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Questions PANDA will address
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p̅p and p̅A 
interactions

Nucleon Structure

Charmed and
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Strangeness 
Physics
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How is the

mass of matter


generated?
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matter-antimatter


asymmetry?

Why are quarks

confined in

hadrons?
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• Need for: 
• High luminosity 
• Efficient background suppression 
• Multi-purpose hermetic 4π detector 
• Precise beam momentum  



Location of the PANDA experiment
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• Extension of the heavy ion research center GSI in Darmstadt (Germany) 
to the Facility for Antiproton and Ion Research (FAIR)



Construction of FAIR
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May 2020

January 2020



High Energy Storage Ring
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• Circumference: 574 m 

• Momentum range: 
1.5 - 15 GeV/c 

• Stochastic cooling 

• Quasi continuous beam
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Mode High High Phase 1
Luminosity Resolution

Δp/p 1 · 10�4 2 · 10�5 5 · 10�5

Stored p̄ 1011 1010 1010
L [cm�2s�1] 2 · 1032 2 · 1031 2 · 1031



PANDA detector - Full Setup
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PANDA detector - Day-1 Setup
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• Accessible at PANDA: 

• Time-like Electromagnetic Form Factors 
(lepton pair production) arXiv:1606.01118  

• Transition Distribution Amplitudes 
(meson production) arXiv:1409.0865  

• Generalized Distribution Amplitudes 
(time-like Compton, hard exclusive processes) 

• Transverse Parton Distribution Functions 
(Drell-Yan production) 

Proton Structure
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• Time-like Electromagnetic Form Factors (lepton pair production) 

• Phase-1: 

p̅p → e+e- @ 1.5 GeV/c: ~220/day 

p̅p → e+e- @ 3.3 GeV/c:   ~10/day 

p̅p → µ+µ- @ 1.5 GeV/c: ~170/day
Analytical nature of form factors

Time-like Electromagnetic Form Factors 
(lepton pair production) arXiv:1606.01118

5

Figure 1: Tree-level contributing diagram to p̄p → l+l−.

requires high performance PID detectors and precise mo-
mentum measurement. For example, the information from
the electromagnetic shower induced by different charged
particles in an electromagnetic calorimeter does play an
important role for the electron identification. The kin-
ematic selection suppresses contributions from hadronic
channels with more than two particles in the final states,
as well as events with secondary particles originating from
the interaction of primary particles with the detector ma-
terial. A kinematic selection is also very efficient in sup-
pressing the neutral pions, as discussed in Refs. [11, 18].
Note that the cross section of neutral pion pair produc-
tion, π0π0, is ten times smaller than that of π+π−.

2.1 The signal reaction

The expression of the hadron electromagnetic current for
the p̄p annihilation into two leptons is derived assuming
one-photon exchange. The diagram which contributes to
the tree-level amplitude is shown in Fig. 1. The internal
structure of the hadrons is then parametrized in terms
of two FFs, which are complex functions of q2, the four
momentum squared of the virtual photon. For the case of
unpolarized particles the differential cross section has the
form [15]:

dσ

d cos θ
=

πα2

2βs

!
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τ
sin2 θ|GE |2

"
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where β =
#

1− 1/τ , τ = s/(4m2), α is the electromag-
netic fine-structure constant, and m is the proton mass.
This formula can be also written in equivalent form as [19]:
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where σ0 is the value of the differential cross section at
θ = π/2 and A is the angular asymmetry which lies in the

range −1 ≤ A ≤ 1, and can be written as a function of
the FFs ratio as:
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where R = |GE |/|GM |.
The fit function defined in Eq. (4) can be reduced to a

linear function (instead of quadratic) where σ0 and A are
the parameters to be extracted from the experimental an-
gular distribution. In the case of R = 0, the minimization
procedure based on MINUIT has problems to converge,
while the asymmetry A varies smoothly in the considered
q2 interval. Therefore, it is expected to reduce instabilit-
ies and correlations in the fitting procedure. The angular
range where the measurement can be performed is usually
restricted to | cos θ| ≤ c̄, with c̄ = cos θmax.

The integrated cross section, σint, is:
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Being known the total cross section, one can define an
effective FF as:

|Fp|2 =
3βsσtot

2πα2

&

2 +
1
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' , (8)

or from the integrated cross section, as:
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which is equivalent to the value extracted from cross sec-
tion measurements, assuming |GE | = |GM |.

Literature offers several parameterizations of the pro-
ton FFs (see Refs. [20, 21]). The world data are illustrated
in Fig. 2. In Ref. [11] two parameterizations were con-
sidered. Cross section parameters are extracted from ex-
perimental data of the integrated cross section. BABAR
data [22, 23] suggest a steeper decrease with s.

The Quantum ChromoDynamics (QCD) inspired para-
meterization of |GE,M | is based on an analytical extension
of the dipole formula from the SL to the TL region and
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Alaa Dbeyssi et al.
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Figure 5: Processes for extracting EMFF in the space-like (left) and time-like (right) region. The
low-q2 (q2 < (MB1�MB2)2) part of the time-like region is studied by Dalitz decays, the unphysical
region (4m2

e < q2 < (MB1+MB2)2) by p̄p ! `+`�⇡0 and the high-q2 region (q2 > (MB1+MB2)2)
by BB̄ $ e+e�.

