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Abstract. Recent lattice-QCD calculations of the charmonium hybrid spectrum predict the ground
state hybrid to be a spin-exotic with quantum number JPC � 1

���
at a mass of about 4.3 GeV

�
c2.

Such a low mass hybrid could be as narrow as O � 20MeV
�
c2 � due to dynamical suppression of decay

into open charm. The exotic quantum numbers prevent the state from mixing with conventional
mesons and simplifies the identification of the state as a non-meson state. Lattice calculations name
the most obvious hybrid charmonium decay channel to be a conventional charmonium and light
hadrons. The detection of such a final state with seven photons and a lepton pair within the future
PANDA detector at GSI is investigated with Monte Carlo methods at Uppsala University.

INTRODUCTION

After 25 years of high energy physics experiments, the strong force is to a large ex-
tent still unchartered territory. At small distances, where quarks experience asymptotic
freedom, perturbative Quantum Chromo Dynamics has proven extremely successful.
At larger distances gluon self-interaction leads to confinement of quarks into colorless
hadrons. At this scale perturbative QCD no longer apply and phenomenological mod-
els struggle to clarify what really is going on. In this region the search is on for the
the answer to the riddles of hadronic mass generation, confinement and chiral symme-
try breaking. Knowledge of states with explicit gluonic content, so called glueballs and
hybrids, can add important information on the processes involved.

QCD predicts the interaction between gluons and therefore hadronic states with ex-
cited glue, glueballs and hybrids, should exist. Still, not many hybrids or glueballs have
been indisputably identified. In the region of light mesons the abundance of states is so
large that there is almost always mixing between states with the same quantum num-
bers. To identify and classify heavily mixed states there is a need to understand the com-
plete light-quark meson spectrum both experimentally and theoretically, a task which
has proven to be very difficult.

Exotic quantum numbers. In the simple quark model a meson is described as a com-
bination of a valence quark and an antiquark. This perspective restricts the accessible
meson quantum numbers to a set of allowed JPC combinations and most mesons can
be described within this framework. States with different JPC quantum numbers are re-
ferred to as spin-exotics, such states are pretty rare and therefore not likely to mix. They
are golden channels: easier to isolate and identify as exotic. Examples of spin-exotics
with JPC � 1 �
	 have been found in Crystal Barrel at CERN, VES at Serpukhov and
E852 at Brookhaven.[1]



TABLE 1. D meson table (from PDG).

Mass [MeV
�
c2] Width JP

D � 1869 10
� 4 eV 0

�
D0 1864 10

� 3 eV 0
�

D
� 0 2007 � 2 � 1 MeV 1

�
D

�
� 2010 96 keV 1

�
D0

1 2422 18 � 9 MeV 1
�

D
� 0
2 2458 234 MeV 2

�
D

�
�2 2459 25 MeV 2

�

TABLE 2. A hybrid (Hc) production and de-
cay channel with χc1

decay branching ratios.

pp̄ � Hcπ0

Hc � χc1 � π0π0 �
s � wave

χc1
� J

�
ψγ 31 � 6 � 3 � 2%

J
�
ψ � e

�
e
�

5 � 93 � 0 � 1%
J
�
ψ � µ � µ � 5 � 88 � 0 � 1%

π0 � γγ 98 � 8%
Total χc1

decay BR 3 � 6%

CHARMONIUM HYBRID STATE

The charmonium region is populated by narrow well isolated states minimizing the
probability of mixing. The charm quark mass, inbetween nonrelativistic and relativistic
physics, adds further to the attractiveness of the charmonium system (often referred to
as the positronium of QCD). Measurement of the lightest charmonium hybrid is one the
PANDA physics goals.

The lowest energy excited gluonic field with L � 1 and negative CP couples to the
heavy charm quark spins giving eight different hybrid states. The JPC � 1 �
	 is the
lowest in mass1, lattice-QCD predicts masses in the range 4.1-4.4 GeV

�
c2. In this study

the value 4.29 GeV
�
c2 from a recent lattice-QCD calculation was used.[2]

Decay modes. In the flux-tube model a symmetry argument2 gives the selection rule
that the JPC � 1 �
	 hybrid cannot decay into two states with the same nonrelativistic
structure and zero internal angular momentum.[3] This rules out any combination of the
first four states in table 1, giving as a first open charm channel D0D̄0

1 (D̄0D0
1) with a

threshold at 4286 MeV 3. If this picture is correct the width and the decay modes of the
hybrid depends sensitively on the mass, for a low mass hybrid the width could be as
narrow as 20 MeV 4.[4],[5]

With open charm decay forbidden or at least suppressed a slow decay into hidden
charm is most probable. Assuming nonrelativistic decay (i.e. conservation of the heavy
quark spin and angular momentum) the daughter charmonium has quantum numbers
JPC � 1 	 	 , corresponding to the χc1

. This state is reached by emission of light hadrons
where scalars are preferred to isoscalars5.[6] The lightest scalar alternative is a two pion
state in a relative s-wave. The χc1

can in turn decay electromagnetically to a J
�
ψ and a

photon and the J
�
ψ to a lepton pair which can be used as a trigger. The branching ratios

1Same prediction from both lattice QCD and the flux-tube model.
2The phase of the hybrid state multiplied with the real-valued s-wave states integrates to zero over

space.
3Note the width of the D0

1 which softens the threshold.
4In reference [3] Page estimates the symmetry breaking in the case D̄D

� 0 to 4% giving a partial decay
width into this channel of 1-4 MeV.

