
Update on the Physics Perspectives of  PANDA  
 
 
The long-range plan of NUPECC for the European hadron physics community of the year 2010 identifies three 
major areas in hadron physics as prime goals for the future. Those are ‘Hadron Spectroscopy’, ‘Hadron Structure’ 
and ‘Hadronic Interactions’. The PANDA  experiment by design can contribute to all of these. The reason why 
these areas have been identified as prime targets for research by NUPECC is that they are rapidly developing in 
terms of new interesting experimental results and in terms of theoretical understanding. Therefore it is obvious 
that the physics case for  PANDA  has been strengthened and gained additional perspectives. The scope of this 
paper is to demonstrate this on a few examples in each of the areas.  
 
 
Spectroscopy of X, Y and Z states 
 
The initial discovery of the charm quark in the 1970s was followed by the discovery of a quick succession of 
charmonium states with relatively narrow widths. The narrow widths indicate a long lifetime of the states, which 
results from the fact that charmonium states below the open-charm decay threshold of 3.73 GeV (i.e., twice the 
mass of the D-mesons) must decay through the annihilation of the  pair. The spectroscopic investigation of 
these experimentally clean charmonium states deserves major credit in the development of Quantum 
Chromodynamics (QCD), the theory of the strong interaction.  
 
The total widths in these charmonium decays have traditionally been described in terms of annihilation into 
gluons, using the corresponding formulas for positronium annihilation into photons, but with αs vertices and 
combinatorial color factors. It was the spectrum of particles consisting of the fourth generation of quarks (charm) 
and later the fifth generation (bottom) that lent strong support to the viewpoint that mesons could be understood 
in a way analogous to positronium in the electroweak interactions. In its simplest form, the resulting potential 
contains a Coulomb-like part based on a one-gluon exchange (OGE) and—special to the strong interaction—a 
part describing the observed confinement:  
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The narrow width of the charmonium states and the fact that they are well separated without interfering amongst 
each other allowed for precise theoretical calculations to be made. Even the simple-minded OGE complemented 
with a spin-dependent Breit-Fermi Hamiltonian and a spin-orbit term gave a very good description of the 
charmonium spectrum as it was known before 2003. Thus the case of charmonium physics seemed to be closed. 
 
From the theoretical side, however, it is questionable whether the concept of “free” gluons is valid in QCD. It 
seems much more reasonable to describe the binding of the quark-antiquark pair by a flux of multiple gluons 
confined to a tube due to the gluon self-interaction, as already mentioned earlier.  
 
Interest in charmonium physics got a big boost again in 2003, when the Belle collaboration found an unexpected, 
very narrow state in the J/ψπ+π− invariant mass spectrum, called X(3872). The latest spectrum from Belle is 
shown in figure 1 [1]. 
  

 
 

Figure 1: The J/ψπ+π− invariant mass distribution for charged (left) and neutral (right) B decays. 
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The properties of this state according to the Particle Data Group [2] are 
 

M = 3871.68 ± 0.17 MeV 

Γ < 1.2 MeV 
 
The Belle collaboration gives as a likely JPC assignment 1++ or 2−+. In particular this assignment makes it, together 
with the narrow width that is so far known only as an upper limit, unlikely to be a conventional charmonium state. 
What else could it be? It is interesting to recognize that it lies within 0.5 MeV of the  threshold, and 
nowadays we know that it decays into J/ψπ+π– and J/ψπ+π–π0 with similar rates. The proximity to a threshold 
makes it a prime candidate for a hadronic molecule. Molecules are weakly bound states of at least two hadrons 
and nuclei. Here hypernuclei could be considered as well-known examples.  
 
If such hadronic molecules indeed exist, they should appear in the vicinity of a two-particle threshold or between 
two close-by thresholds, where attractive S-wave interactions can bind a pair of mesons or where a meson and a 
baryon form this type of resonance. Given this rich set of possibilities, it is one of the mysteries of QCD that so 
far only quark-antiquark and three-quark states have been firmly established. 
 
Obviously the characteristics for a molecule should be that its mass is slightly less than the mass of the free 
constituents, due to the binding energy. The interpretation of the state depends critically on the measured values 
of the state’s properties. Various calculations show that depending on what kind of object the X(3872) is, 
different dispersive effects would result in different line shapes [3, 4].  
 
The additional measurement of B decays from BaBar is significantly worse and does not help the situation. How 
about hadron colliders? The CDF collaboration studied the X(3872) in J/ψπ+π− decays. They observed  
approximately 6000 X(3872) events in antiproton-proton collisions at = 1.96 TeV [5] (see figure 2), showing 
a remarkably strong coupling of this state to . The D0 collaboration confirms the result of CDF [6]. The 
newest results from LHCb [7] still have a slightly bigger error, but are compatible with the other results. 
 

 
  

Figure 2: Invariant mass distribution of the X(3872) candidates. The points show the data distribution, the full line is the 
projection of the unbinned maximum-likelihood fit, and the dashed line corresponds to the background part of the fit. The 

inset shows an enlargement of the region around the X(3872) peak. Residuals of the data with respect to the fit are displayed 
below the mass plot. 