The selection of events from (partly) complete reaction channels, referred to as Physics Analysis,369

is performed based on the combined tracking, PID and calorimetry data using the Rho package,370

an integrated part of PandaROOT. With Rho, various constrained fits such as vertex fits, mass371

fits and tree fits are available.372

4 Nucleon Structure373

Hadron structure observables provide a way to quantify and test non-perturbative QCD in the374

confinement domain. Electromagnetic probes are particularly convenient and have been used375

extensively over the past 60 years. The structure is parameterized in terms of non-perturbative376

observables, e.g. form factors or structure functions.377

Electromagnetic form factors (EMFFs) describe the structure at low energies, corresponding to378

distances of the size of a hadron. EMFFs depend on the four-momentum transfer squared q2 and379

can be either space-like (q2 < 0) or time-like (q2 > 0). Space-like EMFFs are real functions of q2380

and can be studied in elastic electron-hadron scattering. Assuming one-photon exchange (OPE)381

being the dominant process, protons and other spin-1/2 particles are described by two EMFFs: the382

electric GE(q2) and the magnetic GM (q2) form factor, related to the charge- and magnetization383

density, respectively. Time-like EMFFs can be complex and are studied using different processes384

in different q2 regions. In the following, we consider baryons, denoted B, B1 and B2. For unstable385

baryons, the low-q2 (q2 < (MB1 �MB2)2) part of the time-like region is probed by Dalitz decays,386

i.e. B1 ! B2`+`�. For the proton, the so-called unphysical region (4m2
l < q2 < (MB1 +MB2)2)387

can be probed by the reaction p̄p ! `+`�⇡0. For all types of baryons, the high-q2 region (q2 >388

(MB1+MB2)2) can be accessed by BB̄ $ e+e�. If B1 = B2 = B, then the form factors are direct,389

whereas if B1 6= B2, transition form factors are obtained. Space-like and time-like form factors are390

related by dispersion theory. The processes for studying EMFFs at different q2 are summarized in391

Fig. 5.392

At high energies, corresponding to distances much smaller than the size of a hadron, indi-393

vidual building blocks are resolved rather than the hadron as a whole. Here, the factorization394

theorem applies, stating that the interaction can be factorized into a hard, reaction-specific but395

calculable QED part and a soft, reaction-universal and measurable part. In the space-like region,396

probed by deep inelastic lepton-hadron scattering, the structure is described by parton distribu-397

tion functions (PDFs) [31], generalized parton distributions (GPDs) [32, 33, 34, 35, 36, 37, 38]398

and transverse momentum dependent parton distribution functions (TMDs) [39]. In the time-like399
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Hadron Spectroscopy @ P̅ANDA

Miriam Kümmel (RUB)                                                                                                                        ICNFP 202014

• Large mass coverage: ECM = (2 - 5.5) GeV 
‣ Light, strange and charm-rich hadrons 
‣ From quark/gluon to hadronic degrees of 

freedom 

• High hadronic production rates 
‣ Strange and charm factory: 

Discovery by statistics 
‣ Gluon-rich production: 

Potential for new exotics 

• Access to large spectrum of JPC states 
‣ Formation of all conventional JPC states 
‣ Large sensitivity for high spin states 

• Associated hadron-pair production 
‣ Access to open-strange/charm hadrons 
‣ Tagging possibilities 
‣ Near threshold: 

Good resolution and low background

Formation

Production



Exploring Hyperons

Miriam Kümmel (RUB)                                                                                                                        ICNFP 202015

• What happens when replacing one or two light quarks with a strange quark? 

• What are the relevant degrees of freedom? 

• Constituent quark model vs. meson exchange model 

• Which role plays the spin?
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Exploring the hyperon sector

!14

Hyperon production

Strong production dynamics

• Relevant degrees of freedom?

• Strange versus charm sector?

• Role of spin?
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P̅ANDA is a hyperon factory

Miriam Kümmel (RUB)                                                                                                                        ICNFP 202016

• Lot of data on p̅p → Λ̅Λ near threshold recorded mainly by PS185 at LEAR 

• No data on p̅p → Ω̅Ω or , p̅p → Λ̅c Λc 

• Only scarce data above 4 GeV/c
Table 2: Results from simulation studies of the various hyperon production channels. The efficien-
cies are exclusive, i.e. all final state particles are reconstructed.

pp (GeV/c) Reaction � (µb) Eff (%) Decay S/B Rate (s�1)
at 1031cm�2s�1

1.64 pp ! ⇤⇤ 64.0 [94] 15.7 ⇤ ! p⇡� 114 44
1.77 pp ! ⌃

0
⇤ 10.9 [94] 5.3 ⌃0 ! ⇤� > 11 (90% C.L.) 2.4

6.0 pp ! ⌃
0
⇤ 20.0 [104] 6.1 ⌃0 ! ⇤� 21 5.0

4.6 pp ! ⌅
+
⌅� 1.0 [92] 8.2 ⌅� ! ⇤⇡� 274 0.3

7.0 pp ! ⌅
+
⌅� 0.3 [92] 7.9 ⌅� ! ⇤⇡� 165 0.1

4.6 pp ! ⇤K+⌅� + c.c 1 5.4 ⌅� ! ⇤⇡� > 19 (90% C.L.) 0.2
⇤ ! p⇡�

• ⇤̄⇤: p, ⇡�, p̄ and ⇡+.658

• ⌃̄0⇤: p, ⇡�, p̄, ⇡+ and �.659

• ⌅̄+⌅�: p, 2⇡�, p̄ and 2⇡+.660

To reduce the number of background photon signals, additional energy cuts were applied to identify661

the photon from the ⌃̄0 decay [105]. The ⇤ and ⇤̄, that appear in all channels, were identified662

by combining the reconstructed pions and protons/antiprotons and applying vertex fits and mass663

window criteria on the combinations. Furthermore, the decay vertex of the ⇤/⇤̄ was required to664

be displaced with a certain distance from the interaction point. To identify ⌃̄0 or ⌅�/⌅̄+, the ⇤/⇤̄665

candidates were combined with the photons or remaining pions. In the case of ⇤̄⇤ and ⌃̄0⇤, four-666

momentum conservation was used in kinematic 4C fits to further reduce the background. Since667

the ⌅� decays sequentially, a more elaborate method including a decay tree fitter was applied.668

