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Study of bound systems of charm quarks has witnessed a renaissance due to recent
discoveries in the charmonium and open charm meson regions. It is proposed to make
precision spectroscopy measurements in the charmonium mass region and search for
exotic hadronic states using the antiproton beam of unprecedented quality. An overview
of experimental physics program of the PANDA experiment is presented. In addition,
advanced analysis tools developed for the PANDA experiment along with simulation test
results are described.

Introduction
A quantitative understanding of the strong
interaction that binds quarks into hadrons is
one of the long-cherished goal of nuclear and
particle physics. Quantum Chromodynamics
(QCD), the quantum field theory based on
fundamental building blocks the quarks and
gluons, is considered as the modern theory
of strong interactions. QCD is well understood at the high energies where the coupling
constant is small and peturbative methods
can be applied. However, in the low energy
regime (at distance scales equal to separation
of quarks inside hadrons) QCD is a strongly
coupled theory and the perturbation theory
has limited applicability. Many features such
as the confinement of quarks and gluons into
hadrons, the existence of glueballs and hybrids
and the origin of the masses of hadrons in the
context of the breaking of chiral symmetry
pose formidable challenge in our attempt to
understand the nature of the strong interaction.
The meson spectroscopy of charmed quark
and anti-quark pairs presents advantages of
relatively small non-perturbative QCD effects.
In addition, due to the relatively high mass
of the charm quark, the non-relativistic potential models can be applied. In this connection, charmonia constitute the most suitable systems for the simplified description
based on quark-quark interaction. During the
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last few years many novel charmonium, open
charm mesons and charmed baryon excited
states have been discovered. These states were
not expected theoretically and their masses,
widths, quantum numbers, and decay modes
do not fit the existing spectroscopic classification, which is based mostly on potential model
calculations. Understanding these states may
provide crucial information about the strong
interaction in low energy regime. Data from
the precision measurement are required for
their proper understanding and their possible interpretation in terms of non-quarkantiquark configurations.
The FAIR facility (Facility for Antiproton
and Ion Research), at GSI Darmstadt, will
provide antiproton beams of the highest quality in terms of intensity and resolution for
the precision measurements. The PANDA
(Pbar ANnihilations at DArmstadt) experiment at FAIR will use the antiproton beam
from the HESR(High-Energy Storage Ring)
colliding with an internal proton target to
carry out a rich hadron physics program which
include charmonium and open charm spectroscopy, the search for exotic hadrons and
the study of in-medium modications of hadron
masses [1]. In addition to the physics cases
mentioned above, PANDA scientific program
includes several other measurements, such as,
i) studies of hard exclusive antiproton-proton
reactions which can be used to study the structure of nucleons (for example, time-like form
factors) and ii) Direct CP violation studies in
hyperon decays and and mixing in the charm
sector. At present, development activities for
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the detector components is underway. In addition, a software framework for physics and
detector simulation has been developed which
also includes advanced analysis tools to reconstruct the full decay chain in various physics
cases..
The content of the present writeup is organized as follows: in section 2 an overview of
the hadronic charm quark systems is given; in
section 3 advantages of using the antiproton
beam with the PANDA detector is discussed;
in section 4 development and testing of some
important analysis tools for the PANDA experimental program is presented. Finally, in
section 5 the summary is presented.

been experimentally observed. The widths
of triplet states are known with good accuracies. The measured error in the mass and
width of ηc and ηc (2S) are relatively large.
A high precision measurement of mass, width
and decay properties of cc̄ system is useful
for extracting the valuable information about
the confinement potential. For example, the
J/ψ(13 S1 ) − ηc (11 S0 ) splitting is attributed
to a short-distance S~Q .S~Q contact interaction
arising from the one-gluon exchange, whereas
the splittings of the P -wave χc (13 PJ=0,1,2 )
and higher L states 1 P1 (hc ) are due to spinorbit and tensor spin-spin interactions.

