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Why I joined PANDA!

Community 
  - interdisciplinair: nuclear, hadron & particle physics 
  - international: 450 scientists from 19 countries 
  - strong network in other collaborations 

Uniqueness 
  - usage of antiprotons: precision & exploration 
  - strange, charm, and gluon “factory”

Technology 
  - data complexity & detector developments 
  - versatile instrument
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Facility for Antiproton and Ion Research

Phase 0 - experimental program using FAIR 
instruments before FAIR becomes available    ~2018 

Phase 1- experimental program with SIS100 and 
secondary beams with “start setups”, “day 1”   ~2024 

Phase 2 - experimental program at full potential of 
Modularised Start Version (MSV)     ~2026 

Phase 3 - beyond MSV operation                     



Phase 1+2: max. 1010 antiprotons stored
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THE HIGH-ENERGY STORAGE RING (HESR) 
R. Maier# for the HESR Consortium, Forschungszentrum Jülich, Germany

Abstract 
The High-Energy Storage Ring (HESR) is part of the 

upcoming International Facility for Antiproton and Ion 
Research (FAIR) at GSI in Darmstadt. An important 
feature of this new facility is the combination of powerful 
phase-space cooled beams and thick internal targets (e.g., 
pellet targets) to reach the demanding requirements of the 
internal target experiment PANDA in terms of beam 
quality and luminosity. In this paper the status of the 
preparatory work for the HESR at the FZ Jülich is 
summarized. The main activities are beam dynamics 
simulations and hardware developments for HESR in 
combination with accelerator component tests and beam 
dynamics experiments at the Cooler Synchrotron COSY. 

INTRODUCTION 
The HESR is an essential part of the physics program at 

FAIR [1]. It is dedicated to the field of high-energy 
antiproton physics to explore the research areas of 
charmonium spectroscopy, hadronic structure, and quark-
gluon dynamics with high-quality beams over a broad 
momentum range from 1.5 to 15 GeV/c. A consortium 
consisting of FZ Jülich (as leading institution), GSI 
Darmstadt, Helmholtz-Institute Mainz, University of 
Bonn and ICPE-CA Bucharest is in charge of HESR 

design and construction. In storage rings the complex 
interplay of different processes like beam cooling, beam-
target interaction and intra-beam scattering determines the 
final equilibrium distribution of the beam particles. 
Electron and stochastic cooling systems are required to 
ensure the specified beam quality and luminosity for 
experiments at HESR, which initially will be performed 
with the PANDA detector [2]. 

The modularized start version is a stepwise approach to 
the realization of FAIR [3]. The accumulator ring RESR 
is part of an upgrade program and only the collector ring 
CR is going to be available for antiproton collection and 
beam cooling from the beginning. Therefore, a 
modification of the HESR injection and accumulation 
scheme is required. The most cost-efficient accumulation 
method is to use the already designed stochastic cooling 
system together with the barrier bucket cavities [4]. Also 
the planned 4.5 MV electron cooling system is postponed 
to a later stage. To enhance the performance of the 
stochastic cooling system the coupling structures of the  
2-4 GHz system have been optimized and successfully 
tested at COSY [5]. First prototype structures operating in 
the 4-6 GHz range have been built to improve the 
performance of stochastic cooling. 

Figure 1: Schematic view of the HESR. Positions for injection, cooling devices and experimental installations are 
indicated. The upper straight is housing electron cooler, stochastic kickers, and space for a future upgrade. The lower 
straight contains injection, RF cavities, PANDA with target, and stochastic pickups.  

THOCN2 Proceedings of 2011 Particle Accelerator Conference, New York, NY, USA
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Sources and Medium Energy Accelerators
Accel/Storage Rings 04: Circular Accelerators

High Energy Storage Ring - precision antiprotons

High resolution mode: 
• e- cooling : p<8.9 GeV/c 
• 1010 antiprotons stored 
• Luminosity up to 2x1031 cm-2s-1 
• dp/p = 4x10-5

High intensity mode: 
• Stochastic cooling 
• 1011 antiprotons stored 
• Luminosity up to 2x1032 cm-2s-1 
• dp/p = 2x10-4



The “magic” of antiprotons

I. Versatile



Probing QCD at various distance scales
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QCD, its consequences

QCD, its consequences

Light bag of 
“free” quarks

Heavy bag, mostly 
pure binding energy

Color confinement:
observed particles are colorless
SU(3) singlets
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PANDA Physics Programme 

Anti-Proton ANnihilation in DArmstadt 
 
• Meson spectroscopy 

!  Light mesons 
!  Charmonium 
!  Exotic states: 
     glue-balls, hybrids,  
      molecules / multi-quarks 

•  (Anti-) Baryon production 
• Nucleon structure 
• Charm in nuclei 
• Strangeness physics 

!  hypernuclei, 
!  S = -2 nuclear system  
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p momentum [GeV/c] 

mass [GeV/c2] 
1 2 3 4 5 6 
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ΛcΛc 
ΣcΣc 
ΞcΞc 

ΩcΩc ΩΩ DD 
DsDs 

qqqq ccqq 

nng,ssg ccg 

ggg,gg 

light qq 
π,ρ,ω,f2,K,K* 

cc 
J/ψ, ηc, χcJ 

nng,ssg ccg 

ggg 

Versatility of antiprotons at PANDA

Large mass-scale coverage 
  - center-of-mass energies from 2 to 5.5 GeV 
  - from light, strange, to charm-rich hadrons 
  - from quark/gluons to hadronic degrees of freedom

High hadronic production rates 
  - charm+strange factory -> discovery by statistics! 
  - gluon-rich production -> potential for new exotics

Access to large spectrum of JPC states 
  - direct formation of all conventional JPC states  
  - large sensitivity to high spin states

Systematic and precise tool to rigorously study the dynamics of QCD



The “magic” of antiprotons

II. Discovery by precision and exploration 
    - a few examples



Charmonium - the “positronium” of QCD
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Charmonium - the “positronium” of QCD
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Open charm threshold

  

Recent Results on 
Charmonium Transitions 

studied with BESIII
O. Bondarenko, 

for the BESIII Collaboration.  