 
 
The mass value of M = 3871.68 ± 0.17 MeV brings the world average of the X(3872) mass within a mass 
difference of -0.05 ± 0.27 MeV to the sum of masses of the D0 and D*0 [2]. Unfortunately the value for the width 
given by Belle is just an upper limit and has little chance of being improved upon in the immediate future because 
it is given by the detector resolution; thus a precise determination of the line shape is unthinkable at present.  
 
PANDA  will change the data situation dramatically. It will scan the parameters of the resonances in formation 
mode, making use of the excellent momentum resolution Δp/p=10−4-10−5 of the HESR beam. This technique has 
proven to be very successful in the Fermilab experiment E835 inside the Fermilab accumulator [8]. Since the 
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parameters of a resonance show up as a formation rate as a function of the center-of-mass energy, the quality of 
the measurement depends not on the energy resolution of the detector but on the quality of the beam, which is 
much easier to control. A simulation and the reconstructed line-shape spectrum is shown in figure 3 for three 
different assumed widths of the X(3872). 
 
 
 

 
 

Figure 3: Reconstructed cross section distributions corresponding to the three assumed input widths for the X(3872) of 
0.136 MeV, 0.5 MeV and 1 MeV. The blue curve corresponds to a specific fit function. 

 
One particle that is definitely not a charmonium state or a traditional meson is the Z+(4430). This was discovered 
by Belle in the Kπ±ψ’ channel (see fig. 4) [9]. This state carries electric charge and thus cannot be a charmonium 
state even though it must contain a  pair due to its decay into ψ’π+. It is an obvious candidate for a multiquark 
state. Two more things are remarkable about the Z+(4430): its decay into J/ψπ+ is not observed, which might be 
indicative of a certain selection rule, and the width is again rather narrow. It is exactly this narrow width that 
allowed Belle to rebuke the claim made by the BaBar collaboration that the signal is caused not by a resonance 
but by interference effects in the Kπ channel. However, the presence of possible interference effects in the Dalitz 
plot cannot be excluded in B decays, where the K* are naturally present. To finally resolve the issue, one has to 
go to different channels.  
 

 
 

Fig. 4: The π±ψ’ invariant mass spectrum for B → K π±ψ’ decays. The fit shows a Breit-Wigner and a phasespace-like 
background. The blue area shows the estimated background. 

 
 
PANDA  can study the Z+(4430) in both production and formation experiments. In the production experiment, the 
Z+(4430) would be produced, e.g., in the reaction . The subsequent decay chain is then: 
 

Z+(4430) → ψ(2S)π+ → J/ψπ+ π− π+ → e+e− π+ π− π+ 

 
The reconstruction efficiency for this channel with the PANDA detector has been studied in Monte Carlo 
calculations and is 24%. 
 
Furthermore, the Monte Carlo study shows that the Dalitz plot for the above-mentioned channel is clean and 
almost background-free (figure 5) due to the presence and effective detection of the J/ψ in the decay chain. Two 
high-energy electrons can be clearly identified and distinguished from pions by their shower in the EMC, and 
together the electrons must have a very narrow invariant mass; both conditions are extremely hard to mimic in 
any background reaction.  
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pp→ Z + (4430)+π −



 
 

Figure 5: The ψ(2S)π Dalitz plot for the reaction with the Z decaying into ψ(2S)π. 
 
The invariant ψ(2S)π mass is shown in figure 6. Since the Z is produced together with an associated pion and 
there are additional pions from the decay ψ(2S) → J/ψ π+ π−, the possibility of a combinatorial background exists. 
However it turns out that for an incoming antiproton momentum of 15 GeV/c, the “incorrect” combination of 
pions has a completely different invariant mass distribution.  
 
 

 
 

Figure 6: The ψ(2S)π invariant mass spectrum is shown by the blue curve. Combinatorial background from the wrong 
association of the 3 pions of the final state leads to the distribution in red. 

 
PANDA  can investigate the Z+(4430) even further by switching to studies of the Z+(4430) in formation mode. 
Due to the charge of the Z, this is only possible by annihilating the antiprotons on a neutron in a deuterium target. 
Experimentally it is no problem to replace the hydrogen gas, for example in a pellet target, with deuterium. The 
reaction to look for in PANDAwould then be: 
 

pd→ Z −(4430)+ pspectator  
↓  

                          ψ (2S)π − → J /ψ  π +π −π −   
 

The reconstruction efficiency for this channel studied in Monte Carlo reactions is 35% and both the invariant 
mass of the Z-(4430) and of the ψ(2S) can be reconstructed cleanly, as shown in figure 7. 

 

 
 

Figure 7: The reconstructed invariant masses of the Z-(4430) and the ψ(2S) in Monte Carlo simulations of an 
antiproton annihilation on the neutron of a deuterium target. 
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Two more charged states like the Z+(4430) were observed by Belle but not by other experiments—the Z+(4050) 
and the Z+(4250), both decaying into π+χc1 [10]. Needless to say, PANDAwill be able to study both states in a 
way similar to that described for the Z+(4430). Additionally two charged bottomonium-like states have been 
found by BELLE [11] in various decay modes, adding to the evidence that the hadronic spectrum is much richer 
than originally thought. 
 
Many more states, most of them above the open-charm threshold, have since been found by several experiments. 
(For a review of this topic, refer, e.g., to [12].) Many of the new states do not fit into the expected charmonium 
spectrum due to their unusual properties or decay patterns. Figure 8 gives an overview of these states in relation 
to the conventional charmonium spectrum.  
 
