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why this conference?



LRP Nuclear Science Advisory Committee(2008)
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Complexity


Simplicity

Hot and dense quark-gluon matter 

Hadron structure

Nuclear structure 
Nuclear reactions

Nuclear astrophysics 

Applications of nuclear science

Hadron-Nuclear interface

the many facets of the nuclear realm



Specialization

 

Differentiation

THE MANY FACETS 
OF nuclear PHYSI

CS

the many facets of the nuclear realm



 

Differentiation

THE MANY FACETS 
OF nuclear PHYSI

CS

GAIN in scientific insight

bormio is the opportunity!



Schedule
9:00 - 10:45 Hadron Physics: selected topics (CS)
10:45 - 11:15 Break

11:15 - 13:00 Nuclear Structure and Astrophysics: 
selected topics (PC)
13:00 - 14:00 Lunch

14:00 - 15:45 Heavy Ion Reactions: selected topics 
(LF)
15:45 - 16:15 Break

16:15 - 18:00 Flavor Physics: selected topics (WK)
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MORNING SESSION  09:00-12:20

9:00  Concettina S!enti and Laura Fabbietti
  Welcome 

09:10  Robert Rutledge
  The Neutron Star Mass-Radius Relationship and the Dense Matter  
 Equation of State

09:50  Frank Maas
  Newest Results and Future Perspectives of the Parity Violation  
 Experiments

10:20  Co"ee-break

11:00  Maura Graziani
  The latest results from the Alpha Magnetic Spectrometer on  
 the International Space Station

11:40  Soeren Lange
 Status and Physics of Belle II

!"#$%&'()*+,(-./0.12()345 6789$%&'():+,(-./0.12()345 ;8$#89$%&'()<+,(-./0.12()345

17:00 Cross  section measurements of the elastic 
electron - deuteron scattering at MAMI Yvonne Kohl

17:03 Study of direct photon production at PANDA 
experiment. Anna Skachkova

17:06
Search for intermediate states in the rare 
earth nucleus 150Sm Lumkile Msebi

17:11 Simulation of Hadronic Triangular Flow in 
Relativistic Heavy Ion Collisions Jana Crkovska

17:14 Neutron skin studies in heavy nuclei with 
coherent π0 photo-production

Maria Isabel Ferretti 
Bondy

17:17 Bose-Einstein Correlations of Charged Mesons 
in the SELEX Experiment

Grigory  Nigmatkulov 

17:20
Exploring Λ production in low-energy p-p 
reactions at HADES Rafal Lalik

17:23 Non-Photonic Electrons in STAR Experiment Katarina Gajdosova

17:26 Shear viscosity to electric conductivity el 
ratio for the Quark-Gluon Plasma Armando Puglisi

17:29
Isospin  breaking e"ects in the leading 
hadronic contribution to the muon g-2 Jan Haas

17:32
LUNA 400 and LUNA-MV: present and 
future of Nuclear Astrophysics at LNGS Carlo Gustavino

17:35
Measurement  of the Analysing Power in 
Proton-Proton Elastic Scattering at Small 
Angles

Zara Bagdasarian

17:38 Two-photon exchange corrections in elastic 
electron-proton scattering Oleksandar Tomalak

MORNING SESSION  09:00-12:30

09:00  Achim Schwenk
 From neutron-rich nuclei to matter in astrophysics

09:40  Peter Braun-Munziger
  Relativistic nuclear collisions from RHIC to the LHC,  
 the quark-gluon plasma, and QCD

10:20  Co"ee break

10:50  Haik Simon
  Status of the ELISE Project

11:30  Jelena Ninkovic
  New Developments in Silicon Detectors

12:00  Peter Egelhof
  Direct Reactions with Exotic Beams at Low Momentum Transfer:  
 Inverstigations with Stored Beams and with Active Targets 

AFTERNOON SESSION  17:00-19:00

17:00  lowani Zimba
  First observation of E1 transitions from the octupole band to the  
 excited 02 

+ Pairing Isomer band in the rare earth  
 nucleus 154Dy

17:20  Alexander Austregesilo
  Precision Hadron Spectroscopy at COMPASS

17:40  Matteo Cardinali
  Fast Frontend Electronics for high luminosity particle detectors

18:00  Giovanni Bencivenni
 The Resistive-WELL detector: a compact spark-protected single  
 ampli!cation-stage MPGD

18:20  Michaela Thiel
  From deep inside to outer space: exploring neutron skins

18:40  Salvatore Plumari
  Anisotropic &ows and shear viscosity of the Quark-Gluon plasma within  
 a transport approach.