The resulting signal efficiencies are given in Table 2, that also includes the results from the ⌅⇤
669

study described in Section 5.2.2. The expected rates of reconstructed events are calculated based670

on the Phase One luminosity of 1031cm�2s�1 and cross sections from Refs. [94, 104] (⇤̄⇤ and ⌃̄0⇤)671

and Ref.[92]. The signal-to-background ratios (S/B) were obtained by simulating 107 events at672

each energy, generated with the Dual Parton Model [28].673

Figure 8: Signal event topology. The pp initial state produces a ⇤⇤ pair. The hyperons further
decay into ⇤ ! p⇡+ and ⇤ ! p⇡�.

In this work, we have also investigated the feasibility of reconstructing spin observables such as674

the polarization and spin correlations using the methods outlined in Ref. [99]. For the analysis,675

the pp ! ⇤⇤, ⇤̄ ! p̄⇡+,⇤ ! p⇡� sample was used, containing 157000 signal events surviving676

the selection criteria. A sample of this size can be collected within a few hours with the Phase677

One luminosity. The simulated data were weighted according to an input polarization distribution678

Py = sin 2✓⇤ and the spin correlation distributions Cij = sin ✓⇤ (i, j = x, y, z). Symmetry implies679

PY = PȲ which means that the extracted polarization from ⇤ and ⇤̄ can be combined for better680

statistical precision.681

The reconstruction efficiency was accounted for using two different, independent methods: i)682

regular, multi-dimensional acceptance correction as in Ref. [103] and ii) using the acceptance-683

independent method outlined in Ref. [99]. The data were divided into bins with respect to the ⇤̄684

scattering angle. In each bin, the polarization PY and spin correlations Cij were reconstructed.685
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The "̅" → $YY Reaction

• A lot of data on "̅" → $ΛΛ near threshold, mainly 
from PS185 at LEAR.

• Cross sections in the order of tens of μb
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Hyperon Production and Spectroscopy

Miriam Kümmel (RUB)                                                                                                                        ICNFP 202017

• Rich set of polarisation variables 

• Double strange and charm baryons 

• Explore hyperon dynamics 
above 4 GeV 

• Day-1: 

• Reproduce LEAR studies 
at 1.64 GeV/c 

• Extend at 4 GeV and for 
|S| = 2 hyperons 

• Phase-1: 

• Spin correlations in |S| = 1, 2 

• Extend to |S| = 3 and  
charmed hyperons

(a) (b)

Figure 7: (a) The ⇤ decay frame. The opening angle between the polarisation axis and the
outgoing proton ✓p is shown. (b) Production plane of the pp ! ⇤⇤ reaction. The y-axis of the ⇤
decay frame is perpendicular to the production plane. The z-axis is in the direction of the outgoing
⇤ with respect to origin in the center-of-mass frame.

strange and single-charmed hyperons would therefore be immensely important for the development622

of a coherent picture of the role of spin in strangeness production.623

5.1.2 Potential of Phase One624

Previous studies of mainly single-, but also a few double strange hyperon-antihyperon pairs pro-625

duced in antiproton-proton annihilations show remarkably large cross sections within the PANDA626

energy range [100]. This means that large hyperon data samples can be collected within a reason-627

able time even with the reduced luminosity of the Phase One setup. Simulation studies of exclusive628

hyperon production, using a simplified Monte Carlo framework, were performed and presented in629

detail in Refs. [99, 102, 103]. New, dedicated simulation studies of hyperon production have been630

performed for this review:631

• pp ! ⇤⇤, ⇤̄ ! p̄⇡+,⇤ ! p⇡� at pbeam = 1.64 GeV/c.632

• pp ! ⌃
0
⇤, ⌃̄0 ! ⇤̄�, ⇤̄ ! p̄⇡+,⇤ ! p⇡� at pbeam = 1.77 GeV/c and pbeam = 6.0 GeV/c.633

• pp ! ⌅
+
⌅�, ⌅̄+ ! ⇤̄⇡+, ⇤̄ ! p̄⇡+,⌅� ! ⇤⇡�,⇤ ! p⇡� at pbeam = 4.6 GeV/c and634

pbeam = 7.0 GeV/c.635

The beam momenta for the single-strange hyperons were chosen in order to coincide with existing636

data points for benchmark studies. For the double-strange ⌅�, the chosen beam momenta coincide637

with the hyperon spectroscopy campaign (4.6 GeV/c, see Section 5.2) and the X(3872) line-shape638

campaign (7 GeV/c, see Section 6.2.1). In these new simulation studies, a realistic PandaROOT639

implementation of the Phase One conditions was used, though with some simplifications due to640

current limitation in the simulation software: i) ideal pattern recognition, with some additional641

criteria on the number of hits per track in order to mimic the future scenario ii) ideal PID matching,642

to reduce the run-time. It was however shown in Ref. [99] that the event selection can be performed643

without PID thanks to the distinct topology of hyperon events: since the hyperons have relatively644

long life-time (10�10 s) they travel a measurable distance before decaying. This provides a challenge645

in the tracking but also makes the background reduction very efficient.646

Around 106 events were generated for ⇤̄⇤ and ⌅̄+⌅�, whereas 104 events for ⌃̄0⇤. The larger647

event samples in the ⇤̄⇤ and ⌅̄+⌅� cases enable studies of spin observables. In the case of ⌃̄0⇤,648

only a general feasibility study of cross section and angular distribution measurements has been649

carried out so far. The ⇤̄⇤ and ⌃̄0⇤ final states were modeled using parameterizations based on650

data from Refs. [94, 104], where it was found that single-strange antihyperons are very strongly651

forward-going in the CMS system of the reaction. The ⌅̄+⌅� final state has never been studied and652

was therefore generated both with an isotropic angular distribution and with a forward-peaking653

distribution. The results were found to differ only marginally.654

The events were then propagated through the PANDA detector implementation and the data655

were digitized, reconstructed and analysed. The signal events were selected by requiring all stable656