 
 
 
 
 
 

 
 
 
 
 
 
 
        
 
 
 

 
Figure 8: The established charmonium spectrum is plotted on the left side. The right side shows newly discovered X and Y 

states with unusual properties, whose nature is yet unknown. 
 
 
Decay patterns that result in a charmonium state and a light meson instead of resulting into open-charm particles 
raise the question as to whether one or more of the charmonium states could actually be charmonium hybrids. As 
mentioned earlier, hybrids are quark-antiquark states in which the gluonic degrees of freedom have been excited 
and contribute to the overall quantum numbers. It seems very plausible that such a gluonic excitation could decay 
into a light meson, while the relatively heavy charm quarks stay in place and form a charmonium state. A good 
candidate for a charmonium hybrid is the Y(4260), a state found by BaBar (and subsequently confirmed by Cleo-
c and Belle). The Y(4260) decays into J/ψπ+π−. The quantum numbers are known from the production mechanism 
and must be JPC = 1-- . The   1-- states in this mass region are well-known from previous e+e− studies, and the 
Y(4260) seems supernumerary. Such overpopulation could also be a further indication for charmonium hybrids. 
 
In order to classify all these new particles and to unveil their nature, their quantum numbers need to be 
determined and their decay branching fractions—into the different charmonia and possibly open charm—need to 
be established. For most of these particles, however, the available statistics are insufficient for this (see, e.g., 
Figure 12), and even less so for measuring the line shape of the resonances to get more insight.  
 
It is therefore worthwhile to turn to the question of how progress could be made in the foreseeable future. In e+e− 
annihilations, direct charmonium formation is possible only for states with the quantum numbers JPC = 1-- of the 
photon, namely the J/ψ , ψ′ and ψ(3770) resonances. Precise measurements of the masses and widths of these 
states can be obtained easily by knowing the exact energies of the electron and positron beams. Charmonium 
states with different quantum numbers can be reached via the decay of these resonances or, at higher energies, by 
means of other production mechanisms, such as photon-photon fusion, initial state radiation and B-meson decays. 
 
In comparison, antiproton-proton annihilations can access any quantum number and thus all charmonium states, 
thanks to the multiple gluons present in the process. This was demonstrated by the Fermilab E835 experiment in 
scanning experiments. The scanning technique became available thanks to the development of stochastic beam 
cooling. By scanning a resonance in antiproton-proton annihilations, the masses and widths of all charmonium 
states can be measured with excellent accuracy, since they can be determined through the very precise knowledge 



of the initial antiproton and proton beams and are therefore not limited by the resolution of the detector. As 
outlined above, such precision data are necessary to progress further in understanding the conventional 
charmonium system and the underlying forces. Compared to previous experiments and in order to ensure success, 
such an antiproton facility should have: 
 

• up to ten times higher instantaneous luminosity (L = 2×1032 cm−2s−1 in high-luminosity mode, compared to 
2×1031 cm−2s−1 at Fermilab); 

• better beam momentum resolution (Δp/p = 10−5 in high-resolution mode, compared with 10−4 at Fermilab); 
• a better detector (higher angular coverage, the presence of a magnetic field, the ability to detect the hadronic 

decay modes and to do particle identification). 
 
PANDA  and the FAIR antiproton facility were designed keeping these numbers in mind. 
 
What are the cross sections we can expect in PANDA ? Very little is known in particular for the production cross 
sections of charmonia, where the charmonium state is associated with an additional meson in the  annihilation 
process. Therefore we tried to estimate charmonium production cross sections by using the decay ψ → m  
(where m represents any meson measured), where the results are known and related to the annihilation process by 
crossing symmetry [13]. This method was refined in a second paper in a hadron pole model [14]. The predicted 
cross sections vary between 100 pb and 20 nb. Given an integrated luminosity of  
 

 
L dt = 8pb−1 / day∫   

 
for the PANDA  experiment, we can expect between 100 and several thousand charmonia per day in production. 
The formation cross section is then usually 2-3 orders of magnitude bigger for narrow states. This estimate should 
also apply to QCD exotics, since we know from previous LEAR experiments and high-energy antiproton collider 
experiments at Fermilab that exotics are produced with cross sections similar to those of normal mesons.  
 
 
Nucleon Structure from electromagnetic processes in PANDA 
	
  
The absorption and radiation of real or virtual photons by the electromagnetic charges inside a strongly 
interacting system reveals the structure of quark currents in the space like regime. Since momentum and space are 
conjugate variables, one finds in many cases that the Fourier transform of momentum dependent observables 
measured in lepton scattering yield distributions in space. With the relatively weak coupling strength of the 
electromagnetic interaction of α ~ 1/137, resulting in a dominating one photon exchange, a clean factorisation of 
the probe and the system under investigation is possible after some small radiative corrections. This is true for 
processes with photons or charged leptons in the initial or in the final state. Typical examples being electron 
scattering or observation of lepton pairs from decays or Drell-Yan type processes.  
 
Absorption and emission of real photons has been studied extensively in elastic and inelastic processes and has 
contributed significantly to our current understanding of hadrons, which is available as form factors and structure 
functions. While virtual photons in lepton scattering access only momentum transfer values of the probing photon 
which are negative (space-like) or equal to zero (real photons), the interval of positive momentum transfer (time-
like) accessible in antiproton annihilation processes is basically unexplored. The available antiproton rates at 
CERN and Fermilab for example have limited the available relative accuracy for the separation of the 
electromagnetic form factors in the time like domain to about 50% while present accuracy in the space like 
domain ranges from 1% to 3%. 
  
