
4th  
Pre-Conference  

School

Lecturer: P. Capel, L. Fabbietti, W. Kűhn, C. Sfienti

54th 
International Winter  
Meeting on Nuclear Physics

25–29 January 2016, Bormio, Italy



why this conference?



LRP Nuclear Science Advisory Committee(2008)

R
es

ol
ut

io
n

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)

This conference is sponsored by:

54th 
International Winter  
Meeting on Nuclear Physics

25–29 January 2016, Bormio, Italy



Î	MORNING SESSION  09:00-12:30

9:00  Concettina Sfienti and Laura Fabbietti
  Welcome 
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Vladimir 
YUREVICH

17:20 Computing for the LHC: operations during 
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Dagmar 
ADAMOVA
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17:26 K- multi-nucleon absorption processes in 
hadronic interaction studies by AMADEUS

Raffaele DEL 
GRANDE
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  No Low-Lying Nuclear Vibrations: Configuration Dependent Pairing  
                 and Axial Asymmetry

17:40  Vinzent STEINBERG
  SMASH - A new hadron transport approach for heavy ion collissions

18:00  Roman LYSAK
 Recent results on soft QCD topics from ATLAS
18:20  Jason HOLT
  Ab initio valence-space theory for exotic nuclei

18:40  Georg WOLSCHIN
  Beyond the thermal model
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  Measurement of the beam normal single-spin asymmetry of    
                 Carbon-12

18:45  Li LEI 
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 capture
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Hadron Physics: 
Selected Topics

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

EX2: Strange Hadrons
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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

1"

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

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

baryons are bound state of 3 quarks: 

€ 

π + = ud      π 0 =  1
2 (uu − dd )  π - =  du 

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

€ 

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

€ 

π− = du 

€ 

Λ = uds



From QPM to QCD

Λ="(uds) 

Mesons&are&color+an,colorpairs&Baryons&are&red+blue+green&triplets&

3&primary&colors&&white"" &white"color&+&complementary&color"&&&

blue+yellow&
green+magenta&

red+cyan&

...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
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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.
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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 �s, 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

⌅e+e�⇥µ+µ�
=

4⇤�2
em

3s
=

86.9 nbGeV2

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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• LEP (CERN) & SLC (SLAC): Large energies (small �s, 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

⌅e+e�⇥µ+µ�
=

4⇤�2
em

3s
=

86.9 nbGeV2

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 di⇥erences are the fractional electric charges of the quarks and the fact that the
quarks appear in Nc = 3 di⇥erent 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)

⇤e+e�⇥qq̄
0 =

4⇥�2
em

3s
e2qNc =

86.9 nbGeV2

s
e2qNc. (8.2)

We assume
 

q ⇤
e+e�⇥qq̄ = ⇤e+e�⇥hadrons, i. e. the produced quark-antiquark pair will

always hadronize.

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

R =
⇤e+e�⇥hadrons

⇤e+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 � resonance (see Fig. 8.3), we expect1

R = Nc

⌦

q

e2q = 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 di⇥erence 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 di⇥erence visible in the plot
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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

Matthias Hoek Innovative Photo-Detection Methods for Particle Identification       12.  September 2011

Struktur der Materie

Wie trägt die innere Struktur des 
Protons zu seinen Eigenschaften bei?
� Masse
� Spin

Wie trägt die innere Struktur des 
Protons zu seinen Eigenschaften bei?
� Masse
� Spin

Verwendete Methoden
� Streuung
� Spektroskopie

Verwendete Methoden
� Streuung
� Spektroskopie

Investigation structure of matter through:

spectroscopy Scattering



Strong Interaction
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Prediction of QCD (I)
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Prediction of QCD (II)

...non qq mesons or non qqq baryons
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Pentaquark
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Observation of J=ψp Resonances Consistent with Pentaquark States
in Λ0

b → J=ψK−p Decays

R. Aaij et al.*

(LHCb Collaboration)
(Received 13 July 2015; published 12 August 2015)

