory can not predict the coe�cients weighting the di�erent contributions
from the various terms of the potential (1.4). In addition, all the theoretical energy
levels can be corrected to take into account relativistic e�ects. All those contribu-
tions need to be compared with experimental data of charmonium spectroscopy to
evaluate the relative weight. Table 1.2 shows the comparison between predictions
and experimental values for the mass splitting with respect to the J= .

Another possibility to predict the charmonium mass spectrum is to compute it
with the lattice QCD, which is essentially QCD applied to a discrete 4 dimensional
space. The �eld theory fundamental principles and the path integral can be used
to calculate, on a computer, the properties of the strong interaction. The value
of the lattice spacing, usually denoted with a, can be decided depending on the
speci�c problem that has to be solved. Another important parameter is the QCD
bare coupling constant g, or � = 6=g2 [10]. Typical values are � � 6 and a � 0:1
fm. The physical quantities can be obtained in the limit a! 0.

To compute the heavy quarkonia spectrum, the NRQCD can be applied to the
lattice calculation. The bottomonium spectrum is well reproduced, even if it is not
possible to compare the mass value for the �b state, which is not observed. The
charmonium system, on the other side, is more relativistic and not so well described
by NRQCD; anyway the observation of the ground state �c allows the determination
of mc directly from the M�c measurement [11].

Table 1.3 show some lattice QCD result for the masses of the charmonium states.
These results are less precise than the ones obtained with the non relativistic poten-
tial model and have a low predictive power for not observed states, but the advantage
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R MR (MeV)
PDG 2002 Chen (2001) [12] Okamoto et al. (2002) [13]

�c 2979.7 3012(2) 3003(4)
J= 3096.87 3090(1) 3088(1)
�0 3415.1 3465(3) 3442(10)
�1 3510.51 3519(2) 3517(11)
�2 3556.18 - 3549(15)
hc 3526.14 3517(5) 3519(11)
�0c 3594 3700(20) 3806(50)
 0 3685.96 3750(40) 3849(49)

Table 1.3: Recent results for the charmonium states masses from lattice NRQCD
computation. The masses by P. Chen [12] are obtained with � = 5:9, the
M. Okamoto et al. result [13] is obtained setting as input of the simulation the
scale of 1P � 1S splitting and in the a! 0 limit.

of this approach is that all the mass values come directly from the application of
NRQCD just setting the scale for the 1P � 1S or 2S � 1S and it is not needed to
�t the whole spectrum.

The higher discrepancies in both potential and lattice models are in the eval-
uation of the �0c mass. Recently BELLE has observed a �0c candidate with mass
M�0c = 3654 � 6 � 8 MeV [14]. If con�rmed, this could improve the theoretical
description of the �cc mass spectrum phenomenology.

1.2 Charmonium formation in �pp annihilation

Charmonium has been studied in detail at e+e� colliders. With this technique the
lepton pair annihilates in a virtual photon with JPC = 1��, as shown in Figure 1.4
(a) and so only the J= and  0 states can be directly formed. All the other states
can be studied via radiative decays, at high energy e+e� colliders in two virtual
photons interactions or in the decays of B mesons.

When charmonium is formed in �pp annihilations, as shown in Figure 1.4 (b), the
angular momentum and spin of the initial �pp state is not de�ned and so, through the
annihilation in the appropriate number of gluons, all the JPC charmonium states
are directly accessible.

In this thesis charmonium states are selected through the decay modes J= !
e+e� and  0 ! e+e�, for this reason we will now give a brief look to the expected
 0 polarization and the subsequent e+e� angular distribution. In what follows the
polar angle is measured with respect to the z axis, de�ned as the antiproton direction
in the center of mass system.



1.2 Charmonium formation in �pp annihilation 11

(a) (b)

Figure 1.4: Charmonium formation in e+e� (a) and �pp (b) annihilation.

In the processes pp! J= ! e+e� and pp!  0 ! e+e�, since the total angular
momentum J is conserved, the angular distribution of the e� depends on the helicity
of the initial state.

Let's consider the variables as shown in Figure 1.5. In the limit of negligible
mass electron, �e� = �1=2 and �e+ = +1=2. The polar angle of the leptons for the
processes pp ! J= ! e+e� and pp !  0 ! e+e� in the center of mass frame are
distributed like:

dN

d cos �e
/ 1 + � cos2 �e (1.5)

where the coe�cient � is given by:

� =
E2
CM � 4

��� GE

GM

���2m2
p

E2
CM + 4

��� GE

GM

���2m2
p

: (1.6)

In (1.6) ECM is the center of mass energy; the GE and GM form factors are related
to the Pauli form factors by the expressions [15]:

GE(q
2) = F1(q

2) +
q2

4m2
p

F2(q
2);

GM(q
2) = F1(q

2) + F2(q
2):

For charmonium states produced in e+e� annihilation � = 1, because of the
helicity of the initial state. If the protons were pointlike particles, the Pauli form
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Figure 1.5: Conventions for variables used in helicity formalism.

factor F2 would be 0. In this case �J= = 0:46 and � 0 = 0:59. Deviations from these
values are indications of the proton structure. In the limit of high ECM annihilations
(if the proton mass can be neglected) � ' 1. The only available measurement for
the  0 was obtained at FNAL by E760: � 0 = 0:69� 0:26 [16].

For the decay  0 ! J= ��, the dipion and the J= are emitted mainly in S
wave in the  0 system and also the two pions in the (��) CM system are mainly in
L = 0 state, therefore the J= has the same polarization than the  0 . This means
that also the angular distribution of e+e� from the J= decay will be 1+� 0 cos

2 �e.

For the J= � decay channel the situation is complicated by the fact that the �
has odd parity. The e+e� angular distribution for this channel is proportional to
(5� 0 + 4)� 4� 0 cos2 �e [17].

1.3 Charmonium decay

Since the discovery of the J= , a really surprising feature of such a massive reso-
nance was its narrowness. The measurement of the width (�) of a resonance is very
important because it gives information about the lifetime of the particle, which is
related to the kind of interaction causing the decay and to the number of accessible
channels.

Also the partial widths �ab, related to the speci�c decay channel of the resonance
R ! a + b (or the branching ratios Bab = �ab=�) play an important role in the
understanding of the physics mechanism of the particle decay.
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Figure 1.6: OZI (Okubo - Zweig - Iizuka) rule: the favorite decay modes are the ones
with the quark lines from initial to �nal states connected, as shown in (a); the decay
channels with quark lines not connected, as the one shown in (b), are suppressed.

The J= has a very large mass and small decay width, if compared with the
light quark (u; d; s) mesons. In fact the small width can be explained observing
that its decay can occur only violating the OZI rule (see Figure 1.6). While the �cc
states above the open charm threshold can quickly decay into DD pairs, which is
OZI favorite, the situation for the states with mass below 3740 MeV is di�erent.
In QCD, the rule can be explained observing that the favorite decay modes can be
the result of a single gluon interaction while the suppressed decays must proceed
through the annihilation of the �cc pair in 2 or more gluons.

The dominant decay modes of charmonium are hadronic and electromagnetic
ones. The widths for the electromagnetic processes, such as radiative transitions or
lepton pair decay, can be calculated with good approximation within QED. When
hadrons are present in the �nal state the process should be described using QCD
but, because of its non perturbative nature, all the calculations of strong processes
have always a high theoretical uncertainty.

1.3.1 Electromagnetic decay

Electromagnetic processes are calculable with high accuracy within the QED. At
the leading order (LO) in � (�ne structure constant) the annihilation of a �cc pair
can occur into a lepton pair via a virtual photon for the 1�� states or in 

 for the
states with C = +1, as shown in Figure 1.7. The annihilation into three photons
(for the C = �1 states) is at the next-to-leading order (NLO) and it is not observed
in experiments. In the following we will look in more detail all the tipology and give
some numerical expressions for the electromagnetic decay widths for �cc states. The
strong corrections, calculated at the LO in �s, are due to gluon exchange between
the quark and the antiquark in the initial state.
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(a) (b)

Figure 1.7: Charmonium e.m. decay at the LO in �. (a) e+e� (or �+��, �+�� and
�qq ) �nal state, allowed for J= or  0 decay and (b) 

 �nal state, for �c, �c0 and
�c2.

1. Exclusive decay into a couple of leptons (e�; ��) or light quarks (u; d; s) via a
virtual photon. The diagram relative to this process is shown in Figure 1.7 (a).
This decay mode is possible only for 1�� charmonium states, i.e. the J= and
the  0 . The decay width can be calculated using the Van Royen-Weisskopf
formula [18]. For the J= (at the LO in �s):

�(J= ! e+e�) = 16��2e2c
j	(0)j2
4m2

c

(1� 16�s=3�);

where j	(0)j is the module of the �cc wave function in the origin, mc is the
charm quark mass and ec = +2=3jej the charm quark electric charge. The
same formula can be applied to  0 decay, in this way one can obtain:

j	J= (0)j2
j	 0(0)j2 =

�(J= ! e+e�)

�( 0 ! e+e�)
' 2:4: (1.7)

2. Two photon decay, as shown in Figure 1.7 (b). This decay is forbidden for
J = 1 states, such as the �1, because of Yang's theorem

1. For C conservation,
L = 0 states should be in spin singlet and L = 1 states in spin triplet.

The partial decay widths to 

 can be calculated within QED as it is done
for the positronium decay e+e� ! 

, using 4

9
� instead of � because of the

1Yang's theorem states that J = 1 particles can not decay into two massless 1�� particles such
as photons or gluons.
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charm quark charge, and substituting me with mc [19]:

�(�c ! 

) = 12��2e4c
j	(0)j2
m2
c

(1� 3:4�s=�); (1.8)

�(�c0 ! 

) = 27�2e4c
jR0(0)j2
m4
c

(1 + 0:2�s=�); (1.9)

�(�c2 ! 

) =
36

5
�2e4c

jR0(0)j2
m4
c

(1� 16�s=3�); (1.10)

where R0(0) is the derivative of the non relativistic P wave function at the
origin (see Equation (1.3)).

3. Three photon decay. The photon (and the gluon) has JPC = 1��. This imply
that, for C conservation, the annihilation in n photons can occur only for
states with C = (�1)n. This decay channel is not observable experimentally
for any �cc state because of the small branching ratio, however it is possible to
calculate its partial width. We will give now the theoretical expression for the
decay width for the case of the J= or  0 , having in mind to extend it later
to the three gluon decay, which is one of the main decay modes for C = �1
states:

�(3S1 ! 


) =
16

3
(�2 � 9)�3e6c

j	(0)j2
m2
c

(1� 12:6�s=�): (1.11)

1.3.2 Radiative transitions

The radiative transitions, as in atoms, occur from an excited to a lower mass �cc state
with the emission of a photon; they can be subdivided in electric dipole transitions
(E1), obeying to the selection rules �L = �1; �S = 0, and magnetic dipole
transitions (M1), with the selection rules �L = 0; �S = �1.

All the widths of the radiative transitions between �cc states below the open
charm threshold are measured, with the only exception of the decay hc ! �c
 (see
Table 1.4).

The electric dipole decay widths depend on the mass (M) and the spatial part of
the �cc wave function of the initial and �nal states. The transitions widths between S
and P waves are calculable using the expressions (where subscripts i and f indicate
the initial and �nal states):

�(S ! P + 
) =
2Jf + 1

2Ji + 1
� 4
9
e2Q�k

3jEif j2; (1.12)

�(P ! S + 
) =
4

9
e2Q�k

3jEif j2; (1.13)
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i! f kind Mi �Mf (MeV) �i!f (keV)

 0 ! �2 E1 129:78 � 0:16 26� 3
 0 ! �1 E1 175:45 � 0:16 25� 3
 0 ! �0 E1 270:9 � 0:8 20� 2
�2 ! J= E1 459:31 � 0:14 170� 40
�1 ! J= E1 413:64 � 0:13 290� 50
�0 ! J= E1 318:2 � 0:8 390� 60
hc ! �c E1 546:4 � 1:5 -
J= ! �c M1 117:2 � 1:5 1:1� 0:4
 0 ! �c M1 706:3 � 1:5 0:84� 0:19

Table 1.4: Partial widths for charmonium radiative transitions [3].

Transition �exp (MeV) �theo (MeV)

�c0 ! J= 
 0:17� 0:04 0:131
�c1 ! J= 
 0:29� 0:05 0:299
�c2 ! J= 
 0:39� 0:06 0:418
hc ! �c
 - 0:59

Table 1.5: World averages of the partial widths for the radiative decay of �J mesons
[3]. A �t of the three values with (1.13) gives jEif j = (1:8 � 0:1) � 10�3 (with a
�2=ndf = 1:1=2), which has been used to calculate the expected theoretical values
�theo.

where k = (M2
i �M2

f )=(2Mi) is the photon momentum, jEif j the transition dipole
matrix element:

jEif j =
Z

1

0

drr3 �Ri(r)Rf(r); (1.14)

and R(r) is the radial part of the charmonium wave functions.
Using (1.13) and experimental data for �J ! J= 
, it is possible to �t jEif j,

and obtain a prediction for �(hc ! �c
). Using world averages (see Table 1.5) we
obtained jEif j = (1:8� 0:1)� 10�3, that corresponds to �(hc ! �c
) = 0:59� 0:07
MeV (where the error comes directly from the error on jEif j)

The only magnetic dipole transitions between charmonium states experimentally
observed are:

J= ;  0 ! �c
;

and the decay width can be calculated to be:

�(3S1 !3 S0 + 
) =
4

3
e2Q�

�
k

mc

�
k

1 + k=
p
M(3S0)2 + k2

jIif j2 (1.15)
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where:

jIif j =
Z

	�f (~x) cos(~k � ~x=2)	i(~x)d
3x: (1.16)

1.3.3 Strong decay

The strong decay can be treated by applying the same conservation laws used for
the electromagnetic decays. The di�erences, from a qualitative point of view, are:

� gluons have color charge: they are SU(3) color octet states. Since all observable
particles, such as charmonium states, are color singlets, the annihilation of the
�cc pair is forced by the color conservation to proceed through at least 2 gluons;

� gluons and quarks do not exist as free states in nature: they can only exist
in color singlet combinations. This is why gluonic decay is always followed by
hadronization of the �nal state;

� given the high value of �s, especially for low momentum transfer, QCD can
not be always treated as a perturbative theory.

Two main kind of strong decay processes can occur. The �rst, related to the
complete annihilation of the heavy �QQ (through the emission of high momentum
gluons) as shown in Figure 1.8 (a), can be treated in a perturbative way. The
second is the hadronic deexcitation of charmonium, accompanied by the emission
of 2 or more soft gluons and followed by their hadronization, as shown in Figure
1.8 (b). This is for example the case of the  0 ! J= �� and  0 ! J= � decays.
The low momentum carried by the gluons do not allow a perturbative treatment of
the subject. Nevertheless, some of the features of these decays, such as the dipion
invariant mass distribution, the � angular distributions in  0 ! J= �� and the
relative branching ratio of  0 ! J= � with respect to  0 ! J= �� can be calculated
within theoretical models and can provide information on the strong interaction at
low momentum transfer. Since the latter decay modes of the  0 are the subject of
this work, more details will be given in Chapter 2. In the following part of this
section we will describe the strong perturbative theory of charmonium decay.

The PQCD theoretical calculation for charmonium annihilation are similar to
QED calculation where the photon are replaced by gluons (and so � becomes �s),
then the hadronization of the �nal state is supposed to happen with probability
1. Under these assumptions, the decay of the �cc pair into light hadrons can be
considered as the annihilation into gluons (as shown in the diagram of Figure 1.8
(a)).

In particular, for the two gluons decay width we have:

�gg

�


=

2

9

�2
s

�2e4c
; (1.17)
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(a) (b)

Figure 1.8: Charmonium strong decay into light hadrons (a) and strong radiative
decay (b).

and for the three gluons:

�ggg
�




=
5

54

�3
s

�3e6c
; (1.18)

where the factors 2/9 in (1.17) and 5/54 in (1.18) come from color algebra.
Using (1.17) and (1.18) together with (1.8-1.11) it is easy to calculate the partial

widths at the leading order in �s for the decays:

�0(�c ! gg) =
8

3
��2

s

j	(0)j2
m2
c

; (1.19)

�0(�c0 ! gg) = 6�2
s

jR0(0)j2
m4
c

; (1.20)

�0(�c2 ! gg) =
8

5
�2
s

jR0(0)j2
m4
c

; (1.21)

and for the 3S1 states, for which the LO is �3
s:

�0(
3S1 ! ggg) =

40

81
(�2 � 9)�3

s

j	(0)j2
m2
c

; (1.22)

where the gg and ggg �nal states in the previous formulas are ment to be inclusive
light hadrons (LH) �nal states. The fact that the J= annihilation must proceed
through 3 gluons gives a rough explanation of the narrowness of its width with
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respect to the �c. From (1.22) we can roughly estimate by using (1.7) that2 �( 0 !
LH) ' �(J= ! LH)=2:4 ' 77 keV. For the �c, the �cc ground state, the (1.19)
is the main decay mode. The triplet P wave states �0;1;2 (13PJ) decay mainly via
hadronic decay or radiative decay to J= .

In the strong interaction case the �rst loop corrections can be of the same order
of magnitude of the leading order (LO); the decay widths can be written as:

�(cc! f) = �0

�
1 +

B�s
�

�
; (1.23)

the B coe�cients have been evaluated in reference [19]:

B�c = 4:8

BJ= = �3:7
B�c0 = 9:5

B�c2 = �2:2

Bodwin, Braaten and Lepage [20] proposed a rigorous way for handling the
inclusive annihilation of heavy quarks, by using the NRQCD, that can be used to
calculate the decay widths of quarkonia states to light hadrons.

In the non relativistic case, the quark velocity v is small (v2 � 0:3 for charmonium
and v2 � 0:1 for bottomonium). So it is is possible to identify di�erent momentum
scales that play di�erent roles in the quarkonium dynamics: a short distance scale
(� 1=mQ, where mQ is the heavy quark mass), describing the �QQ annihilation,
that can be treated in a perturbative way, and a long distance scale (� 1=mQv),
which is the quarkonium size scale and so it is suitable for the description of the �QQ

interaction in the bound state, such as the soft gluon emission.
This approach allows the decoupling of the \hard" (short distance) processes,

that can be treated in a perturbative way, from the \soft" (long distance) gluon
emission, that can not be treated perturbatively because of the high �s value, with
a complete factorization of the two scales.

In the theory, the quarkonium state jHi is considered as the sum of several Fock
states. The dominant Fock state is composed by the heavy antiquark - quark pair
in a color singlet state and in angular momentum state 2S+1LJ ; another Fock state
that contributes to the charmonium decay amplitude at the leading perturbative

2This is usually called the \12% rule". For any hadronic �nal state h it is reasonably well
satis�ed that:

B( 0 ! h)

B(J= ! h)
=

�( 0 ! h)

� 0

� �J= 

�(J= ! h)
=

1

2:4
� �J= 
� 0

' 12%:
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order is the state in which the �QQ emit a soft gluon remaining in a color octet state:

jHi = c0j2S+1L
[1]
J i+

X
c1j2S0+1L

0[8]
J 0 gi+ :::

The color octet states can annihilate at the LO into one gluon, so their contribution
to the total width of �cc states is of the same order of the color singlet ones.

