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NUCLEAR  PHYSICS :  
exploring the PHASES and STRUCTURES of QCD



1. 

The
Beginnings



Fig. I. Three Regions of Nuclear Potential.*

Region I. Classi.cal region, r*\.irc-t, (r-t is the pion Comp'
ton wave length) where the one-pion-exchange potential domi'
nates and the quantitative behavior of the potential has been
established.

Region II. D.ynamical regi.on, 0.7{L!r{I.5rc-r, where the
two-pion-exchange potential competes with and exceeds the one'
pion-exchange potential. The recoil effect is also appreciable
in this region. The qualitative behavior, however, has been
clarified.

Region III. Phenomenologi.cal region, r10.7rc-r, where exist
so many complicated effects, €.g., the relativistic effect, the isobar
effect, the effect of new particles, etc., that at present we may
have no means but some phenomenological treatment to fit with
experiments.

distance in the unit of the pion Compton wave length,x fi is the inter-nucleon
E-r=L.4x10-13-cm](see p. 35).
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 region 1I1
short distance:  unresolved  

Nucleon-Nucleon Interaction M. Taketani, S. Nakamura, M. Sasaki
Prog. Theor. Phys.  6 (1951) 581

 region 1   
long distance: 

one-pion exchange 

region 1I    
intermediate distance: 

two-pion exchange 

M. Taketani,  Suppl. Prog. Theor. Phys. (1956) 

Hierarchy 
of 

SCALES

H. Miyazawa et al. (1957)

H. Yukawa (1935)



1I. 

Yukawa’s Pion 
and 

Low-Energy QCD:

Guiding Principles



QCD  

“HIGH - Q” (    several GeV)> SHORT DISTANCE (    0.1 fm)<

Theory of  WEAKLY INTERACTING QUARKS and GLUONS

“LOW - Q” (      1 GeV)<< LONG DISTANCE (    1 fm)

SPONTANEOUS  (CHIRAL)  SYMMETRY BREAKING  

        >

Effective Field Theory of  WEAKLY INTERACTING
PIONS as NAMBU-GOLDSTONE BOSONS     

LQCD = ψ̄ (iγµD
µ
− m) ψ −

1

4
GµνG

µν

BASIC CONCEPTS    and    STRATEGIES

x

τ

a

LATTICE QCD
Large-scale computer simulations on

EUCLIDEAN SPACE-TIME Lattices

1

4



SPONTANEOUS  SYMMETRY  BREAKING 

LOW  T HIGH  T

 Ueff

< φ >

 Ueff

< φ >

 CHIRAL  (QUARK)  CONDENSATE 

〈q̄q〉 #= 0 〈q̄q〉 = 0

(Nambu - Goldstone) 

σ σ

 QCD with (almost) MASSLESS  u- and d-QUARKS  (N  = 2)

        left - handed         right - handed

momentum
spinspin

Low-Energy QCD :    CHIRAL  SYMMETRY

SU(2)L × SU(2)R

f

pseudoscalar 
isovector

scalar
isoscalar

ψ = (u,d)
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↔ ψ̄ γ5 t
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σ ↔ ψ̄ ψ
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NAMBU - GOLDSTONE  BOSON: 

Spontaneously Broken  CHIRAL  SYMMETRY

fπ = 92.4MeV

PION DECAY CONSTANTORDER PARAMETER: 

PION 

〈0|Aa
µ(0)|πb(p)〉 = iδab pµ fπ

π
µ

ν

SYMMETRY BREAKING SCALE MASS GAP

Λχ = 4π fπ ∼ 1GeV

PCAC:

Gell-Mann - Oakes - Renner Relation

m
2
π
f
2
π

= −mq 〈ψ̄ψ〉 + O(m2

q
)

Axial current



Interface χPT ↔ Lattice QCD

lattice: everything in units of the lattice spacing a, e.g. mass am
→ need to know a in physical units.
→ one option: find “Sommer scale” r0 (r1) on the lattice such that the

force F between heavy quarks fulfills F (r0)r02 = 1.65
→ from bottomonium phenomenology: r0 ≈ 0.5 fm (uncertainty? )

χPT: in terms of the

leading order pion mass:

mπ
2 = B mu,d (Gell-Mann–Oakes–Renner)

→ lattice indicates: mπ
2 ∝ mu,d

over a wide range
⇒ in good approximation mπ & mπ

0 0.01 0.02 0.03 am
0

0.02

0.04
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0.08

(am! )
2

m!"676MeV

484

381

294

select lattice data: try to keep
systematic errors from the lattice sufficiently small / accounted for
data points inside range of applicability of χPT (“convergence”!)

physical point

Chiral
Perturbation

Theory

Tests of the Chiral Symmetry Breaking Scenario

low-energy ππ phase shifts from  K → ππeν

perfect consistency with leading order 
Gell-Mann - Oakes - Renner relation

m
2

π = −
mu + md

f2

π

〈q̄q〉 + O(m2

q)

q

 PION  from  LATTICE QCD

confirmation of  “standard” 
spontaneous symmetry breaking 

with  Pion  as
Nambu-Goldstone Boson 

and 
Strong Quark Condensate

M. Lüscher
Proc. Lattice 2005

G. Colangelo et al.,   
Nucl. Phys. B 603 (2001) 125

|〈q̄q〉| # (0.23GeV)3 # 1.5 fm3
fm

−3



B. KetzerCOMPASS

Polarizabilities

!PT (2-loop):!PT (2-loop): 34 fm10)5.09.2( "#$%&'
34 fm10)5.08.2( "#$"%&(

COMPASS:

• Primakoff reaction

! good t resolution mandatory                                           

COMPASS:

• Primakoff reaction

! good t resolution mandatory                                           

2

0

2 /)(dd tttZt ")*+

Describe response to external e.m. fields ! stiffness of system

• electric polarizability

• magnetic polarizability

Describe response to external e.m. fields ! stiffness of system

• electric polarizability

• magnetic polarizability

Ed
!!

'%

H
!!

(, %

Situation before COMPASS

Tests of the Chiral Symmetry Breaking Scenario
(part II)

Electromagnetic Polarizability of the PION

Primakoff Reaction @ COMPASS

pion beam 
(190 GeV)

B. KetzerCOMPASS

Q2 Distributions
nuclear 
target

small Q2 consistent with 
Chiral Perturbation Theory

απ = −βπ = (2.5 ± 1.7stat) · 10
−4

fm
3

pre
lim

in
ar

y



III. 