The upcoming FAIR facility with its high energy storage ring HESR and the high luminosity stored antiproton 
beam opens here a new window into electromagnetic hadron structure which is intimately connected to the space-
like region due to the fact that the matrix element for the accessible observables is the same. The extension of 
form factor measurements to the so called time-like region separating the magnetic and electric components can 
be performed with an order of magnitude improvement compared to existing world data by using the antiproton 
beam at FAIR. Moreover, form factors are observables that can probe our understanding of the nucleon structure 
in the regime of nonperturbative QCD as well as at higher energies where regime of perturbative QCD sets in.  
 
The matrix elements are analytic functions of the four-momentum transfer q2. In the Breit frame, space-like FFs 
have concrete interpretations, since they are the Fourier transforms of the spatial charge and the magnetization 
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distribution of the proton. Their slope at q2 = 0 (GeV/c)2 directly yields the charge and magnetization radius of the 
proton. In time-like region, their Fourier transform corresponds to the response of the nucleon in the time domain. 
That way two complementary aspects of nucleon structure can be studied and ask for a full and complete 
description of the electromagnetic form factors over the full kinematical range of q2.  
 
The experimental determination of the electromagnetic form factors of the nucleon has triggered large 
experimental programs at all major facilities since they have long served as one of the testing grounds for our 
understanding of nucleon structure ranging from the low q2 regime of QCD up to the high energy perturbative 
regime. Basically, all models of nonperturbative QCD, which are using effective degrees of freedom, have been 
used to estimate the nucleon form factors. For example, different constituent quark models, skyrmion type of 
models, bag models and more recently a framework like chiral perturbation theory and lattice gauge theory have 
been applied. Due to its analyticity space-like and time-like form factors are intimately connected by the 
application of dispersion relations, which are an application of Cauchy's integral formula. Perturbative QCD 
makes predictions for the large q2 behaviour of the connection between space-like region and time-like region. 
Space-like form factors are connected to recent developments using nonperturbative generalized parton 
distributions.  
 
The interest in the time-like form factors of the nucleon has been renewed by recent measurements at JLAB using 
the polarization transfer and target asymmetry method, showing that the ratio of R = µGE/GM deviates from unity 
and is in contrast to the results derived from Rosenbluth separation technique. While this discrepancy is most 
probably connected with radiative corrections, it has been shown, that the polarization transfer method is much 
less sensitive to those effects. It seems that GE is approaching zero around a q2 of 8 (GeV/c)2 while GM follows a 
dipole form factor indicating that the charge distribution has a hard surface in contrast to the magnetization 
distribution. 
 
This surprising result has reopened the question on the determination of GE and GM in the time-like domain, 
which are complex functions. Almost all experiments so far have determined |GE|/|GM| in the time-like domain 
with very low statistics. They have been forced to use the hypothesis of equality between GE and GM in time like 
domain, which is largely questioned now due to the JLAB results in space like domain. Only two experiments had 
enough statistics to determine the ratio of |GE|/|GM| independently from any hypothesis and which have so far 
reached contradicting results with large experimental uncertainties. The determination of the electromagnetic 
form factors in the time-like domain at low to intermediate momentum transfer is therefore regarded to be an 
open question. Fig. 1 shows the world data for an effective electromagnetic form factor together with the expected 
accuracy from the PANDA  experiment [15]. Data have been analyzed under the assumption that GE = GM due to 
lack of statistics (left). The ratio R = GE/GM has been extracted from experiments at LEAR and more recently by 
the BABAR experiment. Fig 1 (right) shows the result of simulations for the PANDA  experiment together with 
the world data.  
 
 

 
 

Figure 9: Left: q2 dependence of the world data on the effective proton form factors in the time like regime, |GM |, as 
extracted from the annihilation cross section assuming |GE | = |GM |: Simulations for the PANDA detector (full black squares) 

correspond to an integrated luminosity of 2 fb−1, errors are statistical only. Right: Expected statistical precision on the 
determination of the ratio R, (yellow band) for R = 1, as a function of q2, compared with the existing data from Refs. [16] 

(triangles) and [17] (squares). Curves are theoretical predictions (see text).	
  

	
  



 
 
 
 
The PANDA experiment at GSI/FAIR offers a unique opportunity to determine the moduli of the complex form 
factors in the time-like domain, by measuring the angular distribution of the process pbar-p -> e+e- in a q2 range 
from about 5 (GeV/c)2 up to 22 (GeV/c)2. The PANDA experiment is planned to have unprecedented luminosity 
and rich particle identification capabilities, which are necessary in order to discriminate against the very large 
background of pbar p -> π+ π- which is about 106 times higher in cross section. In the framework of the PANDA
physics performance report, we just have shown, that a clean measurement of the time like electromagnetic form 
factors is possible with unprecedented accuracy.  
 
Any possible two-photon exchange contribution in the time-like domain, which is regarded to be one of the 
radiative correction processes responsible for the discrepancy between Rosenbluth and polarization transfer 
method in the space-like regime, can be detected in the same measurement since it introduces a forward-backward 
asymmetry in the angular distribution which otherwise is symmetric in one-photon exchange.  
 