POSTER SESSION  17:00-19:00 

MORNING SESSION  09:00-12:20

09:00  David D’ Enterria
  Overview of the CMS Results

09:40  Wolfgang Gradl
  BESIII: the lastest data harvest

10:20  Co"ee break

10:50  Lyn Evans
  Beyond the LHC Accelerator

11:20  Alessandro Grelli
  Charm physics at hadron colliders and beyond

11:50  Bernhard Ketzer
  Latest results from COMPASS

 AFTERNOON SESSION  17:00-19:00

17:00  Francesca Balestra
  Measurements of Carbon ion fragmentation on a thin Carbon  
 target by the FIRST collaboration at GSI.

17:20  Claudia Behnke
  Reconstruction of neutral mesons with the HADES detector

17:40  Barbara Trzeciak
  STAR’s latest results on quarkonia production

18:00  Ruben Pampa Condori
  Experiments with a double solenoid system: Measurements of  
 the 6He+p Resonant Scattering

18:20  Dolezal Zdenek
  ATLAS studies of spectroscopy and B-decays

18:40  Martin Schaefer
  Structure of light hypernuclei in the framework of Fermionic   
 Molecular Dynamics

Hadron Physics: 
Selected Topics



Hadron Physics: 
Selected Topics

MORNING SESSION  09:00-12:20

09:00  Jean-Come Lanfranchi
  Dark Matter Search with CREST

09:40  Michael Block
  Super Heavy Elements

10:20  Co!ee-break

10:50  Germano Bonomi
  Muons: civil applications

11:20  Christian Fischer
  Hadron physics from Dyson-Schwinger equations

11:50  Davide Trezzi
  Looking the Universe from Deep Underground

AFTERNOON SESSION  17:00-19:00

17:00  Kgotlaesele Johnson Senosi
  Measurements of W boson production in p-Pb collisions  
 at the LHC with ALICE

17:20  Matthias Holl
  Quasi-Free Scattering from Relativistic Carbon and Oxygen   
 Isotopes

17:40  Elisabetta Prencipe
  Hadrons with c-s quark content: past, present and future

18:00  Daniele Cortinovis
  EndoTOFPET-US: an endoscopic Positron Emission Tomography  
 detector for a novel multimodal medical imaging tool

18:20  Lena Heijkenskjöld
  Hadronic  decays of the omega meson measured with WASA-at- 
 COSY

18:40  Tomas Kosek
  Recent Results on Hard Probes of the Quark-Gluon Plasma with  
 the ATLAS Experiment at the LHC

MORNING SESSION  09:00-12:30

09:00  Juergen Krosberg
  Overview of the ATLAS Results

09:40  LHCb Collaboration
  Whats new at the LHCb?

10:20  Co!ee break

10:50  Stephen Lars Olsen
  A New Hadron Spectroscopy

11:30  Dariusz Miskowiec
  QCD-matter studies with ALICE at the LHC

12:00  Torsten Dahms
  Low-mass dileptons: A thermometer for the hottest stu! in the  
 universe

AFTERNOON SESSION  17:00-19:10

17:00  Cecilia Voena
  A novel dual-mode tracking device for online dose monitoring in  
 hadron therapy

17:20  Johannes Rausch
  Singly Cabibbo Suppressed Charm Decay : CP Violation, Branching   
 Ratio Measurement, and Partial Wave Analysis

17:40  Ruediger Haake
  Centrality dependence of charged jets in p-Pb collisions measured   
 with the ALICE detector

18:00  Leonard Koch
  Concept of the K0

S rescue system for the Belle II PXD

18:20  LHCb Collaboration
  Flavour Physics at LHCb

18:40  Luciano Moretto
  The Little Hagedorn That Could

!"#$%&'()*+,-.*/012034*+567 8$9&'()*:5-.*/012034*+567



Hadron Physics: 
Selected Topics

exp. technique:PWA

•  e+e- ! !! 

m!! 