Kernfysisch Versneller Instituut, University of Groningen, The Netherlands

Charmonium spectroscopy:
● Ideal probe to study QCD at long distance scales 
● Detailed analysis of confinement potential
● Search for exotic hadronic matter: glueballs, hybrids, tetraquarks, molecules;
● SM and beyond by quark mixing matrix.

1 fm
  

C C

Conclusions and Outlook
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Charmonium States

J/ψ

ψ '

ψ ''0

Dashed lines show isospin violating transitions

Isospin-violating transition ψ ' → π0J/ψ

Electromagnetic interaction is small for this channel
BUT: Hadronic loops!

Results for 0/ ratio R

CLEO-c (3.88±0.23±0.05)%

BESIII preliminary (3.74±0.09±0.10)%

Theory (3.1±1.6)%

World's best precision!

BESIII, the Beijing Electron Spectrometer 

● Collider experiment
● L

p e a k
= 5*1032cm-2s-1

● √s =  (2 – 4.6) GeV 
● 4π detector

BESIII Experiment

γ

Experimental Results

BESIII Publications (more than 100!)

First observation of ψ ' → γη
c
(2S)

Measured for the first time!

Simultaneous fit with other decay modes of 
c
(2S)

M(η
c
') = 3638.5±2.3±1.0 MeV/c2

B( '→  γη
c
' → γK

s
K) = (2.98 ± 0.57 ± 0.48) · 10-6

Low precision due to low statistics
● BESIII: clean environment 

  + good performance + more statistics
  = better precision!

Spin singlets η
c
,η

c
(2S), h

c 
are poorly 

studied

Isospin violation:

 Electromagnetic interaction
 The up-down quark mass difference

Isospin breaking reactions could provide access 
to quark masses, however you need smart and 
precise theory and experiment! 

● BESIII is fully operational and world's largest samples of J/ψ, ψ’, ψ(3770) and ψ(4040) are already collected.
● Many world's best measurements in charmonium sector were reported, and a number of observation were made for the first time
● BESIII observed various isospin-breaking decays and accurately determined their branching ratios.
● More exciting new results in charm- and tau- sectors will come soon

Challenge γ ~50 MeV:
● Small branching fraction due to phase space suppression
● Difficult to separate from Bremsstrahlung background 

● Charged and neutral particle identification
γ: 

E
/E  = 2.5% @1 GeV; 

 charged particles:   
p
/p  = 0.5% @1 GeV/c. 

• Very clean environment → small background

Record!

Charmonium spectroscopy and transitions:
● Properties of the h

c                        
 PRL 104, 132002 (2010) 

● Properties of the η
c

arXiv:1111.0398

● ψ' → γη
c

Preliminary

● Multipoles in ψ' → γχ
c2

 arXiv:1110.1742

Charmonium decays:
● ψ' → γπ0, γη, γη′ PRL 105, 261801 (2010)
 χ

cJ
 → π0π0, ηη PRD 81,  052005 (2010)

 χ
cJ
 → γρ, γω, γφ PRD 83,  112005 (2011)

 χ
cJ
 → 4π0 PRD 83,  012006 (2011)

η
c
 → ππ PRD 84,  032006 (2011)

Light quark states:
 X(1860) in J/ψ → γ(pp) Ch. Phys. C 34, 4 (2010) 

& NEW: arXiv:1112.0942
● X(1835) in J/ψ → γ(η′π+π−) PRL 106, 072002 (2011)
● X(1870) in J/ψ → ω(ηπ+π−) PRL 107, 182001 (2011)
● a

0
(980) − f

0
(980) mixing PRD 83,  032003 (2011)

● η′ → ηπ+π− matrix element PRD 83,  012003 (2011)

Open charm, above open charm:
● Coming soon!

 BESIII Collected :
✔ J/ψ: 225M 
✔ ψ': 106M  
✔ ψ'':          2.9 fb-1 (3.5xCLEO-c)
✔  ψ(4010): 0.5 fb-1 

Plans:
+ more J/ψ, ψ', ψ'' 
+ data at higher energies (for XYZ searches and 

D
s
 studies)

BESIII Preliminary BESIII Preliminary

h
c
 and η

c
 in ψ ' → π0h

c, 
h

c
 → γη

c

PRL 104, 132002 (2010)

B( '→  0h
c
) = (8.4 ± 1.3 ± 1.0) · 10-4

Measured for the first 
time!