NN and NNN
Interactions

Modern 
Developments V

1 2 3
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NN  POTENTIAL    from    LATTICE  QCD

  Reconstruct potential 
from wave function:

quenched
 QCD

  
“large”

quark/pion 
masses

Ishii,  Aoki, Hatsuda:  hep-lat/0611096 (PRL 2007)
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Repulsive core
from Lattice QCD

VC(r) = E +
∇2φ(r)

2µ φ(r)
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Chiral Effective Field Theory

Chiral symmetry of QCD (mu ≈ md ≈ 0) spontaneously broken with pion as
Goldstone boson =⇒ LQCD ↔ Leff (π, N)

Systematic low-momentum expansion in (Q/Λχ)n; Λχ ≈ 1 GeV, Q ≈ Mπ

power counting

VNN ∼ (Q/Λχ)n

n = −4 + 2N + 2L + i Vi ∆i

∆i = di + 1
2 νi − 2

Weinberg, Van Kolck, Kaiser,

Meissner, Eppelbaum, Machleidt..

consistency between NN, NNN and NNNN forces (hierarchy)

low-energy constants (LEC) from experiment or lattice QCD

.

NUCLEAR  INTERACTIONS  from
CHIRAL  EFFECTIVE  FIELD  THEORY  

  Separation of Scales

... inward bound:

Q << 4π fπ ∼ 1GeV

Nambu-Goldstone  
Bosons 

(light / fast)

coupled to 

Baryons 
(heavy / slow)

2N 3N 4N

O

(
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)

O
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Q2

Λ2

)
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)

O

(

Q4
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)

Weinberg;     Bedaque & van Kolck 
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Figure 30: Differential cross section (in mb/sr) and vector analyzing power for elastic nd scattering at
3 MeV (upper panel) 10 MeV (middle panel) and 65 MeV (bottom panel) at NLO (light–shaded bands)
and N2LO (dark–shaded bands) in the SFR framework. The bands correspond to the cut–off variation
as specified in Eq. (4.21). For data see [194].

significantly from the data, the N2LO predictions are in agreement with the data but the uncertainty
due to the cut–off variation is large. A more detailed discussion will be given in [279].

Let us now discuss the nucleon vector analyzing power Ay, which is the most problematic observable in
nd elastic scattering at low energy. This particular observable is underpredicted in the maximum by an
amount of ∼ 25 . . . 30% by modern high–precision nuclear potentials, which is known in the literature as
Ay puzzle [298, 299]. Augmenting the NN potentials with 3NF models such as the TM99’ 3NF [300] or the
Urbana-IX 3NF [301], which are frequently used in modern few–body calculations, does not substantially
improve the description of this observable. The only exception is given by the phenomenological spin–
orbit 3NF introduced by Kievsky [302], which allows to describe the data. Similar discrepancies (but less
pronounced compared to Ay) are also observed for the tensor analyzing power iT11. As demonstrated in
Fig. 30, The NLO result for Ay is in agreement with the data at 3 MeV and even slightly overpredicts
the data at 10 MeV. Very similar results based on the DR NN potential at NLO were obtained in

69

CHIRAL  EFFECTIVE  FIELD  THEORY 
at work in nuclear few-body systems 

example:   elastic  nd  scattering

10 MeV

0

0.05

0.1
iT

11

-0.1

-0.05

0

0.05

0.1

T
20

0 60 120 180

!  [deg]

-0.05

0

0.05

0.1

T
21

0 60 120 180

!  [deg]

-0.1

-0.08

-0.06

-0.04

-0.02

0

T
22

Figure 31: Tensor analyzing powers for elastic nd scattering at 10 MeV at NLO (light–shaded bands)
and N2LO (dark–shaded bands). The bands correspond to the cut–off variation as specified in Eq. (4.21).
For data see [194].

[214, 277]. While this looks encouraging, one cannot conclude that the Ay–puzzle has been solved. This
observable is well known to be very sensitive to the spin–orbit 2NF and, therefore, to the triplet P–
waves, see e.g. [278, 285], which need to be reproduced accurately in order to have conclusive results. It
is instructive to look at the spin–orbit phase shift combination ∆LS defined as [278]:

∆LS =
1

12

(

2δ3P0
− 3δ3P1

+ 5δ3P2

)

. (4.24)

In Table 9, we show the results for this quantity at NLO and N2LO compared to the ones from Nijmegen
PWA. Clearly, the spin–orbit force at NLO is enhanced compared to Nijmegen PWA, which also explains
the enhancement for nd Ay at this order. Notice that the overestimation of ∆LS at NLO (and, to a less
extend, also at N2LO) is largely due to the failure to properly describe the 3P2 partial wave, cf. Fig. 26. We
emphasize, however, that the quantity ∆LS is more accurately reproduced at N2LO, where the calculated
nd Ay is in a reasonable agreement with the data (although the uncertainty due to the cut–off variation
appears to be quite sizable). A more detailed discussion including the role of the 3NF will be given in
[279], see also [303] for a related earlier work.

Finally, we emphasize that at low energy the results for nd elastic scattering observables at NLO and
N2LO in both SFR and DR [214] frameworks are very similar. The strongest differences are observed
for Ay and iT11, where the N2LO correction is larger in the DR approach. Very different values of c3,4

adopted in these analyses, which determine the strength of the 2PE 3NF, have only a little impact on the
considered nd elastic scattering observables. At higher energies such as 65 MeV, the differences between
the two sets of calculations, however, become quite significant. For further results in nd elastic scattering
based on the NN potential of Ref. [247] the reader is referred to [278].

70

3 MeV

65 MeV

differential 
cross sections

vector
analysing 
power

tensor analysing power

E. Epelbaum:   Prog. Part. Nucl. Phys.  57 (2006) 654

10 MeV

NLO
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2
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7. Nuclei in the Universe 133

stable nuclei
known masses up to ‘95
mass measurement s ‘95 - ’00
mass measurement s ‘02

(on-line identification)
unknown masses T > 1s
unknown masses T < 1s
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Figure 7.6: The current knowledge of nuclear masses. Preliminary results obtained on-line from the frag-
mentation or from the fission of a 238U beam are shown in yellow color. (Courtesy of Y. Litivinov)

significant impact on the r-process abundance
pattern at the low-A wing of the peaks. Its firm
verification, however, needs further experimen-
tal study of the r-process progenitor nuclei in
the vicinity of the shell closure. In particular,
major developments have to be started to pro-
duce and study the refractory elements (Mo to
Pd) around N=82.

There are currently no data available for r-
process nuclei in the region of the N=126 shell
closure, which is associated with the third r-
process peak at around A ∼ 195. This is likely
to change, when this region can be reached by
the high-energy fragmentation of Pb or U beams
at GSI. These key experiments will then open
a new era in nuclear structure and r-process re-
search, in particular delivering the first measure-
ments of halflives for N = 126 waiting points.
Beyond N = 126, the r-process path reaches re-
gions where nuclei start to fission, demanding
an improved knowledge of fission barriers in ex-
tremely neutron-rich nuclei to determine where
fission terminates the neutron capture flow and
prevents the synthesis of superheavy elements
with Z>92. If the duration time of the r-process

is sufficiently long (as it could be found in neu-
tron star mergers), the fission products can cap-
ture again neutrons, ultimately initiating “fis-
sion cycling” which can exhaust the r-process
matter below A = 130 and produce heavy nu-
clei in the fission region. Fission can in partic-
ular influence the r-process abundances of Th
and U. This would change the Th/U r-process
production ratio with strong consequences for
the age determination of our galaxy, which has
recently been derived from the observation of
these r-nuclides in old halo stars.