Bodwin, Braaten and Lepage have shown that quarkonium decay rate can be
written as a sum of terms, each of them being the product of a long distance matrix
element with a short distance coe�cient (f and g) that can be calculated pertur-
batively within QCD. The long distance matrix elements have to be �tted from the
experimental values of the charmonium states widths. The correct way to calcualte
hadronic widths for S and P wave states in NRQCD is:

�(2S+1SJ ! LH) =
2Imf1(

2S+1SJ)

m2
c

h2S+1SJ jO1(
2S+1SJ)j2S+1SJi

+
2Img1(

2S+1SJ)

m4
c

h2S+1SJ jP1(
2S+1SJ)j2S+1SJi

+ O(v3�); (1.24)

�(2S+1PJ ! LH) =
2Imf1(2S+1PJ)

m4
c

h2S+1PJ jO1(
2S+1PJ)j2S+1PJi

+
2Imf8(2S+1SJ)

m2
c

h2S+1PJ jO1(
2S+1SJ)j2S+1PJi

+ O(v2�); (1.25)

where the index 1 and 8 correspond to singlet and octet charmonium state annihi-
lation. While (1.24) is at the NLO in v, the two terms of (1.25) are of the same
order, so the color octet contribution become very important in the calculation of
the hadronic decay width of charmonium P waves. Color octet contributions to P
wave states decay amplitudes have been calculated and can be found in [21] and
[22].

It is also possible to determine the matrix element values from lattice calcu-
lation [23], but the uncertainty is large and do not allow a real comparison with
experimental values.

1.4 Isospin breaking scale in  0 strong decay

Isospin (I) has been introduced to describe groups of particles which have nearly the
same mass but di�erent electric charge. The name is due to the fact that isospin,
as a mathematical object, has the same properties of the spin.

It was introduced to describe the proton and the neutron: these two particles can
be considered as a single particle (the nucleon) with I = 1=2 and isospin projection
I3 = +1=2 for the proton and I3 = �1=2 for the neutron.
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Also the three pions are grouped in a I = 1 triplet assigning I3 = +1 to �+,
I3 = 0 to �0 and I3 = �1 to ��.

Isospin has been naturally extended at the quark level: the up and down quark
form an isospin doublet (I = 1=2) with projections I3 = +1=2 and�1=2 respectively.
In this way, for each light hadron it is possible to calculate:

q

e
= I3 +

S +B

2
(1.26)

where S is the strangeness and B the baryon number.
Isospin is expected to be conserved in the strong but not in the electromagnetic

and weak interactions. This is due to the fact that the strong interaction is inde-
pendent on the electric charge, and that the u and d quarks have nearly the same
mass.

Deviation to the exact isospin conservation should arise as a consequence of the
mass di�erence between up and down quarks at the scale:

� md �mu

�QCD
' 2� 10�2; (1.27)

where mu ' 5 MeV, md ' 9 MeV, �QCD ' 0:2 GeV, and from the coexistence of
the strong and the electromagnetic interaction in many processes, with an e�ect of
the order of few percent3. Anyway it was soon realized that the QCD hamiltonian
could also contain isospin breaking terms, and so isospin violation could arise as a
straightforward consequence of the strong interaction [24].

The largest isospin violations in strong interaction processes are observed in �N
elastic scattering. The analysis of the �N ! �N data at low energy show a possible
isospin violation of the order of about 7% [25] [26].

The presence of an isospin violating contribution in the strong interaction is par-
ticularly interesting from a theoretical point of view: it has been recently demon-
strated that such a contribution will a�ect the Standard Model prediction for the CP
violation parameter �0=� in a signi�cant way, introducing also a relevant theoretical
uncertainty [27].

1.4.1 Isospin violation in  0 decay

The charmonium decay channels are a good testing ground for isospin conservation
in the strong interaction. Some of the decay processes are unambiguosly due to the
strong interaction and their branching ratios are known with the necessary precision
of a few percent. Moreover, the isospin of the initial �cc state is I = 0 so, in the
decay  0 ! J= X, the isospin conservation can be checked by looking at the isospin
of the X system.

3The scale of e.m. to strong interaction can be obtained from �em=�s at the typical meson
dimension scale (0:2� 0:3 fm) and is � 2%.
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The pion can be considered as an element of an isospin 1 multiplet, namely:

jI; I3i =
� j1;�1i � j��i
j1; 0i � j�0i :

The decay channel:

 0 ! J= + �0 (1.28)

jI; I3i = j0; 0i ! j0; 0i + j1; 0i
is obviously isospin violating. Roughly, the scale of isospin violation can be obtained
in this case by comparing the J= �0 with the J= � branching ratio and it is of the
order of �(J= �0)=�(J= �) ' 3 � 10�2, which is the scale of electromagnetic to
strong interaction at the typical distance of the meson dimension.

If we consider a dipion system, the total wave function is given by:

	(total) =  (space) � �(isospin): (1.29)

The isospin of the dipion can be expressed in terms of the isospin of the two pions
by using the Clebsch-Gordan coe�cients. For a neutral (I3 = 0) dipion it is possible
to have three di�erent isospin states:

j0; 0i =

r
1

3
j�+��i �

r
1

3
j�0�0i+

r
1

3
j���+i; (1.30)

j1; 0i =

r
1

2
j�+��i �

r
1

2
j���+i; (1.31)

j2; 0i =

r
1

6
j�+��i+

r
2

3
j�0�0i+

r
1

6
j���+i; (1.32)

Bose statistics requires that 	(total) is symmetric under the particle exchange.
If isospin is a perfect symmetry, an even L wave (��) system must have a symmetric
spin wave function, so only I = 0 and 2 are allowed.

In  0 decay two channels are observed:

 0 ! J= + �0�0 (1.33)

 0 ! J= + �+�� (1.34)

jI; I3i = j0; 0i ! j0; 0i + jI; 0i
where, for the isospin conservation, the dipion in the �nal state should be in the
state jI; I3i = j0; 0i. Looking at (1.30), in the case of isospin conservation it is
expected that �(J= �0�0)=�(J= �+��) ' 0:5.

The PDG �t value is [3]:

�(J= �0�0)

�(J= �+��)
= 0:60� 0:06; (1.35)
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which is compatible with isospin conservation within 2� but suggests the possibility
of isospin violation.

The scale of isospin violation in this process can be easily obtained looking at
the amount of I = 2 in the dipion system. The isospin transition matrix TI for the
process  0 ! J= �� can be expressed as the sum of isospin conserving (T0) and
isospin breaking (T2) contributions. The dipion due to the decay of the initial j0; 0i
state will be in an isospin state:

j��i = TI j0; 0i = T0j0; 0i+ T2j0; 0i; (1.36)

or, introducing the amplitudes:

c0 = h0; 0jTI j0; 0i = h0; 0jT0j0; 0i; (1.37)

c2 = h2; 0jTI j0; 0i = h2; 0jT2j0; 0i; (1.38)

the isospin of the dipion in the �nal state can be expressed as:

j��i = c0j0; 0i + c2j2; 0i; (1.39)

where the coe�cient are chosen to be real and the normalization is c20+ c
2
2 = 1. The

scale of isospin violation for the interaction is given by the coe�cient jc2j. Using
(1.30) and (1.32) in (1.39) the �nal state dipion can be expressed as:

j��i =
�
c0p
3
+

c2p
6

�
j�+��i+

�
� c0p

3
+
2c2p
6

�
j�0�0i+

�
c0p
3
+

c2p
6

�
j���+i;

(1.40)

and the probabilities of observing a �+�� or a �0�0 are:

jh�+��j��ij2 = jh���+j��ij2 = c20
3
+
c22
6
+

p
2

3
c0c2; (1.41)

jh�0�0j��ij2 =
c20
3
+
2

3
c22 �

2
p
2

3
c0c2: (1.42)

The observable quantity is:

�(J= �0�0)

�(J= �+��)
=

jh�0�0j��ij2
jh�+��j��ij2 + jh���+j��ij2 =

c20 + 2c22 � 2
p
2c0c2

2c20 + c22 + 2
p
2c0c2

; (1.43)

the solution of (1.43), with the value from (1.35), gives jc2j = (4:4 � 2:5) � 10�2,
which is the scale of isospin violation in  0 ! J= �� decay, and is compatible with
the electromagnetic and quark mass di�erence e�ects.

As we will see in Chapter 2, recently only E760 was able to measure the B(J= �+��)
and B(J= �0�0) with the capability to check for the isospin violation given by (1.35).
The experimental value seems to suggest an isospin violation larger than the one
obtained from the PDG �t. This is why it is important to perform a precision
measurement of the two branching ratios.
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Chapter 2

Phenomenology of  0! e+e� and

 0! J= X ! e+e�X

The  0 , 23S1 excited state, has a mass M 0 = 3685:96 � 0:09 MeV and a width
� 0 = 0:300 � 0:025 MeV [3]. It is one of the most investigated charmonium states
because it can be produced directly in e+e� annihilation (JPC = 1��) and so its
observation and study dates back to the �rst period of charmonium spectroscopy
[28]. From 1974, a large amount of data on  0 decay modes have been collected, but
more precise measurements are still needed for the comparison with the theoretical
predictions.

The largest contribution to the total decay width of the  0 is given by the
hadronic deexcitation channels, where the transition to a J= state for the �cc

is accompanied by the emission of light hadrons, with an overall branching ratio
B( 0 ! J= X) ' 56%. These decay modes are the subject of this thesis. The other
two main decay modes are the radiative decays  0 ! �cJ
, with total BR � 24%,
and the annihilation of the �cc into light hadrons (LH) with B( 0 ! LH) � 25%
(as obtained theoretically in Section 1.3.3). These two processes are calculable in a
perturbative way, within QED and QCD respectively, as was discussed in Chapter 1.
To complete the picture of the  0 decay modes, both the leptonic decay to e+e� and
�+�� occur with a BR of � 0:7%; B( 0 ! e+e�) is another subject of this thesis.
Table 2.1 summarizes some  0 branching ratios.

As we will see in more detail in Chapter 3, �nal states with a high invariant
mass e+e� pair due to  0 or J= decay can be selected by the E835 detector. It has
the capability to reconstruct the exclusive �nal states by observing in the electro-
magnetic calorimeter system the additional photons due to �0 or � decay or using
the inner tracking system to detect the charged particles. This chapter presents the
current experimental situation for all the channels analized in this thesis.
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chan B( 0 ! chan) (%)

hadrons 98:10� 0:30
J= + anything 55:7� 2:6
J= + neutrals 23:9� 1:2

J= �+�� 30:5� 1:6
J= �0�0 18:2� 1:2
J= � 3:13� 0:21
J= �0 0:096� 0:021
e+e� 0:73� 0:04
�+�� 0:70� 0:09
�+�� 0:27� 0:07
�0
 8:7� 0:8
�1
 8:4� 0:7
�2
 6:8� 0:6

Table 2.1: Branching ratios for  0 decay modes from the global �t values of the
PDG 2002 [3].

2.1 Measurements of  0! e+e� branching ratio

The  0 partial width to e+e� is well measured in e+e� colliders. The PDG �t gives
[3]:

�(e+e�) = 2:19 � 0:15 keV: (2.1)

This value was measured at the beginning of charmonium spectroscopy at SLAC
by V. L�uth et al. in 1975, that found �(e+e�) = 2:1� 0:3 keV [29]. Later, in 1979,
the DASP collaboration at DESY obtained �(e+e�) = 2:0� 0:3 keV [30].

E760 [16] and E835 [31] studying  0 formed in �pp annihilation achieved a good
precision on the measurement of the ratio:

B( 0 ! e+e�)

B( 0 ! J= X)B(J= ! e+e�)
:

and, using the PDG values for B( 0 ! J= X) and B(J= ! e+e�), obtained:

B( 0 ! e+e�) = 0:0083� 0:0009 (E760); (2.2)

B( 0 ! e+e�) = 0:0074� 0:0007 (E835); (2.3)

with a precision comparable to the one achieved at e+e� colliders.
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More recently BABAR measured the branching fractions [32]:

B(e+e�)
B(J= �+��) = 0:0252� 0:0030; (2.4)

B(�+��)
B(J= �+��) = 0:0216� 0:0030; (2.5)

obtaining B(e+e�) = 0:0078 � 0:0012 and B(�+��) = 0:0067 � 0:0011 , which are
consistent with the earlier measurements.

As expected from QED calculations, B( 0 ! e+e�) and B( 0 ! �+��) are
compatible. Using their value it is possible to give an estimate of the electromagnetic
contribution to the hadronic decay width, as was done in [29]:

�( 0 ! 
� ! had)

�tot
=

�( 0 ! l+l�)

�tot
�R ' 2%; (2.6)

where R = �(e+e�!had)

�(e+e�!�+��)
' 3 in this energy region.

2.2  0 branching ratio measurements for the in-

clusive J= decay channels

In the early times of charmonium spectroscopy only the J= and the  0 could be
easily produced and observed at e+e� machines. Among the various  0 decay modes,
the inclusive decay to J= gave one of the most evident signal because of the high
branching ratio and the presence of two high energy leptons from the J= decay.

From the study of 30000  0 decays at SPEAR, made by G. S. Abrams et al. [33],
it was obtained:

�( 0 ! J= X)

�tot
= 0:57� 0:08; (2.7)

�( 0 ! J= �+��)

�tot
= 0:32� 0:04; (2.8)

�( 0 ! J= + neutrals)

�( 0 ! J= X)
= 0:44� 0:03: (2.9)

The presence of the J= among the  0 decays products was revealed in two ways:

� detecting its decay into �+��;

� measuring the value of the missing mass recoiling against each pair of oppo-
sitely charged particles and looking for the two pions from the decay  0 !
�+��J= .
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Figure 2.1: (a) distribution of missing mass recoiling against all pair of oppositely
charged particles observed at SPEAR by G. S. Abrams et al.; when requiring four-
prong events conserving the total four-momentum the observed spectrum reduces
to the one shown in (b) [33].

Figure 2.1 shows the clean J= signal obtained with the second method.
From (2.7) and (2.8), in reference [33] it was obtained:

�( 0 ! J= �+��)

�( 0 ! J= X)
= 0:56; (2.10)

and using (2.9) it was possible to state that, for isospin conservation, the neutral
decays other than J= �0�0 should be less than 10% of the total J= X.

Revising these data, in 1976 W. Tanenbaum et al. [34] observed 48  0 ! J= �
candidates by measuring the invariant mass recoiling against a J= �� pair, where
the J= was detected via its �+�� decay. The � in this case were supposed to decay
to both �+���0 and �+��
 channels. They measured:

�( 0 ! J= �)

�tot
= 0:043 � 0:008 (2.11)

and applying this result at (2.7-2.9) it was obtained:

�( 0 ! J= �0�0)

�( 0 ! J= �+��)
= 0:53� 0:06: (2.12)

In 1975 E. Hilger et al. measured [35]:

�( 0 ! J= �0�0)

�( 0 ! J= �+��)
= 0:64� 0:15: (2.13)
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Figure 2.2: �� collinearity distribution observed at SPEAR by E. Hilger et al.. It
is based on 444 events [35].

This measurement was made by detecting J= ! �+�� decays in the  0 energy
region and separating exclusive from inclusive decays by looking at the collinearity
of the two tracks. Figure 2.2 shows the observed collinearity distribution. They
found 126 events in which the �+�� were accompanied by one or two additional
charged track (tagged as J= �+�� events) and 69 with one or more 
 rays (tagged
as J= �0�0 events).

Until the end of the 90s, no other measurements on  0 ! J= X branching ratios
were done. In 1996, A. Gribushin et al. [36] published the measurement for the ratio:

�( 0 ! J= �+��)

�( 0 ! �+��)
= 30:2� 7:1� 6:8; (2.14)

obtained by detecting charmonium resonances in ��-Be collisions using a 515 GeV
�� beam. J= and  0 were detected by their decay to �+��. This number is in very
good agreement with the measurements of leptonic decay and J= �+�� branching
ratios. Only in 2002 this ratio have been measured with higher precision by BABAR,
as was shown in (2.5).

The only experiment that was able to measure simultaneously the BR of all the
major J= inclusive decay channels, performing a full reconstruction of the exclusive
�nal states, is Fermilab E760 [16]. The selection was done by identifying the high
energy e+e� pair coming from �cc decay, then looking for additional photons due to
J= �0�0 ! e+e�4
 or J= � ! e+e�2
. The only channel selected just applying
topological cuts, requiring two charged tracks out of e+e� ones but without the
capability to obtain a precision measurement for the charged particles directions,
was the J= �+��.

E760 collected 3 pb�1 of data in the  0 energy region. With this sample they
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observed 2022 J= X candidates; among them 416 were tagged as J= �+��, 157
J= �0�0 and 40 J= � candidates, obtaining:

�( 0 ! J= �+��)

�( 0 ! J= X)
= 0:496� 0:037; (2.15)

�( 0 ! J= �0�0)

�( 0 ! J= X)
= 0:323� 0:033; (2.16)

�( 0 ! J= �)

�( 0 ! J= X)
= 0:061� 0:015: (2.17)

Although the (2.15) is the only measurement quoted by the PDG, the PDG �t
value 0:547 � 0:011 tends to be slightly larger, for this reason it would be nice to
measure it with higher accuracy. From (2.16) and (2.15) it can be easily calculated:

�( 0 ! J= �0�0)

�( 0 ! J= �+��)
= 0:65� 0:10; (2.18)

which seems to suggest isospin violation in strong interaction1.
E835 collected 10 pb�1 of data in the  0 energy region in the �rst data taking

period (1996-97). The measurement of J= �+�� could not be performed in the �rst
data taking period, however the measurements for J= �0�0 and J= � are compatible
with E760 [31]:

�( 0 ! J= �0�0)

�( 0 ! J= X)
= 0:328� 0:015; (2.20)

�( 0 ! J= �)

�( 0 ! J= X)
= 0:072� 0:009; (2.21)

but the sample was largely increased, containing 11446 J= X, 691 J= �0�0 and
193 J= � candidates. With this method, E760 and E835 are the only experiments
that recently obtained a measurement of B( 0 ! J= �0�0).

The most precise measurement of the  0 branching ratio to J= �+�� at present
has been obtained by BES, with the analysis of 1149 nb�1 of data around the
 0 resonance [38]:

B( 0 ! J= �+��) = 0:323 � 0:014: (2.22)

1In a review paper, Y. F. Gu and X. H. Li [37] performed a di�erent analysis on E760 data by
applying a global �t to all the measured branching ratios and obtaining:

�( 0 ! J= �0�0)

�( 0 ! J= �+��)
= 0:61� 0:08; (2.19)

which is still more than one standard deviation far from the theoretical value 0.5.
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Experiment Nevts B( 0 ! J= �)
E835 [31] 167 0:041� 0:003� 0:005
E760 [16] 36 0:032� 0:010� 0:002
MRK2 [39] 166 0:025 � 0:006
CBAL [40] 386 0:0218� 0:0014 � 0:0035
DASP [41] 17 0:035 � 0:009
CNTR [42] 164 0:036 � 0:005
MRK1 [34] 44 0:043 � 0:008

Table 2.2: B( 0 ! J= �) obtained from measurement by several experiments.
The number of events observed in each experiment is also indicated. E835 and
E760 actually measured the ratio �( 0 ! J= �)=�( 0 ! J= X) while MRK2
measured �( 0 ! J= �)=�( 0 ! J= �+��). All the other results come from
�( 0 ! J= �)=�tot measurement.