"-# 

EX2: Strange Hadrons

the basic 
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hadrons in QCD

Ex1: CHarmonium

Einleitung E835 Ergebnisse Ausblick und Zusammenfassung

Die E835 Ergebnisse

Das Charmoniumspektrum

Paul Seyfert

Charmonium
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Hadron Physics: 
Selected Topics

what you should already know ...



The building blocks
i.e. first slide in almost all talks, before you switch off!



Constituent Quark Model

!"

1964 The model was proposed independently by Gell-Mann and Zweig  
Three fundamental building blocks 1960’s (p,n,!) ! 1970’s (u,d,s) 

mesons are bound states of a of quark and anti-quark: 

baryons are bound state of 3 quarks: 

! 

"+ = ud      " 0 =  1
2 (uu # dd )  " - =  du 

K + = us K 0 = ds K 0 = sd    K # = su 

! 

p = uud     n =  udd  " =  uds
p = u u d n = u d d " = u d s 

! 

"# = du 

! 

" = uds



From QPM to QCD

!!"(uds) 
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2*3"+0"**$9&
4(""%+7'4"%5'&

("1+)0'%&

...observed particles are 
color singlets

KIT-IEKP3 27.5.2010 G. Drexlin VL13 

Gluonen Grundlagen 

qblau

qgrün

grün-
Anti-blau

Gluon
qgrün

qblau

Hadronen (Baryonen & Mesonen) sind QCD - ´farbneutrale´
Objekte in einem Farb-Singulett-Zustand

qrot qgrün qblau

qrot qgrün qblau

qgrün qblau qrotrg
_

gb
_

br
_

qrot qgrünqblau rb
_

gr
_

bg
_

Farbfreiheitsgrad wichtig für eine vollständig 
antisymmetrische Wellenfunktion 

in der QCD existieren 8 Gluonzustände 
(´Farboktett´):
- linear unabhängig
- masseloses 
Spin 1 Boson

- Gluon: Farbe + 
Anti-Farbe

color necessary for antisymmetric wave function



Properties of QCD
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„If the Lord Almighty had consulted me before embarking upon creation, 
I would have recommended something simpler.“

King Alphonse X. of Castille and Léon (1221-1284), on having the Ptolemaic system of epicycles explained to him



e+e-→Hadrons154 CHAPTER 8. QCD IN E+E− ANNIHILATIONS

(a)

(b)

Figure 8.1: Cross sections in e+e− annihilations. (a) Cross section for e+e− → hadrons as
a function of the center of mass energy. The ECM dependence is linear because the plot
is double-logarithmic. Source: [38]. (b) Comparison of cross sections for e+e− → hadrons
and for e+e− → µ−µ+. Both cross sections show the same 1/s dependence on the center
of mass energy squared, except at the Z resonance.
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Figure 8.1: Cross sections in e+e− annihilations. (a) Cross section for e+e− → hadrons as
a function of the center of mass energy. The ECM dependence is linear because the plot
is double-logarithmic. Source: [38]. (b) Comparison of cross sections for e+e− → hadrons
and for e+e− → µ−µ+. Both cross sections show the same 1/s dependence on the center
of mass energy squared, except at the Z resonance.

8.1. THE BASIC PROCESS: E+E− → QQ̄ 155

(a) (b)

Figure 8.2: Gluon discovery at the PETRA collider at DESY, Hamburg. Event display (a)

and reconstruction (b).

• LEP (CERN) & SLC (SLAC): Large energies (small αs, see later) mean more re-

liable calculations and smaller hadronization uncertainties. Large data samples are

collected: ∼ 3 ·106 hadronic Z decays per experiment. This allows for precision tests

of QCD.

8.1 The basic process: e+e− → qq̄

In Sect. 5.10 we calculated the cross section for e+e− → µ+µ−
and found

σe+e−→µ+µ−
=

4πα2
em

3s
=

86.9 nbGeV
2

s
(8.1)

where the finite electron and muon masses have been neglected. Here, we consider the

basic process e+e− → qq̄. In principle, the same Feynman diagram contributes:

e+

e−

µ+

µ−

e+

e−

q̄

q

Basic QED Process:

...then compare (Feynman LO)
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Figure 8.2: Gluon discovery at the PETRA collider at DESY, Hamburg. Event display (a)

and reconstruction (b).