Physics program of PANDA experiment
Charm meson spectroscopy

Since its discovery in 1974 [2] study of charmonium states has been a powerful tool for the
understanding of the strong interaction. It is
often referred to as positronium of QCD. The
properties of the charmonium states can be
calculated with reasonable accuracy using the
non-relativistic potential models. The potential employed typically consists of a Coulomb
part due to one gluon exchange at short distances and a confining potential in linear form
at large distances. In more refined models
an additional spin dependent potential is required to explain the multiplet splittings. In
the quark model, the conventional meson is
classified using quantum numbers given as
2S+1
LJ , or J P C , with parity P = (−1)L+1
and charge conjugation C = (−1)L+S where S
is the total spin of the quark-antiquark pair, J
is total angular momentum which is calculated
by adding S to L, the orbital angular momentum of cc̄ system. In addition to this configurations, higher radial excitation of these states
are also possible.
The spectrum of experimentally measured
charmonium states along with the calculations is shown in Fig. 1. It consists of
eight narrow states below the open charm
threshold (3.73 GeV) and several other states
above the threshold. All charmonium states
below the open charm mass threshold have

FIG. 1: The charmonium spectrum

In the region close to the DD̄ threshold four
1D states are expected. Only 3 D1 state identified with ψ(3770) has been experimentally
found. The remaining J = 2 states (singlet
1
D2 and triplet 3 D2 and 3 D3 ) are predicted
to be narrow. In addition to the D states,
the radial excitations of the S and P states
are predicted to occur above the open charm
threshold which remain to be discovered.
XY Z of charmonium

The experiments at B-factories have discovered a number of charmonium like mesonic
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states collectively known as the so-called
XY Z states (see Ref. [3] for a review). These
are associated with charmonium because they
decay predominantly into charmonium states
such as the J/ψ or the ψ, but their interpretation is far from obvious. Most of the XY Z
candidate states do not match to any of the
remaining unassigned charmonium levels. As
a result, at least some of these states have
been touted as candidates for exotic mesons,
i.e. mesons with a more complex substructure than the simple quark-antiquark configuration.
Among the XY Z exotic meson candidates
the X(3872) [4] and Z + (4430) [5] have received widespread attention. The X(3872)
was observed as a narrow peak in the
π + π − J/ψ decay at 3872 MeV/c2 while the
Z + (4430) was observed as peak in πχc1 invariant mass distributions in the B decays.
An intriguing feature of the X(3872) is that
its measured mass value is nearly equal to the
sum of the masses of the D0 and D∗0 mesons.
The Z + (4430) is unique among XY Z states
since it has a nonzero electric charge, which is
not possible for cc̄ charmonium states or gluon
hybrid mesons. It is, therefore, a prime candidate for a multiquark meson.
The increasing number of XY Z states being found, has raised serious doubts on the
fact that all of them can be explained, separately, as effects (threshold effects, cusp effects etc.) or loosely bound molecules of open
charm mesons. It is interesting to find a
unified explanation of all these particles, and
more similar states for which precise measurements are required.

referred to as hybrid. In addition to normal
quantum numbers that are possible for mesons
J P C = 0−+ , 1+− , 2−+ , 1++ and 1−− , for hybrids, additional states with other quantum
numbers J P C = 0+− , 1−+ and 2+− are possible. These states with non-normal quantum
numbers are referred as exotics.
Predictions of charmonium hybrids and
glueballs are available from the precise Lattice QCD calculations [6]. In particular glueballs with exotic quantum numbers and charmonium hybrids are predicted to be narrow
as they do not mix with the normal meson
states. Antiproton-proton annihilations provide a very favourable environment to look for
these gluonic hadrons.
Open Charm mesons

Mesons (D or Ds ) consisting of a charm
quark with a light quark (u, d or s) can
be considered as the hydrogen atom of the
QCD. The phenomenological quark model
is able to describe the experimentally measured excitation energy spectrum of D meson states. The lowest D meson states acocording to the quark model are spin singlet Jp = 0− as ground state (D meson)
and spin triplet Jp = 1− (D∗ ) meson followed by P wave states Jp = 0+ , 1+ , 1+ , 2+
0
(D0 , D1 , D1 ,D2 mesons). The experimentally

Gluonic excitations

An exciting consequence of the gluon self
interaction is the existence of glueballs, the
hadronic systems of only gluons or the hybrids
consisting of quark antiquark systems with an
excited glue. The glue brings an additional degree of freedom which is manifested in generation of new quantum numbers. In the simplest
hybrid system the quantum number of a gluon
(Jp = 1+ or 1− ) is added to the normal meson
(q q̄) system. Such configuration consisting of
a combination of gluon and a meson is often