(p, p̄ and �) or pseudo-stable (⇡+ and ⇡�) particles to be found:657
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Table 2: Results from simulation studies of the various hyperon production channels. The efficien-
cies are exclusive, i.e. all final state particles are reconstructed.

pp (GeV/c) Reaction � (µb) Eff (%) Decay S/B Rate (s�1)
at 1031cm�2s�1

1.64 pp ! ⇤⇤ 64.0 [94] 15.7 ⇤ ! p⇡� 114 44
1.77 pp ! ⌃

0
⇤ 10.9 [94] 5.3 ⌃0 ! ⇤� > 11 (90% C.L.) 2.4

6.0 pp ! ⌃
0
⇤ 20.0 [104] 6.1 ⌃0 ! ⇤� 21 5.0

4.6 pp ! ⌅
+
⌅� 1.0 [92] 8.2 ⌅� ! ⇤⇡� 274 0.3

7.0 pp ! ⌅
+
⌅� 0.3 [92] 7.9 ⌅� ! ⇤⇡� 165 0.1

4.6 pp ! ⇤K+⌅� + c.c 1 5.4 ⌅� ! ⇤⇡� > 19 (90% C.L.) 0.2
⇤ ! p⇡�

• ⇤̄⇤: p, ⇡�, p̄ and ⇡+.658

• ⌃̄0⇤: p, ⇡�, p̄, ⇡+ and �.659

• ⌅̄+⌅�: p, 2⇡�, p̄ and 2⇡+.660

To reduce the number of background photon signals, additional energy cuts were applied to identify661

the photon from the ⌃̄0 decay [105]. The ⇤ and ⇤̄, that appear in all channels, were identified662

by combining the reconstructed pions and protons/antiprotons and applying vertex fits and mass663

window criteria on the combinations. Furthermore, the decay vertex of the ⇤/⇤̄ was required to664

be displaced with a certain distance from the interaction point. To identify ⌃̄0 or ⌅�/⌅̄+, the ⇤/⇤̄665

candidates were combined with the photons or remaining pions. In the case of ⇤̄⇤ and ⌃̄0⇤, four-666

momentum conservation was used in kinematic 4C fits to further reduce the background. Since667

the ⌅� decays sequentially, a more elaborate method including a decay tree fitter was applied.668

The resulting signal efficiencies are given in Table 2, that also includes the results from the ⌅⇤
669

study described in Section 5.2.2. The expected rates of reconstructed events are calculated based670

on the Phase One luminosity of 1031cm�2s�1 and cross sections from Refs. [94, 104] (⇤̄⇤ and ⌃̄0⇤)671

and Ref.[92]. The signal-to-background ratios (S/B) were obtained by simulating 107 events at672

each energy, generated with the Dual Parton Model [28].673

Figure 8: Signal event topology. The pp initial state produces a ⇤⇤ pair. The hyperons further
decay into ⇤ ! p⇡+ and ⇤ ! p⇡�.

In this work, we have also investigated the feasibility of reconstructing spin observables such as674

the polarization and spin correlations using the methods outlined in Ref. [99]. For the analysis,675

the pp ! ⇤⇤, ⇤̄ ! p̄⇡+,⇤ ! p⇡� sample was used, containing 157000 signal events surviving676

the selection criteria. A sample of this size can be collected within a few hours with the Phase677

One luminosity. The simulated data were weighted according to an input polarization distribution678

Py = sin 2✓⇤ and the spin correlation distributions Cij = sin ✓⇤ (i, j = x, y, z). Symmetry implies679

PY = PȲ which means that the extracted polarization from ⇤ and ⇤̄ can be combined for better680

statistical precision.681

The reconstruction efficiency was accounted for using two different, independent methods: i)682

regular, multi-dimensional acceptance correction as in Ref. [103] and ii) using the acceptance-683

independent method outlined in Ref. [99]. The data were divided into bins with respect to the ⇤̄684

scattering angle. In each bin, the polarization PY and spin correlations Cij were reconstructed.685
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The resulting polarization distribution is shown in panel a) of Figure 9 with acceptance corrections686

and in panel b) with the acceptance-independent method. The polarization distributions extracted687

with the two independent methods agree with each other and with the input distribution which is688

reassuring.689
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Figure 9: (a) Average polarization of the ⇤/⇤̄. (b) Average of the polarisations reconstructed
without any acceptance correction. The vertical error bars are statistical uncertainties only. The
horizontal bars are the bin widths. The red solid line mark the input polarization as a function of
cos ✓⇤

In the same way, spin observables of the ⌅� hyperons were studied at both 4.6 GeV/c and 7.0690

GeV/c. The number of signal events were 7.2 · 104 and 6.7 · 104, respectively, samples that can691

be collected within a few days during Phase One. The resulting polarization distributions as a692

function of cos ✓⌅ obtained at each energy are shown in Figure 10. The singlet fractions were693

calculated from the spin correlations and are shown in Figure 11. A singlet fraction of 0 means694

that all ⌅�⌅̄+ states are produced in a spin triplet state, a fraction of 1 means they are all in a695

singlet state, and a fraction of 0.25 means the spins are completely uncorrelated. In Ref. [91], the696

singlet fraction is predicted to be 0 for forward-going ⌅̄+ and closer to 1 in the backward region.697