The direct measurement of neutron-capture
cross sections on unstable nuclei is techni-
cally not feasible. This goal can, however,
be achieved indirectly by high resolution (d,p)-
reaction, which are considered the key tool to
study neutron capture cross sections of rare iso-
topes at radioactive nuclear beam facilities. For
r-process nuclides, particular technical advance-
ments need to be made to produce the required
beams of a few MeV/nucleon. Studies of beta
delayed-neutron decays can help to determine
the existence of isolated resonances above the
neutron-emission threshold in the daughter nu-

Z

N

... from  QCD
 via 

CHIRAL EFFECTIVE 
   FIELD THEORY ...

... to the
NUCLEAR  CHART  ?

IV.



3

two 1+0 states is exchanged depending on cD. Using ex-
trapolation, we can see that the best overall description
is obtained around the cD ≈ −1. This observation is also
supported by excitation energy calculations as well as
by calculations of other transitions. We therefore select
cD = −1 and, from Fig. 1, cE = −0.346 for our further
investigation.

We present in Fig. 3 the excitation spectra of 11B as
a function of Nmax for both the chiral NN+NNN, (top
panel) as well as with the chiral NN interaction alone
(bottom panel). In both cases, the convergence with in-
creasing Nmax is quite good especially for the lowest-lying
states. Similar convergence rates are obtained for our
other p−shell nuclei.
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FIG. 4: States dominated by p-shell configurations for 10B,
11B, 12C, and 13C calculated at Nmax = 6 using !Ω = 15 MeV
(14 MeV for 10B). Most of the eigenstates are isospin T=0 or
1/2, the isospin label is explicitly shown only for states with
T=1 or 3/2. The excitation energy scales are in MeV.

We display in Fig. 4 the natural parity excitation spec-
tra of four nuclei in the middle of the p−shell with both
the NN and the NN+NNN effective interactions from
ChPT. The results shown are obtained in the largest
basis spaces achieved to date for these nuclei with the
NNN interactions, Nmax = 6 (6!Ω). Overall, the NNN
interaction contributes significantly to improve theory
in comparison with experiment. This is especially well-
demonstrated in the odd mass nuclei for the lowest few
excited states. The celebrated case of the ground state
spin of 10B and its sensitivity to the presence of the NNN
interaction is clearly evident. There is an initial indica-
tion in these spectra that the chiral NNN interaction is
“over-correcting” the inadequacies of the NN interaction
since, e.g. 1+0 and the 4+0 states in 12C are not only in-
terchanged but they are also spread apart more than the
experimentally observed separation. While these results
display a favorable trend with the addition of NNN in-
teraction, there is room for additional improvement and
we discuss the possibilities below.

These results required substantial computer resources.
A typical Nmax = 6 spectrum shown in Fig. 4 and a

set of additional experimental observables, takes 4 hours
on 3500 processors of the LLNL’s Thunder machine. We
present only an illustrative subset of our results here.

Table I contains selected experimental and theoretical
results for 6Li and A = 10 − 13. A total of 71 experi-
mental data are summarized in this table including the
excitation energies of 28 states encapsulated in the rms
energy deviations. Note that the only case of an increase
in the rms energy deviation with inclusion of NNN inter-
action is 13C and it arises due to the upward shift of the
7
2

−

state seen in Fig. 4, an indication of an overly strong
correction arising from the chiral NNN interaction. How-
ever, the experimental 7

2

−

may have significant intruder
components and is not well-matched with our state.

We demonstrated here that the chiral NNN interaction
makes substantial contributions to improving the spectra
and other observables. However, there is room for further
improvement in comparison with experiment. We stress
that we used a strength of the 2π-exchange piece of the
NNN interaction, which is consistent with the NN inter-
action that we employed. Since this strength is some-

Example:   P-SHELL  NUCLEI

NC Shell Model calculations
NN and NNN interactions

from Chiral Effective Field Theory

importance of 3N force

P. Navrátil et al., 
 nucl-th/0701038

V. J. Pandharipande,  R. Wiringa et al.



CHIRAL DYNAMICS and the 
NUCLEAR MANY-BODY PROBLEM

PIONS (and DELTA isobars) as explicit degrees of freedom

  pion exchange in presence of filled Fermi sea

  Expansion of  ENERGY DENSITY  

π
π

π

additional relevant scale:   Fermi momentum

+ +   ... “ in medium”

   IN-MEDIUM CHIRAL PERTURBATION THEORY

N N

short-distance dynamics:  contact interactions

N,∆N N N N

“small” scales:

in  powers of Fermi momentum

2nd order TENSOR force  +  nucleon’s SPIN-ISOSPIN polarizability

pF ∼ 2mπ ∼ M∆ − MN << 4π fπ

pF



NUCLEAR  THERMODYNAMICS

π

π

N N

N N

+

 
Yukawa   
           +  Van der Waals
                                      +  Pauli 

... plus contact terms 

Liquid - Gas  Transition  at
Critical Temperature T  = 15 MeVc

c

0 0.05 0.1 0.15 0.2

ρ [fm-3]
-1

0

1

2

3

4

P 
[M

eV
/fm

3 ]
T=0MeV

T=5MeV

T=10MeV

T=15MeV

T=20MeV
T=25MeV

S. Fritsch,  N. Kaiser,  W. W. :  Nucl. Phys.  A 750 (2005) 259

(empirical:   T  = 16 - 18 MeV)

baryon density

pressure

nuclear matter:  equation of state

V(r) ∼ −

e−2mπr

r6
P(mπr)

 NUCLEAR 
CHIRAL (PION)  DYNAMICS

N,∆



 DENSITY FUNCTIONAL STRATEGIES

: 

from in-medium Chiral Perturbation Theory  
(”Pionic fluctuations”)

: 

strong  SCALAR  and  VECTOR  mean fields   

E[ρ] = Ekin +

∫
d

3
x [E(0)(ρ) + Eexc(ρ)] + Ecoul

Eexc(ρ)

E
(0)(ρ)

...  constrained by symmetry breaking pattern of 
Low-Energy QCD

generated by IN-MEDIUM changes of QCD CONDENSATES 



Examples (part I)

  deviations (in %) between 
calculated and measured 
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Strategy :  

Fix short distance constants (contact interactions) e.g. in Pb region

  binding energies 
per nucleon ... 