• LEP (CERN) & SLC (SLAC): Large energies (small αs, see later) mean more re-

liable calculations and smaller hadronization uncertainties. Large data samples are

collected: ∼ 3 ·106 hadronic Z decays per experiment. This allows for precision tests

of QCD.

8.1 The basic process: e+e− → qq̄

In Sect. 5.10 we calculated the cross section for e+e− → µ+µ−
and found

σe+e−→µ+µ−
=

4πα2
em

3s
=

86.9 nbGeV
2

s
(8.1)

where the finite electron and muon masses have been neglected. Here, we consider the

basic process e+e− → qq̄. In principle, the same Feynman diagram contributes:

e+

e−

µ+

µ−

e+

e−

q̄

q

Two step process:
e+e-→qq→hadrons

156 CHAPTER 8. QCD IN E+E− ANNIHILATIONS

The only differences are the fractional electric charges of the quarks and the fact that the
quarks appear in Nc = 3 different colors which cannot be distinguished by measurement.
Therefore, the cross section is increased by a factor Nc. For the quark-antiquark case one
thus finds (for mq = 0)

σe+e−→qq̄
0 =

4πα2
em

3s
e2qNc =

86.9 nbGeV2

s
e2qNc. (8.2)

We assume
�

q σ
e+e−→qq̄ = σe+e−→hadrons, i. e. the produced quark-antiquark pair will

always hadronize.

With Eq. (8.1) and (8.2), neglecting mass effects and gluon as well as photon radiation,
we find the following ratio:

R =
σe+e−→hadrons

σe+e−→µ+µ− = Nc

�

q

e2q. (8.3)

The sum runs over all flavors that can be produced at the available energy. For ECM

below the Z peak and above the Υ resonance (see Fig. 8.3), we expect1

R = Nc
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This is in good agreement with the data for Nc = 3 which confirms that there are three
colors. At the Z peak one also has to include coupling to the Z boson which can be created
from the e+e− pair instead of a photon. The small remaining difference visible in the plot
is because of QCD corrections for gluon radiation (see later).

8.1.1 Singularities

In order to achieve a better prediction, we have to go beyond the basic QED prediction by
including QCD dynamics: Consider the production of a quark-antiquark pair along with
a gluon:

e+

e−

q̄

g

q

1Recall that the top quark mass is mt ≈ 171GeV.



e+e-→Hadrons

R-ratio

The green dashed line is our LO prediction after inclusion of quark 
masses and Z-exchange. Red line includes NNLO QCD corrections.

6 46. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 46.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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This is in good agreement with the data for Nc = 3 which confirms that there are three
colors. At the Z peak one also has to include coupling to the Z boson which can be created
from the e+e− pair instead of a photon. The small remaining difference visible in the plot
is because of QCD corrections for gluon radiation (see later).

8.1.1 Singularities

In order to achieve a better prediction, we have to go beyond the basic QED prediction by
including QCD dynamics: Consider the production of a quark-antiquark pair along with
a gluon:

e+

e−

q̄

g

q

1Recall that the top quark mass is mt ≈ 171GeV.

and construct: 

❶ Confirmed Color hypothesis
❷ Production thresholds for Quark-flavours production



Below charm threshold
46. Plots of cross sections and related quantities 7

R in Light-Flavor, Charm, and Beauty Threshold Regions
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Figure 46.7: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 46.6. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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Figure 46.7: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 46.6. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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Figure 46.7: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 46.6. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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How to study hadrons?