This is in contrast to the single-strange case when the singlet fraction is almost independent of698

the scattering angle [100]. The results of the simulations shown in Figure 11 indicate that the699

uncertainties in the singlet fraction will be modest at all scattering angles, which enables a precise700

test of the prediction from Ref. [91].701
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Figure 10: (a) Average polarization of the ⌅�/⌅̄+ at 4.6 GeV/c. (b) Average of the polarization
of ⌅�/⌅̄+ at 7.0 GeV/c. The vertical error bars are statistical uncertainties only. The horizontal
bars are the bin widths. The red solid line mark the input polarization as a function of cos ✓⌅

Most systematic effects that are important in cross section measurements, e.g. trigger effi-702

ciencies and luminosity, are expected to be isotropically distributed in a near 4⇡ experiment like703
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Figure 13: (a) The reconstructed Dalitz plot of the ⇤K�⌅
+ final state.(b) The ⇤K� invariant

mass of the reconstructed MC data.

Table 3: Fit values for ⇤K� and ⇤K+.

⇤K� ⇤K+

⌅ (1690)� ⌅ (1820)� ⌅ (1690)+ ⌅ (1820)+

Fitted mass [GeV/c2] 1.6902 ± 0.0006 1.8236 ± 0.0003 1.6905 ± 0.0006 1.8234 ± 0.0003
Fitted � [MeV/c2] 31.09 ± 1.9 23.0 ± 2.0 31.8 ± 1.8 24.2 ± 1.8
Input mass [GeV/c2] 1.6900 1.8230 1.6900 1.8230
Input � [MeV/c2] 30 24 30 24

criteria and we therefore conclude that on a 90% confidence level, the signal-to-background is775

S/B > 19. The numbers are summarized in Table 2.776

The reconstructed Dalitz plot and ⇤K� invariant mass are shown in Figure 13. The acceptance777

is flat with respect to the Dalitz plot variables and the angles, which is necessary in order to778

minimize systematic effects in the planned partial-wave analysis of this final state.779

In order to evaluate the ⌅ and ⌅̄ resonance parameters, the ⇤K� and ⇤̄K+ mass distribu-780

tions have been fitted with two Voigt functions combined with a polynomial. By comparing the781

reconstructed ⇤K� and ⇤̄K+ widths to the generated ones, the mass resolution was estimated to782

�M = 4.0MeV for the ⌅(1690)� and �M = 6.7MeV for the ⌅(1820)�. The obtained fit values are783

shown in Table 3. In both cases, the fitted masses are in good agreement with the input values.784

5.3 Impact and long-term perspective785

PANDA will be a strangeness factory where many different aspects of hyperon physics can be stud-786

ied. Double- and triple strange hyperons are unknown territory both when it comes to production787

dynamics, spin observables and spectroscopy. Long-standing questions, such as relevant degrees788

of freedom and quark structure, can be investigated already during the first years with reduced789

detector setup and luminosity. Furthermore, the measurements provide an important milestone790

for the foreseen precision tests of CP conservation, that will be carried out when the design lumi-791

nosity and the full PANDA setup are available in Phase Three. In this phase, copious amounts792

of weak, two-body hyperon decays will be recorded which enables precise measurements of the793

decay asymmetry parameters. If CP symmetry is conserved, then the asymmetry parameters of a794

hyperon has the same magnitude but the opposite sign of that of the antihyperon, e.g. ↵ = �↵̄.795

Differences in the decay asymmetry therefore indicate violation of CP symmetry. The p̄p ! Ȳ Y796

reaction provides a clean test of CP violation, since the initial state is a CP eigenstate and no797

mixing between the baryon and antibaryon is expected to occur. Since hyperons and antihyperons798

can be produced and detected at the same rate and in very large amounts, the prospects are ex-799

cellent for ground-breaking symmetry tests that can help us understanding the matter-antimatter800

asymmetry of the Universe. Finally, Phase Three open up the possibility to study also single-801

charm hyperons. A systematic comparison between the strange and the charm sector would be an802

important step towards a coherent understanding of non-perturbative QCD at different scales.803
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resonances with respect to predictions from the CQM. Regarding the level-ordering, the situation739

is very different from the light baryon sector: the parity partner of the lightest ⇤ hyperon is the740

⇤(1405) is indeed the next-to-lightest isosinglet hyperon [110]. However, the ⇤(1405) is very light -741

even lighter than the Roper resonance, despite its supposedly heavier quark content. The ⇤(1405)742

has therefore been suggested to be a molecular state, see e.g. Ref.[111]. The existing data bank on743

double- and triple-strange baryons is very scarce. Only one excited ⌅ state and no excited ⌦ states744

are considered well established within the PDG classification scheme. It is also worth pointing745

out that even for the ground state ⌅ and ⌦, the parity has not been determined experimentally.746

Furthermore, the spin determination of the ⌦ is inferred by assumptions on the ⌅c and ⌦c spin747

[112]. It would be very illuminating to study the features of the double- and triple-strange hyperon748

spectra since it would enable a systematic comparison of systems containing different strangeness.749

5.2.2 Potential for Phase One750

A dedicated simulation study has been performed of the p̄p ! ⇤K�⌅
+
+ c.c. reaction at a beam751

momentum of 4.6 GeV/c has been performed. In the following, the inclusion of the charge conjugate752

channel is implicit. In spectroscopy, parameters like mass, widths and Dalitz plots are essential.753

Therefore, the focus of this study is to estimate how well such parameters can be measured with754

PANDA. The simulated data sample of 4.5·106 events includes the ⌅(1690)± and ⌅(1820)± reso-755

nances, decaying into ⇤K� + c.c. (each 40% of the total generated events), as well as non-resonant756

⇤K�⌅
+ + c.c. production (20% of the generated sample). The simulated widths of the ⌅(1690)�757

and ⌅(1820)� resonances were 30 MeV/c2 and 24 MeV/c2, respectively, according to PDG [3]. The758

event generation was performed using EvtGen [113] with the reaction topology as illustrated in759

Figure 12. The angular distribution of the produced ⌅⇤ resonance are isotropically generated since760

no information from experimental data exist.761
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Figure 12: A schematic view of the reaction topology used for the generation of Monte Carlo
events.