Observations of exotic structures in the J=ψp channel, which we refer to as charmonium-pentaquark
states, in Λ0

b → J=ψK−p decays are presented. The data sample corresponds to an integrated luminosity of
3 fb−1 acquired with the LHCb detector from 7 and 8 TeV pp collisions. An amplitude analysis of the
three-body final state reproduces the two-body mass and angular distributions. To obtain a satisfactory fit of
the structures seen in the J=ψp mass spectrum, it is necessary to include two Breit-Wigner amplitudes that
each describe a resonant state. The significance of each of these resonances is more than 9 standard
deviations. One has a mass of 4380! 8! 29 MeV and a width of 205! 18! 86 MeV, while the second
is narrower, with a mass of 4449.8! 1.7! 2.5 MeV and a width of 39! 5! 19 MeV. The preferred JP

assignments are of opposite parity, with one state having spin 3=2 and the other 5=2.

DOI: 10.1103/PhysRevLett.115.072001 PACS numbers: 14.40.Pq, 13.25.Gv

Introduction and summary.—The prospect of hadrons
with more than the minimal quark content (qq̄ or qqq) was
proposed by Gell-Mann in 1964 [1] and Zweig [2],
followed by a quantitative model for two quarks plus
two antiquarks developed by Jaffe in 1976 [3]. The idea
was expanded upon [4] to include baryons composed of
four quarks plus one antiquark; the name pentaquark was
coined by Lipkin [5]. Past claimed observations of penta-
quark states have been shown to be spurious [6], although
there is at least one viable tetraquark candidate, the
Zð4430Þþ observed in B̄0 → ψ 0K−πþ decays [7–9], imply-
ing that the existence of pentaquark baryon states would not
be surprising. States that decay into charmonium may have
particularly distinctive signatures [10].
Large yields of Λ0

b → J=ψK−p decays are available at
LHCb and have been used for the precise measurement of
the Λ0

b lifetime [11]. (In this Letter, mention of a particular
mode implies use of its charge conjugate as well.) This
decay can proceed by the diagram shown in Fig. 1(a), and is
expected to be dominated by Λ% → K−p resonances, as are
evident in our data shown in Fig. 2(a). It could also have
exotic contributions, as indicated by the diagram in
Fig. 1(b), which could result in resonant structures in
the J=ψp mass spectrum shown in Fig. 2(b).
In practice, resonances decaying strongly into J=ψp

must have a minimal quark content of cc̄uud, and thus are
charmonium pentaquarks; we label such states Pþ

c , irre-
spective of the internal binding mechanism. In order to

ascertain if the structures seen in Fig. 2(b) are resonant in
nature and not due to reflections generated by the Λ% states,
it is necessary to perform a full amplitude analysis,
allowing for interference effects between both decay
sequences.
The fit uses five decay angles and the K−p invariant

massmKp as independent variables. First, we tried to fit the
data with an amplitude model that contains 14 Λ% states
listed by the Particle Data Group [12]. As this did not give a
satisfactory description of the data, we added one Pþ

c state,
and when that was not sufficient we included a second
state. The two Pþ

c states are found to have masses of
4380! 8! 29 MeV and 4449.8! 1.7! 2.5 MeV, with
corresponding widths of 205! 18! 86 MeV and
39! 5! 19 MeV. (Natural units are used throughout this
Letter. Whenever two uncertainties are quoted, the first is
statistical and the second systematic.) The fractions of the
total sample due to the lower mass and higher mass states
are ð8.4! 0.7! 4.2Þ% and ð4.1! 0.5! 1.1Þ%, respec-
tively. The best fit solution has spin-parity JP values of
(3=2−, 5=2þ). Acceptable solutions are also found for
additional cases with opposite parity, either (3=2þ, 5=2−) or
(5=2þ, 3=2−). The best fit projections are shown in Fig. 3.
Both mKp and the peaking structure in mJ=ψp are repro-
duced by the fit. The significances of the lower mass and

(a) (b)

FIG. 1 (color online). Feynman diagrams for (a) Λ0
b → J=ψΛ%

and (b) Λ0
b → Pþ

c K− decay.