Experiment Nevts B( 0 ! J= �0)
MRK2 [39] 7 (15� 6)� 10�4

CBAL [40] 23 (9� 2� 1)� 10�4

Table 2.3: B( 0 ! J= �0) obtained from measurement by MARK-II and Crystal
Ball. The number of events observed in each experiment is also indicated.

Since all the recent measurement of the ratio �( 0 ! J= �0�0)=�( 0 ! J= �+��)
are systematically larger than 0.5 it is worthwhile to measure this ratio with high
accuracy to check for isospin violation in strong decays. E835 seems to be today the
only experiment capable to measure the  0 partial width to J= �0�0, having at the
same time the possibility to check the E760 result with a larger statistics and using
a kinematic �t selection for J= �+�� events.

B( 0 ! J= �) have been measured several times with di�erent experimental
techniques. The measurements from various experiments are summarized in Table
2.2.

For the reaction  0 ! J= �0 the isospin is not conserved and so this decay has
a very small BR. Only two experiment were capable of observe this channel, for a
total world sample of 30 events. Table 2.3 summarizes the measured BR for this
channel.
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2.3 Theoretical framework for the description of

 0 ! J= ��

In QCD, the hadronic transitions between quarkonium states proceed in two steps:
the emission of gluons by the heavy quarks and their subsequent conversion into
light hadrons [43].

The gluon momentum scale for these processes is (M 0 �MJ= )=2 ' 300 MeV,
so the coupling �s is large (see Figure 1.2) and the QCD can not be treated per-
turbatively. Anyway, the heavy quarkonium system dimensions are small compared
to the dimension of the light quark emission2 and the velocity of the heavy quarks
is low, allowing a non relativistic treatment and the application of the multipole
expansion for the gluon �eld [44]. In this model, di�erent hadronic �nal states are
originated by di�erent multipole gluon emission.

In analogy to the electric dipole transition, the chromoelectric dipole transition
is described by the hamiltonian [45]:

Hd = �1

2
g�ar �Ea; (2.23)

where g is the strong coupling (g2 = 4��s), �a = T a1 � T a2 , with T a the color
SU(3) generators acting on the quark (T1) and antiquark (T2), E

a
i = Ga

0i is the
chromoelectric �eld (G�� is the gluon �eld tensor), so r � Ea is the chromoelectric
dipole moment.

Voloshin and Zakharov showed that the decay amplitude for  0 ! J= �� is
proportional to the matrix element describing the soft gluon hadronization [45]:

A( 0 ! J= ��) = A�� 0J= � h��j�sEaEaj0i; (2.24)

where the higher multipoles can be neglected. The A 0J= coe�cient, depending
only on the initial and �nal quarkonium wave function, can be factorized from the
hadronization matrix element.

Novikov and Shifman [46], revising the Voloshin - Zakharov model, analized in
more detail the transition, introducing the possibility of a small fraction of D wave
to the dominant S wave state for the pions in the (��) CM system. The decay
amplitude can be subdivided into two contributions:

A( 0 ! J= ��) �
p
(S wave)2 + (D wave)2: (2.25)

Their result is that the dipion invariant mass distribution and the � angular distri-
bution are strictly correlated and a single parameter K can be used to �t both the

2The charmonium dimension is of the order of 0:2 � 0:3 fm while the dimension scale of the
light quark emission is the � wavelength � ' h=p, of the order of 3 � 5 fm.
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distributions; the expression for the decay amplitude in this model is:

A( 0 ! J= �+��) /
�
m2
�� � K�M2

�
1 +

2m2
�

m2
��

��
+

�
3

2
K(�M2 �m2

��)

�
1� 4m2

�

m2
��

��
cos2 ��� �

1

3

��
;(2.26)

where m�� =
p
(q1 + q2)2 is the dipion invariant mass, with q1 and q2 the four-

momentum of the two pions, �M = M 0 �MJ= and cos2 ��� is the angle between
the � and the J= directions of motion in the dipion rest frame. K / �s(�)�

G(�) is
predicted to be in the range 0:15�0:2, assuming that the fraction of the � momentum
carried by gluons �G(�) is ' 1=2. The �rst term in (2.26) describes the S wave and
the second the D wave.

The observable quantity is the decay width, which is given by:

d�( 0 ! J= ��)

dm��
= (PS) � A2( 0 ! J= ��); (2.27)

where (PS) is the three body phase space. The following part of the section describes
the comparison of the measured distributions with the theory.

2.3.1 Dipion mass distributions in  0 ! J= ��

When a 23S1 state decays in a 13S1 state, some phenomenological and theoreti-
cal formulas can be obtained which describe the data with good approximation.
Measuring the dipion mass distribution is therefore a goor test of QCD.

The mass distribution formula can be parametrized as [47, 45]:

d�

dm��

/ (PS) � (m2
�� � ���m

2
�)

2 (2.28)

where the phase space PS is given by:

(PS) =

s
(m2

�� � 4m2
�)[M

4
 +M4

 0 +m4
�� � 2(M2

 m
2
�� +M2

 0m
2
�� +M2

 M
2
 0)]

4M2
 0

and ��� is a parameter that can be obtained from data.
In 1975 T. N. Pham, B. Pire and T. N. Truong [47] suggested a dipion mass

distribution with a ��� in the range 2 to 4, on the basis of transition matrix elements.
The theoretical value ��� = 2 was obtained also from T. M. Yan [48]. Anyway, it is
not possible to give a model independent theoretical prediction for the factor ���.

E760 looked at the m�� distribution for both J= �+�� and J= �0�0 channels,
as shown in Figure 2.3. The only ��� measurement comes from BES that obtained
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Figure 2.3: Invariant mass recoiling against the J= for (a) J= �0�0 and (b)
J= �+�� events as observed by E760 experiment [16]. The solid curve is the �t
of the data using (2.28) with ��� = 4.

��� = 4:35�0:06�0:17 for the J= �+�� channel [49]. The BES data are reproduced
in Figure 2.4.

Novikov and Shifman, revising the Voloshin - Zakharov model, proposed an
alternative theoretical approach to describe the features of  0 ! J= �� decay [46].
Their result for the dipion mass distribution,obtained integrating (2.26) over the �
angular distribution, is:

d�

dm��
/ (PS) �

(�
m2
�� � K�M2

�
1 +

2m2
�

m2
��

��2
+

K2

5
(�M2 �m2

��)
2

�
1� 4m2

�

m2
��

�2
)
; (2.29)

where �M = M 0 �MJ= . By �tting the dipion invariant mass BES found K =
0:186� 0:003 with a �2=ndf = 55=45 [49].

2.3.2 � angular distribution for  0 ! J= ��

In this section we will discuss the expected pion angular distribution for the decay
 0 ! J= �� on the basis of general assumptions and conservation laws.
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Figure 2.4: m�� distribution as measured by the BES experiment. The curves refer
to �t of the data with three di�erent models, as explained in [49].

Under the hypothesis that the J= and the dipion are in a relative S wave state,
supported by the small Q-value of the reaction, we have:

23S1 ! 13S1 + (��)

JPC : 1�� ! 1�� + L++

IG : 0� ! 0� + 0+

where L is the angular momentum of the (��) system. The parity of the dipion is
given by:

P = (�1)L = +1;

therefore L must be even; the experimental observations suggest that the decay
occurs mainly in a L = 0 dipion with at most a small fraction of L = 2.

The angular momentum state of �cc system for the  0 can be described as:

jJ; L; S;mJ i = j1; 0; 1;mJ i; (2.30)

where mJ gives the charmonium polarization. The theoretical framework for the
description of the transition is, as for the dipion mass distribution, the gluon emission
followed by hadronization. For chromoelectric dipole E1 gluon radiation it is �L =
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�1, �S = 0; in the gluon multipole expansion the transition is dominated by E1E1
gluon radiation and the �cc system, after the transition, will be in the state:

jJ 0; L0(= L;L� 2); S;mJ 0i = j1; (0; 2); 1;mJ 0 i: (2.31)

In the transition from  0 to J= , the angular momentum of the �cc system does
not change (L0 = 0) and this means that the two gluons g1 and g2 are emitted
with opposite polarizations, i.e. mJ(g1) +mJ(g2) = 0. For the angular momentum
conservation mJ(g1) +mJ(g2) = mJ( 

0) � mJ(J= ), meaning that the  0 and the
J= have the same polarization, as was mentioned in Section 1.2.

The wave function describing the dipion decay can be written as:

	(���; �
�

�) = AY 0
0 (�

�

�; �
�

�) +BY 0
2 (�

�

�; �
�

�) (2.32)

where ���; �
�
� are the polar and azimuthal angles in the dipion rest frame between the

� and the J= directions. The expected pion distribution can be described with:

	�	 = A2jY 0
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�
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and integrating over ���:
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where the amount of D with respect to S wave is given by the ratio B=A.
The only experiment that was able to measure the amount of D wave dipion in

 0 ! J= �+�� decay is BES [49]. Their data are shown in Figure 2.5; they used
the parametrization (2.34) �tting the parameter:

D

S
=
B

A

p
5
3

2
: (2.35)

Because of their large statistics, BES could also measure the m�� dependence of
D=S; their result is summarized in Figure 2.6.

BES also performed a �t to the data using the Novikov - Shifman parametriza-
tion. The function that they used to �t the observed ��� angular distribution is
obtained by integrating the theoretical amplitude (2.26) over their measured m��

distribution and obtaining K = 0:210� 0:027 with a �2=ndf = 26=40.

Within the Novikov - Shifman model [46], the m�� and ��� distribution are
strongly correlated. In this approach, the only parameter K describes both the
dipion invariant mass and angular distributions. From the �t to the joint cos ��� and
m�� distribution with the single parameter K, BES obtained K = 0:183�0:002 with
a �2=ndf = 1618=1482 [49].
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Figure 2.5: cos ��� (angle between the � and the J= directions of motion in the
dipion rest frame) from BES. The points are the data corrected for the e�ciency.
The curve is the �t result using (2.26) integrated over m�� [49].

Figure 2.6: Plot of D=S versus m�� measured by BES. The curve is the prediction
of the Novikov-Shifman model [49].
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Chapter 3

The Fermilab E835 Experiment

The experiment E835 [50] at Fermilab and its predecessor E760 [51] are designed to
study charmonium spectroscopy by forming all �cc states directly in �pp annihilation.
Until the 90s charmonium was mainly studied in e+e� colliders, where e+e� pairs
annihilate in a virtual photon, and so only JPC = 1�� states are directly accessi-
ble. All the other states could be accessed only in indirect way, and the detector
resolution limits the precision of the measurement.

On the other hand, the annihilation of �pp allows the formation of all �cc states
directly with a precision which depends only on the knowledge of �p beam parameters.
With the development of the stochastic cooling for the antiproton accumulators
during the 80s, �p beams with very precisely controlled momentum and extremely
narrow momentum spread become available, opening the possibility of the study of
the charmonium spectroscopy in �pp annihilation.

The experiments E760 and E835 achieved very precise measurements of mass,
widths and branching ratios of all the known charmonium resonances below the
open charm threshold.

3.1 Experimental technique

The charmonium can be formed in �pp collisions with the complete annihilation of
the three valence quarks of the proton with the three valence antiquarks of the
antiproton, as discussed in Section 1.2.

The antiprotons stored in the Fermilab antiproton accumulator are cooled and
decelerated at the desired energy, so the center of mass energy (ECM) of the reaction
is determined very accuratey from the measurement of the antiproton beam energy.
The resulting error on ECM measurement in E835 is less than 100 keV, as it will be
shown in Section 3.2.1.

The cross section of the reaction

a+ b! R! c+ d
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where a resonance R is produced, is given by the Breit-Wigner formula:

�BW (E) =
�

k2
(2J + 1)

(2sa + 1)(2sb + 1)

�ab�cd
(MR � E)2 + �2=4

; (3.1)

where E is the center of mass energy of the reaction, k is the a (and b) momentum
in the CM system, sa; sb are the initial state particles' spin andMR is the resonance
mass.

The experimental method of E835 consists in a point by point resonance scan ob-
tained moving the energy of the beam on the resonance, as illustrated in Figure 3.1.
The beam width (200 � 300 keV) is in fact narrower than the typical charmonium
resonance width (with the exception of J= and  0 ).

The shape of the resonance is obtained by simply counting the number of events
due to charmonium decay at each point of the scan, which is given by:

Ni =

Z
Lidt

�
�bkg + �

Z
�BW (E

0) �G(E 0 � E)dE 0

�
; (3.2)

where L is the instantaneous luminosity, �bkg a term due to the contribution of back-
ground events, � the product of acceptance and events detection e�ciency, �BW (E)
the resonance shape to be measured, as in (3.1), and G(E 0 � E) is the normalized
center of mass energy distribution around the central value E. The mass and width
of the resonance are then measured �tting with a Breit-Wigner the measured points
after deconvolution of the observed shape with the antiproton beam distribution
(which has a gaussian shape).

Once measured the background level �B, the area under the excitation curve is
independent of the beam spectrum G(E 0 � E) and is given by:

A =

Z
1

0

�BW (E)dE =
�

2
�peak� (3.3)

where:

�peak =
2J + 1

4

16���ab�cd
(M2

R � 4m2
p) � �2

(3.4)

and the product �peak� can be obtained directly from the measured area of the
excitation curve.

3.2 The machine

The Fermilab antiproton accumulator was built to store �p before their injection
into the Tevatron collider. The �p beam supplied is suitable for the formation of
charmonium in �pp annihilation, that can be obtained with the insertion of a proton
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Figure 3.1: Resonance scanning procedure (arbitrary units on axis). The plot shows
a 5 points scan of the resonance (a). Each point is obtained moving the beam energy,
with the center of mass energy distribution represented in (b), on each desired energy
value and counting the number of events in a given �nal state. Then the number
of events is divided by the luminosity (black dots). The resonance parameters are
obtained from the observed distribution by deconvolution of the beam width.
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target in the accumulator. The E835 detector is located into the AP50 pit of the
antiproton accumulator. A hydrogen cluster target has been developed to allow
data taking at high and constant luminosity. The luminosity is measured counting
�pp elastic collisions by means of a solid state detector in a small solid angle at � 90�

in the laboratory.

3.2.1 Antiproton accumulator

The Fermilab antiproton accumulator is used mainly to store �p and to cool and
debunch them before being injected into the Tevatron. During E835 data taking it
is used in a di�erent way: antiprotons are accumulated for several hours at a rate of
� 3 mA/hour until a current of about 50 mA is reached (corresponding to � 5 � 1011
�p).

Then the debunching and cooling of the �p takes place: the antiprotons are decel-
erated to the desired center of mass energy. At this point the H2 jet target is turned
on and annihilation reactions can occur. Accumulation is not possible with the jet
target on: data taking lasts until �p beam is completely used. Since the hydrogen
target is at rest in laboratory, the center of mass energy of the reaction products is:

p
s =

q
2mp(mp + Ep):

The energy of the antiproton beam is obtained by measuring the antiprotons
speed �, given by the product of the orbit length L and the revolution frequency f :

� = L � f:

The orbit length measurement is calibrated with respect to a reference orbit, with
length L0, determined with a scan of the  0 resonance whose mass is known from
e+e� experiments with an uncertainty of �90 keV; the error on L0 obtained in this
way is ' 2 � 10�6. The �p energy can be changed by moving the beam orbit. The
length L = L0 + �L is calculated from the measurement of the transverse beam
position, using the Beam Position Monitor (BPM) system, with a precision of half
a millimeter [52].

The precision on the energy measurement is related to the orbit length L and to
the revolution frequency f measurements through the relation:

�
p
sp
s
=

�2
3

2(1 + 
)

s�
�f

f

�2

+

�
�L

L

�2

;

where


 =
Ep
mp

=
1p

1� �2
:
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Figure 3.2: Fermilab antiproton accumulator and location of the E835 experiment.
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Figure 3.3: Nozzle with illustration of cluster growth mechanism.

With this procedure the total error on center of mass energy is of the order of 100
keV.

The momentum spread of the beam is given by:

�p

p
=

1

�

�f

f
;

where � is the slip factor of the machine. The typical �p value for E835 is 200 keV
in the center of mass frame.

3.2.2 Jet target

The target [53] is composed of high density and low temperature hydrogen clusters
at rest in the laboratory. It is located on the Fermilab antiproton accumulator.
The clusters are produced by the expansion of H2 gas through a convergent and
divergent nozzle (see Figure 3.3), operated at a temperature around 30 K. The
nozzle is trumpet-shaped with an opening angle of 3:5�, a divergent length of 8 mm
and a throat diameter of 37 �m.

The operating conditions can be obtained from Figure 3.4. The cluster density
can be increased during the data taking in order to collect data at high luminosity,
while the antiproton beam current decreases. An example of luminosity measure-
ment during 16 hours of data taking is showed in Figure 3.5.

3.2.3 Luminosity monitor

The luminosity is measured by counting the number of pp ! pp events in a small
solid angle region.

The luminosity monitor [54] consists of three solid state detector located below
the interaction point at a polar angle of 86:4�, as shown in Figure 3.6, at the bottom
of a vacuum horn. One of the solid state detectors is mounted on a movable tray,
the other two are �xed and located at its sides. The presence of three detectors gives
also informations on the possible radial displacement of the interaction region with
respect to the luminosity monitor by looking for the asymmetry in the number of
counts of the two �xed detectors. The active surface of each detector is (1� 5) cm2

and their thickness is 0.5 mm.
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Figure 3.4: Plot of the dependence of the jet density as a function of the tempera-
ture and of the pressure at the nozzle. To obtain a high luminosity, the operating
temperature - pressure (open circles) is set close to the liquid - gas border (black
solid line).

Figure 3.5: Luminosity control during one day of data taking. As the antipro-
ton beam current decreases the jet density is increased to keep the instantaneous
luminosity constant at 2 � 1031cm�2s�1.
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Figure 3.6: Luminosity monitor.

Figure 3.7: Typical proton recoil spectrum from one solid state detector.

A typical proton recoil spectrum is shown in Figure 3.7. The background is at
the level of � 2� 3% of the peak and can be easily subtracted. The instantaneous
luminosity is determined averaging on a two minutes period of data taking. The
error on the luminosity measurement is below 3%.

The di�erential cross sections for �pp elastic scattering are shown in Figure 3.8.
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Figure 3.8: The measured di�erential cross sections for six �p beam momentum. The
data were taken by Fermilab E760 with the luminosity monitor movable detectors
[55].
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3.3 The detector

E835 detector is a non magnetic spectrometer, with a cylindrical geometry around
the beam axis, designed in order to detect electromagnetic �nal states. The char-
monium is produced with a boost in the laboratory so the detector is located down-
stream with respect to the interaction region to increase the total acceptance. Figure
3.9 shows a sketch of the detector.