☞ Build them together in a controlled manner
● e+e− collider can produce vector mesons (other particles in decays) [BES-III/BELLE]
● hadron beams have high production cross sections but little control [PANDA]

☞ Observe them as existing particles
● γ / lepton beams are excellent probes (mostly of the nucleon) [MAMI-JLAB]

☞ Study their interaction among each others
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Investigation structure of matter through:

spectroscopy Scattering



Strong Interaction
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Prediction from QCD
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Approximate Symmetries of QCD

Implement QCD numerically



Phenomenological Models
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Effective Field Theories
Peculiar properties of QCD

Some of the facets of QCD

Summary: (Future) QCD Machines

Quarks become Jets: perturbative QCD

Quarks become Hadrons: Nonperturbative QCD

Hot and Dense QCD

Effective Field Theories

Usually Effective Theories replace the Quarks and

Gluons by the the degrees of freedom which are

“relevant” at this scale.

Effective Theories are systematic expansion of QCD

High Energies (Q → ∞):

Quarks and Gluons are relevant

→ perturbative QCD, Expansion in 1/Q
Very slow hadrons (Q → 0):

Pions and Kaons are relevant

→ approximate symmetries, Expansion in Q
Heavy Quarks (mQ → ∞):

Light Quarks and Gluons are relevant

→ Use approximate symmetries, Expansion in 1/mQ

T. Mannel, Siegen University The many facets of QCD
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degree of freedom = mass m
symmetries = translations parallel to the earth’s 
surface and rotations about an axis normal to it. 

A classical example
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Charmonium
Einleitung E835 Ergebnisse Ausblick und Zusammenfassung

Die E835 Ergebnisse

Das Charmoniumspektrum

Paul Seyfert

Charmonium



...the positronium of QCD

Mass [MeV] 

DD

Binding energy  
[meV] 

8!10-4 eV 

10-4 eV 

Positronium! Charmonium!



...the positronium of QCD

  Positronium  (lives !100 ns, discovered 1951 by Martin Deutsch, MIT) " 

#  quasi stable system of electron and positron (exotic atom) " 
#  decays to n photons (more than 1, spin argument 2 vs 3) " 
#  compares closely to hydrogen atom: energy levels (Bohr) " 

#  difference to hydrogen: reduced mass (m*) " 

h – Planck's constant 

qe – electron charge 
!0 – electric constant 

#  plugging in the numbers we find 



Aims
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•  Analogous to known two-particle bound systems (ie: hydrogen, positronium) 
•  Charmonium potential models (phenomenological): 

–  non-relativistic (charm quarks are “heavy” compared to binding energy) 
–  strong force potential via one gluon exchange (similar to Coulomb force) 
–  quark confinement (increases linearly with separation) 

•  Typical representation: 

 plus extensions to include spin-dependent terms, relativistic corrections, etc. 
•  NRQCD: Analytical calculations based on assumption of heavy quark mass 
•  Lattice QCD: Discrete computation of quark interactions 

–  NRQCD and Lattice are “real” QCD; now-mature methodologies 
•  Theory produces many experimentally testable predictions (mass, width, BF): 



...in the beginning

•  November Revolution: simultaneous (SLAC/BNL) 
 discovery of the J/! in 1974 

•  Bound state of c-cbar quarks: “charmonium” 
•  First evidence of the charm quark 

–  Strong confirmation of the quark model 
•  Discovery of !(2S)!J/!(e+e-) "+"- soon followed 



Production

•  Colour-suppressed b!c decay 
–  Predominantly from B-meson decays 

•  e+e- annihilation/Initial State Radiation (ISR) 
–  e+e- collision below nominal c.m. energy 
–  JPC = 1--  

•  Double charmonium production 
–  Typically one J/! or !, plus second ccbar state 

•  Two-photon production 
–  Access to C = +1 states 

•  pp annihilation 
–  All quantum numbers available 

BELLE

BESIII

PANDA



...and decay

•  Annihilation: 
–  Generally suppressed for bound state 
–  Decay to leptons is a clean experimental signal 

•  Strong interaction: 
–  Dominant above ~3.72 GeV (D mesons) 
–  Suppressed below this mass threshold 

•  Radiative: 
–  EM radiative transition emitting photon 
–  Emit gluons producing light quarks 

•  Features: 
–  Suppression of strong decays leads to (relatively) long lifetimes, narrow widths 
–  Radiative decays are competitive; often most accessible transitions 



The ABC’s of Charmonium 

S=1 ! triplet of state 
S=0 ! singlet 

Parity   (x,y,z)  ! (-x,-y,-z) 

C-Parity   quark ! antiquark 

JPC quantum numbers 

!"
e+ 

e- 

J/! (!!) 

photon: 
JPC = 1- - 

J/! (!!): 
JPC = 1- - 

c 
c c 
  

! 