5Vacuum quantum number (3P0) quark pair emission.



for the decay chain is listed in table 2.

Production rates. The Crystal Barrel experiment at CERN has shown that an attrac-
tive prospect for the study of hybrid mesons is the gluon-rich proton-antiproton annihila-
tions. In proton-antiproton annihilations in flight all nonexotic quantum numbers are di-
rectly accessed whereas spin-exotics can be produced only in association with other par-
ticles. The future PANDA experiment at GSI will let a antiproton beam (plab

� 1 � 5 � 15
GeV

�
c) impinge on a dense proton target.[7] The charmonium hybrid could at plab

� 15
GeV

�
c be produced in association with a π0 or an η where the π0 has to be produced

with connected quark lines due to its isospin. For that process the π 0 production should
be a factor of

�
2 larger from isospin coupling. Since there are no reliable predictions

available both cases are studied.
A rough cross-section estimate is made based on the light hadron measurements. The

suspected light hybrid and spin-exotic π1 � 1400 � with JPC � 1 �
	 was, at Crystal Barrel,
found to have a production intensity from nucleon-nucleon annihilation comparable to
that of an ordinary meson.[1] Generalizing this to the hybrid charmonium case one can
use the meson production channel p̄p � J

�
ψπ measured at E760 with the cross section

130 pb[8], to set the scale6. With a similar cross section for our production channel and
a total branching ratio of 4% into the final state of table 2 one can expect to have 70
events per day with the PANDA design luminosity of L � 2 � 1032 cm � 2s � 1.

THE PANDA SETUP

The � 100 hybrid events occuring each day within the detector has an overall hadronic
background of 2 � 107 s � 1. The background giving fake signals should be significantly
reduced since it has seven photons and a lepton pair in a very narrow energy range.
To identify the hybrid and determine its quantum numbers a partial wave analysis on
the full phase space is imperative requireing data with high resolution, high quality and
large statistics. The PANDA multipurpose detector will cover 96% of the CMS phase
space for formation states. It will be designed for charged particle tracking, photon
calorimetry and identification of γ � e	
� µ 	
� π 	�� K 	�� p and p̄. For this a multipurpose
detector is envisaged (fig. 1(a)).[7]

The photons will be detected in the Electromagnetic Calorimeter which has a central
and a forward part. So far studies have been restricted to the central part (fig. 1(b)) giving
fake acceptance losses for photons in the forward direction of about 6% per photon. The
EMC parameters are listed in table 3.

6The cross section was measured at a ECMS
� 3 � 52 GeV and for PANDA the maximum energy

available is plab
� 15 GeV giving a slightly larger phase space factor.



(a) (b)

FIGURE 1. The PANDA multipurpose detector (a) and the central part of the Electromagnetic calorime-
ter (b).

TABLE 3. Design parameters of the PANDA EMC.

Material PbWO4
Thickness 17χ0
Crystalsize 3 � 5cm � 3 � 5cm � 15cm
Energy resolution 1 � 54%�

E �GeV ��� 0 � 3%

Number of crystals in barrel detector 7150
Geometric coverage 96% � 4π
Ryman radius RM

� 2 � 2 cm
Time resolution � 20 ns

DETECTION

The final state particles are seven photons and a lepton pair. These are relatively en-
ergetic ( � GeV

�
c2) and interact with the detector medium mainly by pair-production

and brehmsstrahlung7. After Geant4 simulation of the detector-response only 37% of
the events saw all photons detected and it was only in 28% of all events in which
those could be combined into three pions (for hybrid production in association with
a pion). In fig. 2(a) the three pions are shown in white on top of the combinatorics
spectrum. At an antiproton beam momentum of 15 GeV

�
c the pion from the produc-

tion reaction is produced with higher energy than the decay products of the hybrid. This
separates true and false combinations � χc1π0π0 � hybrid and together with a cut in the

missing mass (-0.05 GeV
�
c2 � E

cand � Hcπ0 	 � s � 0.4 GeV
�
c2) and the momentum (-0.3

GeV
�
c � p

cand � Hcπ0 	 � 0.4 GeV
�
c) in the CM-system a hybrid peak with 6 � 7% of the

total events is obtained. In fig. 2(b) the identified hybrids are shown in black within a
white combinatorics spectrum. The same cuts applied in the the case of production in

7For the 7 photons the distribution of pair production is approximately Poisson distributed with an
expectation value of 13%.
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FIGURE 2. Geant4 spectra: (a) Three non-overlapping pion candidates in white on top of a black
combinatorics spectrum. (b) Hybrid candidates in black within the combinatorics peaks, note the two-peak
structure.

association with an η gives detection of 7 � 5% of the events.

CONCLUSION AND OUTLOOK

The channel p p̄ � Hcπ0 � Hc � χc1 � π0π0 � s � wave � χc1 � J
�
Ψγ � π0 � γγ was estimated

to be produced about 100 times a day at the HESR. A snap-shot of the Monte Carlo
simulation of such events was given. Within the PANDA setup at least 6 � 7% of those
events can be detected, for production in association with an η the number was 7 � 5% of
the events. However much remains to be examined and optimized.
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