New: from 16 decay modes of η
c

Simultaneous fit to π0 recoiling mass
M(h

c
) = 3525.31±0.11±0.15 MeV/c2

Γ(h
c
) = 0.70±0.28±0.25 MeV

Properties of η
c
 in ψ ' → γη

c

Simultaneous fit with other decay modes of 
c

M(η
c
) = 2984.4±0.5±0.6 MeV/c2

Γ(η
c
) = 30.5±1.0±0.9 MeV

World's best precision!
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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 !q quark 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; Si basis,
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

T. BARNES, S. GODFREY, AND E. S. SWANSON PHYSICAL REVIEW D 72, 054026 (2005)

054026-2
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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 !q quark 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
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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-
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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.
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(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
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sonably well-established c !c states, which are given in
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#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

T. BARNES, S. GODFREY, AND E. S. SWANSON PHYSICAL REVIEW D 72, 054026 (2005)

054026-2

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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Charmonium-like particles - terra incognita
P(4450)

P(4380)

pentaquark candidates

Open charm threshold

Precision
D

iscovery

04 June 2013 KVI 30

What is Zc(3900)?

Charged → It is not a conventional cc!

Tetraquark Hadronic molecule

 arXiv:1110.1333, 1303.6857
 arXiv:1304.0345, 1304.1301

 arXiv:1303.6608, 
1304.2882, 1304.1850

Most popular models

04 June 2013 KVI 30

What is Zc(3900)?

Charged → It is not a conventional cc!

Tetraquark Hadronic molecule

 arXiv:1110.1333, 1303.6857
 arXiv:1304.0345, 1304.1301

 arXiv:1303.6608, 
1304.2882, 1304.1850

Most popular models

Are they exotic hadrons?

  Exotic means non qq* or qqq structures ... what else?

  Strongly interacting clusters of hadrons: molecules
     [Voloshin; Tornqvist; Close; Braaten; Swanson...]

  Tetraquark mesons, Pentaquarks, ...
     [Maiani,Piccinini,Polosa,Riquer ...]

  Hybrids
     [Close, Kou&Pene, ...]

  Hadrocharmonium
     [Voloshin]

  Many exotic candidates have been identified among the so-called XYZ 
      particles.

πc c–
uu–

u– cuc–
c c–

g

c c–
π

π

Exotics

Ryan Mitchell



Charmonium-like particles - terra incognita
P(4450)

P(4380)

pentaquark candidates

2013: “QCD excitement”

Physics 6, 138 (2013), 8, 126 (2015)

D
iscovery

APS highlights

Open charm threshold

Ryan Mitchell



Charmonium-like particles - PANDA opportunities
P(4450)

P(4380)

pentaquark candidates

line shape of X(3872) 
neutral+charged Z-states 
hidden-charm pentaquark 
X,Y,Z decays 
search for hc’, 3F4, … 
spin-parity/mass&width of 3D2

line shape/width of the hc 
radiative decays (multipole) 
light-quark spectroscopy

Open charm threshold



P(4450)

P(4380)

pentaquark candidates

� < 1.2MeV

Strikingly narrow: 

(�( 00) = 27MeV)

Large isospin breaking:

B(X ! ⇢J/ ) ⇡ B(X ! !J/ )

JPC = 1++

Spin-parity:

PRL110, 222001 (2013)

What is its nature?

�E = �0.13± 0.40MeV

Suspiciously close to DD* threshold:

Citation: J. Beringer et al. (Particle Data Group), PR D86, 010001 (2012) and 2013 partial update for the 2014 edition (URL: http://pdg.lbl.gov)

K∗0K−π++ c.c. < 9.7 × 10−3 CL=90% 1722

ppπ0 < 1.2 × 10−3 1595

ppπ+π− < 5.8 × 10−4 CL=90% 1544

ΛΛ < 1.2 × 10−4 CL=90% 1521

ppπ+π−π0 < 1.85 × 10−3 CL=90% 1490

ωpp < 2.9 × 10−4 CL=90% 1309

ΛΛπ0 < 1.2 × 10−3 CL=90% 1469

pp2(π+π−) < 2.6 × 10−3 CL=90% 1425

ηpp < 5.4 × 10−4 CL=90% 1430

ηppπ+π− < 3.3 × 10−3 CL=90% 1284

ρ0pp < 1.7 × 10−3 CL=90% 1313

ppK+K− < 3.2 × 10−4 CL=90% 1185

ηppK+K− < 6.9 × 10−3 CL=90% 736

π0ppK+K− < 1.2 × 10−3 CL=90% 1093

φpp < 1.3 × 10−4 CL=90% 1178

ΛΛπ+π− < 2.5 × 10−4 CL=90% 1405

ΛpK+ < 2.8 × 10−4 CL=90% 1387

ΛpK+π+π− < 6.3 × 10−4 CL=90% 1234

Radiative decaysRadiative decaysRadiative decaysRadiative decays
γχc2 < 9 × 10−4 CL=90% 211

γχc1 ( 2.9 ±0.6 ) × 10−3 253

γχc0 ( 7.3 ±0.9 ) × 10−3 341

γη′ < 1.8 × 10−4 CL=90% 1765

γη < 1.5 × 10−4 CL=90% 1847

γπ0 < 2 × 10−4 CL=90% 1884

X (3872)X (3872)X (3872)X (3872) IG (JPC ) = 0+(1 + +)

Mass m = 3871.68 ± 0.17 MeV
mX (3872) − mJ/ψ = 775 ± 4 MeV
mX (3872) − mψ(2S)
Full width Γ < 1.2 MeV, CL = 90%