! 
S 1

  

! 

! 
L 

  

! 

! 
S 2

  

! 

! 
S =
! 
S 1 +
! 
S 2! 

J =
! 
L +
! 
S 

! 

P = ("1)L+1

C = ("1)L+S

n 
(2S+1)LJ 

n=radial quant. nmbr 

S= spin (0 or 1) 

L= S, P, D, F, … 

J= total ang. mom. 

0, 1, 2, 3, … 

n 
(2S+1)LJ 

n=radial quant. nmbr 

S= spin (0 or 1) 

L= S, P, D, F, … 

J= total ang. mom. 

J/! = 13S1 

!! = 23S1 

c 
c c 
  

! 

! 
S 1

  

! 

! 
L 

  

! 

! 
S 2

  

! 

! 
S =
! 
S 1 +
! 
S 2! 

J =
! 
L +
! 
S 

"c = 11S0 

"c = 21S0 !  

0, 1, 2, 3, … 



The easy case

NNPSS - Hadron Spectroscopy

charmonium - the ‘easy’ case

one set of hadrons that are particularly simple are the charmonium mesons

each box represents an observed particle

particles fall in groups - ‘gross structure’

splitting within a group - ‘fine structure’

reminds us of quantum mechanics of atoms

a reasonable description of the spectrum of 
charmonium comes from solving a 
Schrödinger equation assuming a potential
between a charm quark and an anti-charm 
quark

0
−+

1
−−

0
++

1
++

2
++

1
+−

2
−+

3097J/ψ

2980ηc

3686ψ′

3638η
′

c

3415χc0

3510χc1

3555χc2
3525hc

{

{

}

mn = 2mc + En

− 1
mc
∇2ψ + V (r)ψ = Enψ
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Klaus Peters - Facets of hadron spectroscopy and the role of glue14

The easy case



New Charmonium States
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New Charmonium States

Ryan Mitchell — Indiana University

(I) The quark model describes most of 
charmonium remarkably well.!

(II) But the “XYZ” states point beyond the 
quark model.!

(III) BESIII can directly produce the Y(4260) 
and Y(4360) in e+e" annihilation.!

(IV) BESIII has observed “charged 
charmoniumlike structures” —  
the Zc(3900) and the Zc!(4020).!

(V) BESIII has also observed a transition to 
the X(3872).!

(VI) We are building connections.

Connecting the XYZ at BESIII
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What really happened...

PWA = technique to find 
out what happens in between
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Result ≠ ∑ (Single slits)

➜ Interference! 
☞ Light behaves as a wave.

Which slit did one photon 
cross? Both! 
☞You only have interference in case 

you can't distinguish between the paths.

Double Slit as analogue
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What really happened...

PWA = technique to find 
out what happens in between

... 
etc.

P
W

A

...as in optics one can’t say for 
one event which resonance was produced

Interference pattern changes with
number and parameter of resonances

Optics PWA

slit resonance

position mass

size width

➜ PWA: fit a model describing resonances to the data
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Partial Wave Analysis

ψ(r, θ, φ) −→ eikz + f(θ, φ)
eikr

r
f(θ, φ) = scattering amplitude

Differential cross section: dσ
dΩ = |f(θ, φ)|2

f(θ, φ) =
−m

2π!2

∫
d&rei&q·&r/!V (&r)

More generally,

ψs = ψf − ψi =
1

k

∞∑

l=0

(2l + 1)
ηle

2iδl

2i
Pl(cos θ)

eikr

r

Partial Wave Analysis II

scattering amplitude

phase shifts

incident plane wave
outgoing scattered

radial wave

Fourier transform of potential
(First Born approximation)

D.S. Carman −− Jefferson Laboratory NNPSS, June 16−27, 2008



Partial Wave Analysis

The cross section can be written as:

dσ

dΩ
=

1

k2

∣∣∣∣∣

∞∑

l=0

(2l + 1)
ηle2iδl − 1

2i
Pl(cos θ)

∣∣∣∣∣

2

= |f(θ)|2

=
1

k2

∣∣∣∣∣

∞∑

l=0

(2l + 1)TlPl(cos θ)

∣∣∣∣∣

2

with Tl =
ηle2iδl − 1

2i

Partial Wave Analysis III

A complete set of phase shifts contains all information about the
underlying dynamics.