... and charge radii

Calculate physics at long and intermediate distances using 
nuclear chiral effective field theory

Predict systematics for all other nuclei  

P. Finelli et al.:  Nucl. Phys.  A770 (2006) 1

P. Finelli et al.,  Nucl. Phys.  A770 (2006) 1



Examples (part II):                     DEFORMED NUCLEI  

deviations (in %) between 
calculated and measured binding energies 
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P. Finelli et al.,  Nucl. Phys.  A770 (2006) 1

 Ground state deformations

Systematics through isotopic chains
governed by

 isospin dependent forces 
from  chiral pion dynamics

π
π

π

+

N N N N

TENSOR  force



Unitary Correlation Operator Method (UCOM)

Hartree-Fock results Roth, Paar, Papaconstantinou 2006

HF + many-body perturbation theory

includes long-range correlations Roth, Paar, Papaconstantinou 2006

.

Examples (part III): 
Unitary Correlation Operator Method  

Roth,  Paar,  Papaconstantinou  (2006)

|Ψ̃〉 = exp[−iG] |Ψ〉

Unitary Correlation Operator Method (UCOM)

’exact’ many-body methods restricted to light nuclei A ≤ 16

need ’ab-initio’ methods based realistic NN and NNN interactions → UCOM Feldmeier, Roth..

correlations in the deuteron

two-body density suppressed at short distance (central correlations)

angular distribution depends strongly on relative spin orientation (tensor correlations)

shift nucleons out of the ’core’ region rotate nucleons towards poles or equator depending on spin orientation

.

important role of 
tensor correlations

(as in deuteron)

... much more info:           talk by  D.J. Dean    
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 Short Range NN Correlations,  revisited

E01-015 

Q2
= 2GeV2

xB ∼ 1.2

Pm ∼ (0.3 − 0.6)GeV

       dominance of 
tensor correlations

C. Ciofi, L. Frankfurt, M. Strikman,  et al.
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r-process

 Extrapolations  into  Unknown  Territory 

... require detailed knowledge of isospin (and spin) dependent interactions

guidance from: 

Yukawa’s Pion 
+ 

Symmetry 
Breaking 

Pattern 
(Chiral EFTh) 

         talk by  T. Otsuka
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Introduction χPT χ Spin-orbit Model Results SummaryExtended nuclear chart table

[From HYP 2006 web site]! a microscopic description of the spin-orbit interaction.
! a common mechanism both for nuclei and hypernuclei.Paolo Finelli χPT & Hypernuclei

Introduction χPT χ Spin-orbit Model Results Summary

About hypernuclei
Concerning the spin-orbit interaction, hypernuclei are interesting
systems because:

Recent spectroscopic investigations
using (K−,π−) reactions suggested
an extraordinary weakness of the
Λ-nucleus spin-orbit interaction

δ(p3/2−p1/2) = (152± 54± 36) keV

for 13
Λ C (20 times smaller than the

p3/2 − p1/2 spin-orbit splitting of 5 MeV
for nucleons).

Paolo Finelli χPT & Hypernuclei

 Strangeness   and   HYPERNUCLEI

N

Z

S

towards the Nuclear Chart  
with N   = 3 Quark Flavours

... the 3rd dimension: 

f key issue:
weakness of the

Λ-nuclear spin-orbit force
δE(p3/2 − p1/2) =

(150 ± 90)keV

π

π

in-medium
Chiral SU(3) Dynamics

ΛN

Σ

KEK, FINUDA, J-PARC

N. Kaiser et al., Phys. Rev. C71 (2005) 015203



V. 

The

NUCLEON

DAS PRINZIP Y/RUS

uon Tbbias Kniebe

Als die I7arnung bei mir ankam, war das Virus lingst da. In

der Familie wiiteten die Symptome, nur ich selbst fiihlte mich

topfit und schwelgte im Hochgefiihl meiner tollen Abwehr-

krifte. Dann las ich, was der Virenforscher auf www.heute.de

zu sagen hatte, und I7ort fiir \9'ort sank meine Zuversicht: Noro-

Erreger. Eine Million Fille. Keine Medikamente, keine Impfung.

Zehn bis fiinfzig Stunden bis zum Ausbruch. Kranke isolieren,

alles desinfizieren, alles in die Kochwische.'Wenn das wahr

war - und ich hatte keinen Zweifel daran -, dann war der

Kampf schon lange verloren.Ich legte mich ins Bett wie der alte

Mann, der beim Untergang

der Titanic als Einziger seine

\Tiirde bewahrt hatte, und

machte das Licht aus. In der

Nacht ging es los.

Uber 
'Wesen 

und \Tirken der

Vire! gibt es wenig Neues zu

berichten. Auch mein Noro-Vi-

rus fiihlte sich am Ende nicht

anders an als all seine Kollegen

zuvor - eher war es ein schwdch-

liches Exemplar, das mich nur

bis halb zwei auf Trab hielt. Neu

erscheint dagegen die Fiille der

Informationen, die ein Vrus

inzwischen begleiten.

Ich sah Bilder und Videos mei-

nes Peinigers.Ich erfuhr, dass er

(oder einer seiner nahen Ver-

wandten) gerade auch auf der

Queen Elizabeth 2 mitfihrt und

dort bereits jeden fiinften Pas-

sagier befallen hat, und zum

ersten Mal in meinem Leben

war ich froh, nicht auf einer

Kreuzfahrt zu sein. Spiter klagte ich iiber starke Kopfschmerzen

und wurde eine Zeitlangals Simulant betrachtet - bis der nichs-

te Bericht klarstellte, dass dies eine typische Noro-Spitfolge war.

Und noch heute spi.ire ich leichtes Unwohlsein, wenn ich an die

Nachricht denke, dass man sich ohne'Weiteres zweimal hinterein-

ander anstecken kann.

Es ist, als hitten wir einen neuen Anti-Viren-Informationskanal

eroffnet, der live und auf allen Medien vom Treiben unserer un-

sichtbaren und geFihrlichen Feinde berichtet: Jeder Ausbruch

eine Schlagzeile, jeder verdichtige Hiihnerstall eine Meldung,

jeder tote Schwan ein Bild in den Hauptnachrichten. Virologen

als Helden und Medienstars; Infokisten mit Handlungsanwei-

sungen fiir das eigene Leben. Viele Beobachter halten das fiir

iibertrieben, ftir Panikmache, fiir ein weiteres Versagen unserer

hohldrehenden, alles verschlingenden Medienmaschinerie. Sie

glauben, der Mythos von der unsichtbaren, schleichenden Bedro-

hung sei am Ende meist schlimmer als die Gefahr selbst.lch glau-

be das nicht.Ich liebe Virenberichte.
'Wenn 

man so will, ist das Virus ja selbst Information. Ein Daten-

strang. Ein geFihrliches Programm. Es lebt nicht wirklich. In

seiner Tfinzigkeit kann es allein

nichts ausrichten. Es braucht eine

Korperzelle, die es aufirimmt, sei-

nen Code mit ihrem eigenen

verwechselt und anfingt, geFihr-

liche Dinge zu tun - vor allem

neue Viren zu produzieren. Die

Ausweitung auf den Begriff des

Computervirus ist treffend und

sogar erhellend. Sie zeigt: Der

IGieg gegen Viren kann nur ein

Informationskrieg sein. Er wird

in Echtzeit entschieden werden.