X (3872) DECAY MODESX (3872) DECAY MODESX (3872) DECAY MODESX (3872) DECAY MODES Fraction (Γi /Γ) p (MeV/c)

π+π− J/ψ(1S) > 2.6 % 650

ωJ/ψ(1S) > 1.9 % †
D0D0 π0 >32 % 116

D∗0D0 >24 % †
γ J/ψ > 6 × 10−3 697

γψ(2S) [vvaa] > 3.0 % 181

π+π−ηc (1S) not seen 746
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Case study: the nature of the X(3872)



14/01/2015 Frank Nerling Charmonium Spectroscopy with PANDA at FAIR 

How PANDA can contribute:  
Study lineshapes"

• Panda: Neutral & charged, e.g. J/ψ π-π+,  J/ψ π0π0 , χcγ → J/ψ γγ, J/ψ γ, J/ψ η, ηcγ, ..."
• Direct formation in p ! lineshapes 
• Example: X(3872) 

"
 
 

Compare lineshapes 
in different final states  

Theoretical line-shape: 
    - depends on final state … 
    - … and nature of particle 
    -> sensitive observable!

PANDA:  
    - direct formation of X(3872) 
    - tagging of various final states  
       (neutral&charged) 
    - access to line-shape parameters

Case study: the nature of the X(3872)

14/01/2015 Frank Nerling Charmonium Spectroscopy with PANDA at FAIR 

How PANDA can contribute:  
Study lineshapes"

• Panda: Neutral & charged, e.g. J/ψ π-π+,  J/ψ π0π0 , χcγ → J/ψ γγ, J/ψ γ, J/ψ η, ηcγ, ..."
• Direct formation in p ! lineshapes 
• Example: X(3872) 

"
 
 

Compare lineshapes 
in different final states  

� < 1.2MeV

Strikingly narrow: 



Resonance scanning

Measured rate

Beam

Resonance cross 
section

CM Energy

Line shape measurement using 
HESR’s superb mass resolution
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(a)
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�

0

= 130 keV

(c)

Figure 14: [RELEASED PLOTS] Illustration of a scan process for the parameter setting: �
0

= 130 keV, 20
energy scan positions (step size dE ⇡ 70 keV), 2 days of data taking per position, HESRr mode. The set of 20
small plots (a) represent the energy dependent simulated distributions (going from left to right, top to bottom
steps through the energy range (E �E

0

) shown in (b)) of the reconstructed invariant di-lepton candidate mass
containing signal, non-resonant and generic DPM background. (b) shows the resultant energy dependent yield
distribution fitted with a function to extract the parameter of interest, here the Breit-Wigner �, around the
nominal center-of-mass energy E

0

= 3.872 GeV. (c) shows the distribution of this extracted parameter compared
to the input value �

0

for 300 toy Monte Carlo experiments, allowing the determination of the expected precision
(root-mean-square of the distribution) and the accuracy (shift of distribution). The additional Gaussian fitted
to the distribution indicates proper statistic conditions.

34

Resonance scanning

Width sensitivity down to 100 keV  
achievable at day-one

p̄p ! X(3872) ! J/ ⇡+⇡�

�E = 84 keV

Luminosity:

1170 (nb · day)�1

Energy resolution:

20 points each 2 days data taking!

�(p̄p ! X(3872)) = 100nb50 nbKlaus Goetzen et al.
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The structure of the proton

Time-like Electromagnetic Form Factors 
(lepton pair production)

Transition Distribution Amplitudes  
(meson production)

Transverse Parton Distribution Functions 
(Drell-Yan production)

Generalised Distribution Amplitudes 
(time-like Compton, hard exclusive 
processes)
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...a well filled nucleon structure 
program                     
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 Generalized Distribution 
Amplitudes

- Timelike  Compton scattering
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production

- Transition DAs 
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γ
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Electromagnetic form factors

Sachs                    GM  =  F1+F2
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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

[

(1 + cos2 θ)|GM |2 + 1

τ
sin2 θ|GE |2

]

,(3)

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]:

dσ

d cos θ
= σ0

[

1 +A cos2 θ
]

, (4)

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:

σ0 =
πα2

2βs

(

|GM |2 + 1

τ
|GE |2

)

A =
τ |GM |2 − |GE |2

τ |GM |2 + |GE |2
=

τ − R2

τ + R2
, (5)

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:

σint =

∫ c̄

−c̄

dσ

d cos θ
d cos θ = 2σ0 c̄

(

1 +
A
3
c̄2
)

(6)

=
πα2

2βs
c̄

[(

1 +
c̄2

3

)

|GM |2 + 1

τ

(

1− c̄2

3

)

|GE |2
]

.

The total cross section, σtot, corresponds to c̄ = 1:

σtot = 2σ0

(

1 +
A
3

)

=
2πα2

3βs

[

2|GM |2 + |GE |2

τ

]

(7)

=
2πα2|GM |2

3βs

[

2 +
R2

τ

]

.