The analysis was performed in the same way as in Section 5.1.2: with ideal pattern recognition,762

ideal PID and additional requirements on the number of hits in order to mimic the realistic case.763

The final state is required to contain p, p̄, ⇡�, ⇡+, K� and K+. The ⇤ candidates were identified764

by combining p and ⇡� into a common vertex and applying a mass window criterion. The ⌅� (⌅⇤)765

hyperons were identified by combining ⇤ candidates with the remaining pions (kaons). Background766

was further suppress by a decay tree fit in the same way as in Section 5.1.2. The exclusive767

reconstruction efficiency was found to be 5.4%. We assume a p̄p ! ⇤̄K⌅ + c.c. cross section of768

1 µb, where the production mainly occurs through a ⌅�⌅⇤+c.c. pair and where the excited cascade769

could be either ⌅⇤(1690) or ⌅⇤(1820). With this assumption, the reconstruction rate is 0.2 s�1
770

or 18000 events per day. These cross sections have never been measured, but should not be very771

different from that of ground-state ⌅̄+⌅� [114] that was measured by Ref. [101] to be around 1 µb.772

The background was studied using a DPM sample containing 108 events and the data were773

weighted assuming a total cross section of 50 mb. No background events survived the selection774
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Figure 1: Top: various decays which allow to study the level scheme of
⇤⇤-hypernuclei. Bottom: Production scheme of ⌅�-hyperatoms and ⇤⇤-
hypernuclei at PANDA.
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Fig. 4 γ -spectrum detected in the Ge-array by cutting on the two pion momenta. The expected γ -
transitions energies from single and double hypernuclei are marked by the arrows

Figure 4 shows the γ -ray spectra gated on the four regions indicated in the two-
dimensional scatter plot. In the plots (a) and (d) the 1.684 MeV 1

2
+ and 2.86 MeV

2+ states of 11
""Be and 10

""Be, respectively, can clearly be identified. Because of the
limited statistics in the present simulations and the decreasing photopeak efficiency
at high photon energies, the strongly populated high lying states in 9

""Li at 4.55 and
5.96 MeV cannot be identified in (b). The two dominant peaks in part (c) result from
the decay of excited single hyperfragments produced in the #− + C →4

" H +9
" Be

reaction, i.e. 4
" H at an excitation energy of 1.08 MeV [22, 23] and 9

" Be at an excitation
energy of 3.029 and 3.060 MeV [24, 25]. The spectra shown in Fig. 4 corresponds
to a running time at PANDA of the order of two weeks. It is also important to
realize that gating on double non-mesonic weak decays or on mixed weak decays
may significantly improve the final rate.

4.1 Recent activities

In addition, recent activities regarding developments of the above described hyper-
nuclear detectors are progressing. A big challenge to be solved, is the limited space
available at the entrance of the PANDA spectrometer. That is crucial for the case
of the HPGe germanium detector array which has to be placed at backward axial
angles. That means, that the detector will have to operate in a high flux hadronic
environment and high magnetic field, which can influence the energy resolution
(∼3 keV at the 1,332 MeV line of Co60) of these detectors. A possible solution

Alicia Sanchez Lorente, Hyperfine Interact 213, 41 (2012) 

Fig. 4. Left: CAD drawing of the primary and secondary target of the hypernucleus setup. Right: Distribution
of the ⌅� stopping points in layers of the secondary target material in a plane transverse to the beam direction.
Because of the short lifetime of the ⌅� a minimal distance between the primary target and the absorber material
is essential to reach the optimal stopping probability.

production is that antiprotons are stable and can be retained in a storage ring thus allowing rather high
luminosities. Because of the two-step production mechanism, spectroscopic studies based on two-
body kinematics cannot be performed for ⇤⇤ hypernuclei and spectroscopic information can only be
obtained via their decay products. The kinetic energies of weak decay products are sensitive to the
binding energies of the two ⇤ hyperons. While the double pionic decay of light double hypernuclei
can be used as an e↵ective filter to reduce the background, the unique identification of hypernuclei
groundstates only via their pionic decay is usually hampered by the limited resolution. In addition to
the general purpose PANDA setup, the hypernuclear experiment requires a dedicated primary target
to produce low momentum ⌅�, an active secondary target of silicon layers and absorber material
to stop the ⌅�-hyperons and to detect pions from the weak decay of hypernuclei and a high purity
germanium (HPGe) array as � -detectors. The design of the setup and the development of these
detectors is progressing (Figs. 4 and 5).