Entweder ist das Virus zuerst da
- oder die Handlungsanweisung

der Virenjiger: Nicht offnen.

Nicht essen. Besser Hinde wa-

schen. Sofort zum Arzt gehen.

Diese Nachricht duldet keinen

Aufschub. Als schwerstes Ver-

sagen wihrend der SARS-Epi-

demie gilt heute, dass die chine-

sischen Beh<irden ihre Informa-

tionen nicht gleich mit der \felt

geteilt haben.

Am Ende wird es darauf ankommen, wer seine Informationen

schneller und wirkungsvoller verbreiten kann - der Mensch oder

das Virus. Viren bauen stindig Fehler in ihre Daten ein, das

macht sie so unberechenbar. So k<innte eines Tages ein neues

Supervirus entstehen, eine Pandemie. Medien bauen auch gern

Fehler in ihre Berichte ein. Oder zu viel Panik, oder zu wenig.

\fir iiben noch. Aber sollte die Seuche aller Seuchen eines Thges

wirklich ausbrechen, dann wird eine schnelle Schlagzeile, ein pri-

ziser Fernsehbericht, eine klare'Webseite die einzige Rettung sein.

I7enn iiberhaupt.
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many-body system 
      full of surprises

... a QCD



lattice
(CP-PACS, JLQCD, QCDSF)

physical point

Masse des Nukleons
[GeV]

25 50 75 100 150

Quarkmasse  [MeV]

 Origin of the  NUCLEON  MASS

... mostly  GLUONS 

QCD

quark mass   [MeV]

nucleon mass
[GeV]

physical point

chiral 
theory

M. Procura et al.  (2004);   R.D. Young et al. (2003)  D. B. Leinweber et al.  2004

u + u + d = proton

mass : 3 + 3 + 6 != 938 !

mu ! 3MeV md ! 6MeV

CONFINEMENT spontaneous (dynamical) 
CHIRAL SYMMETRY BREAKINGof quarks

M = E/c2

Lattice QCD



10 16. Structure functions

Table 16.1: Lepton-nucleon and related hard-scattering processes and their
primary sensitivity to the parton distributions that are probed.

Main PDFs
Process Subprocess Probed

!±N → !±X γ∗q → q g(x 0.01), q, q
!+(!−)N → ν(ν)X W ∗q → q′

ν(ν)N → !−(!+)X W ∗q → q′

ν N → µ+µ−X W ∗s → c → µ+ s

pp → γX qg → γq g(x ∼ 0.4)
pN → µ+µ−X qq → γ∗ q

pp, pn → µ+µ−X uu, dd → γ∗ u − d

ud, du → γ∗

ep, en → eπX γ∗q → q

pp → W → !±X ud → W u, d, u/d

pp → jet +X gg, qg, qq → 2j q, g(0.01 x 0.5)

all polarized PDFs. These polarized PDFs may be fully accessed via flavor tagging in
semi-inclusive deep inelastic scattering. Fig. 16.5 shows several global analyses at a scale
of 2.5 GeV2 along with the data from semi-inclusive DIS.

0
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0.2

0.3

0.4

0.5

0.6

0.7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
x

x 
f(x

)
Figure 16.4: Distributions of x times the unpolarized parton distributions f(x)
(where f = uv, dv, u, d, s, c, g) using the MRST2001 parameterization [29,13](with
uncertainties for uv, dv, and g) at a scale µ2 = 10 GeV2.

June 16, 2004 14:04

u
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d

g
uv

v

quarkQuarks in the nucleon carry : 

 ... only 1/2 of the 
   nucleon’s total momentum

... less than 1/3 of the 
   nucleon’s spin

electron,
muon

gluons

photon

quark

56 4. Quantum Chromodynamics

have been shown to exist using lattice QCD (at
least for infinitely heavy quarks), the emergence
of constituent quarks remains mysterious. It is
generally believed that their masses are asso-
ciated with the spontaneous breaking of chiral
symmetry. This is embodied in versions of con-
stituent quark models which include couplings
to pions and so satisfy constraints of chiral sym-
metry. Attempts to connect these models more
closely to QCD invoke configurations of gluon
fields such as instantons and colour monopoles.

Closely related to these are collective mod-
els, where baryons emerge as solitonic configu-
rations of Goldstone boson fields (Skyrmions).
Many of their predictions correspond to those
of a quark model with a very large number of
colours of quark. Recent versions of these mod-
els, where the mesons are generated as quark-
antiquark pairs, naturally give rise to an an-
tiquark “sea” and can be used to predict sea
parton distributions. However connecting these
models more closely to QCD remains an open
problem.

The second class of models is based entirely
on hadronic degrees of freedom. These are typi-
cally Lagrangians which satisfy some constraints
of chiral symmetry and which are formulated in
terms of physical mesons and baryons, including
resonances. At present they provide one of the
main tools for understanding the intermediate-
energy domain. More systematic applications
of chiral symmetry constraints and matching to
QCD short-distance behaviour will lead to fur-
ther progress in this area.

Finally, further improvement is also to be
expected in the use of unitary resummations
to extrapolate the results of chiral perturbation
theory to higher energies. These approaches
are able to describe several intriguing proper-
ties of the scalar meson sector as well as excited
baryons.

4.2.2 Role of glue

Spin of the nucleon

In the naive quark model, the spin of the pro-
ton is carried by its three valence quarks (see
Figure 4.3). However, in recent years we have

learned that the gluons and possibly the orbital
angular momentum of the quarks and gluons
also contribute to the total spin content of the
nucleon. This is commonly expressed by the fol-
lowing equation

1
2

=
1
2
∆Σ + ∆G + Lz, (4.1)

where ∆Σ represents the summed contributions
of the quarks spins, ∆G the contribution of the
gluons, and Lz the orbital angular momentum
of the partons.

u u

d

Figure 4.3: The (spin) structure of the nucleon.
Apart from the contribution of the valence quarks,
the gluons and sea-quarks may contribute as well (en-
largement). Not shown in the figure is a possible or-
bital angular momentum contribution of the quarks
and gluons.