Being known the total cross section, one can define an
effective FF as:

|Fp|2 =
3βsσtot

2πα2

(

2 +
1

τ

) , (8)

or from the integrated cross section, as:

|Fp|2 =
βs

πα2

σint

c̄

[(

1 +
c̄2

3

)

+
1

τ

(

1− c̄2

3

)] , (9)

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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Analytical nature of form factors

Time-like Electromagnetic Form Factors 
(lepton pair production)Current/future experiments: BESII-PANDA$

8$

BESIII/ PANDA/(e+e))/ PANDA/(mu+mu))/

s$[(GeV/c)2]$$ 4$8$9.5$ 5$8$14$ 5$8$~9$

R=|GE|/|GM|$ 9$%$$8$35$%$ 1.4$%$8$41$%$ 5$%$8$18.7$%$

L=2 fb-1 

2.1032 cm-1 s-1  

21 scan points 2015 (552 pb-1) 
 

 Monte$Carlo$Sim.,$R=1$(C.$Morales)$

~5$months$data$taking$/point$

R = |GE |/|GM |

Alaa Dbeyssi

-2

arXiv:1606.01118
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Proton form factors in the unphysical region
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Proton FFs in the unphysical region!

Alaa$Dbeyssi$ 6$

J.$Boucher,$PhD$Thesis,$IPNO$

Complete feasibility studies were performed with: 
 

•  High luminosity mode (2_>1) mode and full setup, p=1.7 GeV/C 
•  BaBar framework which contains the PANDA geometry (no PANDARoot simulations) 
#  PANDA: First measurement of proton FF ratio in the unphysical region 
#  PANDA: First time access, and in unpolarized experiment,  to the relative phase GE/GM 

Proton FFs in the unphysical region!

Alaa$Dbeyssi$ 7$

J.$Boucher,$PhD$Thesis,$IPNO$

PANDA/Day1/
 

•  PANDA: First measurement of proton FF ratio in the unphysical region (relative phase?) 
•  No ongoing/planned MC simulations for the Day1 experiment. 
•  Only estimations based on the number of counting rate could be provided: based on the 

studies of  “ppbar->e+e-”, the analysis results from the BaBar framework can be well 
accepted. 

P$[GeV/c]$ ∆R/R$$

(2P)1)$

∆R/R$

(4$months>Day1)$

1.7$ 1.4$%$$ ~7%$

EsXmaXons$(R=1.07,$θπ0=[10°>30°])$

I. Zimmermann, J. Boucher



Exploring the hyperon sector

What happens if  
we replace one of the 

light quarks in the proton 
with one - or many - 
heavier quark(s)? 

proton 

Λ Σ0 

Ξ- Ω- 

Key question in hyperon physics: 

Karin Schoenning



Exploring the hyperon sectorStrange and charm production 

Models based on  
 

1) quark-gluon picture* 
  

2) the hadron picture** 
  

3) a combination  
     of 1) and 2) *** 

*PLB 179 (1986) 15;  PLB 165 (1985) 187; 
NPA 468 (1985) 669; 

** PRC 31(1985) 1857; PLB179 (1986) 15; 
PLB 214 (1988) 317; 

*** PLB 696 (2011) 352. 
Karin Schoenning

PLB

PRC



PANDA is a hyperon factory!Previous measurements of             . pp YY→

• A lot of data on                     near threshold, mainly from PS185 at LEAR*. 
 

• Very scarce data bank above 4 GeV. 
 

• Only a few bubble chamber events on 
 

• No data on                      nor    
 

* See e.g. T. Johansson,  AIP Conf. Proc.  Of LEAP 2003, p. 95. 

pp→ΛΛ

pp→ΞΞ
pp→ΩΩ c cpp→Λ Λ

Previous measurements of             . pp YY→

• A lot of data on                     near threshold, mainly from PS185 at LEAR*. 
 

• Very scarce data bank above 4 GeV. 
 

• Only a few bubble chamber events on 
 

• No data on                      nor    
 

* See e.g. T. Johansson,  AIP Conf. Proc.  Of LEAP 2003, p. 95. 

pp→ΛΛ

pp→ΞΞ
pp→ΩΩ c cpp→Λ Λ

Karin Schoenning * See e.g. T. Johansson, AIP Conf. Proc. of LEAP 2003, p. 95



PANDA is a hyperon factory!

Prospects for PANDA  

Momentum 
(GeV/c) 

Reaction σ  (μb) Efficiency (%) 
 

Rate 
(with 1031 cm-1s-1) 

1.64 64 11 29 s-1 

4 ~40 ~30 50 s-1 

4 ~2 ~20 1.5 s-1 

12 ~0.002 ~30 ~4 h-1 

12 ~0.1 ~35 ~2 day-1 

pp→ΛΛ
opp→ΛΣ

pp + −→ Ξ Ξ

pp + −→Ω Ω

c cpp − +→ Λ Λ

• Simulations using the old MC framework . 
•  Quoted rates are valid for day one luminosity of the HESR  

(1031 cm-2 s-1). 
 

Day 1

(with 1031 cm-2s-1)

Prospects for PANDA  

Momentum 
(GeV/c) 

Reaction ı  (ȝb) Efficiency (%) 
 

Rate 
(with 1031 cm-1s-1) 

1.64 64 11 29 s-1 

4 ~40 ~30 50 s-1 

4 ~2 ~20 1.5 s-1 

12 ~0.002 ~30 ~4 h-1 

12 ~0.1 ~35 ~2 day-1 

ppo//
oppo/6

pp � �o ; ;

pp � �o: :

c cpp � �o / /

• Simulations using the old MC framework . 
•  Quoted rates are valid for day one luminosity of the HESR  

(1031 cm-2 s-1). 
 