An electromagnetic calorimeter system and a �Cerenkov counter system are de-
signed to detect the e+e� decay of the J= and to separate it from the huge hadronic
background. Also multi-
 �nal states are detectable with the calorimeter.

The detector is completed by the inner tracking system, allowing the study of
channels with charged hadrons in the �nal state.

3.3.1 Electromagnetic calorimeter system

The calorimetric system is composed by two electromagnetic calorimeters: the cen-
tral (CCAL) and the forward (FCAL), with di�erent properties.

Central calorimeter

The central calorimeter [56] has a cylindrical symmetry and is composed of 1280
Schott F2 lead glass �Cerenkov counter blocks (a summary of characteristics is given
in Table 3.1), arranged in 20 rings and 64 wedges and with length varying from
37.80 cm (ring 1) to 50.00 cm (ring 20). Each block points at the interaction region.
The blocks layout is shown in Figure 3.10.

The CCAL allows the measurement of the position and the energy of electrons,
positrons and photons. The angular resolution is 11 mrad for the azimuthal angle
� and 6 mrad for the polar angle �. The energy resolution is given by:

�(E)

E
= 1:4% +

6%p
E(GeV)

: (3.5)

The angular coverage is between 10:6� and 70:0� in the laboratory, corresponding
to a range from 37� to 137� in the center of mass for e� at the  0 energy.

Forward calorimeter

FCAL [57] is formed by an array of 144 parallelepiped lead glass blocks of 3 di�erent
kind (16 large, 80 medium and 48 small blocks) located as shown in Figure 3.11).
Each block is optically coupled through its rear end to a photomultiplier.

The angular coverage is between 3:3� and 11:0� and the thickness corresponds to
13� 21 radiation lengths.
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Figure 3.9: Schematic of E835 detector.
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Radiation length 3.141 cm
Density 3.61 g cm�3

Refractive index at 404.7 nm 1.651

Composition by weight:
Lead 42.2 %

Oxygen 29.5 %
Silicon 21.4 %

Potassium 4.2 %
Sodium 2.3 %
Arsenic 0.15 %

Transmittance through 10 cm:
Wavelength (nm) Transmittance

335 - 344 56.9 %
385 - 394 95.5 %
435 - 444 97.9 %
485 - 494 98.4 %
535 - 544 98.9 %
585 - 594 99.4 %

Table 3.1: Summary of characteristics of Schott F2 lead glass.

Figure 3.10: CCAL sections and numbering scheme for blocks.
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Figure 3.11: FCAL front view.

3.3.2 �Cerenkov counters

The disadvantage of the charmonium spectroscopy in �pp annihilation is that �cc decay
signal have to be identi�ed in an overwhelming hadronic background produced in �pp
interaction. One solution, adopted by E835, is to select electromagnetic �nal states
by looking for high invariant mass e+e� due to J= ;  0 ! e+e� decays.

When a relativistic charged particle crosses a medium with an index of refraction
n > 1=�, light is produced. The E835 �Cerenkov detector [58] has been built to give
light signal only if crossed by high energy e�. The charged hadrons with highest
velocity that are produced in the E835 apparatus are �� from pp ! �+��. If
the �Cerenkov threshold is set above these �� velocity, all the hadronic background
produced can be rejected.

The detector is composed by 16 gas cell �Cerenkov counters located around the
beam pipe with cylindrical symmetry (each octant has an upstream and a down-
stream cell, because of the di�erent velocity for charged hadrons at di�erent angles
due to the Lorentz boost). The inner radius is 17 cm, the outer one 59 cm. Each
octant has an angular coverage between 15� and 65� and is divided in a forward and
in a backward chamber between 34� and 38� (see Figure 3.12).

The selection of the gas �lling for both kind of cell is based on the capability to
distinguish e� from ��: the forward chamber is �lled with CO2, for the backward
one Freon 13 (CF3Cl) or Freon 12 (CF3Cl2), which have an higher refraction index
to compensate the smaller boost of the particles, have been used. A summary of
�Cerenkov counter parameters is shown in Table 3.2.
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Figure 3.12: �Cerenkov octant section.

Forward Backward

Angular aperture 15� < � < 38� 34� < � < 65�

Gas CO2 Freon 13 Freon 12
Refractive index 1.000410 1.000720 1.001080

� threshold (GeV/c) 4.873 3.677 3.003
Light collection e�ciency 0:84 � 0:90 0:84� 0:98 0:75� 0:88

Table 3.2: Physical parameters of the �Cerenkov counter.

3.3.3 Charged tracking system

The charged tracking system is the innermost part of the detector. It is composed
by 4 hodoscopes (3 around the beam axis and one in the forward direction, used as
a veto), 2 straw chambers (for � measurement) and 2 scintillating �ber detectors
(for � measurement).

It is used both to trigger on charged events and to obtain a precision measurement
of the charged track directions. It allows the reconstruction of channels with charged
hadrons in the �nal state, like pp! J= �+�� and pp! ��! 4K�.

Hodoscopes and veto

Three scintillator detectors with cylindrical geometry are installed in the inner detec-
tor. They are located around the beam pipe and are segmented along the azimuthal
angle �. The innermost, called H1, is made of 8 plastic scintillators, 2 mm thick,
located at a radius of 2.5 cm. The geometrical � acceptance is from 9� to 65�.
The second hodoscope, H2', is composed of 24 rectangular elements at 7 cm from
the beam pipe axis. Each element is 4 mm thick and covers the angular region
9� < � < 65�. The outermost, H2, is made of 32 elements and is located at 17
cm from the beam pipe axis. Its � angular coverage goes from 12� to 65�. The
hodoscopes have full acceptance in � (in fact, because of the cracks between its
elements, the acceptance of H1 is 96%).
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Figure 3.13: Front section view of the charged tracking system. Starting from the
center one can see: H1 (8 segments), inner straw chamber (2 layers), H20 (24 seg-
ments), inner scintillating �ber detector (2 layers), outer straw chamber (2 layers),
outer scintillating �ber detector (2 layers) and H2 (32 segments).

An additional hodoscope (VETO) is located at the forward endcap of the tracking
system. It is composed of 8 trapezoidal scintillators 2 mm thick, covering the �
angular region below 12�, where no tracking devices are present.

Straw chambers

Two cylindrical chambers, each one consisting of two staggered layer of 64 pro-
portional tubes, are used to determine the azimuthal angle for charged particles:
for each mylar tube (80 �m thickness), a 20 �m gold plated tungsten anode wire
was taut on its axis. The staggered design allows to solve the left-right ambigu-

5 mm

µ80   m MYLAR

mµ20

SILVER-EPOXY GLUE

   TRACON 2982

EVAPORATED Au

Figure 3.14: Sketch of the mechanical structure of a Straw Chamber.
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R (cm) � � (mm) L (mm)

Inner 5.4 15� � 58� 5.0 - 5.4 182
Outer 12.0 15� � 65� 11.1 - 12.1 414

Table 3.3: Geometrical parameters of the straw chambers.

Layer R (mm) n. �bers pitch (mm) �

1 85.0 240 1.10 15� � 55�

2 92.0 240 1.19 15� � 55�

3 144.0 430 1.10 15� � 65�

4 150.6 430 1.15 15� � 65�

Table 3.4: Geometrical parameters of the scintillating �bers tracker.

ity of the position of the track with respect to the anode wire. The geometrical
parameters are summarized in Table 3.3. The straw chambers are operated with
Ar:C4H10:(OCH3)CH2 - 82:15:3 at 1320 V (inner) and 1530 V (outer).

The e�ciency in the E835 �ducial region (15� < � < 60�) for the reconstrucion
of a track is above 95%, with an e�ciency of � 90% per layer.

Scintillating �ber tracker

The scintillating �ber tracker [59] is the device used to measure the polar angle �
for charged particles. It is composed of four layers of scintillating �bers wounded
around plexiglas cylinder supports, with full � acceptance. They are subdivided
in two detectors, each of them being composed of two layers of �bers in staggered
positions to increase the acceptance. The main construction characteristics are
summarized in Table 3.4. A sketch of the tracker is shown in Figures 3.15 and 3.16.

The scintillating �bers used, Kuraray SCSF-3HF-1500, have a diameter of 0.835
mm (0.760 mm diameter active core). They are thermally spliced to clear �bers at
one end to bring the light signal to the photodetectors. The other end has been
made re
ective by deposition of a thin alluminum layer, in this way the light is
re
ected back into the �ber and so the light yield to the photodetector is increased.

The photons from the �bers are then converted in electric signal by the Visible
Light Photon Counters (VLPC), semiconductor devices developed by Rockwell In-
ternational, with high gain and quantum e�ciency. The working point of the VLPCs
is at a temperature of about 6.5 K, so they are located in a liquid He cryostat. The
layout of the tracker and readout electronics is shown in Figure 3.17.

The detector e�ciency is above 98% at small angles (where more than one �ber
per layer is expected to be crossed by a track) and decreases to �80% at large angles,
where the geometrical acceptance is reduced by the spacing between the �bers.

The intrinsic angular resolution of the detector ranges from �1 mrad (at small
angles) to�4 mrad and has been measured with �pp events. Anyway, for slow charged
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Figure 3.15: Schematic view of the scintillating �ber tracker. Fibers are wounded
around plexiglas cylinders around the beam pipe for the measurement of the polar
angle � of charged particles.
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Figure 3.16: Section of scintillating �ber tracker.
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Figure 3.17: Layout of scintillating �ber tracker and readout electronics.
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particles, the angular resolution is dominated by the multiple scattering and this
has to be taken into account in the event reconstruction stage.

3.4 The trigger

E835 has two di�erent main triggers:

1. the charged trigger to detect charged events, mainly from J= ;  0 ! e+e�

events and ��! 4K� events;

2. the neutral trigger to detect 

 events and multiphotons �nal states coming
from �pp annihilation in light neutral hadrons (�0; �; !).

3.4.1 Charged trigger

The charged trigger has been designed mainly to select the electromagnetic decay
of the charmonium states, i.e. J= ;  0 ! e+e�. The only charged hadronic channel
that has been studied is the decay into two � mesons through �� ! 4K�. In this
channel it is possible to study 1S0 and 1P1 �cc resonances such as �c ! �� and
hc ! �c
 ! ��
.

The input signals for the charged trigger are the outputs of the hodoscopes, the
scintillating �ber detectors, the �Cerenkov counters and CCAL.

e+e� events are selected using the information on the energy deposition in CCAL
and requiring the 2 �Cerenkov hits corresponding to the e+e� candidates.

For the �� selection, the selection is based mainly on the peculiar kinematics
of the 4K�. The scintillating �ber detectors provide the � information to the �rst
level trigger, used for the kinematics cuts. More details about the �� trigger can be
found in [60].

For the �nal states studied in this thesis the relevant trigger is the one which
selects e+e�X events, which is described as follows:

(e+e�) = (2e)
 (H2 � 5)
 (PBG3)

� (1e)
 (2h)
 (H2 = 2)
 (H2copl1=3)
 (PBG3)

� (2e)
 (H2 = 2)
 (H2copl1=3)
 (FCH)

where � is the logic OR, 
 is the AND between:

� (1h): we call hadron track the AND between one H1 element and the OR of
the corresponding 6 H2 elements1;

� (2h): requires 2 hadron tracks (1h);

1Because of the cracks between the eight H1 elements, the � coverage of H1 is the 96% of the
full azimuthal angle. This is one of the most important sources of (e+e� ) trigger ine�ciency.



58 The Fermilab E835 Experiment

� (1e): an electron track is the AND of (1h) and the OR of the two (backward
and forward mirrors) corresponding �Cerenkov counters;

� (2e): requires 2 electron tracks (1e);

� (H2 � 5): requires a number of H2 elements � 5;

� (PBG3): CCAL trigger logic; it will be described in Section 3.4.2;

� (H2copl1=3): if one H2 element is hit, this logic requires that at least one of
the 3 opposite elements must be hit;

� (FCH): forward hodoscope in veto.

The (e+e�) trigger can be schematized as the OR of three branches:

(b1) = (2e)
 (H2 � 5)
 (PBG3);

(b2) = (1e)
 (2h)
 (H2 = 2)
 (H2copl1=3)
 (PBG3);

(b3) = (2e)
 (H2 = 2)
 (H2copl1=3)
 (FCH):

While all the three (e+e�) branches will trigger on J= +neutral events, the presence
of the requirement (H2 = 2) in (b2) and (b3) makes them very ine�cient for the
detection of J= �+�� events. Therefore, the trigger e�ciency for this channel is
expected to be lower than the one for J= + neutral events.

3.4.2 Neutral trigger

The neutral trigger [61] is constructed using signals from CCAL alone and is designed
to trigger mainly on the charmonium electromagnetic �nal states, with two high
invariant mass clusters coming from two photons or electrons, and multiphoton
�nal states coming from �pp annihilation into light mesons (�0; �; !).

The 20 CCAL rings are grouped into 5 \super rings" and the 64 wedges into
8 \super wedges". Each \super cluster" spans 5 rings and 9 wedges (with one
overlapping channel to avoid border hit ine�ciencies).

The output of the neutral trigger are the following:

� (PBG1) requires that the inputs corresponding to two back to back super
wedges are both on (consistency with two body kinematics, mainly to trigger
on e+e� and 

 events);

� (PBG3) similar to (PBG1) but looser: the coincidence is between one super
wedge and the opposite three (mainly for e+e�
, where coplanarity should not
be strictly required);

� (ETOT�HI) requires the total sum of CCAL blocks energy deposition above
80% of the available energy;
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� (ETOT � LO) same as (ETOT � HI) but the threshold is at 70% of the
available energy.

3.5 The data acquisition system

Figure 3.18 shows the E835 data acquisition system (DAQ). Three SGI computers
are used to coordinate, process, �lter, log and monitor the data streams. An Indy
does the run control (coordination of independent data streams), monitors the DAQ
streams and communicates with the CAMAC branches; a Challenge-L with four 150
MHz processors is used for the event building, �ltering and logging; an Indigo for
the event display.

Data from the detector are read out by FERA ADC (LRS4300) and TDC
(LRS3377), organized in CAMAC crates. All the information from the modules
in a single crate are passed to DYC modules, intermediate FIFO bu�ers, and then
to Access Dynamics DC2/DM115 modules. Then the gateway process writes the
two DC2 sets of data in a reserved part of the Challenge-L memory. When a gateway
bu�er is available, the online �lter process runs on the stored events and all the non
rejected events are copied to logging bu�ers for the recording to tape and transfer
to Indigo for monitoring.

The event size is approximately 1kbyte. The total trigger rate is of the order of
the kHz yielding a rate of events to tape of � Mbyte/s.

The beam parameter data stream is controlled by a network system called AC-
NET (accelerator control network).

The readout electronics of the luminosity monitor data stream is arranged in a
CAMAC crate. Every two minutes a process running on the Indy computer reads
the three silicon detectors data and writes the luminosity value to disk.

The luminosity monitor crate contains also the electronic readout of the scaler
data stream.

3.6 O�ine event reconstruction software

All the detector hits are grouped into clusters, used to form the tracks for the event
reconstruction. The two detectors giving information about particles direction and
energy are the charged tracking system and the calorimeters. In this section we will
explain how the information is used to identify the �nal state.

3.6.1 Cluster formation

All the straw chamber, scintillating �bers tracker and calorimeter hits are grouped
in clusters. A cluster is composed by a pattern of adjacent hits and is considered to
be generated by a single particle crossing the detector.
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Figure 3.18: E835 data acquisition system layout.
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Figure 3.19: Drift time distribution for the four layers of straw chambers. Smaller
drift time is obtained for particles crossing the straw close to the wire.

Straws

A charged particle passing into one of the two straw chambers ionizes the gas, then
the electrons drift to the wire. For each tube the drift time is measured as the delay
between the straw signal and the event time (de�ned by the strobe signal built with
CCAL). The time distribution for the four layers is shown in Figure 3.19. From the
drift time measurement a precise determination of the distance between the crossing
point and the wire can be obtained. The left-right ambiguity can be solved using
the information from the two staggered layers of each detector.

Fibers

A �ber cluster is de�ned as the group of adjacent hit �bers at the event time.
When a charged particle crosses a scintillating �ber layer at small angle, it can cross
more than one �ber. The light yield of each �ber is proportional to the length of
the particle path inside the �ber. The coordinate of the cluster is calculated by
weighting all the �ber coordinates zi with the energy deposits in the �bers Qi:

zcl =

P
iQiziP
iQi

:
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If a cluster is composed of 2 or more �bers, it is splitted if there is a decrease and
an increase in its �ber ADC signal pattern.

Calorimeters

The CCAL cluster contains information about angles and energy deposition. The
clusterizer works in the following way:

� identi�cation of the cluster seed. It is de�ned as the block with more energy
than the 8 blocks around it. Depending on the analysis to be performed, the
cluster seed has an energy deposition threshold (called seed threshold); also
the cluster has a minimum energy deposition value (called cluster threshold);

� a 3� 3 bloks grid around the seed form a cluster;

� if two clusters overlap, the energy deposition of the overlapping blocks is shared
between the two clusters according with fractions fi calculated depending on
position and energy of both clusters.

The cluster energy is obtained summing over all the energies of the blocks. The
position (x; y) is obtained by:

x =

P9
i=1 fiEixiP9

i=1 xi
;

y =

P9
i=1 fiEiyiP9
i=1 yi

;

where xi and yi are the positions of the center of the blocks.
The position and energy of the clusters are corrected for the energy loss in the

steel partitions supporting the blocks (cracks), which are the 2% of the surface area
in � and the 0.5% in �.

When two photons from a �0 decay hit adjacent blocks, only one cluster is found
instead of two. To look for such events, the cluster mass, de�ned as:

Mcl =

vuut X
i

Ei

!2

�
 X

i

~pi

!2

;

can be calculated, where the sum is made over a 5 � 5 grid around the seed and
~pi = Ei~ri with ~ri the unit vector pointing to the center of the block. Any cluster with
Mcl > 120MeV is splitted into two clusters by identifying a second cluster center.

The time information for calorimeter clusters is essential for the rejection of
spurious clusters, due to background events overlapping to the triggered event. Each
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calorimeter block is connected to an ADC and a TDC (through a discriminator).
The time of the hit is measured with respect to the event time. Then for pulses
of di�erent height the measured time is corrected for the slewing, or the fact that
di�erent size pulses will cross the discriminator threshold at di�erent times. Since a
cluster can have up to 9 blocks, only the times of the two counters with the highest
ADC values are considered for the timing classi�cation of the clusters: if neither
block has any TDC information the cluster is labeled \undetermined", if one of the
two blocks has a time within 10 ns of the event time the cluster is labeled \in-time",
otherwise it is labeled \out-of-time". The timing information is present on almost
all the clusters with energy above 75 MeV, below this value the fraction of events
with timing informations decrease becoming 0 for energy values around 20 MeV [62].

3.6.2 Charged track de�nition

All the inner tracking detector cluster informations are used for the detection of
charged tracks.