FIG. 2: The Ds spectrum

observed non-strange open charm meson spectrum is consistent with this pattern of six
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states. The Fig. 2 shows the observed Ds
spectrum along with the predictions. Recent
discovery of the surprisingly light and narrow
open charm meson states such as Ds∗ (2317) [8]
and Ds (2460) [9], have questioned the vailidity of the ”naive quark potential model” to describe these states. These states have masses
typically 140 MeV or more below the quark
model expectations. The intrinsic width of
these states are small enough so that only
the upper limits have been measured (Γ ≤ 4.6
MeV and Γ ≤ 5.5 MeV for the Ds∗ (2317) and
Ds (2460), respectively). Threshold pair production of charm mesons can be employed for
precision measurements of the mass and the
width of the these narrow Ds states.
Medium modifications

Investigation of medium modification of
hadron mass in nuclear matter is another
interesting topic that has been planned at
PANDA. These studies, so far, have focused
on the light quark sector eg., pion and kaon
mesons due to the limitation in available energy. The in-medium pion mass is observed
to shift as compared to its vacuum value and
pion-nucleus potential has been deduced from
experimental studies of deeply bound pionic
atoms at GSI [2]. For kaons, repulsive mass
shifts for K+ and attractive mass shifts for
negative kaons are observed experimentally
[3]. At PANDA, the medium modification
of hadron mass studies can be extended to
the charm sector. For example, experiments
are being planned to study sub-threshold production of D- Dbar mesons in anti proton nucleus collision. If the D meson mass gets
reduced in the nuclear environment, the inmedium DDbar threshold would be lowered
resulting in an enhancement of production
cross section at sub-threshold energies.
Strangeness physics at PANDA

Studies of hyperon-nucleon and hyperonhyperon interaction are planned through the
formation of single and double- hypernuclei.
The hypernuclei are nuclear systems in which
one or more nucleons are replaced by one or
more hyperons. So far only few double hyper
nuclear events have been observed. In addi-

tion to Ξ-hypernuclei the Ω-hypernuclei can
be formed and studied at PANDA. A hyperon
in a nucleus is not constrained by the Pauli exclusion principle, unlike a neutron or a proton
and hence it can populate all possible nuclear
states which are not accessible otherwise. The
studies of hyper nuclei will provide a sensitive
probe to the nuclear structure. Double hypernuclei could also be a doorway to producing
the six-quark object (uuddss) the so-called Hdibaryon inside a nucleus.

Antiproton Experiments
PANDA detector at FAIR

using

An extensive experimental program with a
state-of-the-art PANDA detector is planned
to address the physics topics discussed above.
High quality antiproton beam from the HESR
(High Energy Storage Ring) of FAIR facility
will be used for this purpose. These studies
will make use of higher instantaneous luminosity (L = 1032 cm−2 s−1 in the high luminosity
mode) and good beam momentum resolution
(δp/p = 10−5 in the high resolution mode) in
p̄p annihilations. In contrast to e+ e− reactions, all non-exotic quantum number combinations of cc̄ can be directly formed in p̄p annihilations, through the coherent annihilation of
three quarks in proton with three antiquarks
in antiproton. In addition, other states with
exotic quantum numbers can be studied in the
production reaction.
The precision measurement of mass, width
and decay branches or resonances can be performed with the resonance scan method for
the formation reactions. The precision that
can be achieved by this method, is independent of the mass resolution of the detector and
only limited by the small energy spread of the
primary cooled antiproton beam. The spin averaged cross section for the p̄p → c̄c is given
by Breit-Wigner resonance parameters (spin
J, mass M and total width ΓR ) as
σBW =

Bin Bout Γ2R
2J + 1 π
(1)
4 k 2 (E − MR )2 + ΓR 2 /4

where E and k are center of mass energy and
momentum, while Bin and Bout are the partial branching ratios for the entrance and exit
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channels. Due to the finite energy spread of
the beam, the measured cross section is a convolution of the Breit-Wigner cross section described above and the beam energy distribution function Bi (E). The averaged production
rate at a given beam energy is given by
Z
µi = Li [ σBW (E)Bi (E)dE + σbg ] (2)
where Li is the instantaneous luminosity, i is
the detector efficiency and σbg is the constant
background cross section. The technique of
resonance scan was used in E835 experiment
at Fermi-lab antiproton facility for the measurement of χc1 resonance in p̄p → χc1 →
J/ψγ reaction [7]. The results of the resonance scan measurement is shown in Fig. 3a
along with the actual beam energy distribution in Fig. 3. The horizontal error bars in
Fig. 3a correspond to the beam energy spread
at each measurement point. Using this scan
method, the most precise measurement of the
mass (3510.719 ± 0.051 ± 0.019) MeV/c2 and
total width (0.876 ± 0.045 ± 0.026) MeV for
the χc1 resonance has been obtained. Similar technique will allow the measurements of
the widths of recently discovered very narrow
states in the charmonium and open charm meson regions for the PANDA experiment.
The PANDA detector is a complex detector
consisting of various subdetectors for tracking
and particle identification with almost complete solid angle coverage. It is designed to
handle high rates (2 × 107 annihilations/s)
with good momentum resolution for various
particles e. µ, π, K and p. The Panda detector consists of a central spectrometer with a
solenoid field and a forward spectrometer with
dipole field. The tracking in the central part
of PANDA is performed by innermost sudetector, which is a micro-vertex detector of Si
pixels and strips followed by a central tracker
which will be tracker of straw tubes (STT).
The detector has the vertex reconstruction capability with a determination of a pointlike interaction region for precision studies, efficient
lepton identication and excellent calorimetry
(both in terms of resolution and sensitivity to
low-energy showers).