Karin Schoenning



PANDA is a hyperon factory!

Rich set of polarisation observables

(double) strange and charm baryons 

Explore hyperon dynamics above 4 GeV
Prospects for PANDA  

Momentum 
(GeV/c) 

Reaction σ  (μb) Efficiency (%) 
 

Rate 
(with 1031 cm-1s-1) 

1.64 64 11 29 s-1 

4 ~40 ~30 50 s-1 

4 ~2 ~20 1.5 s-1 

12 ~0.002 ~30 ~4 h-1 

12 ~0.1 ~35 ~2 day-1 

pp→ΛΛ
opp→ΛΣ

pp + −→ Ξ Ξ

pp + −→Ω Ω

c cpp − +→ Λ Λ

• Simulations using the old MC framework . 
•  Quoted rates are valid for day one luminosity of the HESR  

(1031 cm-2 s-1). 
 

Day 1

(with 1031 cm-2s-1)

Karin Schoenning
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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



The “magic” of antiprotons

III. Technological innovation



Needle-in-a-haystack

p Production Cross Sections 

K. Götzen Oct 2012, GSI 13 
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14/01/2015 Frank Nerling Charmonium Spectroscopy with PANDA at FAIR 

AntiProton Annihilation at Darmstadt 

Detector requirements: 
 
!  4π coverage   (partial wave analysis) 
!  High rates   (2 x 107 annihilations / s) 
!  Good PID   (γ, e, µ, π, K, p) 
!  Momentum res.  (~1%) 
!  Vertexing for D, K0

S, Λ (cτ = 123 µm for D0, p/m �2) 
!  Efficient trigger  (e, µ, K, D, Λ) 
!  No hardware trigger  (raw data rate ~TB/s) 

Detector capabilities



The PANDA detector
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The PANDA detector
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Alfons Khoukaz 

First Cluster Beams (03.12.2015!)  

Erzeugung von h-Mesonen 

skimmer 

Cluster beam 

Skimmer tip 

T = 22 K, p = 17 bar T = 22 K, p = 16 bar 

Prototype Tests: Barrel 
PROTO 120: next test @ MAMI: Dec. 11-13 
•  Two 5x5 matrices 
•  APFEL-ASIC readout 
•  New mechanics, cooling 
•  Monitoring from front 
  

Stefan Diehl, JLU Giessen 

 16 J. Schwiening, December 2015 

2015:    Finalize R&D, validate design in test beam, write TDR draft. 

2016:    Finalize TDR, present at CollabMeet and submit to FAIR. 

2017-2020:  Component Fabrication, Assembly, Installation. 

•  2017:    Finalize definition of production specs, intiate tender. 

•  2017-2020:  Industrial fabrication of fused silica bars and prisms. 
     Industrial production of  photon sensors. 

•  2018-2019:  Production and QA of readout electronics at GSI/Mainz. 

•  2018-2020:  Fabrication of bar containers and mechanical support frame, 
      gluing of bars, construction of complete bar boxes. 
     Detailed scans of all sensors in Erlangen. 
     Assembly of readout modules in Mainz. 

•  2020:  Installation of mechanical support frame in PANDA  
    insert bar boxes, mount readout modules. 
   Ready as “Start Setup / Day One” detector. 

PANDA BARREL DIRC SCHEDULE 

DIRC bar with laser 

Photon sensor 

Thank you for your attention. 

Mechanics Forward Endcap EMC 
•  Backplate &support 
•  Submodules 

(alveoli,insertes, 
interface pcs.) 

•  VIP insulation ordered 

http://www-panda.gsi.de/  
j.g.messchendorp@rug.nl

Few-Body Physics with PANDA at FAIR

http://www-panda.gsi.de/
mailto:j.g.messchendorp@rug.nl
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Few-Body Physics with PANDA at FAIR

  PANDA offers a physics-driven environment to …   

  … study the dynamics of Quantum Chromodynamics.  

  … bring together the experts in nuclear/hadron/particle physics. 

  … build on the next generation instruments and techniques. 

Physics Performance Book: arXiv:0903.305 

http://www-panda.gsi.de/
mailto:j.g.messchendorp@rug.nl
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Chengdu, Sichuan province, China
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Quadrupole moment of hyperatoms  
- reaching for the unthinkable! 

Study “shape” of spin 3/2, |S|=3       

Meson cloud correction expected small

⌦�

Complementary to nucleon structure

Table II. Predictions for the quadrupole moment of the ⌦�baryon.

Model Q⌦ [e·fm2] Ref.
NRQM 0.02 [40]
NRQM 0.004 [41]
NRQM 0.031 [42]
SU(3) Bag model 0.052 [43]
NRQM with mesons 0.0057 [44]
NQM 0.028 [45]
Lattice QCD 0.0.005 [46]
HB�PT 0.009 [47]
Skyrme 0.024 [48]
Skyrme 0.0 [49]
QM 0.022 [50]
�QM 0.026 [51]
GP QCD 0.024 [52]
QCD-SR 0.1 [53]
�PT+qlQCD 0.0086 [54]
Lattice QCD 0.0096±0.0002 [36]

However, the assumed large value for Q⌦ ⇡2 e·fm2 could not be supported by first theoretical esti-
mates by Gershten and Zimov’ev within a nonrelativistic quark model [40]. Also all later calculations
predicted an intrinsic quadrupole moment Q⌦ of the order of 0.01 e·fm2 (see Tab. II).