Straws and hodoscopes

The measurement of a charged � line is made using straw chambers and hodoscopes.
A � line is required to have at least two straw layer hits, in coincidence with at least
two hodoscope hits. The azimuthal angle measurement and the associated error are
obtained with a linear �t of all the straw clusters positions. The resolution on a
single track is � 8mrad (constant over all � and � ranges).

Fibers

The reconstruction of a � line is performed using the scintillating �ber tracker. To
open a � line, at least one cluster in both inner and outer detectors is required to
exist and overlap within a given � cut (using the interaction vertex position). Then
the � measurement is obtained by �tting all the clusters positions with a straight
line. The intrinsic angular resolution varies with � and ranges from � 1 mrad at
small � (around 15�) to � 4 mrad at large � (around 55�).

Sometimes multiple scattering e�ect is higher than the intrinsic � resolution.
When using kinematic �ts, the error on the � measurement should be corrected
to take into account this e�ect, depending on the kind of particle, as discussed in
Appendix A.

3.6.3 Track reconstruction

Once � and � lines are formed they need to be associated in order to obtain the
direction of the particles. The only detector usable for this purpose is CCAL. This
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association de�nes a charged track. All the CCAL clusters that cannot be associated
to inner tracking lines are de�ned as neutral tracks (
).

3.6.4 Event classi�cation

For e� and 
 tracks we can measure angle and energy. High energy e� can also be
easily identi�ed by using the �Cerenkov counters (see Appendix C). For other kind
of particles that could be present in the channels analyzed by E835, like �� or K�,
only the direction can be measured. The information on the kind of hadron can not
be obtained directly from the detector. For this reason, all the �nal states need to
be completely reconstructed by means of kinematic �ts.

3.7 Simulations

Two di�erent simulation programs have been developed and used for data analysis.
The �rst one is based on the standard package GEANT 3[63]; the second one is a
parametric description of the CCAL response which has been preferred to GEANT
because of the smaller amount of CPU time required. This second simulation has
been extensively used in the neutral channels analysis and will not be used for this
thesis. The GEANT simulation is built in a standard way, for this reason it will not
be described in detail here.



Chapter 4

Analysis

The following analysis is based on an integrated luminosity LI = 14:4 pb�1 of data
in the  0 energy region, 12.5 pb�1 taken on the resonance and 1.9 pb�1 on the
background, yielding an amount of � 30000 e+e� pairs from charmonium decay.
The channels analyzed in this thesis are the ones presenting a high invariant mass
e+e� pair due to charmonium decay in the �nal state, i.e.  0 ! e+e� and  0 !
J= X, with the J= subsequently decaying into e+e� . The identi�cation of these
events is easily done by looking at the invariant mass of the two e+e� candidates and
using the electron weight (see Appendix C). Then the full event reconstruction can
be performed for those events having also all the other �nal state particles within
the detector acceptance.

4.1 Data sample

During the year 2000, the second period of data taking of the experiment, E835
collected about 110 pb�1 of data for the study of the charmonium resonances, mainly
for the study of the �c0, the con�rmation of the hc and the study of the  0 .

The whole E835-II  0 data sample is summarized in Table 4.1. As was mentioned
in Chapter 3, after the accumulation of a desired quantity of antiprotons in the
antiproton accumulator, the interactions with the hydrogen target can occur until
the beam is completely used. The amount of data collected in this way is called
\stack". During the stack the energy of the �p beam can be changed to take data at
several ECM so the data are organized in \runs", data samples with LI ' 250 nb�1,
with a constant nominal beam energy and roughly constant running conditions.

Some important comments to Table 4.1:

� stacks 54a and 54c are not in the  0 resonance energy region. They are used
for the evaluation of the background;

� during stack 29 a special \one electron" trigger has been used to evaluate the
trigger e�ciency;
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Stack Runs Date Energy (MeV) LI (pb
�1)

1 5006 - 5038 27 Jan 00  0 scan 0.7478
2 5076 - 5084 31 Jan 00 3686.1 1.0082
14 5571 - 5574 30 Apr 00 3686.0 0.9919
29 5818 - 5837 14 Jun 00  0 scan 0.9918
30 5840 - 5842 16 Jun 00 3687.7 - 3686.0 0.3962
49 7143 - 7148 26 Aug 00 3686.1 2.5664
50 7248 - 7252 09 Oct 00 3686.1 1.2750
51 7254 - 7259 15 Oct 00 3686.1 2.1033
54a 7269 - 7271 06 Nov 00 3704.9 1.1532
54b 7273 - 7278 07 Nov 00 3686.1 2.4009
54c 7280 - 7283 09 Nov 00 3666.1 0.7795

Table 4.1: E835-II  0 data sample.

� in stack 51 the VLPC (used for the scintillating �bers detector readout) tem-
perature was not stable for runs 7257 to 7259, this can a�ect the �ber detector
e�ciency. The problem is discussed in Appendix B.

4.2 General description of the analysis

The channels studied in this thesis are1:

�  0 ! e+e�;

�  0 ! J= X ! e+e�X;

�  0 ! J= �+�� ! e+e��+��;

�  0 ! J= �0�0 ! e+e�4
;

�  0 ! J= � ! e+e�2
;

the � is identi�ed only through its 

 decay mode (B(� ! 

) = 39:43 � 0:26%).
All the above decays are characterized by a high invariant mass e+e� coming from
 0 or J= decay. The selection is therefore based on the identi�cation of the events
with a high invariant mass e+e� pair; within this sample we will look for all the
above mentioned channels.

The selection procedure can be subdivided in the following steps.

1The  0 ! J= �0 channel will not be considered because its tiny branching ratio makes the
extraction of the signal from the background very di�cult.
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a. The events passing the e+e� hardware trigger (see Section 3.4) are written on
tape and sent to the software �lter (2nd level trigger) for a further selection.
The �lter unpacks the CCAL hits and selects the events having at least two
on-time clusters with invariant mass greater than 2.0 GeV (named \goldee").
The goldee data are written to disk for a fast analysis.

b. The goldee sample is then sent to a software �lter, called \mini-dst" (mdst), that
selects events having invariant mass for the e+e� candidates mee > 2:6 GeV,
calculated with the measured 4-momentum of all the on-time CCAL clusters
pair. Another requirement is that each e� candidate must have at least 2 out
of 3 hodoscopes and a �Cerenkov hit associated.

c. For those events with the e+e� candidates in the detector �ducial region, 15� <
�e� < 60�, the selection of e+e� coming from charmonium decay is done by
cutting on the products of the electron weights (EW) of the two tracks. The
cut chosen:

EW1 � EW2 > 1:5; (4.1)

has high e�ciency and good background rejection. It is discussed in more
detail in Appendix C.

d. For the reconstruction of the exclusive channels all the �nal state particles are
required to be within the detector acceptance: 12� < �
 < 68� for the photons
and 15� < ��� < 55� for the charged pions.

e. Once all candidates for the reconstruction of a speci�c channel are identi�ed, the
hypothesis is tested with a kinematic �t, cutting on the �2 probability (called
\prob(chan)" in the following).

The kinematic �t constraints are the 4-momentum conservation and the mass of
intermediate resonances, like J= ! e+e� or �0; � ! 

, namely:

NX
i=1

px;i = 0; (4.2)

NX
i=1

py;i = 0; (4.3)

NX
i=1

pz;i = plab; (4.4)

NX
i=1

Ei = Elab; (4.5)

(Ei + Ej)
2 � (~pi + ~pj)

2 = M2
R; (4.6)
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where N is the number of particles detected, Elab and plab the �pp total energy and
momentum in the laboratory and the four-momentum of the ith particle is pi =
(Ei; ~pi). When the decay proceeds through intermediate resonances, the invariant
mass of the daughter particles i and j is constrained to be MR. Only in the case of
the inclusive J= selection, where it is not required the detection of all the particles
in the �nal state, it is not possible to use the constraints on the conservation of
the total four-momentum. The total number of constraints of the kinematic �t is
obtained subtracting the number of unmeasured variables from the total number of
constraints.

Data for all the analyzed channels are taken at the same time. This makes it
possible to cancel many sources of systematic error in the evaluation of ratios of BR
for di�erent channels, as will be explained in Chapter 5.

4.3 Events selection

From the mdst sample, a total of 32862 events with an e+e� pair from charmonium
decay are selected with the cuts:

� EW1 � EW2 > 1:5;

� 15� < �e� < 60�;

applied to the e+e� candidates tracks. In the following the event sample obtained
with these two cuts will be called \eetot". Their invariant mass distribution mee is
shown in Figure 4.1, where the two peaks due to J= and  0 decay can be clearly
distinguished; nevertheless, from the overlapping of the two tails in the region around
3.35 GeV, it is also evident the possibility of contamination between the two  0 !
e+e� and J= ! e+e� samples. Therefore the two subsamples can not be completely
separated just cutting on mee.

The same selection applied to the background data (stacks 54a and 54c) yield a
total of 66 events. Their invariant mass distribution is also shown in Figure 4.2.

The angular and energy distributions of all the e+e� pair are shown in Figure
4.3.

4.3.1  0 ! e+e�

For  0 ! e+e� event selection from the eetot sample, the following cuts are applied:

� prob(e+e�) > 10�4;

� prob(e+e�) > prob(J= X).
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Figure 4.1: mee distribution for all e+e� candidates in the mdst sample (open) and
for events with the e+e� in the detector �ducial region (15� < �e� < 60�) with
EW1 � EW2 > 1:5 (cross hatched).

Figure 4.2: mee distribution for all events with both e+e� candidates in the �ducial
region (15� < �e� < 60�), after the EW1 �EW2 > 1:5 cut. The cross hatched area are
the backgound events, obtained from stacks 54a and 54c, scaled with the luminosity.
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(a) (b)

(c) (d)

Figure 4.3: (a) �e� , (b) �e� , (c) Ee� and (d) its �e� dependence distributions for all
e+e� candidates in acceptance (2 entries per event). The 8 regions slightly depleted
in (b) correspond to the cracks between the H1 elements, causing (e+e�) trigger
ine�ciency.
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Figure 4.4: mee distribution for  0 ! e+e� events.

The identi�cation of the event is based on the 4 constraints (4-C) kinematic �t
probability cut. All the events are tested with both the hypothesis  0 ! e+e� and
 0 ! J= X ! e+e�X and the most probable one is chosen.

The number of e+e� exclusive events selected on the whole sample is 5298. Figure
4.4 shows the mee distribution for such events.

4.3.2  0 ! J= X ! e+e�X

For the selection of J= X �nal state the presence of an e+e� pair with the J= invariant
mass is required. This is the only constraint of the kinematic �t. The cuts applied
for the selection are:

� prob(J= X) > 10�4;

� prob(J= X) > prob(e+e�).

Figure 4.5 shows the mee distribution for the 26805 selected events.

4.3.3  0 ! J= �0�0 ! e+e�4


For all the events of the eetot sample presenting at least 4 additional clusters in CCAL
we checked the possibility of the reconstruction of a J= �0�0. All the additional
CCAL clusters are paired, trying all the possibilities, to check for the presence of
�0 candidates with a measured invariant mass 50 MeV < m�0 < 350 MeV; if two
such candidates are found, the J= �0�0 hypothesis is tested with a kinematic �t. If
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Figure 4.5: mee distribution for  0 ! J= X events.

more than one combination passes the kinematic �t selection the one with highest
prob(�2) is chosen. No cut on the number of extra clusters in CCAL have been
applied, as explained in more detail Appendix D.

The cuts applied for the event selection are:

� 15� < �
 < 68�;

� prob(J= �0�0) > 10�4;

� prob(J= �0�0) > prob(other channels);

� opening angle between e� and 
: !e
 > 100 mrad.

The kinematic �t in this case is 7-C. Photon clusters in CCAL in the nearby of e�

clusters will modify the e� cluster shape and lower the EW e�ciency, as explained in
more detail in Appendix C. The last of the above mentioned cut is applied to use for
J= �0�0 events the same EW e�ciency calculated with a sample of e+e� exclusive
events.

E
 of low energy photons is not well measured by the calorimeter. A prescription
is used in this case: the value assigned to the error on the energy measurement for
all the photons with E
 less than 300 MeV is �E = 25%E
 if the �E associated to
the energy measurement is smaller2. This applies to both the J= �0�0 and J= �
analysis.

2The error on the cluster energy measurement takes into account the crack correction and is
calculated with:

�E = 0:05
p
E + 0:3(fcorr � 1)E + 0:005;
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(a) (b)

Figure 4.6: (a) mee and (b) m�0 distributions for  
0 ! J= �0�0 events ((b) has 2

entries per event).

The number of J= �0�0 events selected on the whole sample is 1264. Figure 4.6
shows the observed mee and m�0 distribution for such events.

The observed invariant mass distribution for the dipion (after the kinematic �t)
is shown in Figure 4.7.

4.3.4  0 ! J= � ! e+e�2


The J= � event selection is similar to the one for J= �0�0. The � is detected only
through its 

 decay so the � candidates are de�ned as a pair of CCAL clusters with
invariant mass 300 MeV < m� < 800 MeV and are searched among all the pair of
additional CCAL clusters in the eetot sample. If more than two additional CCAL
clusters are present all the possible combination are checked. The J= � hypothesis
is then tested with a kinematic �t.

The cuts applied are:

� 15� < �
 < 68�;

� prob(J= �) > 10�2;

� prob(J= �) > prob(other channels);

where E is the energy after crack correction E = fcorrEmeas. All the details can be found in [62].
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Figure 4.7: m�� distribution for  0 ! J= �0�0 events.

� opening angle between e� and 
: !e
 > 100 mrad.

Di�erently from all the other channels, for the J= � selection the cut on the kine-
matic �t probability is set at 10�2 to decrease the possibility of contamination from
internal background due to J= �0�0. The kinematic �t is 6-C in this case.

The number of J= � events selected on the whole sample is 387. Figure 4.8
shows the observed mee and m� distributions.

4.3.5  0 ! J= �+�� ! e+e��+��

The J= �+�� channel needs a slightly di�erent treatment with respect to the pre-
vious selected �nal states, because of the following considerations:

� the energy of the �� candidates can not be measured;

� the �� can not be detected by using CCAL only: the directions of the �� need
to be determined by using the inner tracking system;

� there is no particle ID system in the E835 detector for the identi�cation of ��

tracks. Once identi�ed the �+�� candidates, this hypothesis need to be tested
using a kinematic �t.

Di�erently from E835-I, an improved tracking system allows a kinematic �t se-
lection of the J= �+�� channel. This is the only analysis in this thesis in which
the tracking plays a fundamental role, then it is worthwhile to consider it in some
detail.
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(a) (b)

Figure 4.8: (a) mee and (b) m� distributions for  
0 ! J= � events.

For the events selection it is not possible to cut on the number of � and � lines,
because of the possibility of additional charged lines due to � rays or pile-up or
spurious hits in �bers and straws that could lead to non physical charged lines.

In order to form a charged track, � and � lines must be associated. This is
usually done using CCAL clusters. For the ��, the association of � and � measure-
ments is done using a di�erent procedure. Each possible � � � combination is used
as a �� candidate, even if no CCAL cluster is present for the association3. The
J= �+�� hypothesis is tested with a 3-C kinematic �t for the e+e� tracks with all
the possible pairs of combinations of � and � lines detected separately from the �ber
and straw detectors. Then the most probable one is chosen. In this way the addi-
tional ine�ciency due to pion decay in the region between the tracking and CCAL
is eliminated.

The intrisic resolution of the scintillating �ber detector is of the order of 1 mrad
or better, especially at low �. In this case, especially for slow particles, the error on
the � measurement is dominated by the multiple scattering. The error �� to be used
in the kinematic �t has been assigned to charged tracks as explained in Appendix
A. Since in E835 detector it is not possible to measure the charged pion energy,
these variables can not be used as a input for the kinematic �t.

3This system presents an advantage also from the point of view of the GEANT simulation of
J= �+�� events: the reproduction of the energy deposition in CCAL by hadronic showers can be
neglected.
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Figure 4.9: mee distribution for  0 ! J= �+�� events.

The �nal event selection is:

� 15� < ��� < 55�;

� prob(J= �+��) > 10�4;

� prob(J= �+��) > prob(other channels).

� p2J= ;CMS �K2 < 0:01;

where pJ= ;CMS and K are the J= and dipion momentum in CM frame, calculated
with the output variables of the kinematic �t. This cut is done to avoid convergence
of the kinematical �t to non physical states.

The number of J= �+�� events selected on the whole sample is 4378. Figure 4.9
shows themee distribution for such events. The measured invariant mass distribution
for the dipion (after the kinematic �t) is shown in Figure 4.10.

4.3.6 Stability of the ratios of events

The stability of the selection has been checked looking at the number of events
belonging to each channel with respect to the total number of events in the eetot
sample for all the stacks. The number of events in each stack is summarized in Table
4.2 and the ratios of number of events in each channel with the number of eetot for
each stack in Table 4.3.



4.4 Monte Carlo 77

Figure 4.10: m�� distribution for  0 ! J= �+�� events.

The total ratios are well reproduced, within the errors, for each stack. The few
exception can not be explained looking at the hardware history, for this reason they
are mainly considered statistical 
uctuations.

Only in stack 50, for the J= �+�� channel there is a 
uctuation larger than 4�,
which is very unlikely to happen. Since the ratios of all the other channels are stable,
this would suggest the presence of problems in the charged tracking. During this
stack, the element number 22 of H20 was disconnected, anyway this e�ect, evaluated
with the Monte Carlo as explained in Section 5.1.5, do not explain completely the
loss of e�ciency. Since no other hardware explanation is found for the hypothesis
of low detector e�ciency, we decided to not reject the sample.

4.4 Monte Carlo

In this analysis the Monte Carlo (MC) is used in two ways. For the measurement of
the acceptances and the observation of their dependence on the angular and invariant
mass distribution parameters, only the kinematics of the reaction is simulated. The
full reconstruction of the event in the E835 detector, used for all the other purposes,
is based on GEANT 3[63].

A set of data have been produced for each analyzed channel, with the following
features:

� the e+e� angular distribution in the center of mass system for  0 ! e+e� is
1+� 0 cos

2 ��e . The value � 0 = 0:69�0:26, that is used in the event generation,
come from the E760 measurement [16];
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Stack e+e� J= X J= �+�� J= �0�0 J= �

1 159 684 122 21 13
2 655 3027 535 136 46
14 403 1903 338 105 29
29 322 1797 290 87 19
30 163 792 139 30 9
49 965 5137 821 246 70
50 623 3127 408 160 44
51 849 4323 700 207 68
54b 1159 6015 1025 272 89
TOT 5298 26805 4378 1264 387

Table 4.2: Number of events divided by stack.