The primary target will consist of a diamond filament which will be moved in the halo of the
antiproton beam to reach a constant luminosity during the measuring periods. Because of the short
lifetime of the ⌅�-hyperons and their finite stopping time in the secondary target, it is essential to

Fig. 5. Left: Final design of for one triple Detektors of the Panda Germanium Assembly PANGEAS. Right:
expected full -energy-peak e�ciency of the PANGEAS setup in PANDA.
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~33.000 stopped       ’s per day⌅�

⇤⇤ Hypernuclei
Experiment PANDA

Internal Target
Conclusions

⇤⇤ Hypernuclei Production
Direct and Indirect Reactions
PANDA @ FAIR
PANDA Setup

PANDA Setup

From A. Sanchez, Panda Meeting 9.2012

The Hypernuclear setup of PANDA

1 diamond wire as internal
target

3 modules, each made of
alternate layers of Si µ-strips,
nuclear target, Si µ-strips...

Si µ-strips (⇡±, p detection)

HPGe array (X , � detection)

(K+ from ⌅ annihilation are
detected by the central tracker of
PANDA)

R. Introzzi on behalf of the PANDA Collaboration MeNu 2013 16[21
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• Antiprotons sensitive to study antihyperon potential in nuclei 

• Exploit abundantly produced hyperon-antihyperon pairs near threshold 

• Benchmark data to test theoretical concepts to describe dynamics of 
(anti)hyperons in heavy-ion collisions 

• Important first step of the |S| = 2 program of PANDA
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Figure 17: Average transverse momentum asymmetry ↵T (Eq. 2) as a function of the longitudinal
momentum asymmetry for ⇤⇤-pairs produced exclusively in 1.522 GeV/c (left) and 1.696GeV/c
(right) p̄+20Ne interactions [178]. The different symbols show the GiBUU predictions for different
scaling factors ⇠⇤ of the ⇤-potential.
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Figure 18: Average transverse momentum asymmetry as a function of the longitudinal momentum
asymmetry for ⌃�⇤ pairs (left) and ⌅�⌅

+ pairs (right) produced exclusively in 1.696 GeV/c p-
20Ne and 2.9GeV/c p-12C interactions, respectively [180]. The different symbols show the GiBUU
predictions for different scaling factors for the antihyperon potentials.

to a data sample ten times as large as the one presented in Fig. 17. One week of data taking would1104

also enable measurements of polarization and coplanarity.1105

In the right panel of Fig. 18, about 1800 ⌅�⌅
+ pairs were generated for each value of the scaling1106

factor ⇠
⌅

+ . With the Phase One luminosity and a ⌅�⌅
+ reconstruction efficiency of 5% (slightly1107

smaller that that of the elementary p̄p ! ⌅̄+⌅� obtained in 5.1.2), this requires a running time of1108

about two months.1109

The studies proposed here require measurements the reference reaction pp ! Y Y . However, as1110

discussed in Section 5.1, such measurements already constitute an important part of the hyperon1111

production programme and can, thanks to the predicted large production rate, be completed in1112

a very short time. The results from our calculations illustrate that even with rather conserva-1113

tive assumptions about luminosity, PANDA can provide unique and relevant information on the1114

behaviour of antihyperons in nuclei already during Phase One.1115

7.3 Impact and long-term perspectives1116

Already in Section 5.1, it was concluded that PANDA will be a strangeness factory. In combina-1117

tion with nuclear targets, this opens up unique possibilities for pioneering studies of the nuclear1118

antihyperon potentials already during Phase One. In the future, when the luminosity is increased,1119

a unique program for double- and possibly triple strange hyperatom- and hypernuclear studies will1120

follow [180].1121

At large beam momenta, PANDA can contribute with studies of colour transparency and1122
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• Below the open charm threshold 
• Potential model description 

matches observations 
• Above the open charm threshold  

• Predicted states not found 
but multiple unexpected discovered!

Charmonium - the “positronium” of QCD
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Potential models:

A third topic is the search for exotica such as hybrids;
the level of mixing between conventional quarkonium and
hybrid basis states falls rapidly with increasing quark mass,
which suggests that nonexotic hybrids may be more easily
distinguished from conventional quarkonia in charmonium
than in the light quark sectors. Since lattice gauge theory
(LGT) predicts that the lightest c !c hybrids lie near 4.4 GeV
[37–40], there is a strong incentive to establish the ‘‘back-
ground’’ spectrum of conventional c !c states up to and
somewhat beyond this mass.

A final topic of current interest is the importance of
mixing between quark model q!q basis states and two-
meson continua, which has been cited as a possible reason
for the low masses of the recently discovered DsJ states
[41,42]. The effects of ‘‘unquenching the quark model’’ by
including meson loops can presumably be studied effec-
tively in the c !c system, in which the experimental spectrum
of states is relatively unambiguous. The success of the q!q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q!qquark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is

V#c !c$
0 #r$ % ! 4

3

!s

r
" br" 32"!s

9m2
c

~#$#r$ ~Sc &~S !c; (1)

where ~#$#r$ % #$= !!!!
"

p $3e!$2r2 . The four parameters (!s,
b, mc, $) are determined by fitting the spectrum.

The spin-spin contact hyperfine interaction is one of the
spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ##~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly

Vspin-dep %
1

m2
c

"#
2!s

r3
! b

2r

$
~L&~S" 4!s

r3
T
%
: (2)

The spin-orbit operator is diagonal in a jJ;L; Sibasis,
with the matrix elements h~L&~Si% 'J#J" 1$ ! #L#L"
1$ ! S#S" 1$(=2. The tensor operator T has nonvanishing
diagonal matrix elements only between L> 0 spin-triplet
states, which are

h3LJjTj3LJi%

8>>><
>>>:

! L
6#2L"3$ ; J % L" 1

" 1
6 ; J % L

! #L"1$
6#2L!1$ ; J % L! 1

: (3)

For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq!q#~p; ~r$; (4)

where
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For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
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B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
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potential
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where
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Example from Barnes, Godfrey, Swanson:

(Coulomb  +  Confinement   +   Contact)

(Spin-Orbit       +      Tensor)