It is important to note that the deformation of the ⌦� baryon is only one aspect of hyperatoms
at PANDA. The shift and broadening of transitions between orbits close to the nucleus provide a
complementary tool for studying strong interactions and nuclear medium e↵ects [55, 56]. Thus, the
⌦�-hyperatoms represents a unique chance to explore the interaction of |s|=3 baryon in a nuclear
system.

The di�culties in producing ⌦�-atoms and the high precision required for the �-detection lead
Batty 20 years ago to the sceptical conclusion [57]:

”The precision measurements of X-rays from ⌦�-Pb atoms will certainly require a future
generation of accelerators and probably also physicists.”

As shown by Alvarez [58], three emulsion events observed in 1954 [59, 60] can be interpreted as

Fig. 7. Left: Schematic drawing of the secondary target for the hyperatom study at PANDA. Right: Stopping
points predicted by full GEANT simulations which are based on GiBUU events. The shape of the rim is
optimized for maximum ⌅� stopping and minimal losses of �’s emitted from the hyperatoms.
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the form factors to a dipole form. As can be seen from
Fig. 7, the sea quark mass dependence is consistent with a
constant for all quantities confirming that sea quark effects
are small. In particular, the value of the magnetic form
factor at Q2 ¼ 0 is consistent with experiment. On the
other hand, extrapolating the magnetic moment we obtain
the value given in Table II. This is 5% smaller than experi-
ment which is to be expected given the larger value of the
strange quark mass. The reason is that the mass of the !"

is 5% larger than experiment, and this will affect the value
of the magnetic moment when we convert to nuclear
magnetons. In the fits for the magnetic moment and radii
we did not include the results obtained in the hybrid action
because of the small finite-a effects observed. Given the
large statistical errors on quadrupole moments such small
finite-a effects are negligible, and therefore, in this case,
we include the result using the hybrid action to obtain the
value at the physical point. In Table II we give the values
that we find at the physical point for the radii and the dipole
and quadrupole moments of the transverse charge density
obtained from Eq. (30).

IV. CONCLUSIONS

By utilizing properly constructed sequential sources the
dominant !" electromagnetic form factors GE0 and GM1

are calculated with good accuracy using dynamical
domain-wall fermion configurations as well as a hybrid
action.
In addition, we extract the magnetic moment of the !"

by fitting the magnetic dipole form factor GM1 to a two-
parameter dipole form. We find a value that is within errors
to the experimentally measured value [1]. The electric
charge and magnetic radii (hr2E0i and hr2M1i) are computed,
and like the magnetic dipole moment they do not show sea
quark dependence in the range of masses studied in this
work.

FIG. 7 (color online). From top to bottom we showGM1ð0Þ, the
magnetic radius hr2M1i, the electric radius hr2E0i, and the quadru-
pole moment extracted from Eq. (30) as a function of m2

!

extracted from dipole fits. The point shown by the filled square
is the value extracted from the fit at the physical pion mass. In all
cases except for the quadrupole moment the results using the
hybrid action are excluded from the fit.

FIG. 8 (color online). Transverse charge densities in the !" with polarization along the x axis. Left: "!
T3=2ð ~bÞ. Right: "!

T1=2ð ~bÞ. A
circle of radius 0.5 fm is drawn in order to clearly demonstrate the deformation. For the evaluation of the densities we used the dipole
parametrization of the form factors.
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magnetons. In the fits for the magnetic moment and radii
we did not include the results obtained in the hybrid action
because of the small finite-a effects observed. Given the
large statistical errors on quadrupole moments such small
finite-a effects are negligible, and therefore, in this case,
we include the result using the hybrid action to obtain the
value at the physical point. In Table II we give the values
that we find at the physical point for the radii and the dipole
and quadrupole moments of the transverse charge density
obtained from Eq. (30).

IV. CONCLUSIONS

By utilizing properly constructed sequential sources the
dominant !" electromagnetic form factors GE0 and GM1

are calculated with good accuracy using dynamical
domain-wall fermion configurations as well as a hybrid
action.
In addition, we extract the magnetic moment of the !"

by fitting the magnetic dipole form factor GM1 to a two-
parameter dipole form. We find a value that is within errors
to the experimentally measured value [1]. The electric
charge and magnetic radii (hr2E0i and hr2M1i) are computed,
and like the magnetic dipole moment they do not show sea
quark dependence in the range of masses studied in this
work.

FIG. 7 (color online). From top to bottom we showGM1ð0Þ, the
magnetic radius hr2M1i, the electric radius hr2E0i, and the quadru-
pole moment extracted from Eq. (30) as a function of m2

!

extracted from dipole fits. The point shown by the filled square
is the value extracted from the fit at the physical pion mass. In all
cases except for the quadrupole moment the results using the
hybrid action are excluded from the fit.

FIG. 8 (color online). Transverse charge densities in the !" with polarization along the x axis. Left: "!
T3=2ð ~bÞ. Right: "!

T1=2ð ~bÞ. A
circle of radius 0.5 fm is drawn in order to clearly demonstrate the deformation. For the evaluation of the densities we used the dipole
parametrization of the form factors.