Stack e+e� J= X J= �+�� J= �0�0 J= �

1 0:184 � 0:013 0:794� 0:014 0:142 � 0:012 0:024� 0:005 0:015 � 0:004
2 0:175 � 0:006 0:807� 0:006 0:143 � 0:006 0:036� 0:003 0:012 � 0:002
14 0:171 � 0:008 0:807� 0:008 0:143 � 0:007 0:045� 0:004 0:012 � 0:002
29 0:147 � 0:008 0:819� 0:008 0:132 � 0:007 0:040� 0:004 0:009 � 0:002
30 0:166 � 0:012 0:807� 0:013 0:142 � 0:011 0:031� 0:005 0:009 � 0:003
49 0:155 � 0:005 0:824� 0:005 0:132 � 0:004 0:039� 0:002 0:011 � 0:001
50 0:163 � 0:006 0:818� 0:006 0:107 � 0:005 0:042� 0:003 0:012 � 0:002
51 0:160 � 0:005 0:816� 0:005 0:132 � 0:005 0:039� 0:003 0:013 � 0:002
54b 0:158 � 0:004 0:818� 0:004 0:139 � 0:004 0:037� 0:002 0:012 � 0:001
TOT 0:161 � 0:002 0:816� 0:002 0:133 � 0:002 0:038� 0:001 0:012 � 0:001

Table 4.3: Ratios of N(channel)=N(eetot) for each stack.

� J= �� events are produced with a S wave between the J= and the (��) and
also among the two � in the dipion center of mass frame;

� in J= �� events, the J= is supposed to mantain the  0 helicity, so its subse-
quent decay to e+e� presents the same angular distribution 1 + � 0 cos

2 ��e ;

� for J= ��, the dipion mass is generated according to (2.28) with ��� = 4;

� for J= � events the e+e� angular distribution used is the one discussed in
Section 1.2: (5� 0 + 4)� 4� 0 cos2 ��e .

The event vertex is randomly chosen in the interaction region according to the
measured vertex distribution.
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Stack Runs Date Energy (MeV) LI (pb
�1)

45a 7098 - 7103 12 Aug 00 3809.9 0.4866
45b 7105 - 7107 13 Aug 00 3800.0 0.9551
45c 7109 13 Aug 00 3798.1 0.5125
46 7114 - 7118 17 Aug 00 3769.9 2.1772
48 7138 - 7139 24 Aug 00 3836.1 1.0337
52 7261 - 7263 22 Oct 00 4267.3 0.8485
53 7265 - 7267 31 Oct 00 4267.5 1.2508

Table 4.4: High energy data sample taken from E835-II.

The electromagnetic showers in the calorimeters are tuned with data to reproduce
the observed e+e� invariant mass distribution as well as the �0 and � observed mass
distribution. The dead or noisy calorimeter channels are taken into account into the
simulation.

Also the dead channels in the scintillating �ber tracker are di�erent for each stack:
this is reproduced by the simulation and a�ects the e�ciency for the selection of
J= �+�� �nal state.

Some plots regarding the comparison between data and MC are collected in
Appendix E.

4.5 Backgrounds and contaminations

Two sources of background contribute to the measured cross section for the reso-
nance: the non resonant background, due to events not related to  0 formation (i.e.
�nal states with a J= produced directly in �pp annihilation, not coming from the
resonance decay) and the background due to event misidenti�cation.

To evaluate the non resonant background we have used the two data samples of
stack 54a and 54c (see Table 4.1).

Also the data on high energy points collected in the 2000 run can be used to
check the consistency of the background level at the  0 . The available data are
summarized in Table 4.4. Figure 4.11 show the behavior of the continuum contam-
ination for pp ! J= X; J= �+�� obtained with a linear �t of all the available
background data.

The background measurements made in these two ways (stacks 54a, 54c and
high energy points) are compatible and have similar errors. In the following, the
background level will be determined as the average of the two background points of
stack 544. The number of background events and the level of continuum background

4For the high energy points, small contributions to the total number of events coming from
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Stack e+e� J= X J= �+�� J= �0�0 J= �

54a 1 36 1 1 0
54b 0 19 1 0 0
45a 0 22 0 0 0
45b 0 57 8 1 0
45c 1 21 5 0 0
46 0 80 4 1 1
48 0 35 6 1 0
52 0 45 5 0 0
53 0 77 10 2 0

Nbkg

LI
(pb) 0:5+1:2

�0:4 28� 4 1:2+1:6
�0:8 0:5+1:2

�0:4 < 0:9 (68% C.L.)

Table 4.5: Number of background events. Nbkg=LI is obtained as the average of
stacks 54a and 54c. In stack 54a the straws were o� for � 60% of run 7270, that
means about 260 nb�1 of integrated luminosity. In this period the J= �+�� could
not be detected so the background for this channel is calculated for an integrated
luminosity of 1.7 pb�1.

are summarized in Table 4.5.

The background level from misidenti�ed events can be evaluated using GEANT.
A sample of 50000 events for each considered �nal state has been generated and
analyzed to evaluate the number misidenti�ed events.

Table 4.6 summarizes the misidenti�cation level for the analyzed channels. The
main sources of misidenti�cation are:

� e+e� events tagged as J= X. This is because e� from exclusive  0 decay
can lose part of their energy in a passive material (the CCAL cracks or the
�Cerenkov septum, for example) or by bremsstrahlung. The reconstructed in-
variant mass in this case turns out to be lower than the real one;

� J= �0�0 tagged as J= �. When one of the four photons escape the detector
acceptance, the event can not be tagged as J= �0�0 and there is the possibility
that it is identi�ed as J= �, even if the kinematic �t probability is more likely
to be distributed around small values.

charmonium states with mass above the open charm threshold can not be excluded.
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(a) (b)

Figure 4.11: Nevents=LI (pb) for (a) pp ! J= X ! e+e�X and (b) pp !
J= �+�� ! e+e��+�� for energies far from  0 resonance. Stack 52 and 53 have
been considered together because of their tiny ECM di�erence. The points are �t-
ted with a �rst order polynomial; the �tted value for the continuum contamination
at the  0 energy are: (a) Nbkg(J= X)=LI = 32 � 3 pb (�2=ndf = 1:9) and (b)
Nbkg(J= �+��)=LI = 1:3� 0:6 pb (�2=ndf = 1:6).

Classi�ed as
Generated e+e� J= X J= �+�� J= �0�0 J= �
e+e� - 0:046 � 0:001 < 10�4 < 10�4 < 10�4

J= �+�� < 10�3 - - < 10�4 < 10�4

J= �0�0 < 10�3 - 0:0024� 0:0002 - 0:0057 � 0:0004
J= � < 10�3 - < 10�3 < 10�4 -

Table 4.6: Event misidenti�cation fractions fmis�id.
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Chapter 5

Results

In this chapter, the event samples that have been selected for all the  0 decay chan-
nels will be used to measure the ratio of BR. To achieve this result the evaluation
of the selection e�ciency for all the analyzed channels is needed.

Using the  0 ! J= �� selected samples it will be also possible to measure the
dipion invariant mass distribution.

5.1  0 branching ratios

The cross section for a process

a+ b! R! c+ d

is proportional to the decay width �(R ! c + d), as discussed in (3.1). The cross
section can be obtained from (3.2), after deconvolution with the beam energy dis-
tribution, using the equation:

� =
Ntot �Nbkg

�tot �
R Ldt : (5.1)

The total e�ciency �tot of the selection is obtained as the product of the accep-
tance for the channel and of the e�ciencies for each cut applied in the selection:

�tot = � � �trig � �mdst � �EW � �fit (5.2)

where � is the acceptance for the e+e� due to charmonium decay, �trig the e+e� trigger
e�ciency, �mdst the e�ciency ot the mdst preselection, �EW the EW cut e�ciency
and �fit is the kinematic �t selection e�ciency. All these terms will be described in
more detail later.

Some of these e�ciency contributions may be the same for di�erent channels;
in this case, in the calculation of ratio of BR, they can be eliminated. Also, if
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the analysis for di�erent channels is done on the same data sample, the luminosity
cancels and it is possible to write:

B( 0 ! X1)

B( 0 ! X2)
=
�tot(X2)

�tot(X1)
� NX1

NX2

; (5.3)

where NX = NX;tot�NX;bkg are the number of events after the background subtrac-
tion.

If the decay process proceeds through intermediate resonances, its BR to the
observed �nal state must be included in (5.3). In this analysis the J= is detected
only via its e+e� decay and the �0 and � by their 

 decay. The BR of these decay
modes, according to the PDG, are [3]:

B(J= ! e+e�) = 5:93� 0:10% (5.4)

B(� ! 

) = 39:43� 0:26% (5.5)

B(�0 ! 

) = 98:798� 0:032% (5.6)

When the ratio of BR is calculated for �nal states J= + A and J= + B the
contribution of (5.4) to the two channel cancels:

B( 0 ! J= + A)

B( 0 ! J= +B)
=

(��trig�EW�fit)(J= +B)

(��trig�EW�fit)(J= + A)
� NJ= +A

NJ= +B

; (5.7)

in this case also the �mdst factor can be simpli�ed, as will be explained in Section
5.1.3. If one of the two channels is  0 exclusive e+e� decay, the ratio of BR must
also include B(J= ! e+e�):

B( 0 ! e+e�)

B( 0 ! J= + A) � B(J= ! e+e�)
=

=
(��trig�mdst�EW �fit)(J= + A)

(��trig�mdst�EW�fit)(e+e�)
� Ne+e�

NJ= +A

; (5.8)

or, in the case of J= �:

B( 0 ! J= �) � B(� ! 

)

B( 0 ! J= + A)
=

=
(��trig�EW �fit)(J= + A)

(��trig�EW �fit)(J= �)
� NJ= �

NJ= +A
; (5.9)

5.1.1 Acceptance

In the following, the acceptance � is intended for the requirement that both e� due to
 0 or J= decay fall within the CCAL and �Cerenkov �ducial region (15� < � < 60�),
without requirements on the other particles of the �nal state.
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� 0 = 0:43 � 0 = 0:69 � 0 = 0:95

�(e+e�) 0.5752(5) 0.5517(5) 0.5326(5)
�(J= �+��) 0.5479(5) 0.5242(5) 0.5037(5)
�(J= �0�0) 0.5479(5) 0.5242(5) 0.5031(5)
�(J= �) 0.6411(5) 0.6558(5) 0.6651(5)
�(J= X) 0.5531(6) 0.5316(7) 0.5125(8)

Table 5.1: Monte Carlo evaluation of acceptances for the e+e� pair (15� < �e� <
60�) for di�erent channels. The acceptance for the J= inclusive decay is obtained
as the weighted average of the exclusive channels. The error is statistical only; for
J= X the systematic error due to uncertainty in the J= � BR is also taken into
account.

As was mentioned in Section 1.2, the angular distribution of e+e� coming from
 0 ! e+e� was measured by E760 to be / 1+� 0 cos2 ��e with � 0 = 0:69�0:26. For
this reason three samples of events with � 0 = 0.43, 0.69, 0.95 have been generated.

For J= �� we used the hypothesis that the J= has the same polarization than
the  0 , so for the decay J= ! e+e� we used 1 + � 0 cos

2 ��e with the same � 0
value used in the  0 ! e+e� decay. Also the uncertainty on the shape of the dipion
invariant mass distribution a�ects the acceptance evaluation. This e�ect is found to
be of the order of 0.1% and has been neglected.

In the case of J= � the angular distribution for the two electrons is given by
1 + 5

4
� 0 � � 0 cos

2 ��e , as discussed in [17].

The results for the acceptance, determined with the simulation of 106 events for
each decay channel, are summarized in Table 5.1.

The main source of error on � comes from the uncertainty on � 0. Anyway the
ratio of acceptances for di�erent channels is less sensitive to � 0 so, the values of �
ratios that will be used in the analysis are:

�(J= X)

�(e+e�)
= 0:963� 0:001; (5.10)

�(J= X)

�(J= �+��)
= 1:014� 0:004; (5.11)

�(J= X)

�(J= �0�0)
= 1:014� 0:004; (5.12)

�(J= X)

�(J= �)
= 0:81� 0:05; (5.13)

�(J= �+��)

�(J= �0�0)
= 1:000� 0:001: (5.14)
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5.1.2 Trigger e�ciency

The E835 (e+e� ) trigger, already illustrated in Section 3.4, is the OR of three
branches:

(e+e�) = (2e)
 (H2 � 5)
 (PBG3)

� (1e)
 (2h)
 (H2 = 2)
 (H2copl1=3)
 (PBG3)

� (2e)
 (H2 = 2)
 (H2copl1=3)
 (FCH):

= (b1)� (b2)� (b3)

(b1) is the main branch; (b2) and (b3) require exactly 2 H2 elements hit, therefore
they are very ine�cient in the case of J= �+��, where 4 charged particles are
present. For this reason two di�erent values for the trigger e�ciency are expected:
one for e+e� + charged and the other for e+e� + neutrals channels.

The trigger e�ciency has been measured by selecting a clean e+e� sample from
data of stack 29, where a looser \one electron" trigger is used1. From the analysis
of this sample, it has been determined that �trig(e+e�) = 0:90 � 0:02, where the
e�ciency of (b1) is �(b1) = 0:86 � 0:02 [64]. The statistic error dominates the �trig
measurement so a precision measurement of the trigger e�ciency is done with the
Monte Carlo.

100000 events for each reaction have been simulated. The results for the trigger
e�ciency are summarized in Table 5.2. As expected, the e+e� + neutrals channels
have almost the same e�ciency.

5.1.3 Invariant mass cut e�ciency

The mdst preselection requires that the invariant mass of the two e+e� candidates is
mee � 2:6 GeV. The e�ciency of the mdst preselection is � 96%. In the framework
adopted, the absolute value of �mdst is not very important, however the ratio of �mdst
for di�erent channels must be determined with high precision.

�mdst is di�erent if the e
+e� pair is due to a  0 or a J= decay. The measured in-

variant mass distribution for the e+e� candidates obtained with the GEANT Monte
Carlo is shown in Figure 5.1. The low energy tail is a consequence of the e� loss of en-
ergy in the detector material and of the resolution of the CCAL. SinceMJ= < M 0 ,
the fraction of J= events with a measured mee below the mdst threshold will be

1The \one electron" trigger used during stack 29 data taking requires (1e)
(PBG3) for branch
(b2). So it is:

(e+e�)stack 29 = (2e)
 (H2 � 5)
 (PBG3)

� (1e)
 (PBG3)

� (2e)
 (H2 = 2)
 (H2copl1=3)
 (FCH);

the notation used is the one of Section 3.4.
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N. events
e+e� J= �+�� J= �0�0 J= � J= X

�(b1) 0.872(1) 0.872(1) 0.871(1) 0.874(1)
�(b2) 0.813(1) 0.068(1) 0.651(2) 0.730(1)
�(b3) 0.779(1) 0.035(1) 0.604(2) 0.689(1)
�trig 0.900(1) 0.876(1) 0.897(1) 0.901(1) 0.887(1)

Table 5.2: Charged trigger e�ciency from Monte Carlo. �trig(J= X) is obtained
as the weighted average of the exclusive channels. For the full reconstruction of
the J= �+�� �nal states both pions must be in the inner tracking acceptance
and the trigger e�ciency could be di�erent with respect to the one quoted here,
evaluated without any requirement on the �� directions, because of the higher
average number of H1 elements hit and the (b2) and (b3) correlated ine�ciency.
Anyway, the e�ciency of the two branches is already low for J= �+�� and it has
been veri�ed that, even requiring 15� < ��� < 55�, the e�ciency does not change:
�trig(J= �

+��; 15� < ��� < 55�) = 0:877 � 0:002.

higher than the corresponding fraction of  0 events, and so �mdst(J= ) < �mdst( 0).
The e�ciency ratio has been determined with GEANT to be:

�mdst(J= )

�mdst( 0)
= 0:992 � 0:001; (5.15)

in perfect agreement with the number determined for E835-I [31].

5.1.4 Electron Weight e�ciency

The precise evaluation of the EW e�ciency for di�erent channels can be obtained
from data, without using the simulation, as described in Appendix C. In the ex-
clusive selection of events opening angles between photons coming from �0 or �
decay and e� tracks are required larger than 100 mrad, then the additional 
's
should not a�ect the electron shower shape. For this reason �EW is the same for all
J= + neutrals channels.

For J= �+�� the situation is di�erent. The EW of the e� tracks is lowered due
to the energy deposit in the hodoscopes if a �� hit the same hodoscope element
(see Appendix C.1). Since H1 is segmented into 8 parts, a cut on the opening angle
requiring that the two �� tracks hit di�erent (with respect to e�) hodoscope element
will result in a substantial reduction of the sample. For this reason we have decided
to measure �EW using a clean J= �+�� sample, selected without EW cut but with
a 1% cut on the kinematic �t probability. All the details are given in Appendix C.

In the selection of J= inclusive events, containing all the J= �+��, J= �0�0

and J= � contributions, no checks on the opening angles of additional photons or
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Figure 5.1: mee distribution for  0 ! e+e� and J= ! e+e� (bold). The arrow
indicates the cut of the mdst preselection at 2.6 GeV.

�EW

e+e� + neutrals 0:929� 0:004
e+e� + �+�� 0:887� 0:009
e+e� +X 0:883� 0:004

Table 5.3: Electron Weight selection e�ciency for E835-II for the cut EW1 �EW2 >
1:5.

charged tracks can be performed. Therefore it is expected that �EW (e+e�+X) value
is lower than �EW (e

+e� + neutrals).
The results, obtained from the analysis of the data are summarized in Table 5.3.

5.1.5 Kinematic �t e�ciency

The e�ciency of the selection is evaluated with the GEANT Monte Carlo. A sample
of 50000 events for each one of the analyzed channels, with both e+e� within the
detector �ducial region, have been produced. The hits in the detector are recon-
structed and analyzed with the same procedure used for the data.

When other particles are present in the �nal state they should hit the detector
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Stack �fit

1 0:314 � 0:002
2 0:313 � 0:002
14 0:319 � 0:002
29 0:329 � 0:002
30 0:329 � 0:002
49 0:328 � 0:002
50 0:314 � 0:002
51 0:326 � 0:002
54 0:308 � 0:002

Table 5.4: Values of �fit for J= �
+�� events divided by stack, evaluated with the

GEANT Monte Carlo. The error is statistical only.

�fit

e+e� 0:935� 0:033
J= �+�� 0:319� 0:014
J= �0�0 0:157� 0:016
J= � 0:484� 0:053
J= X 0:990� 0:015

Table 5.5: Monte Carlo evaluation of kinematic �t e�ciency (prob(�2) > 10�2

for J= � and prob(�2) > 10�4 for all the other channels). The systematic error is
obtained by trying di�erent probability cuts. �fit(J= �+��) is the weighted average
of the values in Table 5.4.

to be detected before applying the kinematic �t. �fit measured in this case is the
product of the kinematic �t e�ciency and the acceptance for all the particles to be
within the detector �ducial volume.

The simulated events, satisfying the software (e+e�) trigger requirements, are
passed to the kinematic �t analysis with the same procedure used for data. The cut
on the kinematic �t probability is the same that has been used in Section 4.3 for data
(prob(�2) > 10�2 for J= � and prob(�2) > 10�4 for all the other channels). The
systematic error associated to the e�ciency is calculated by changing the kinematic
�t probability cuts.