*Full author list given at end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 3.0 License. Further distri-
bution of this work must maintain attribution to the author(s) and
the published article’s title, journal citation, and DOI.
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Theoretical approaches
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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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Lattice QCD

“Lattice field theory is the non-perturbative 
approach to QFT through regularised 

Euclidean functional integrals.

The regularisation is based on discretisation of 
the action which preserves gauge invariance 

at all stages”

H. Wittig, JGU, Mainz



Lattice QCD

introduce cutoff i
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“Lattice field theory is the non-perturbative 

approach to QFT through regularised 
Euclidean functional integrals.

The regularisation is based on 

discretisation of the action which 
preserves gauge invariance at all stages”

QCD – Gauge theory of the strong interaction

• Lagrangian: formulated in terms of quarks and gluons

LQCD = −1
4F

a
µνF

a µν +
∑

f

ψf (iγµDµ − mf)ψf , f = u, d, s, c, b, t

Dµ = ∂µ − ig(1
2λ

a)Aa
µ

• Parameters:

gauge coupling: g, αs = g2/4π
quark masses: mu, md, ms, . . .

• Amazingly simple structure

1



Path integrals and observables
2. Path integral and observables

Lattice formulation . . .

. . . preserves gauge invariance

. . . defines observables without reference to perturbation theory

. . . allows for stochastic evaluation of observables

Expectation value:

h⌦i =
1

Z

Z

D[U ]D[ ]D[ ]⌦ e�SG[U ]�SF[U, , ]

=
1

Z

Z

D[U ]⌦
Y

f

det (�
µ

D
µ

+m
f

) e�SG[U ]

=
1

Z

Z

Y

x,µ

dU
µ

(x)⌦
Y

f

det (Dlat +m
f

) e�SG[U ]

II-1
H. Wittig, JGU, Mainz



Path integrals and observables

Beyond*Perturba>on*Theory:*La#ce*QCD

❖ NonDperturba6ve'treatment;'regularised'Euclidean'func6onal'integrals

LaTce'spacing: a, xµ = nµa, a

�1 = ⇤UV

Finite'volume: L3 · T

❖ Stochas6c'evalua6on'of' h⌦i via'Markov'process
Strong'growth'of'numerical'cost'near'physical'mu,md

❖ Pion'mass,'i.e.'lightest'mass'in'pseudoscalar'channel:'

⇡ 500MeV

(2001)
�! ⇡ 130� 200MeV

(2015)

2. Path integral and observables

Lattice formulation . . .

. . . preserves gauge invariance
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. . . allows for stochastic evaluation of observables
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Monte Carlo Simulation
Monte Carlo simulation

1. Generate set of N
c

configurations of gauge fields {U
µ

(x)} , i = 1, . . . , N
c

,
with probability distribution

W =
Y

f

det (Dlat +m
f

) e�SG[U ]

! “Importance sampling”

! Define an algorithm based on a Markov process:

Generate sequence {U}1 �! {U}2 �! . . . �! {U}
N

c

Transition probability given by W

2. Evaluate observable for configuration i

⌦ =
1

N
c

N

c

X

i=1

⌦
i

, h⌦i = lim
N

c

!1
⌦, statistical error: / 1/

p
N

c

II-2
H. Wittig, JGU, Mainz



Systematic effects
Systema>c*effects

❖ LaTce'artefacts:

extrapolate'to'con6nuum'limit'from�! a ⇡ 0.05� 0.12 fm

❖ Unphysical'quark'masses

• Chiral'extrapola6on'to'physical'values'of'' becomes'obsoletemu,md

❖ Inefficient'sampling'of'SU(3)'group'manifold
• Simula6ons'become'trapped'in'topological'sectors'as' a ! 0

• Use'open'boundary'condi6ons'in'6me'direc6on [Lüscher*&*Schaefer,*2012]

❖ Finite'volume'effects
• Empirically:' m⇡L � 4 sufficient'for'many'purposes
• Could'be'more'severe'for'mul6Dbaryon'systems'

• Provide'informa6on'on'sca\ering'phase'shi]s

H. Wittig, JGU, Mainz
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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!