We have recently shown in extended simulations, that the e+e--pair from the virtual, time-like photon can be very 
well separated from the hadronic background using the particle identification capabilities of the PANDA  detector. 
This can be applied to a wide variety of time-like electromagnetic structure observables with a virtual photon in 
the final state, decaying to a lepton pair. It opens a window to a rich variety of time-like electromagnetic 
processes in antiproton annihilation, which complements the lepton scattering observables. Apart from form 
factors a wide field of electromagnetic observables that have successfully been studied in space like momentum 
transfer range can be studied. The study of these processes for measurements at the GSI/FAIR facility with high 
energy antiproton annihilation reactions in PANDA  is one of the goals of this research area.  
 
Polarization degrees of freedom, either on the target side or with a transversely polarized pbar-beam would allow 
to access the imaginary part of the complex form factors. For example, with a transversely polarized target only 
one could already determine the phase difference of the two form factors. Other parts of the PANDA  scientific 
program would benefit largely from this. In the investigation of baryon-antibaryon production the helicity 
amplitudes to be measured can be reduced to the half. Part of the hadron transverse helicity structure functions 
could be measured already at the HESR with unpolarized antiproton beam and a transversely polarized hydrogen 
target. A feasibility study with the production of a prototype superconducting thin counter solenoid is one of the 
work packages of this research area. 
 
A large experimental activity is coming from B-factory e+e—colliders where the energy is fixed to a bbar-b-
resonance. The process of initial state radiation (ISR), where the variable energy γ from an initial state electron is 
used in order to "scan" the q2 of the virtual photon probing the form factors, is used at those B-factories. The 
BABAR experiment has recently published results for the ratio R=|GE|/|GM|, but is penalized by the fact, that the 
luminosity for the ISR-process is suppressed by factors of 105 to 106 as compared to the direct e+e--luminosity and 
cannot so far compete with the proposed measurement at PANDA . 
 
An analog process to ISR would be the emission of a π by one of the hadrons (pbar or p) in the initial state which 
would lower the q2 of the virtual photon at the annihilation vertex. That way, one could reach the otherwise 
inaccessible range below the threshold and measure the form factors down to lower q2 below threshold. Vector 
meson dominance and hypothetical baryonium states could be accessed that way. Another possible extension of 
the program could be a possibility to access the axial form factor in time-like domain, by using a neutron 
(deuteron) target. In analogy to electro-pion production, the chiral ward-identities could be used here to extract 
the axial form factor in the time-like domain, for which no data exists at all. We have performed first estimates of 
cross sections for both, subthreshold electromagnetic form factors and axial form factor measurement, but more 
theoretical work and simulations is necessary.  
 
There are a number of nucleon structure observables, which have been developed in recent years only and which 
are accessible in antiproton annihilation reactions. The transition distribution amplitudes (TDA) [18] are new 
universal nonperturbative objects describing the transition between two different particles. They are an extension 
of the concept of general parton distributions (GPD) [19], which contain information about nucleon structure. The 
proton-to-meson TDA are defined from the Fourier transform of a matrix element of a three-quark light-cone 
local operator [20]. The TDA can be used to calculate the cross section of hard exclusive processes. Leading-twist 
amplitudes can be factorized in a perturbatively calculable process at quark level convoluted with the non-



perturbative object, which are the TDA. Due to this non-perturbative character, the TDA can not yet be calculated 
ab initio. Therefore models had to be constructed. There exist models that describe baryonic TDA in terms of 
spectral functions known as quadruple distributions, using chiral symmetry and the extension of soft pion 
theorems for pN TDA as a boundary condition. One may also construct a simple resonance exchange model for 
pN TDA considering N and D(1232) exchange contributions. A reasonable two-component model [21] contains 
both a factorized ansatz for quadruple distributions with input from the soft pion theorem and a contribution from 
the nucleon exchange in the u-channel of the reaction. The experimental way of testing the validity of the TDA 
approach is to measure the cross section for hard exclusive processes and compare the experimental results with 
the values given by the calculations done using the TDA model. 
 
The validity of this approach and its s-dependence can be investigated in PANDA  by measuring the cross section 
of  pbar p -> e+ e- pi0 and comparing the results with the theory values. Dedicated simulations have been done 
based on the PANDA  simulation framework and the PANDA  detector to study the feasibility of measuring this 
cross section. The main background channel was taken into account. For the simulation of the signal, the event 
generator was based on the cross section calculation available using the TDA approach. This calculation is done 
for zero transverse momentum of the pion. Very good background suppression has been reached based on the 
particle identification capabilities of the PANDA  detector and kinematical constraints. The background to signal 
cross section ratio was chosen to be 106 following the average value taken for the study of the electromagnetic 
form factors. The results showed that the signal cross section can be measured with a relative error of about 8% in 
the worst case, sufficient precision for a first comparison to the predictions given in the TDA approach [22]. 
 
PANDA  is an ideal tool to study nucleon structure observables with high precision. The key point is the clean 
separation of a dilepton signal from hadronic background with very high efficiency. One can expect that this 
clean identification of dileptons can be used to measure a whole series of other electromagnetic processes like for 
example Drell-Yan in order to get access to the transverse spin structure functions. 
 