FIG. 3: Resonance scan at the χc1 carried out at
Fermi- lab (a) and beam energy distribution in
each data point (b).

Simulation
Framework
Physics Simulation

and

The simulation of a given physics case is
performed in several steps inside the software framework Pandaroot developed for the
PANDA experiment. The Pandaroot software
incorporates methods of event generation, digitization, reconstruction, event selection and
analysis of the simulated data. Event generation with accurate decay models for individual physics channels (using EVTGEN [11]) as
well as various background channels ( using
DPM [12]) have been incorporated. The particles in the generated events are tracked inside the complete PANDA detector using the
transport codes GEANT3/GEANT4. Subsquently, in the digitization step the response
of the individual detectors, signals generation
and processing in the front end elctronics is
modelled. The reconstruction and identification of charged and neutral particle lists of
particle candidates for the physics analysis is
performed finally.
High level physics analysis tools which allow
to make use of vertex and kinematic fits and to
reconstruct full decay chain in various physics
cases have been recently developed and tested
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FIG. 4: Proper Lifetime distribution for the
reconstructed Ds± candidates.The slope gives a
proper lifetime value of (150 ± 4) µm in good
agreement with the PDG value (cτ = 147 µm)
with which the events were generated.

FIG. 5: The J/ψ mass without and with the kinematic fit . On the right side of the figure the
probability distribution of the fit is shown.

for Pandaroot. The efficient reconstruction of
the primary and secondary vertex is crucial
for many topics of simulation and data analysis in the PANDA physics program. The algorithms based on kinematic constraints by
the Lagarange multipliers [13] for the vertex and kinematic fitting have been implemented within the Pandaroot software package. Ds± mesons using the simulated events
from the reaction pp̄ → Ds± Ds∗ ∓ . The decay particle Ds± has been reconstructed in the
Ds± → π ± K + K − decay modes. The proper
lifetime distribution for the reconstructed Ds±
particles obtained using the 4-momentum of
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the vertexed particle obtained at the vertex
point, is shown in the Fig. 4. A fit to the
proper time distribution is performed using
the function which is the convolution of an
exponential and a Gaussian (with the width
derived from the fit to the residual of the position distribution). The slope gives a decay
length value of cτ = 150 ± 4 µm which is in
good agreement with the PDG value of cτ =
147 µm. The fitting procedure provides the
quality of the vertex fit in terms of a normalized χ2 probability distribution.
In addition to the vertex fit, the possibility to include other kinematic constraints
such as mass constraint, total momentum constraint, total energy constraint, four momentum constraints etc. have been developed and
tested. Depending on the physics case, one or
many constraints can be used for the analysis.
For testing the kinematic fit, the simulations
have been performed with events generated
in the p̄p collisions at the centre of mass energy corresponding to ψ(2S) resonance. After
reconstruction of J/ψ resonance through the
J/ψ → e+ e− decay channel, a 4-momentum
kinematic fit using the energy momentum of
the initial p̄p system has been performed. The
kinematic fitting leads to improved track parameters for the daughter particles and a better resolution of the mass for the J/ψ resonance as shown in Fig. 5. The fit probability
distribution for applyig the quality cuts is also
shown in Fig. 5.

Summary
Studies of hadronic bound systems consisting of a charm quark will lead to new insights
into the QCD at large disntance scale and
confinement of quarks and gluons. A large
number of new charmonium like states and
few open charm mesons have been discovered
which can not be explained by the current theoretical expectations. Precision measurement
of these states are planned in the PANDA experiment at the FAIR facility. Advanced analysis tools for the data analysis have been developed and simulation studies for a few bench
mark channels have been performed.
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