Typically the analysis is carried out by looking at phase differences
between a purported state and a well−known "reference" state.

T−matrix

D.S. Carman −− Jefferson Laboratory NNPSS, June 16−27, 2008



Partial Wave Analysis
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S. Paul Hirschegg (2014)



Strange Hadrons

Baryon Decuplet

Baryon Octet
Meson Octet



The strange nuclear realm

The Alchemist by Joseph Wright of Derby (1771)

Image courtesy: Jefferson lab

Alchemy
Either Stick an hyperon into a nucleus

or Boil and compress nuclear matter



LRP Nuclear Science Advisory Committee(2008)
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Complexity


Simplicity

Hot and dense quark-gluon matter 

Hadron structure

Nuclear structure 
Nuclear reactions

Nuclear astrophysics 

Applications of nuclear science

Hadron-Nuclear interface

“Hypernuclear physics 
is neither fish nor 

fowl. “
from a book review by J.D. 
Jackson, Science (1968)

The strange nuclear realm
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➊ Hyperons are NOT Pauli-blocked 

 Tagged Nuclear Physics
  Higher Density
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➊ Hyperons are NOT Pauli-blocked 
➋ Requires the knowledge of YN, YY, ...
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Fig. 1 Total cross sections for !p → !p, "− p → !n, "− p → "0n, "− p → "− p and "+ p → "+ p as a function of
plab. The grey (green) band shows the chiral EFT results to LO for variations of the cut-off in the range ! = 550,. . .,700 MeV,
while the black (red) band are preliminary results to NLO. The dashed curve is the result of the Jülich ’04 [13] meson-exchange
potential

Also here no SU(3)f constraints from the N N sector are imposed and the leading order SU(3)f breaking in
the one-boson exchange diagrams (coupling constants) is ignored as well.

4 Results for the S = −2 Sector

As mentioned above, the LEC C1 is only present in the S = −2 channels with isospin zero. There is scarce
experimental information on these channels [15] that could be used to fix this LEC, but it turned out that the
quality of the existing data do not really allow to constrain its value reliably [8].

Our results for the S = −2 sector are shown in Fig. 2. Again the band reflects the dependence of the results
on variations of the cutoff !. The cutoff was varied between 550 and 700 MeV (like in case of Y N ) and under
the constraint that the !! 1S0 scattering length remains practically unchanged [8]. As reference we have taken
the result for ! = 600 MeV and with the value of the sixth LEC fixed in such a way that C!!

1S0 = 0. This yields
a scattering length of a!!

1 S0
= −1.52 fm [8]. Evidently, the chiral EFT results are consistent with the empirical

cross sections for such variations.

J. Haidenbauer Few Body Systems (2012)

➊ Hyperons are NOT Pauli-blocked 
➋ Requires the knowledge of YN, YY, ...

Hyperons live only for a fraction of a ns
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➊ Hyperons are NOT Pauli-blocked 
➋ Requires the knowledge of YN, YY, ... 
➌ Spectroscopy ... a two-fold way
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➊ Hyperons are NOT Pauli-blocked 
➋ Requires the knowledge of YN, YY, ... 
➌ Spectroscopy
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medium is also studied through nonmesonic weak de-
cay of hypernuclei. Strong interaction masks the small
components of weak interaction process in the nucleon-
nucleon interaction, but Λ-nucleon weak interaction pos-
sibly manifests itself in the nonmesonic weak decay pro-
cess thanks to the strangeness degree of freedom.

It is emphasized in this paper that the good-quality
reaction spectroscopy as well as the γ ray spectroscopy is
the basis of the hypernuclear studies. And experimental
efforts toward the future hypernuclear spectroscopy will
be described.