 
 
Physics of doubly strange systems 
 
Precision spectroscopy of ΛΛ Hypernuclei 
 
The recent precision observation of a two-solar mass neutron star [23] significantly constrains the hadronic 
equation of state at high densities. The J1614-2230 pulsar mass of (1.97±0.04) M excludes several soft equations 
of states, many of which contain exotic constituents like quarks or hyperons at high densities (see e.g. [24] and 
references therein). However, our limited knowledge of the hyperon-nucleon, the hyperon-hyperon and the three-
body YNN or YYN interactions and possible charge symmetry breaking in these interactions [25] still does not 
exclude the appearance of hyperons in the inner core of neutron stars [26-30].  
 
The presence of hyperons may not only show up in the neutron star mass but can also play a crucial role in the 
dynamics of the core-collapse supernovae or in neutron star mergers [31]. Non-mesonic weak decays of hyperons 
may control the bulk viscosity of neutron star matter [32], thus regulating the e.g. r-modes instability [33] of 
pulsars and may leave fingerprints in the emission of gravitational waves [34]. 
 
Nuclei containing one or more strange baryons are unique in their potential of improving our knowledge on the 
strange particle-nucleus interaction in a many-body environment. Combined with modern ab initio nuclear 
structure calculations (see e.g. [35] and references therein) or in the not too far future even Lattice QCD 
calculations [36], this knowledge is essential to derive eventually a more general and self-consistent description 
of the multi-baryon-baryon interaction. It must be remarked that the ΛΛ hypernuclei are the only systems, which 
allow studying the ΛΛ interaction since e.g. the final state interaction of two lambda hyperons produced in 
energetic heavy ion reactions suffers from the ambiguity of the spatial dimension of the emission zone. Since a 
simultaneous implantation of two Λ hyperons is not possible, a ΛΛ hypernucleus, also called Double 
Hypernucleus (DH), is created by the reaction Ξ− + p → Λ + Λ inside a nucleus. Other creation mechanisms, 
involving two-step processes, are possible but their cross sections are small [37]. By measuring the binding 
energy of the DH the ΛΛ interaction energy can be obtained. Measurements of several hypernuclei are needed in 
order to obtain a satisfying knowledge about the core of the ΛΛ interaction. Nowadays, the set of available data is 
scarce: since the discovery in the 60’s, the most recent contribution came from the KEK-E373 experiment [38-
40]. Nevertheless, the total data collection includes less than ten individual double hypernuclei.  
 



Particularly in heavier nuclei the Pauli principle suppresses the pionic decay of the Λ hyperon inside the nucleus. 
In this situation ΛN → NN and ΛΛ→ Λn are allowed, opening a unique window for the four-baryon, strangeness 
non-conserving weak interaction. In double hypernuclei the non-mesonic decay mode can shed light on the ΛΛ 
weak interaction e.g. the ΛΛK vertex [41-43]. The hyperons and nucleons are emitted with quite high momenta 
and should be easily detectable [44]. 
 
 
Hyperonic atoms 
 
The exotic atoms belong to the class of the hadronic atoms. They are formed by capture of the hyperon nearly 
at rest into an atomic orbit, in general in a highly excited level. After capture, they cascade emitting Auger 
electrons or X-rays. When the lowest levels are reached, the hadronic wave function overlaps the low density 
region of the nuclear matter. The lowest levels are shifted and broadened by this strong interaction, which adds to 
the Coulomb potential. The detection of X-rays emitted during the transitions permits measuring these shift and 
width allowing to determine the nuclear potential in the peripheral region of the nucleus, where the nuclear 
density varies appreciably [45]. Data from different atoms are needed to have a deep insight into the nuclear 
potential. 
 
 
Antihyperons in nuclei 
 
Quantitative information on the antihyperon potentials relative to that of the corresponding hyperon may be 
obtained via exclusive antihyperon-hyperon pair production close to threshold in antiproton-nucleus interactions 
[46-48]. Once the hyperon as well as the coincident antihyperon leave the nucleus and are detected, their 
asymptotic momentum distributions will reflect the depth of the respective potentials. However, since in the 
antiproton-proton center-of-mass the distribution of the produced baryon-antibaryon pair will usually not be 
isotropic, the analysis can rely only on the transverse momenta of the outgoing baryons [46]. 
 
At the expected ΛΛbar detection rates at PANDA , measurement periods of a few hours will be sufficient to 
reach a good statistical uncertainty of the potential difference [46]. Given the relative large cross section for 
pbarp → ΞΞ at 2.9 GeV/c of ∼1µb the sensitivity of the transverse asymmetry is sufficiently large to explore the 
ΞΞ pair production at the future FAIR facility with a few days of data taking. The angular dependence of the 
momenta of the produced hyperons and antihyperons may allow studying directly the momentum dependence of 
their respective potential(s). Since most of the hyperons are created in the nuclear periphery at subsaturation 
density, a neutron skin of neutron rich target nuclei may help to explore different effective potentials. 
 
These measurements need a complex nuclear target within the HESR. However they require only a limited 
luminosity and – compared to e.g. charmed particle reconstruction – the demands on vertex reconstruction are 
moderate. Therefore, such measurements may be ideally suited in an early stage of the PANDA  commissioning.   
 