Experimental information on the summed
quark contributions has been obtained in polar-
ized deep-inelastic scattering experiments. The
results of such experiments are expressed as the
longitudinal spin (or helicity) distribution func-
tion g1(x). When integrated over, this yields a
value for ∆Σ. Data on g1(x) have been obtained
in various experiments carried out at CERN,
DESY and SLAC. Their results are in good
agreement with each other. On the basis of these
data the total quark spin contribution 1

2∆Σ to
the nucleon spin is found to be 0.1–0.3, indicat-
ing that additional carriers of angular momen-
tum are needed in the nucleon.

To understand further the spin structure
of the nucleon, the flavour dependence of the

fraction of total proton momentum

distributions of 
QUARKS and GLUONS

in the PROTON

experimental 
data 
 + 

QCD

  SNAPSHOTS   of the   NUCLEON´S  INTERIOR 

Deep Inelastic Scattering



the 

 Surprises (part I) :
Gluon  contribution to  Nucleon Spin

B. KetzerCOMPASS

Direct Measurement of !G/G

Open charm: q=c

+ clean

- low statistics

Photon-Gluon-FusionPhoton-Gluon-Fusion

High-p
T

hadron pairs: q=u,d(,s)

+ high statistics

- background processes

Measure double spin asymmetryMeasure double spin asymmetry

G

G

NN

NN
A

!
"

#

$
%

&&

&&

'(

'(

raw

PGF tag: hadronic final state in SIDISPGF tag: hadronic final state in SIDIS

B. KetzerCOMPASS

!G/G from DIS

• Data favor small value of !G/G at xg~0.1

• Grey bands: NLO QCD fits to inclusive g1
p,n,d

• Data favor small value of !G/G at xg~0.1

• Grey bands: NLO QCD fits to inclusive g1
p,n,d

COMPASS experiment

... favours  small 

∆G/G
at xg ∼ 0.1

... where are the 
remaining portions 

of the 
nucleon spin ?

orbital 
angular 

momentum ?
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Surprises (part II) :
Electromagnetic FORM FACTORS of the PROTON
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Figure 1: Vector (a) and axial-vector (b) spectral functions as given by the
parametrization (12,13) and Appendix, compared with ALEPH data [4] (the
comparison with OPAL data [5] looks very similar).
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Figure 4: The photon spectral function R(ω) = (12π/ω2) ImΠ̄(ω) at finite temperature and ρB = 0 (left
panel) and at T = 0 and baryon density of normal nuclear matter, ρB = ρ0 = 0.17 fm−3 (right panel).
For orientation, the qq̄ line in the left panel shows the spectral function in the QGP phase with massless
u- and d-quarks and ms = 150 MeV for s-quarks, neglecting αs-corrections.

ΠV (T ) and leave TV N unaffected. This amounts to neglecting contributions from matrix elements
such as 〈πN |T jµ(x)jµ(0)|πN〉 (nucleon-pion scatterings where the pion comes from the heat bath).
Furthermore, this approximation does not take into consideration a possible T -dependent pion or nucleon
mass. Some effective models suggest that, near the phase transition, the nucleon mass follows the
behaviour of the chiral condensate 〈ψ̄ψ〉 and drops abruptly as the quarks lose their constituent masses.
Such modifications of particle properties may have a considerable impact on the spectral functions.
However, since the temperature range over which the dropping takes place is narrow, we expect such
effects not to leave distinct signals in the dilepton spectra which are only sensitive to the integrated time
(and hence temperature) evolution of the system.

The photon spectral function at finite density and zero temperature is depicted in figure 4 (right panel).
The interaction with nucleons causes a strong broadening of the ρ meson down to the one pion threshold,
leading to a complete dissolution of its quasiparticle peak structure. The modifications of the ω and φ
meson spectral distributions are more moderate: The mass of the ω drops by about 100 MeV at normal
nuclear matter density, and its width increases by a factor of about 5, whereas the φ mass stays close to
its vacuum value, accompanied by a ninefold increased width.

To summarize, the most prominent changes of the photon spectral function, when compared to the
vacuum case, arise from the broadening of the ρ due to finite baryon density effects and the broadening
of the ω due to scattering off thermal pions. The φ meson retains its distinct peak structure even
under extreme conditions of density and temperature. Very close to TC , however, these results based on
perturbative calculations, are not expected to be reliable.

4.3 After freeze-out contributions

At the freeze-out stage, there are still vector mesons present. These will decay with their vacuum
properties on their way to the detector and add to the dilepton yield from the previous thermalized phase.
The invariant mass region below approximately 400 MeV is mainly filled by the Dalitz decays of the
vector mesons. We take these contributions from the experimental analysis of the CERES collaboration
for SPS conditions. Since the PHENIX acceptance starts only above 1 GeV, the Dalitz decays do not
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perturbative calculations, are not expected to be reliable.
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peak structure along the time evolution of the fireball, creating a small bump on top of the completely
dissolved ρ meson that fills up the low-mass region again. Its yield after freeze-out constitutes a visible
signal that may be experimentally observable with suitable energy resolution. The φ meson contribution
clearly sticks out above the smooth ρ meson ’continuum’. To conclude, we find no distinct differences
in our calculation for the two beam energies probing dilepton production at SPS so far, in accord with
experimental findings. This indicates that the general setup of our model is fairly robust. Future data
at 20 and 80 AGeV will aid to test this statement.
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Figure 11: Left: Dilepton invariant mass spectra for transverse momenta of the e+e− pair pt < 500 MeV
for the SPS CERES/NA45 Pb(158 AGeV)+Au experiment [55]. Shown are the data, the total rate and
the cocktail contribution. Right: Same for pt > 500 MeV.
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Figure 12: Left: Dilepton invariant mass spectra for transverse momenta of the e+e− pair pt < 500
MeV for the SPS CERES/NA45 Pb(40 AGeV)+Au experiment [57]. Shown are the data, the total rate
and the cocktail contribution. Right: Same for pt > 500 MeV.

The fact that we moderately overestimate the data in the region between 200 and 300 MeV invariant mass
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 DILEPTONS  from  HEAVY - ION COLLISIONS,
  PROTON- and PHOTON-NUCLEUS REACTIONS

CERES / NA 45

NA 60

R. Rapp, 
J.  Wambach

(2000)

T. Renk, 
R. A. Schneider, 

 W.W. 
 (2002) 

J. Ruppert, T. Renk
EPJ C49 (2007) 

KEK-E325: p (12 GeV) A→ ρ, ω +X 
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• The in-medium ω meson mass at ρ = ρ0 is shifted downward by about 15 % from
the free mω.

• The predicted in-medium ω meson decay width (at resonance) is Γeff(ρ = ρ0) !
40 MeV, about five times as large as the free width, but still about an order of
magnitude smaller than mω.
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Figure 3: a) Spectral distribution ImDω(E, #q = 0) of the ω meson in vacuum (thin line,
with data) and in nuclear matter at density ρ = ρ0 = 0.17 fm−3, for set A (solid) and set
B (dashed). The data points correspond to e+e− → ω → 3π in vacuum [14].