For J= �+��, the event detection e�ciency depends on the e�ciency of the
tracking detector. While the straw chambers and the hodoscopes behaviors are
stable over all the data taking period, during each stack some �bers were o� because
of �ber or VLPC damage, high VLPC temperature or broken QPA02 card. Once per
stack a calibration on the �ber detector was done and this is used into the GEANT
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Channel e+e� J= X J= �+�� J= �0�0 J= �

Nevts 5300� 70 26810� 160 4380� 70 1264� 36 387� 20
Next 6+15

�5 350� 50 15+20
�10 6+15

�5 < 11 (68% C.L.)
Nint < 27 260� 9 19� 2 < 2 46� 3
N 5300� 75 26200� 170 4350� 70 1260� 40 341� 23

Table 5.6: Number of events observed in the E835-II sample. Nevts is the number
of observed events with the statistical error; Next are events due to non resonant
J= production and Nint come from event misidenti�cation; N is the number of
events from charmonium decay.

simulation to simulate the �ber signals. In addition, in stack 50, the element number
22 of H20 was not connected. All this e�ects are taken into account for the evaluation
of the analysis e�ciency for each stack, done with GEANT. The same set of 50000
events have been analyzed with di�erent calibrations and running conditions. The
values for �fit(J= �

+��) for each  0 stack are summarized in Table 5.4. The results
for all channels are in Table 5.5

5.1.6 Background subtraction

The number of events due to continuum (non resonant) production and misidenti�ed
events, evaluated in Section 4.5, has to be subtracted from the total number of events
observed in each channel. The integrated luminosity collected in the  0 resonance
energy region is

R L 0dt = 12:5 pb�1.
The number of background events due to non resonant J= events (or \external"

background) Next is obtained from Nbkg=LI;bkg given in Table 4.5:

Next =
Nbkg

LI;bkg

Z
L 0dt: (5.16)

The number of misidenti�ed events (\internal" background) is obtained as a
fraction fmis�id (given in Table 4.6) of the total number of \contaminating" events:

Nint = Ncont � fmis�id: (5.17)

Table 5.6 shows the total number of events after background subtraction.

5.1.7 Ratios of BR

Inserting the background subtracted number of events and the calculated e�ciencies
in (5.7), (5.8) and (5.9) it is now possible to calculate:

B( 0 ! e+e�)

B( 0 ! J= X)B(J= ! e+e�)
= 0:192� 0:008; (5.18)
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B( 0 ! J= �+��)

B( 0 ! J= X)
= 0:527� 0:027; (5.19)

B( 0 ! J= �0�0)B(�0 ! 

)2

B( 0 ! J= X)
= 0:288 � 0:031; (5.20)

B( 0 ! J= �)B(� ! 

)

B( 0 ! J= X)
= 0:0202 � 0:0028; (5.21)

and using the PDG values (5.4), (5.5) and (5.6):

B( 0 ! e+e�)

B( 0 ! J= X)
= 0:0114� 0:0005; (5.22)

B( 0 ! J= �0�0)

B( 0 ! J= X)
= 0:295� 0:032; (5.23)

B( 0 ! J= �)

B( 0 ! J= X)
= 0:051 � 0:007: (5.24)

The results are in agreement with the PDG values, with the only exception of (5.22).
A direct calculation of the ratio B( 0 ! J= �0�0)=B( 0 ! J= �+��) is inde-

pendent from the acceptance �, which is the same for the two channels. By selecting
only the events in which the �� hit di�erent hodoscope elements with respect to
the ones hit by e�, also �EW is the same for the two samples and the systematic
error associated to the selection can be further reduced. In this case the number
of J= �+�� selected events is 2545. The selection e�ciency, determined as before
with GEANT events is �fit(J= �+��) = 0:195� 0:006. The ratio of BR for the two
channels is:

B( 0 ! J= �0�0)

B( 0 ! J= �+��)

����
restricted sample

= 0:615 � 0:069: (5.25)

By using the ratio of �EW it is possible to use the whole J= �+�� sample to
obtain:

B( 0 ! J= �0�0)

B( 0 ! J= �+��)

����
all sample

= 0:560� 0:064; (5.26)

which is in good agreement with (5.25).
The (5.25) and (5.26) show that the possibility of isospin violation in  0 ! J= ��

is at most at a level of a few percent, as discussed in Section 1.4.1.
The contributions to the total number of observed e+e� candidates from all the

analyzed decay channels, obtained scaling the number of events for each channel
with the e�ciency for the reconstruction of the full event, are shown in Figure 5.2.
The missing events might be related to the double radiative decays

 0 ! �J
 ! J= 

 (J = 0; 1; 2);

which have not been analyzed in this work.



92 Results

Figure 5.2: Contributions to the total number of observed e+e� candidates from all
the exclusive channels analyzed. Vertical lines: e+e� exclusive; dot shaded area:
J= �+��; cross hatched: J= �0�0; diagonal lines: J= �. The errors on the contri-
butions are not shown.
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5.1.8 Comparison with previous experiments

Using the PDG value B( 0 ! J= X) = 0:557 � 0:026 [3], it is possible to extract
from (5.22), (5.19), (5.20) and (5.24) the branching ratios for the exclusive  0 decays:

B( 0 ! e+e�) = 0:0063 � 0:0004; (5.27)

B( 0 ! J= �+��) = 0:294 � 0:020; (5.28)

B( 0 ! J= �0�0) = 0:164 � 0:019; (5.29)

B( 0 ! J= �) = 0:028 � 0:004; (5.30)

that can be compared with the measurements by other experiments. The comparison
is not always straightforward because the BR values are often obtained measuring
combinations of branching ratios for di�erent channels and using BR values taken
from the PDG published at the time, as discussed in Chapter 2. Figures 5.3 to
5.6 show the comparison between the BR values obtained in this thesis and other
experiments; for each measurement we report the result as it is given in the original
paper.

Each measurement obtained in this thesis has an error comparable with the PDG
�t. The values are compatible within 1� with the PDG, with the only exception of
B( 0 ! e+e�), which is slightly smaller.
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Figure 5.3: B( 0 ! e+e�) as measured by various experiments. E835(02) value
is this analysis. The shaded region is the 1� PDG value. Related references:
MRK1(75) [29], E760(97) [16], E835(00) [31], BABAR(02) [32]. The MRK1(75)
value is not used in the PDG �t.
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Figure 5.4: B( 0 ! J= �+��) as measured by various experiments. E835(02)
value is this analysis. The shaded region is the 1� PDG value. Related references:
MRK1(75) [33], E760(97) [16], BES(02) [38]. The BES(02) value is not used in the
PDG �t.
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Figure 5.5: B( 0 ! J= �0�0) as measured by various experiments. E835(02) value is
this analysis. The shaded region is the 1� PDG value. Related references: E760(97)
[16], E835(00) [31].
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Figure 5.6: B( 0 ! J= �) as measured by various experiments. E835(02) value
is this analysis. The shaded region is the 1� PDG value. Related references:
MRK1(76) [34], CNTR(78) [42], DASP(79) [41], CBAL(80) [40], MRK2(80) [39],
E760(97) [16], E835(00) [31]. The MRK1(76) value is not used in the PDG �t.
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5.2 Dipion invariant mass distribution in  0 !
J= ��

More than 5000  0 ! J= �� events are identi�ed and fully reconstructed. With
this sample it is possible to make a measurement of the dipion invariant mass dis-
tribution.

Bin-by-bin corrections for the acceptance have been calculated and applied to
the data before �tting the distributions. The corrected m�� distributions are shown
in Figure 5.7. (2.28) and (2.29) can be used to �t the reconstructed distribution of
m��.

The ��� value obtained have been checked on a set of GEANT  0 ! J= ��
events produced under the assumption that:

� the dipion invariant mass distribution is (2.28) with ��� = 4;

� the J= and the dipion are in a relative S wave;

� the two pions in the (��) system are in S wave.

The analysis of GEANT data shows that the dipion invariant mass distribution is
correctly reconstructed (see Figure 5.8) but a systematic error ��(�

+��) = �0:25
and ��(�0�0) = �0:10 must be associated to the measurement.

Tables 5.7 and 5.8 show the stability of the �t result by changing the binning
of the data. An additional 7% systematic error has been associated to the binning
choice for both channels.

The behavior of the �2 for the �t to the m�� distribution with (2.28) at di�erent
��� is summarized in Table 5.9.

The results are:

��+�� = 2:86� 0:14� 0:30; (5.31)

��0�0 = 3:71� 0:28� 0:27; (5.32)

or, in the Novikov - Shifman parametrization, �tting with (2.29):

K�+�� = 0:117� 0:006� 0:012; (5.33)

K�0�0 = 0:166� 0:006� 0:012: (5.34)

The results for J= �+�� are not consistent with the only other measurement by
BES, quoted in Section 2.3.1.

The �2 values obtained �tting the distribution with the two theoretical parametriza-
tions are almost the same. Hence it is not possible to determine which one is in better
agreement with the data.
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(a) (b)

Figure 5.7: (a) J= �+�� and (b) J= �0�0 corrected m�� distributions. The solid
line is the �t with (2.28).

(a) (b)

Figure 5.8: (a) J= �+�� and (b) J= �0�0 corrected m�� distribution on Monte
Carlo data. The solid line is the �t with (2.28).
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N. bins ��� �2=ndf K �2=ndf

25 2:81� 0:14 2:4 0:115� 0:006 2:3
30 2:85� 0:14 1:3 0:116� 0:006 1:2
35 2:86� 0:14 1:6 0:117� 0:006 1:4
40 2:86� 0:14 1:4 0:117� 0:006 1:3
45 2:90� 0:14 0:9 0:119� 0:006 0:8
50 3:05� 0:14 2:1 0:125� 0:006 2:0

Table 5.7: Stability of the results of the �t to m�� for J= �
+�� events, by changing

the binning of the data. The number of bins corresponds to the region 0:25 < m�� <
0:6 GeV.

N. bins ��� �2=ndf K �2=ndf

25 4:02� 0:27 2:1 0:162� 0:013 2:2
30 3:91� 0:30 1:8 0:159� 0:014 1:9
35 4:06� 0:29 1:8 0:166� 0:006 1:8
40 4:17� 0:29 1:7 0:172� 0:014 1:7
45 4:27� 0:29 1:7 0:177� 0:014 1:7
50 4:24� 0:28 1:8 0:174� 0:013 1:8

Table 5.8: Stability of the results of the �t to m�� for J= �
0�0 events, by changing

the binning of the data. The number of bins corresponds to the region 0:25 < m�� <
0:6 GeV.

��� �2=ndf (�+��) �2=ndf (�0�0)

2.0 2.8 3.2
2.5 1.8 2.7
3.0 1.6 2.2
3.5 2.2 1.9
4.0 3.7 1.8
4.5 5.9 1.9
5.0 8.7 2.1
5.5 11.7 2.6
6.0 15.0 3.2

Table 5.9: �2=ndf values obtained �tting the m�� distribution with (2.28) �xing the
� parameter.



Conclusions

The measurement of the  0 branching ratios for the decay channels e+e�, J= X,
J= �+��, J= �0�0 and J= � is reported in this thesis.

The measurement is based on the analysis of � 33000 high invariant mass
e+e� pair due to  0 or J= decay, and the following reconstruction of the exclu-
sive channels when all the �nal state particles are observed. The analysis has been
made on the  0 data sample collected by the Fermilab E835 experiment in the second
run (year 2000),

Using the PDG value B( 0 ! J= X) = 0:557 � 0:026 we obtained:

B( 0 ! e+e�) = 0:0063 � 0:0004;

B( 0 ! J= �+��) = 0:294 � 0:020;

B( 0 ! J= �0�0) = 0:164 � 0:019;

B( 0 ! J= �) = 0:028 � 0:004;

all the BR are measured with a precision comparable with the PDG �t.
All the exclusive channels have been fully reconstructed, allowing the measure-

ment of the dipion invariant mass distribution for both J= �+�� and J= �0�0,
which is a test of the appropriateness of the multipole expansion treatment for the
description of the gluon emission in the �cc hadronic deexcitation. The results ob-
tained show a good agreement between the data and the theoretical predictions.

The measurement:

B( 0 ! J= �0�0)

B( 0 ! J= �+��)
= 0:615 � 0:069

shows the possibility of an isospin violation at the level of few percent, in agreement
with the light quark mass di�erence e�ect and the scale of electromagnetic to strong
interaction at the quarkonium dimension scale.
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Appendix A

Multiple Scattering E�ect

When a charged particle travels in a medium, its motion direction is de
ected be-
cause of coulomb scattering on several nuclei. This is called multiple scattering
(MS). The angular deviation distribution is roughly gaussian for small de
ections,
with Rutherford-like tails at large angles.

The rms angular deviation �0 is given by [3]:

�0 =
13:6 MeV

�cp
z

r
x

X0

�
1 + 0:038 ln

x

X0

�
; (A.1)

where p, �c and z are the momentum, velocity and charge number of the incident
particle; x=X0 is the thickness of the scattering medium in radiation lengths.

It can be seen from (A.1) that the e�ect of MS increases as the medium thickness
increases or the particle velocity decreases.

The detector with the best angular resolution in E835 is the scintillating �ber
tracker. Its resolution ranges from less than 1 mrad at small � to 4 mrad at large
�. The � measurement process is sketched in Figure A.1. For some of the particles
observed in the E835 detector, the multiple scattering deviation is higher than its
intrinsic resolution.

The two kind of charged particles analyzed in this thesis are e� and ��. Since
the e� come from J= or  0 decay, they have a high velocity, then the deviation
from original trajectory due to MS is low. On the other hand, �� come from  0 !
J= �+�� so their kinetic energy is often low and the MS e�ect becomes appreciable.
In addition, since the �nal state particles have a non-zero boost, particles moving
forward traverse more material than the ones moving backward but they have a
greater kinetic energy. For �� coming from  0 ! J= �+�� decay, �0 is � 6 mrad
(see Figure A.2).

The uncertainty on the � measurement given from the detector track reconstruc-
tion routines should be corrected in order to take into account MS e�ect. Considering
that:

� the momentum of �� can not be measured in E835 detector;
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Figure A.1: E�ect on MS on � measurement in the scintillating �ber detector. The
di�erence between measured and true particle emission angle � could be in some
cases greater than the intrinsic angular resolution of the detector.

� the e� energy is strongly related to their � angle, because they come from a
two body decay;

� the angular resolution of the scintillating �ber tracker is not uniform in �
because of the granularity of the detector;

we decided to parametrize the error on � measurement, ��, as a function of � only,
instead of using � and x=X0.

To do so the GEANT Monte Carlo has been used, looking at the deviation
between generated and measured angles for e� and �� for  0 ! J= �+�� reactions.
We obtained the following parametrization:

��;e(�) = 1 + 5 � �2 mrad (A.2)

��;�(�) = �3:2 + 59:8 � � � 116:9 � �2 + 76:9 � �3 mrad (A.3)

in the angular region 15� � � � 55�. Since the vertex dimension is simulated in
GEANT, the correction include also the e�ect of the uncertainty in the interaction
vertex position. The corrections are shown in Figure A.2.
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Figure A.2: parametrization of MS correction used in the kinematic �t analysis for
e� and ��.
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Appendix B

Tracking Stability

The J= �+�� channel analysis depends on the behavior of the inner tracking system
during data taking. The number of identi�ed events in this channel can vary if the
number of � and � lines is not stable over all the runs.

The number of � and � lines in the sample after the mdst and EW preselections
and for selected J= �+�� events, selected with the kinematic �t analysis, is shown
in Figure B.1. These numbers are stable after stack 5 but are both a little higher
for lower stack numbers, this e�ect being mainly due to the di�erent calibration of
the detectors during the �rst period of data taking. This do not a�ect the number
of J= �+�� events, in comparison with other stacks, as shown in Table 4.3.

The number of dead channels in the �ber detector can vary due to loss of VLPC
channels or broken QPA02 cards. The number of dead channels is shown in Table
B.1. In stack 50 the element number 22 of H20 was not connected. These e�ects have
been taken into account in the Monte Carlo evaluation of the selection e�ciency of
J= �+��, whose results are summarized in Table 5.4.

Stack Layer 1 Layer 2 Layer 3 Layer 4

1 32 18 73 80
2 32 18 73 80
14 17 7 56 63
29 18 6 54 59
30 18 6 54 59
49 19 8 62 60
50 19 7 77 73
51 18 7 69 63
51 27 7 86 84

Table B.1: Number of dead channels in the �ber detector for each  0 stack divided
by layers.
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(a) (b)

Figure B.1: Number of (a) � and (b) � lines vs stack. Open circle: sample after mdst
preselection and EW1 �EW2 > 1:5 cut; �lled triangle: J= �+�� selected events. The
number of � and � lines for J= �+�� events is larger than 4 because of spurious
hits in �bers and straws originating false tracks.
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B.1 Stack 51

At the end of stack 51 (runs 7257 to 7259) the VLPC temperature increased and this
can cause changes in the ADC signals. It has been noticed that the average number
of �bers' ADC signals1 per event is decreased. This suggested the possibility of a
loss of e�ciency of the �ber tracker. In these runs, the average number of �bers'
TDC hits did not change signi�cantly.

In the normal running conditions, the number of ADC signals is higher than
the number of TDC hits, as shown in Figure B.2. The excess of ADC signals is
mainly due to �ber signals with small ADC value: if only the ADC signals above a
given threshold are considered, as shown in Figures B.3 and B.4, the two running
conditions before and after VLPC warm up show similar behavior.

Let's now sketch how the detection of a charged � line is done:

� only the �bers presenting both ADC signals and TDC hits have been consid-
ered in the formation of the �bers clusters (groups of adjacent �ber hits);

� charged � lines are built using the �ber clusters and requiring at least one
cluster in each one of the two (inner and outer) �ber detectors.

The number of clusters for each �ber layer remains almost constant, as shown in
Figure B.5 (with a small exception for layer 1) and the distribution of the number
of � lines is compatible for the two running conditions.

The e�ciency of the four layers can be checked using e� tracks. Table B.2 shows
that the �rst layer presents a remarkable ine�ciency but for the remaining layers
the e�ciency loss is around 2� 3%. This suggest that the main loss of ADC signals
is due to the loss of spurious hits and the charged track detection e�ciency is less
a�ected.

Table B.3 shows the number of events found for the two sets of data in stack
51 and seems to suggest a � 20% loss of J= �+��events for the last three runs.
However, the total number of events of the whole stack is compatible with the
other stacks, as shown in Table 4.3 and the number of J= �+��events in the two
subsamples is compatible within 2�. For this reason it has been decided to use the
whole stack without speci�c prescriptions.

1An ADC signal corresponds to the pedestal subtracted ADC value.
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(a) (b)

(c) (d)

Figure B.2: Comparison of the number of ADC signals versus TDC hits for run 7255
(top) and 7258 (bottom) in the four layers (a - d) of scintillating �bers. The dotted
line is NADC = NTDC.
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(a) (b)

(c) (d)

Figure B.3: Comparison of the number of ADC signals, with threshold at 0.1 mips,
versus TDC hits for run 7255 (top) and 7258 (bottom) in the four layers (a - d) of
scintillating �bers. The dotted line is NADC = NTDC .
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(a) (b)

(c) (d)

Figure B.4: Comparison of the number of ADC signals, with threshold at 0.2 mips,
versus TDC hits for run 7255 (top) and 7258 (bottom) in the four layers (a - d) of
scintillating �bers. The dotted line is NADC = NTDC .
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Figure B.5: Number of clusters in the four layers of the �ber detector. Solid line:
run 7255, dotted line: run 7258.