Hyperon-proton and antihyperon-proton scattering 
 
The PANDA experiment offers a high rate for pair production of charged hyperons like pbarp → Σ+Σ- or 
pbarp → Ξ+Ξ-. Close to threshold, where no additional particles are produced, the momenta of the hyperon and 
the antihyperon as well as their polarization are correlated.  Detecting one of the two particles in PANDA and 
determining it’s momentum, one could search for antihyperon (or hyperon) scattering events of the associated 
particle of known momentum in a secondary (CH2)n target. Since hyperon decays are self-analyzing, also 
polarization dependent scattering may be within reach. 
 
The Quest for the H-particle 
 
Another burning topic intimately related to the physics of double strange system is the so called H-particle, i.e. 
the spin and flavor singlet six quark state uuddss. Proposed more than 3 decades ago [49] and expected to be 
bound by many theoretical models [50]. This boson could even make its appearance in the center of a neutron 
star. The story of the H-dibaryon moved into the spotlight again, when recent high statistics lattice QCD studies 
of various hyperon-nucleon and hyperon-hyperon channels revealed exclusively in the ΛΛ channel a hint for an 
attractive interaction [51]. The H-dibaryon was finally revived by lattice QCD calculations of the NPLQCD [52] 
and the HAL QCD [53] collaborations, both providing evidence for a bound state, though at pion masses larger 

Ξ−



than the physical one. A chiral extrapolation of calculations to the physical mass suggested a H-dibaryon unbound 
by (13±14) MeV [54] while the NPLQCD collaboration could not (yet) discriminate between a bound H-dibaryon 
or a near-threshold scattering state [55]. The coupling of the ΛΛ, ΞΝ, and ΣΣ channels may introduce additional 
uncertainties to the extrapolation procedure [56].  
 
A bound H-particle escaped experimental verification so far. A possible enhancement of the ΛΛ production near 
threshold [57] could suggest a weakly unbound H-dibaryon, but the statistics of this experiment is unfortunately 
still rather limited. At present the only solid limit on the binding energy of the H-particle comes from double ΛΛ 
hypernuclei. Their binding energies mark upper limits for that of the H-dibaryon. Since the mass of the H-
particle might drop inside a nucleus [58-61] and due to the small mass difference between Λ−Λ and Ξ-N, it might 
be possible to observe traces of an H-dibaryon even if it is unbound in free space by a precise study of the energy 
levels in double hypernuclei. 
 
 
Production of S=-2 systems at FAIR 
 
ThePANDA  Collaboration will exploit HESR antiprotons to produce  by means of the following reactions:  

 
p + p→Ξ− +Ξ+ and p + n→Ξ− +Ξ0  

 
the momentum threshold of these processes is pp ≈ 2.6GeV/c. This approach is alternative to the use of a K− 
beam employed in the past and foreseen for the new J-PARC experiments [62]. 
 
A dedicated setup will be used for these measurements consisting of a primary target inside the storage ring, and 
an assembly of layered Si-µstrips and secondary targets, located all around the beam pipe.  
 
The Ξ− s are produced in the primary target, where they undergo a strong deceleration by scattering inside the 
primary target nucleus.  After emission they are stopped in the secondary targets. The rate of stopped to produced 
hyperons depends on the geometry of the secondary target and a preliminary estimate for a homogeneous carbon 
target give results of the order of 10−3 [49]. After stopping, Ξ− exotic atoms and ΛΛ  hypernuclei can be formed. 
Several particles will be present in the final state of the this processes:  
 

i) X-rays from the atomic cascade,  
ii) γ-rays from the nuclear capture,  
iii) γ-rays from the deexcitation of the ΛΛ hypernucleus   
iv) pions and nucleons from the weak decay of double-hypernuclei. 

 
Charged particles, produced in the Ξ− interaction, will be detected by the Si-µstrips interleaved with the 
secondary target layers; anti-hyperon (Ξ+ ,Ξ0 ) annihilation products will be measured by the PANDA  general 
tracking apparatus and will be used as a tag of the Ξ−  production. The X- and γ-ray spectroscopy will be 
performed using a set of HPGe detectors.  
 
It must be noticed, that the present design of the secondary target foresees the possibility to have simultaneously 
different target’s materials; in this way the goal of studying double strange systems in different nuclei is fulfilled 
using the same apparatus with the same efficiency and acceptance. 
 
The Ξ−  hyperons are produced inside the internal target by the above-mentioned reactions. For a fixed geometry 
of the secondary target, the DSS production rate depends also on the antiproton beam intensity, and on the 
dimensions and materials of the internal target. In order to insert a solid target inside a storage ring, a number of 
constraints have to be satisfied, due to the beam lifetime and to the overwhelming background, which impinges 
on the detectors. In order to avoid that the background from the antiproton annihilation blinds the detectors, the 
technique of slowly steering the beam onto the target will be applied [63].  
 
It is important to underline that the availability of the RESR could allow to recover the time of collection and 
preparation of the antiproton bunch inside the HESR, with a gain of at least a factor 2 in the antiproton’s intensity.  
 