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/ψ in 1974 

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

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



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 

X"
e+ 

e- 

J/ψ (ψ’) 

photon: 
JPC = 1- - 

J/ψ (ψ’): 
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/ψ = 13S1 

ψ’ = 23S1 

c 
c c 
  

€ 

 
S 1

  

€ 

 
L 

  

€ 

 
S 2

  

€ 

 
S =
 
S 1 +
 
S 2 

J =
 
L +
 
S 

ηc = 11S0 

ηc = 21S0 ’  

0, 1, 2, 3, … 



Production

•  Colour-suppressed bc 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/ψ or ψ, 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 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
⇥2� + V (r)� = En�



JPCL=0 L=1
0-+ 1-- 1+- 0++ 1++ 2++

�(4415)

�(4040)

�(2S)

J/�

hc

�c0

�c1

�c2(2P)

�c2

�c

�c(2S)

P,D,F,... 
States

high angular momentum

S-States
�c(nS) 
�(nS)

radial excitations

CharmoniumCharmonium

G. Bali et al.,    
hep-lat/0003012

aV(r) br
r

� � �

Distance (fm)

Klaus Peters - Facets of hadron spectroscopy and the role of glue14

The easy case



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

#8

π∓

ηc(11S0)

J/ψ(13S1)

ψ′(23S1)

ψ′′(13D1)

hc(11P1)

χc0(13P0)

χc1(13P1)
χc2(13P2)

ηc′(21S0)

3.0

3.2

3.4

3.6

3.8
2MDM

AS
S 

  [
G

eV
/c

2 ]

0−+ 1−− 1+− 0++ 1++ 2++

JPC

ψ(33S1)

ψ(43S1)

χc2(23P2)

4.4

4.2

4.0 ηc(31S0)

ηc(41S0)

hc(21P1)

χc0(23P0)

χc1(23P1)

χc2(33P2)
hc(31P1)

χc0(33P0)

χc1(33P1)Y(4260)

Y(4360)

X(3872)
Z(3900)

predicted, discovered

predicted, undiscovered

unpredicted, discovered

Z(4430)?

Z(4020)
γ

π±
ψ(23D1)

π∓ π+π−

(cc̄g, cq̄qc̄, (cq̄)(qc̄), cc̄⇡⇡)

(cc̄)

R. Mitchell Bormio 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)

R
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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



➊ Hyperons are NOT Pauli-blocked 

Strangeness Nuclear Physics 



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

Strangeness Nuclear Physics 



J. Haidenbauer
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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

Strangeness Nuclear Physics 



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

Strangeness Nuclear Physics 



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

-S56- Journal of the Korean Physical Society, Vol. 43, September 2003

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 �-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 � ray spectroscopy is
the basis of the hypernuclear studies. And experimental
e⇥orts toward the future hypernuclear spectroscopy will
be described.

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

SPECTROMETER

The reaction spectroscopy by the (⇥+,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�,⇥�)
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 � hyperon
in a low-l orbital. With an intension to take full advan-
tage of the (⇥+,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

� C ground-state yield in the (⇥+,K+) reaction [5].
The large acceptance allows us to perform e⇤cient coin-
cidence experiments such as study of hypernuclear weak
decay and � 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(⇥+,K+)12� 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 � hyperon coupling to the excited
states of the 11C core in connection with the �N inter-
action. Those high precision hypernuclear mass spectra

Fig. 1. Missing mass spectra of the 12C(�+,K+)12� 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 � hyperon deeply bound to heavy nu-
clei. The binding energies of a � hyperon bound by a
wide range of hypernuclei such as 89

� Y, 139
� La and even

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

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

was revealed that the single-particle nature of a � 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

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

It is now well demonstrated that the (⇥+,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
�N interaction. And it is certainly required to further

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

K. Tanida et al., Phys. Rev. Lett. 86 (2001)
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Strangeness Nuclear Physics 

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