II. THE (π+, K+) REACTION
SPECTROSCOPY AND THE SKS

SPECTROMETER

The reaction spectroscopy by the (π+,K+) reac-
tion was first applied to a carbon target at BNL AGS,
and later it was considerably improved and also extended
to heavier systems both at BNL and KEK [2, 3]. Al-
though the hypernuclear cross sections are often about
2 orders of magnitude smaller than those by (K−,π−)
reaction, which had been widely used for hypernuclear
study, high intensity pion beams can compensate them.
The reaction has an advantage to excite deeply bound
hypernuclear states due to its large momentum transfer,
converting a neutron in a high-l orbital to a Λ hyperon
in a low-l orbital. With an intension to take full advan-
tage of the (π+,K+) reaction for the hypernuclear reac-
tion spectroscopy, a superconducting kaon spectrometer
(SKS) was constructed by INS, University of Tokyo and
installed at KEK 12 GeV PS [4].

The SKS spectrometer has the good resolution of
1.5–2 MeV FWHM and simultaneously spans a large
solid angle of 100 msr, accepting, for example, 60 %
of 12

Λ C ground-state yield in the (π+,K+) reaction [5].
The large acceptance allows us to perform efficient coin-
cidence experiments such as study of hypernuclear weak
decay and γ ray spectroscopy. A series of experiments
for the investigation of hypernuclei using the SKS spec-
trometer has been carried out in the past years.

In Fig. 1, mass spectra of the 12C(π+,K+)12Λ C reac-
tion, which is now a standard of the hypernuclear reac-
tion spectroscopy, are shown.

One was obtained using the Moby-Dick spectrometer
at BNL-AGS with 3 MeV (FWHM) resolution and the
other by the SKS spectrometer at KEK with 2 MeV
(FWHM) resolution. Spectra by the SKS spectrometer
was further improved to 1.45 MeV (FWHM) for a thin-
ner target [6]. These spectra clearly demonstrate the
importance of the energy resolution in the spectroscopy.
With the better resolution, satellite peaks between the
two prominent ones were for the first time observed and
were interpreted as a Λ hyperon coupling to the excited
states of the 11C core in connection with the ΛN inter-
action. Those high precision hypernuclear mass spectra

Fig. 1. Missing mass spectra of the
12

C(π+
,K

+
)
12
Λ C reac-

tion with 3 and 2 MeV (FWHM) resolution.

firmly established the field of hypernuclear spectroscopy.
In addition, the E140a experiment of KEK-PS, the

first of the series of experiments, intended to investigate
the nature of a Λ hyperon deeply bound to heavy nu-
clei. The binding energies of a Λ hyperon bound by a
wide range of hypernuclei such as 89

Λ Y, 139
Λ La and even

208
Λ Pb were obtained from the excitation spectra. The
spectra of 139

Λ La and 208
Λ Pb were depicted in Fig. 2. It

was revealed that the single-particle nature of a Λ hy-
peron persists to the first order even in nuclei as heavy
as A = 208 [7].

Much improved statistics and resolution were obtained
for 89

Λ Y in the most recent E369 experiment [6]. The
spectrum is also shown in Fig. 3.

It is now well demonstrated that the (π+,K+) reac-
tion spectroscopy is a powerful tool for the investigation
of hypernuclear physics. However, it is also clear that
the resolution of these spectra are not high enough to
resolve the detail related to the nuclear structure and/or
ΛN interaction. And it is certainly required to further
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➊ Hyperons are NOT Pauli-blocked 
➋ Requires the knowledge of YN, YY, ... 
➌ Spectroscopy: DECAY
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➋ Requires the knowledge of YN, YY, ... 
➌ Spectroscopy: DECAY

K. Tanida et al., Phys. Rev. Lett. 86 (2001)
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O.Hashimoto, H.Tamura, PPNP 57 (2006) 564.

➊ Hyperons are NOT Pauli-blocked 
➋ Requires the knowledge of YN, YY, ... 
➌ Spectroscopy

➍ Lesson learned

Nuclear potential of Λ: 
V0Λ =-30MeV (c.f.UN =-50MeV)

ΛN force is attractive 
(but weaker than NN)

Small spin-orbit force 
(~few percent of NN case)

Precision is the key issue