Run 7254 - 7256 7257 - 7259

Layer 1 0:732� 0:006 0:593 � 0:007
Layer 2 0:926� 0:004 0:908 � 0:004
Layer 3 0:789� 0:006 0:765 � 0:006
Layer 4 0:793� 0:005 0:763 � 0:006

Table B.2: E�ciency of the four scintillating �ber layers for the two data sets in
stack 51, measured with e� tracks.

Runs N(J= �+��) N(eetot)
N(J= �+��)
N(eetot)

7254 - 7256 416 2820 0:148 � 0:007
7257 - 7259 284 2481 0:114 � 0:006

Table B.3: Number of J= �+�� events compared to the number of eetot events
detected in stack 51, before and after VLPC heating.



114 Tracking Stability



Appendix C

The Electron Weight

The selection of charmonium events, in the huge hadronic background produced in �pp
interaction, can be done by looking for high invariant mass e+e� due to charmonium
electromagnetic decay. To do so we need a good electron and positron identi�cation
method, separating electron tracks from hadronic signals as well as e+e� pair due
to 
 conversions in the beam pipe or coming from Dalitz decay of the �0.

The detectors that can provide useful information to do this are basically the
hodoscopes (H1, H20 and H2), measuring the energy loss into the plastic scintillator,
the �Cerenkov counter, whose threshold is designed to be above the �� maximum
momentum and CCAL, whose cluster shape is di�erent for single e� or pairs.

The electron weight (EW) is the method used by E835 to tag electrons and
positrons based on the Neyman Pearson test, also known as the method of the
likelihood ratios. From a set of measured quantities (x1; :::; xn) of a given event it
is possible to determine whether the event belongs to a class A or to a class B by
comparing the two likelihood functions LA and LB. We can de�ne:

�(x1; :::; xn) =
LA(x1; :::; xn)
LB(x1; :::; xn) ; (C.1)

and if the classes A and B correspond to electrons and background hypothesis, � is
the electron weight of the charged line.

The variables used to evaluate the EW are:

� H1 energy deposit (corrected by � angle);

� H2 energy deposit (corrected by � angle);

� H20 energy deposit (corrected by � angle);

� �Cerenkov pulse height (corrected by � angle and mirror photoelectron yield);

� CCAL cluster second moment along wedges and rings in a 3� 3 blocks area;
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Figure C.1: log(EW1 � EW2) distribution for e+e� candidates after the mdst pre-
selection for data at the  0 energy (open area) and for a background point (cross
hatched area) scaled with the luminosity.

� ratio of the energy deposit in a 3� 3 block matrix divided by that in a 5� 5
block matrix;

� ratio of the energy deposit in a 2� 2 block matrix divided by that in a 4� 4
block matrix;

� CCAL cluster mass, de�ned as:

Mcl =

r�X
Ei
�2
�
�X

~pi
�2
;

where the sum is over a 5 � 5 block matrix, Ei is the energy deposition in
the ith CCAL block and ~pi = Ei~ri with ~ri the unit vector from the interaction
point to the center of the ith block.

All the tracks without a �Cerenkov signal above pedestal are not associated to elec-
trons. The distribution of the product of the EW for the two e+e� candidates is
shown in Figure C.1.

In the o�ine analysis of the events, there is a threshold on Mcl. All the clusters
withMcl higher than this threshold value are splitted. For e

� coming from charmo-
nium decay, the Mcl threshold is set at 120 MeV. This is determined by selecting a
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(a) (b)

Figure C.2: (a) Mcl distribution for the e
+e� exclusive events, selected as explained

in the text and (b) Mcl distribution for all the e+e� events in the detector �ducial
region (15� < �e� < 60�) selected with EW1 � EW2 > 1:5 cut only (2 entries per
event).

clean e+e� exclusive sample 1 by using the inner tracking only and looking at the
Mcl distribution for the CCAL clusters associated to the charged tracks (see Figure
C.2 (a)). Figure C.2 (b) shows the Mcl distribution for all the e+e� events in the
detector �ducial region selected with EW cut only. The EW e�ciency depends on
the choice of the Mcl splitting threshold.

C.1 Electron weight cut e�ciency

All the events with electrons and positrons of physical interest for E835 have a e+e�

pair in the detector acceptance, so it is reasonable to use the product of EW of the
two candidates e+e� tracks to select the events.

The optimal EW1 �EW2 cut, with high background rejection and high e�ciency,
is determined by comparison of a clean data sample with a background sample, as
shown in Figure C.1. In this analysis it EW1 �EW2 > 1:5 is used (corresponding to

1The selection is done by requiring that the highest invariant mass from two CCAL clusters is
greater than 3.3 GeV. In addition, the event must have exactly 2 � and 2 � lines, satisfying the
e+e� kinematics.
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log(EW1 � EW2) > 0:176).
�EW can be measured directly from the data by selecting a clean sample of

e+e� due to charmonium decay. Anyway, each channel will have a di�erent �EW
because of its speci�c features.

As said before, the EW is calibrated to distinguish between pairs and single e�

by using the pulse height information in the hodoscopes and the �Cerenkov. When
other charged particles out of the e+e� are present in the �nal state, as it is the
case of J= �+��, if they hit the same hodoscope element hit by the e�, the energy
deposition in the scintillator will be larger than expected and this cause a decrease
of �EW for this channel.

Since the EW is calculated also using information about the CCAL cluster shape,
in the case of J= �0�0 and J= �, the presence of additional photons in the proximity
of a e� cluster can a�ect the shape of the clusters in the CCAL and so the �EW could
be lower. To avoid corrections for this e�ect, in this analysis only events in which all
the 
 have an angular separation from both e� larger than 100 mrad are accepted.

For the measurement of �EW for all the channels we need to select a clean sample
of events without using the EW. The largest source of background comes from
pp! �0�0 (or ��)! 4
, where the signal in the hodoscopes and �Cerenkov can be
due to photon conversions or Dalitz decay.

To minimize the possibility of such a contamination, the invariant mass of both
e� candidates with all the others CCAL and FCAL clusters have been calculated.
Figure C.3 (a) show the me
 distribution of the candidate pair with invariant mass
nearest to �0 or � mass, for all the mdst sample. The event is rejected if the e�

candidate presents a potential �0 (80 < me
 < 180 MeV) or � (450 < me
 < 650
MeV) contamination. The e+e� invariant mass distribution of the events after the
selection is shown in Figure C.3 (b).

�EW is measured using the subsample selected in this way; it has been measured
for all the channels by selecting the event samples in the same way described in
Section 4.3, without using the EW cut but applying a 1% cut on the kinematic �t
probability. The distributions of EW1 �EW2 obtained are shown in Figure C.4; the
results are summarized in Table C.1.

As expected, even if J= �0�0 and J= � have poor statistics, all the �EW (J= +
neutrals) values are compatible so the most precise evaluation, �EW (e

+e�), can be
used for all these channels.

We expect also that �EW (J= �
+��) should be consistent with �EW (J= +neutrals)

when the angular separation of �� from e� is large. This can be checked by divid-
ing the previous J= �+�� sample in two subsamples: (a) in which both pions
are at �� > 300 mrad from e� tracks; (b) containing events with at least one
�� at �� < 300 mrad from an e�. The e�ciencies for the two subsamples are
�EW (a) = 0:932 � 0:009 and �EW (b) = 0:811 � 0:018, in agreement with expecta-
tions.
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(a) (b)

Figure C.3: (a) me
 distribution for the CCAL or FCAL cluster forming with the
e� track an invariant mass close to a �0 or a �. The events within the dashed lines
(�0 and � peaks) are rejected. The e+e� invariant mass in the whole mdst sample
(solid line) and after the rejection (cross hatched area) are shown in (b).

(a) (b) (c)

Figure C.4: log(EW1 �EW2) distribution for (a) e+e�, (b) J= X and (c) J= �+��

events, selected with kinematic �t analysis, on the subsample of Figure C.3(b).
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Nsample NEW �EW

e+e� 4555 4231 0:929� 0:004
J= X 7832 6916 0:883� 0:004

J= �+�� 1217 1079 0:887� 0:009
J= �0�0 90 85 0:944� 0:024
J= � 159 149 0:937� 0:019

Table C.1: �EW for all channels.

C.2 Summary

We have three values for EW e�ciency for di�erent channels when cutting at EW1 �
EW2 > 1:5. The e�cieny ratios that are used in the analysis are:

�EW (e+e� +X)

�EW (e+e� + neutrals)
= 0:950� 0:006 (C.2)

�EW (e+e� +X)

�EW (e+e� + �+��)
= 0:995� 0:011 (C.3)

�EW (e
+e� + �+��)

�EW (e+e� + neutrals)
= 0:955� 0:011 (C.4)



Appendix D

Extra Clusters

In some cases, the events selected contain one or more extra CCAL clusters, namely
a cluster which is not associated to any of the particles used for the event recon-
struction. The timing classi�cation of CCAL clusters have been discussed in Section
3.6.1; the events are never rejected because of the presence of out-of-time or unde-
termined extra clusters. The possibility to reject events with extra on-time clusters
is discussed here.

For good events, the presence of extra clusters can be due to:

� background events at the same time of a good event (pile-up). The time
window for on-time clusters in CCAL is � = 20 ns, so the background pile-up
e�ect is of the order of:

L � � � �pp(3686 MeV) � 2� 3 % (D.1)

depending on the luminosity L;
� extra clusters due to e� or 
, originally in an electromagnetic shower in the
calorimeters, that escape the original shower and hit the calorimeter in other
locations (back-splash). The expected amount of such events can be evaluated
with the GEANT Monte Carlo, producing a clean sample of events (with no
background superimposition). For  0 ! e+e� about 7% of the events have
additional clusters with energy above 50 MeV, which is the energy threshold
used for CCAL clusters detection in this thesis. The extra cluster energy
distribution is shown in Figure D.1.

The possibility of clusters due to bremsstrahlung photons, emitted by the e�, is
taken into account by always accepting extra clusters forming an angle �e
 < 100
mrad with the e� 
 invariant mass me
 < 100 MeV.

If a rejection of events with extra clusters is applied, the total e�ciency will
include an additional term �pu�bs, of the order of few percent smaller than 100%.
This e�ciency will cancel in the evaluation of ratios of BR for exclusive channels,
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E           (GeV)cl

Figure D.1: Energy distribution for the extra clusters in CCAL for e+e� GEANT
events, produced with no background. A large fraction of the extra clusters have an
energy smaller than 150 MeV but a tail at higher energies is also present (CCAL
clusters are detected if their energy is greater than 50 MeV, which appears as low
energy threshold in the plot).

but the cut can not be applied in the case of inclusive J= selection. In the analysis
described in this thesis no cuts on the number of extra calorimeter clusters is used,
this choice have been tested in more detail on e+e� exclusive events.

D.1 e+e� exclusive events

The only channel for which it is relatively easy to study the e�ect of the cut on the
number of extra clusters, and relate it to the pile-up of background events, is the
 0 ! e+e�.

The total energy for a single reaction in the laboratory is:

Elab = 
Ecm = 7243 MeV:

If a background event superimpose to a good e+e� event, the total energy measured
by the calorimeters will be larger. Figure D.2 shows the distribution of the total
energy in the laboratory system measured by both CCAL and FCAL for e+e� events
(selected as explained in Chapter 4). In this case the total energy of the event is
measured and it is easy to see the peak of clean e+e� events with the tail at higher
energies, corresponding to additional energy depositions in coincidence with the
event, due to pile-up. Among the events with additional clusters, the ones with total
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E           (GeV)TOT

Figure D.2: Distribution of the total energy in the laboratory syste, measured in
both CCAL and FCAL, for e+e� events (the sum is made over the on-time clusters
only). The open area is obtained with no cuts on the number of extra clusters; the
two hatched areas are the events with at least one extra cluster of energy greater
than 50 MeV and 150 MeV. Almost all the pile-up clusters have E > 150 MeV. The
extra clusters with E < 150 MeV are mainly due to back-splash.

energy falling below the main peak are mainly due to secondary clusters, originated
by back-splash.

The fraction of events rejected by a cut on the presence of extraclusters with
energy greater than 50 MeV is 7:6 � 0:4% (405/5298); at 150 MeV is 3:3 � 0:2%
(174/5298), which is consistent with the two e�ects considered.

The (e�� extra cluster) invariant mass distribution for exclusive e+e� events is
shown in Figure D.3. Even without rejection of events with extra clusters there is
no evidence of contamination of the events from �0.

A cut on extra clusters will therefore reject good events at the level of few percent
with no sensible background reduction, for this reason it is not applied in this thesis.
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M             (GeV)e-extra

(a)

M             (GeV)e-extra

(b)

Figure D.3: (e� � extra cluster) invariant mass distribution for (a) Monte Carlo
and (b) data  0 ! e+e� events with one or more extra clusters. For each event it is
plotted the invariant mass nearest to m�0. The Monte Carlo events are generated
with GEANT and no background superimposition, so the additional clusters are due
to back-splash. All the extra-clusters with E > 50 MeV have been considered.



Appendix E

Comparison Data - Monte Carlo

In this section several plots for the comparison of data and Monte Carlo samples,
concerning the variables used for the event selection, are shown. The data distribu-
tions are represented by solid lines, the superimposed dots with error bars are the
MC distributions, scaled with the number of events.

Figure E.1 shows the e+e� invariant mass distribution for all the 5 channels
analyzed. Figure E.2 shows the behavior of the �2 probability distribution for all
the kinematic �ts. Figure E.3 shows the measured m�0 and m� distributions for
J= �0�0 and J= � events. Figures E.4 and E.5 show the measured angular and
energy distributions for �� and 
 used as input for the J= �+�� and J= �0�0

kinematic �ts. Figure E.6 shows the energy distribution and its dependence on �
for �� (due to J= �+�� decay) and 
 (J= �0�0) reconstructed with the kinematic
�t.

The \pull" of a single measured variable x is de�ned as:

pullx =
xmeas � xfitq
�2x;meas � �2x;fit

; (E.1)

the pull distribution for a set of measurements should be close to a gaussian centered
in 0 and � = 1. If the pull distribution is shifted relatively to zero, this means that
a certain bias on the measurement is present; moreover, a broader distribution
suggests an underestimation of the error on the measurement (on the contrary, if
the distribution is narrower, the error is probably overestimated). Figures E.7 to
E.14 show all the pulls distributions, comparing data and Monte Carlo, for all the
variables used as input for the kinematic �ts. The pulls of all the variables have
been �t with a gaussian. The results are summarized in Table E.1.
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x �x �2=ndf

e+e�

E �0:016� 0:011 1:039 � 0:009 3.6

e� � 0:097� 0:010 0:965 � 0:009 3.5
� 0:000� 0:011 1:131 � 0:010 1.8

J= X
E �0:079� 0:004 0:894 � 0:004 19.8

e� � �0:068� 0:004 0:769 � 0:003 25.9
� �0:017� 0:004 0:932 � 0:004 15.2

J= �+��

E �0:095� 0:012 1:073 � 0:011 3.3

e� � 0:080� 0:010 0:919 � 0:014 8.4
� 0:002� 0:012 1:072 � 0:015 7.3
E - - -

�
�

� 0:119� 0:010 0:875 � 0:014 10.5
� 0:005� 0:011 0:989 � 0:013 6.1

J= �0�0

E 0:014� 0:022 0:999 � 0:020 1.7

e� � 0:107� 0:025 1:193 � 0:024 1.5
� �0:010� 0:024 1:159 � 0:021 1.2
E �0:003� 0:014 0:915 � 0:016 4.2


 � 0:076� 0:015 1:044 � 0:014 1.8
� 0:000� 0:015 1:083 � 0:013 1.2

J= �
E �0:038� 0:037 0:917 � 0:033 1.4

e� � 0:165� 0:040 1:016 � 0:034 1.1
� 0:023� 0:050 1:259 � 0:051 0.9
E �0:007� 0:040 1:003 � 0:039 0.9


 � 0:013� 0:038 0:968 � 0:032 1.0
� �0:031� 0:047 1:186 � 0:044 1.0

Table E.1: Results of the gaussian �t of the pull distributions for all the variables
used as input of the kinematic �ts (data).
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(a) (b)

(c) (d)

(e) (f)

Figure E.1: e+e� invariant mass distribution for (a) e+e� exclusive, (b) J= �+��,
(c) J= �0�0, (d) J= �, (e) J= X events and (f) all e+e� candidates. Data (solid
line) and Monte Carlo (crosses) samples.
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(a) (b)

(c) (d)

(e)

Figure E.2: Kinematic �t prob(�2) distribution for (a) e+e�, (b) J= �+��, (c)
J= �0�0, (d) J= � and (e) J= X events. Data (solid line) andMonte Carlo (crosses)
samples.
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(a) (b)

Figure E.3: (a) m�0 distribution for selected J= �0�0 events (2 entries per event)
and (b)m� distribution for selected J= � events. Data (solid line) and Monte Carlo
(crosses) samples.

(a) (b)

Figure E.4: Measured angular distribution for pions for selected J= �+�� events.
(a) �� and (b) ��. Data (solid line) and Monte Carlo (crosses) samples.
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(a) (b)

(c)

Figure E.5: Measured energy and angular distribution for photons for selected
J= �0�0 events. (a) E
, (b) �
 and (c) �
. Data (solid line) and Monte Carlo
(crosses) samples.
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(a)

(b)

Figure E.6: Energy distribution versus � for (a) pions for J= �+�� events and (b)
photons for J= �0�0 events. Dots represent real data; the superimposed contour
plot show the behavior for MC events.
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(a) (b)

(c)

Figure E.7: (a) energy, (b) � and (c) � pull distribution for the e� after the e+e�

kinematic �t selection. Data (solid line) and Monte Carlo (crosses) samples.
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(a) (b)

(c)

Figure E.8: (a) energy, (b) � and (c) � pull distribution for the e� after the J= X
kinematic �t selection. Data (solid line) and Monte Carlo (crosses) samples.
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(a) (b)

(c)

Figure E.9: (a) energy, (b) � and (c) � pull distribution for the e� after the J= �+��

kinematic �t selection. Data (solid line) and Monte Carlo (crosses) samples.
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(a) (b)

Figure E.10: (a) � and (b) � pull distribution for the �� after the J= �+�� kinematic
�t selection. Data (solid line) and Monte Carlo (crosses) samples.
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(a) (b)

(c)

Figure E.11: (a) energy, (b) � and (c) � pull distribution for the e� after the J= �0�0

kinematic �t selection. Data (solid line) and Monte Carlo (crosses) samples.
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(a) (b)

(c)

Figure E.12: (a) energy, (b) � and (c) � pull distribution for the 
 after the J= �0�0

kinematic �t selection. Data (solid line) and Monte Carlo (crosses) samples.
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(a) (b)

(c)

Figure E.13: (a) energy, (b) � and (c) � pull distribution for the e� after the J= �
kinematic �t selection. Data (solid line) and Monte Carlo (crosses) samples.
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(a) (b)

(c)

Figure E.14: (a) energy, (b) � and (c) � pull distribution for the 
 after the J= �
kinematic �t selection. Data (solid line) and Monte Carlo (crosses) samples.
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