We repeat that our calculated ω spectrum in matter is perfectly consistent with the
QCD sum rule analysis [4, 7]. In fact, the first moment of this spectral distribution
(which does not depend on the four-quark condensate but only on the gluon and quark
condensates together with the first moment of the quark distribution known from deep
inelastic lepton-nucleon scattering) follows precisely the trend expected from QCD sum
rules [13].

We use our predicted spectrum as basis for the discussion of possible ω meson quasi-
bound states. The term “quasi-bound” should indicate that such bound states, if existent,
will have short lifetimes due to their hadronic decays, but the widths are not overwhelm-
ingly large according to our calculated ImTωN .
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FIG. 2: (color online). Left panel: Inclusive π0γ invariant mass spectra for ω momenta less than 500 MeV/c. Upper histogram:
Nb data, lower histogram: LH2 target reference measurement. The dashed lines indicate fits to the respective background.
Center panel: π0γ invariant mass for the Nb data (solid histogram) and LH2 data (dashed histogram) after background
subtraction. The error bars show statistical uncertainties only. The solid curve represents the simulated lineshape for the LH2

target. Right panel: In-medium decays of ω mesons along with a Voigt fit to the data (see text). The vertical line indicates
the vacuum ω mass of 782 MeV/c2.

bined system was 99% of 4π. The BaF2 crystals were
read out by photomultipliers providing a fast trigger, the
CsI(Tl) crystals via photodiodes. For further details see
[25, 26, 27].

The invariant masses of the mesons were calculated
from the measured 4-momenta of the decay photons. The
calibration of the Nb and LH2 data samples was carefully
cross checked by comparing the lineshapes for long-lived
mesons, the π0, η, and η′. The decay lengths (cτ) of
25.1 nm (π0), 0.153 nm (η), and 0.001 nm (η′) guar-
antee that these pseudoscalar mesons will not decay in-
side the nucleus, hence the lineshapes should not exhibit
any difference for the two data samples. Fig. 1 shows
the comparison of the background subtracted invariant
mass distributions for π0 → γγ, η → π0π0π0 → 6γ and
η′ → π0π0η → 6γ. Indeed, a difference in the lineshapes
is not observed. However, when comparing the ω → π0γ
invariant mass distributions, we find a significant change
in the lineshapes. The left panel of Fig. 2 shows the
π0γ invariant mass distribution without further cuts ex-
cept for a three momentum cutoff of |&pω| < 500 MeV/c.
The dominant background source is two pion produc-
tion where one of the four photons escapes the detec-
tion. This probability was determined by Monte Carlo
simulations to be 14%. The resulting three photon final
state is not distinguishable from the ω → π0γ invari-
ant mass. The central panel of Fig. 2 shows the invariant
mass distribution obtained after background subtraction.
We observe the expected superposition of decays out-
side of the nucleus at the nominal vacuum mass with
decays occuring inside the nucleus, responsible for the
shoulder towards lower invariant masses. The high mass
part of the ω mass signal appears identical for the Nb
and LH2 targets, indicating that this part is dominated
by ω meson decays in vacuum. These decays are elimi-

nated by matching the right hand part of the Nb invari-
ant mass spectrum to the LH2 data (see central panel
of Fig. 2) and by subtracting the two spectra from each
other. For this normalization the integral of the undis-
torted spectrum corresponds to 75% of the counts in the
Nb spectrum. This is in good agreement with a theoreti-
cal prediction obtained from a transport code calculation
[23, 28]. There, about 16% of the total decays are pre-
dicted to occur inside the nuclear medium (ρ > 0.1 · ρ0)
without any FSI and 3% of the events are distorted due
to FSI in the mass range of 0.6 GeV/c2 < Mπ0γ <
0.9 GeV/c2. In addition, 9% of the events are moved to-
wards lower masses due to the ∆ decay kinematics. The
right panel of Fig. 2 shows the resulting in-medium signal
along with a Voigt fit (Breit-Wigner folded with Gaus-
sian) to the data. We obtain an ω in-medium mass of
Mmedium = [722+2

−2(stat)+35
−5 (syst)] MeV/c2. This corre-

sponds to a lowering of the ω-mass by 8 % with respect to
the vacuum value at an estimated average nuclear density
of 0.6 ρ0 in line with the assumptions in [22]. Consistency
with a scaling of the ω-mass by m = m0(1− 0.14ρ/ρ0) is
found [4]. Within this scenario the width is governed by
the experimental resolution of Γ = 55 MeV/c2 (FWHM).
The systematic uncertainty mainly reflects different as-
sumptions for the subtraction of decays of the ω mesons
in vacuum. The fraction of these decays was varied
within a broad range from 80% to 45% (the central and
right panel of Fig. 2 correspond to 75%). The case with
45% corresponds to the upper bound of the systematic
uncertainty (+35 MeV). This extreme scenario would,
however, require an increase of the in-medium width of
the ω by almost an order of magnitude.

Furthermore, the dependence of the signal on the ω
momentum has been studied. It is expected that only
low-momentum ω mesons (with a corresponding low ve-
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FIG. 2: (color online). Left panel: Inclusive π0γ invariant mass spectra for ω momenta less than 500 MeV/c. Upper histogram:
Nb data, lower histogram: LH2 target reference measurement. The dashed lines indicate fits to the respective background.
Center panel: π0γ invariant mass for the Nb data (solid histogram) and LH2 data (dashed histogram) after background
subtraction. The error bars show statistical uncertainties only. The solid curve represents the simulated lineshape for the LH2

target. Right panel: In-medium decays of ω mesons along with a Voigt fit to the data (see text). The vertical line indicates
the vacuum ω mass of 782 MeV/c2.

bined system was 99% of 4π. The BaF2 crystals were
read out by photomultipliers providing a fast trigger, the
CsI(Tl) crystals via photodiodes. For further details see
[25, 26, 27].