PRD72,054026 (2005)

PRD72, 054026 (2005)

I.  An Introduction to Charmonium

c c
CHARMONIUM

c c
HYBRID CHARMONIUM
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~sq ~sq̄ ~S = ~sq +~sq̄
~J = ~L+ ~S
P = (�1)L+1

C = (�1)L+S
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• Day-1: 
• Exploration of new Z states 

using direct formation 
• Line-scan proof of principle with 

narrow conventional charmonia 
• Phase-1: 

• Search for high-spin states with 
hidden charm 

• Line-scan of exotic candidates 
such as X(3872)

Tetraquark Molecule



Spectroscopy using Antiprotons

Resonance scans:

Precise mass resolution in formation reactions
Fine-tuned energy scan in relevant mass region necessary

! Antiproton probes allow resonance scans for any JPC !
! Need accelerator with fine tunable Ecm!

FDSA 2017 - Malte Albrecht (RUB EPI) Precision Spectroscopy at PANDA 10

Methods: Lineshape Scans 

D0D*0

cusppeak

D+D*-D0D*0

virtual state
binding state

J/ψππ

needs a line shape measurement 

Klaus Peters - Future Prospects of Hadron Spectroscopy with PANDA@FAIR
PANDA@FAIR / K. Peters 13

quantum numbers like pp

Formation all non-exotic quantum 
numbers accessible
• not only limited to JPC = 1-- as e+e-

precision physics of known states
• resonant, high statistics,

extremely good precision
in mass and width

p

p
X

C. Hanhart et al.

PRD 76 (2007) 034007

Line-Scan of X(3872)
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• Exact line shape reveal the nature of this strikingly narrow state (Γ<1.2 GeV): 
Is it a virtual or bound state? 

• Simulation study for line scan of the “mysterious” X(3872) has been performed 

• Analysis performed for p̅p → X(3872) → J/ψπ+π- 

‣ Generated data samples for each scan point 

‣ Extracted X(3872) signal and reconstruct input line shape

• Resolution with e+e-: 1 - 2 MeV (JPC = 1--) 

• Resolution with p̅p at E760/835@FermiLab: 250 keV 

• Resolution with p̅p at P̅ANDA@FAIR: ~50 keV



Line-Scan Procedure
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Scan Procedure Principle (Example)

20 Ecms scan point within ±0.4 MeV window around nominal mass

Repeat many times ...

K. Peters - XYZ @ PANDA 32

EPJA 55, 42 (2019)



Line-Scan Performance
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• Extract width Γ from fit to energy dependent yield 

• Study was performed for various assumptions  
(cross section, beam resolution, …) 

‣ Outcome: Depending on operating mode,  
                 3σ significance can be achieved down to Γ = 40 - 80 keV 

  

Line shape study of X(3872)

20 scan points
2 days of data taking each

line shape measurement with CM energy resolution down to 50 keV



Glueball Search in p̅p → φφ
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• p̅p → φφ cross section exceeds expectation by two orders of magnitude 

• Observation of multiple f2 states with M > 2 GeV in πp → φφn and J/ψ → γφφ 

• Possible sign of intermediate glueball state? 

• LQCD predicts tensor glueball state around ~2.4 GeV!

Outlook: Further Resonance Scans at PANDA

p̄p ! �� cross section exceeds expectations by two orders of
magnitude
Observation of f2(2010), f2(2300) and f2(2340) in ⇡�p ! ��n

(BNL, Phys.Lett.B201,568-572) and J/ ! ���

Hint for intermediate glueball state?
Lattice QCD predicts tensor glueball state at about 2.4 GeV/c2

JETSET, Phys.Rev.D57,5370 BESIII, Phys.Rev.D93,112011

Iman Keshk (RUB) Precision Resonance Scans at PANDA 18



Glueball Search in p̅p → φφ
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• Scan above 2.25 GeV: terra incognita 

• 0++, 2++ and 4++ accessible 

• Conventional mesons suppressed due to OZI 

• Partial wave analysis to distinguish resonant from non-resonant contributions 

• 5x104 reconstructed events/day at L=1031 cm-2s-1 

‣ physics studies at reduced luminosities feasible
Glueball searches in light-meson sector
Marc Pelizaeus et al.

Jetset (1998): 
  - fine scan around 2230 MeV 
  - cross section 100x larger than expected from OZI 
  - large gluonic component? LQCD: tensor glueball?

PANDA (2025): 
  - scan above 2.25 GeV: terra incognita 
  - 5x104 reconstructed events/day at L=1031 cm-2s-1 

   - physics studies at reduced luminosities feasible

Day-1

PWA of BW Toy MC Scenario

Hypothesis containing only generated contributions achieves
best fit result for each bin!

Extracted contributions Generated contributions

Iman Keshk (RUB) Partial Wave Analysis of p̄p ! �� 9

MC generated 

PWA of BW Toy MC Scenario

Hypothesis containing only generated contributions achieves
best fit result for each bin!

Extracted contributions Generated contributions

Iman Keshk (RUB) Partial Wave Analysis of p̄p ! �� 9

PWA reconstructed

Iman Keshk (RUB), preliminary
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Physics Prospects of PANDA at FAIR
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• Cover particle, hadron and nuclear aspects 

✦ Quark degrees of freedom: from light to charm 

✦ Gluon degrees of freedom: glueballs, hybrids etc. 

✦ Meson/baryon degrees of freedom: B-B interaction 

• Complementary and competitive 

✦ Unique antiproton facility 

✦ Versatile detector 

• Follow a staged approach 

✦ Driven by stepwise luminosity/detector upgrades 

✦ With a broad program at each phase 

• Open for collaboration and new ideas!