ELECTROMAGNETIC FORM FACTORS OF THE !" . . . PHYSICAL REVIEW D 82, 034504 (2010)
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NPA 954, 323 (2016)



PANDA physics ambitions
Study of the strong force using antiprotons

Hadron spectroscopy & dynamics 
  - charmonium 
  - gluons excitations (glueballs, hybrids, ..) 
  - open charm 
  - light meson systems

Hadrons in nuclear medium 
  - antiproton-A collisions 
  - nuclear potentials of antibaryons 
  - charmonium-nucleon interactions

Nucleon structure 
  - electr. magn. form factors 
  - TMDs, GPDs,  TDAs

Hyperons & Hypernuclei 
  -        - hypernuclei 
  - hyperfine splitting in     atom 
  - (multi) strange baryons

⇤⇤
⌦

arXiv:0903.305 

FAIR/PANDA/Physics Book i

Physics Performance Report for:

PANDA
(AntiProton Annihilations at Darmstadt)

Strong Interaction Studies with Antiprotons

PANDA Collaboration

To study fundamental questions of hadron and nuclear physics in interactions of antiprotons with nucleons
and nuclei, the universal PANDA detector will be build. Gluonic excitations, the physics of strange and
charm quarks and nucleon structure studies will be performed with unprecedented accuracy thereby
allowing high-precision tests of the strong interaction. The proposed PANDA detector is a state-of-the-
art internal target detector at the HESR at FAIR allowing the detection and identification of neutral and
charged particles generated within the relevant angular and energy range.
This report presents a summary of the physics accessible at PANDA and what performance can be
expected.
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Intelligent in-situ data processing

107 /sec.

kinematic 
reconstruction

<104 events/sec.

track fitting

particle 
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track finding

vertex finding

feature extraction

vertex fitting

cluster finding
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(This is equivalent to say that the operator is connected) but 
also that 1) the sense of gray-level variation between n and n r 
has to be preserved and 2) the variation interval between 
c 1 f 2 3n 4  and c 1 f 2 3n r 4  must contain the variation interval 
between f 3n 4 and f 3n r 4. 

The theoretical properties of levelings are studied in [5] and 
[6]. In particular, it has been shown that any opening or closing 
by reconstruction is a leveling. If c1, c2 are levelings, their com-
position c2c1 is also a leveling. Finally, if 5ci6 are levelings, their 
supremum — i ci, and infimum – i ci, are levelings. 

The most popular technique to create 
levelings relies on the self-dual reconstruc-
tion process described next. 

DEFINITION 5 

Self-Dual Reconstruction 
If f  and g are two images (respectively 
called the “reference” and the “marker” 
image), the self-dual reconstruction rD 1g|f 2  
of g with respect to f  is given by 

 gk 5 eC 1gk21 2 — 3dC 1gk21 2 – f 4
 5 dC 1gk21 2 – 3eC 1gk21 2 — f 4
 1equivalent expression 2  and
  r D 1g|f 2 5 limkS` gk, (10) 

where g0 5 g and dC and eC are respectively the dilation and the 
erosion with the flat structuring element defining the connec-
tivity (3 3 3 square or cross). 

In fact, the self-dual reconstruction is the antiextensive 
reconstruction of (2) for the pixels where g 3n 4 , f 3n 4 and the 
extensive reconstruction of (3) for the pixels where 
f 3n 4 , g 3n 4. In practice, the self-dual reconstruction is used to 
restore the contour information after an initial filtering 
 process. In other words, the reconstruction allows the creation 
of a connected version rD 1c 1 f 2 |f 2  of any filter c 1 f 2 . 

A typical example of initial filter c 1 f 2  is an alternating 
sequential filter 

 c 1 f 2 5 whk
ghk

whk21
ghk21

cwh1
gh1
1 f 2 ,  (11)

where whk
 and ghk

 are respectively a closing and an opening 
with a structuring element hk. In [26], the initial filter is a 
linear low-pass filter based on the convolution with a 
Gaussian impulse response. As can be seen in Figure 7, the 
low-pass filter removes most of the texture of the original 
image. The leveling provides then the structural part of the 
image, that is, the image content, with a precise definition of 

[FIG5] Contrast-oriented connected operators: (a) reconstruction of f – c and (b) second 
reconstruction: dynamic opening.
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[FIG6] Contrast filtering: (a) hmax operator and (b) dynamic 
opening.
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[FIG7] Example of image decomposition in structural and texture parts with leveling: (a) original image, (b) marker: low-pass filtering 
with Gaussian filter, (c) leveling: structural part, and (d) residue: texture part.
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The PANDA detector

~13 m

Alfons Khoukaz 

First Cluster Beams (03.12.2015!)  
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Be part of the endeavour!
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Technology



Be part of the endeavour!

ExperimentTheory

Technology

Develop key experiments to
find sensitive observables
(PANDA, BESIII, Belle2, GlueX, LHC+…)

Theoretical tools to give 
insights and predictions
(Lattice QCD, EFT, FM, …)

State-of-the-art sensor developments
(resolution, radiation-hard, fast & compact, …)

Data analysis at extremes;
needle-in-the-haystack tools
(smart algorithms & hardware)

Connect experiment & theory
(partial-wave analysis, …)

Computational challenges
(ab-initio and “full” Lattice QCD)



S=-2 systems
S=-2 systems

missing mass (K-,K+) reactions � X bound state J-PARC
X capture � X atoms J-PARC, FAIR
X capture and X-poLL � ¼¼ hypernuclei J-PARC, FAIR,HI
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