Another facility in the world, J-PARC [65] (Japan Proton Accelerator Research Complex), plans to investigate the 
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S=-2 systems, using high intensity kaon beams. The first data acquisitions are foreseen after 2014, on the K1.8 
beam line and some 104 stopped Ξ− are expected [66]. The same goal can be reached in PANDA  in few days of 
data taking, with the advantage of performing a systematic study of different nuclei. It should be stressed, 
however, that the activities at FAIR and JPARC are also widely complementary: 
 
• With the emulsion-counter hybrid technique at JPARC only ground state properties of double hypernuclei 

can be studied. At PANDA , we will investigate the excited level structure of these nuclei with high 
precision. Furthermore, the detection of the pions from the weak decay will also provide information on the 
ground state masses at PANDA . 

• The spectroscopy of Ξ-atoms complements the search for Ξ-hypernuclei in the missing mass studies at 
JPARC using the (K-,K+) reaction.   

• At JPARC the scattering experiment with Σ-­‐+ are planned. At PANDA 	
  Σ and Ξ hyperons as well as their 
antihyperons can be scattered on protons with defined momentum. 

• Pair production with antiprotons at PANDA 	
  will be a unique method to obtain information on the potential 
of antihyperons, e.g.  Ξ, in nuclei.   

 
 
Operation of PANDA and HESR in the Modularized Start Version 
 
At FAIR (Modularized Start Version 0-3) the antiprotons are collected in the CR at a rate of 107 p /s up to a stack 
of 108. Then, they are cooled for 10 s and transferred to HESR. This operation is repeated until 1010 antiprotons 
are accumulated in the ring requiring 1000 s. This bunch is pre-cooled, accelerated/decelerated, steered and 
squeezed inside the HESR before the target is activated. Then the data acquisition starts and the bunch is 
consumed in a cycle of about 1000 s. Afterwards the collection and injection from CR is repeated. The achievable 
luminosity in this initial setup (without the RESR) will be 2-4 times 1031 cm2/s. 
 
 
Technical Progress of PANDA since 2009 
 
Already in 2008 the first TDR of PANDAwas completed for the electromagnetic calorimeter (EMC) followed by 
the TDR on the magnet systems in 2009. In the past three years since then the focus was on the technical design 
of the central detector systems to bring them to the completion of TDRs. The major paradigm for the PANDA  
systems is to operate at very high rates and perform event selection online in software without a hardware trigger. 
The reason for this lies in the broad physics program and the complex signatures of physics channels. 
 
Large efforts in design work and prototyping lead to the completion of the TDR for the micro vertex detector 
(MVD) at the end of 2011. The design consists in state-of-the-art self-triggering hybrid pixel sensors with low 
material budget surrounded with doublesided silicon strip detectors. Readout ASICs for both are developed within 
the collaboration. 
 
For the central tracker responsible for momentum determination in the solenoidal field two options were 
considered, a low mass straw tube tracker (STT) and a time projection chamber with GEM detectors as readout 
stage (GEM TPC). For both systems prototypes were built and gave promising results. Due to the complexity of 
the GEM TPC the collaboration in fall 2011 took the decision to employ the STT as baseline central tracker. This 
was shortly followed by the completion of the STT TDR in spring 2012. Some of the development work for the 
GEM TPC is however reused for the planar GEM tracker in the forward endcap of the target spectrometer. The 
same concept as for the STT but in planar arrangement is also used for the tracking stations in the forward 
spectrometer.  
 
After conceptual work with the completion of the magnet TDR the basic concept of a range system for muon 
detection based on the usage of a highly segmented return yoke of the solenoid was fixed. In the following years 
the technical details of the muon system were worked out and led to the submission of the Muon System TDR in 
fall 2012. The main detection element are rather robust drift tubes with wire and cathode strip readout. 
 
In parallel the development of the cluster jet target led to a break through reaching record densities for this type of 
target close to the values needed for the design luminosity of PANDA . This was documented in the Target 
System TDR. Concerning the pellet target needed for better IP definition and even higher rates more development 
work is needed and will be put in an addendum to the Target TDR. 



 
For the very challenging DIRC detector design work continued with prototypes and testbeams to assess possible 
options comparing bar shaped and plate-like radiators. Simulation of various focusing concepts are being 
performed. For the endcap disc DIRC a more robust modular concept was worked out. The main issue remaining 
open is the choice of photon detectors which have to be insensitive to magnetic fields and have a long stable 
lifetime. 
 
On the side of the magnet, detailed mechanical design and integration work was performed. For the EMC the 
mechanical engineering of the endcap was completed, a cooling concept with prototypes was worked out and 
realistic prototypes for both barrel and endcap EMC were constructed and tested at various testbeam campaigns. 
A complete readout chain with self triggering frontend electronics with feature extraction was set up and tested. 
Preparations for the construction of the detector system are ongoing. 
 
Finally, for the data acquisition and trigger system much conceptual work was done. On the hardware benchmark 
platform, an FPGA based compute node, algorithms for online track reconstruction were developed. Simulation 
tools to study event overlap and the fully time based streaming of data were developed and are about to be 
employed in large scale simulations. 
 
In summary, PANDA  is well under way with the TDRs of its subsystems and will commence construction once 
the memorandum of understanding has been signed. The procurement of essential components has partly started 
already. Nevertheless, some financial items remain to be resolved within the Resource Review Board meetings. 
To shorten the time to deploy PANDA  at FAIR systems will be pre-assembled and tested at various sites, mostly 
at FZ Jülich.  This will ensure to have the experiment ready in a timely manner to take data once beam is 
available at FAIR. 
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