The invariant masses of the mesons were calculated
from the measured 4-momenta of the decay photons. The
calibration of the Nb and LH2 data samples was carefully
cross checked by comparing the lineshapes for long-lived
mesons, the π0, η, and η′. The decay lengths (cτ) of
25.1 nm (π0), 0.153 nm (η), and 0.001 nm (η′) guar-
antee that these pseudoscalar mesons will not decay in-
side the nucleus, hence the lineshapes should not exhibit
any difference for the two data samples. Fig. 1 shows
the comparison of the background subtracted invariant
mass distributions for π0 → γγ, η → π0π0π0 → 6γ and
η′ → π0π0η → 6γ. Indeed, a difference in the lineshapes
is not observed. However, when comparing the ω → π0γ
invariant mass distributions, we find a significant change
in the lineshapes. The left panel of Fig. 2 shows the
π0γ invariant mass distribution without further cuts ex-
cept for a three momentum cutoff of |&pω| < 500 MeV/c.
The dominant background source is two pion produc-
tion where one of the four photons escapes the detec-
tion. This probability was determined by Monte Carlo
simulations to be 14%. The resulting three photon final
state is not distinguishable from the ω → π0γ invari-
ant mass. The central panel of Fig. 2 shows the invariant
mass distribution obtained after background subtraction.
We observe the expected superposition of decays out-
side of the nucleus at the nominal vacuum mass with
decays occuring inside the nucleus, responsible for the
shoulder towards lower invariant masses. The high mass
part of the ω mass signal appears identical for the Nb
and LH2 targets, indicating that this part is dominated
by ω meson decays in vacuum. These decays are elimi-

nated by matching the right hand part of the Nb invari-
ant mass spectrum to the LH2 data (see central panel
of Fig. 2) and by subtracting the two spectra from each
other. For this normalization the integral of the undis-
torted spectrum corresponds to 75% of the counts in the
Nb spectrum. This is in good agreement with a theoreti-
cal prediction obtained from a transport code calculation
[23, 28]. There, about 16% of the total decays are pre-
dicted to occur inside the nuclear medium (ρ > 0.1 · ρ0)
without any FSI and 3% of the events are distorted due
to FSI in the mass range of 0.6 GeV/c2 < Mπ0γ <
0.9 GeV/c2. In addition, 9% of the events are moved to-
wards lower masses due to the ∆ decay kinematics. The
right panel of Fig. 2 shows the resulting in-medium signal
along with a Voigt fit (Breit-Wigner folded with Gaus-
sian) to the data. We obtain an ω in-medium mass of
Mmedium = [722+2

−2(stat)+35
−5 (syst)] MeV/c2. This corre-

sponds to a lowering of the ω-mass by 8 % with respect to
the vacuum value at an estimated average nuclear density
of 0.6 ρ0 in line with the assumptions in [22]. Consistency
with a scaling of the ω-mass by m = m0(1− 0.14ρ/ρ0) is
found [4]. Within this scenario the width is governed by
the experimental resolution of Γ = 55 MeV/c2 (FWHM).
The systematic uncertainty mainly reflects different as-
sumptions for the subtraction of decays of the ω mesons
in vacuum. The fraction of these decays was varied
within a broad range from 80% to 45% (the central and
right panel of Fig. 2 correspond to 75%). The case with
45% corresponds to the upper bound of the systematic
uncertainty (+35 MeV). This extreme scenario would,
however, require an increase of the in-medium width of
the ω by almost an order of magnitude.

Furthermore, the dependence of the signal on the ω
momentum has been studied. It is expected that only
low-momentum ω mesons (with a corresponding low ve-

      MESON in the NUCLEAR MEDIUM

part I

Predicted in-medium spectral function of the     meson, 
calculated using chiral effective field theory with vector mesons
and consistent with in-medium QCD sum rules.

F. Klingl, N. Kaiser, W. Weise:  Nucl. Phys. A 610 (1997) 297;

F. Klingl, T. Waas, W. Weise:  Nucl. Phys. A 650 (1999) 299 

Spectrum of low-momentum omega mesons 
in Nb from photoproduction at ELSA.

D. Trnka et al., 
Phys. Rev. Lett. 94 (2005) 192303

ω

ω

• The in-medium ω meson mass at ρ = ρ0 is shifted downward by about 15 % from
the free mω.

• The predicted in-medium ω meson decay width (at resonance) is Γeff(ρ = ρ0) !
40 MeV, about five times as large as the free width, but still about an order of
magnitude smaller than mω.
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Figure 3: a) Spectral distribution ImDω(E, #q = 0) of the ω meson in vacuum (thin line,
with data) and in nuclear matter at density ρ = ρ0 = 0.17 fm−3, for set A (solid) and set
B (dashed). The data points correspond to e+e− → ω → 3π in vacuum [14].

We repeat that our calculated ω spectrum in matter is perfectly consistent with the
QCD sum rule analysis [4, 7]. In fact, the first moment of this spectral distribution
(which does not depend on the four-quark condensate but only on the gluon and quark
condensates together with the first moment of the quark distribution known from deep
inelastic lepton-nucleon scattering) follows precisely the trend expected from QCD sum
rules [13].

We use our predicted spectrum as basis for the discussion of possible ω meson quasi-
bound states. The term “quasi-bound” should indicate that such bound states, if existent,
will have short lifetimes due to their hadronic decays, but the widths are not overwhelm-
ingly large according to our calculated ImTωN .
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The        MESON  in  MATTERω

Predictions from theory:

chiral effective field theory
+ vector mesons + baryons

quark-meson coupling model

K. Saito,
K. Tsushima,
A.W. Thomas
PRC (1997)

F. Klingl,
N. Kaiser,

W. W.
NPA (1997)

Experiment:
Photoproduction of     mesonsω

ELSA
TAPS

D. Trnka et al.
PRL (2005)



0

5

10

15

20

25

30

-100 -50 0 50 100

d
2 !

/
d
"

d
E

 [
n

b
/

M
eV

 s
r]

E# - m# + |Bp| [MeV]

40Ca($,p)#39K
.

Total for E$ = 1.5 GeV

quasi free #

Figure 3: Missing energy spectra for the 40Ca(γ, p)ω39K reaction at Eγ = 1.5
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Figure 4: Missing energy spectra for the 40Ca(γ, p)ω39K reaction at Eγ = 2.75
GeV.
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      MESON in the 
NUCLEAR MEDIUM

part II

Predicted spectra of photoninduced production
of     mesons from C and Ca based on the in-medium 
spectral function of Klingl et al., NPA 610 (1997) 297,
NPA 650 (1999) 299 

(from E. Marco, W. Weise:  Phys. Lett. B 502 (2001) 99) 
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Figure 2: Missing energy spectra for the 12C(γ, p)ω11B reaction at Eγ = 2.75
GeV. Dotted lines represent the contributions from two particular combinations
of bound ω and proton-hole states.

The results for the (γ, p) reaction on 40Ca at Eγ = 1.5 GeV and 2.75 GeV are
shown in Figs. 3 and 4 respectively. In both cases there are important contribu-
tions coming from the bound ω mesons. For Eγ = 1.5 GeV, a free ω meson would
have a momentum of around 130 MeV/c, comparable to that in the suggested
(d,3He) experiments [8, 9], at Td = 4 GeV. The cross section at Eγ = 2.75 GeV
is slightly higher than at Eγ = 1.5 GeV.

If only the missing energy of the recoiling proton is detected, the spectrum
of produced quasibound ω mesons is expected to sit on a background, the cross
section of which may be approximately five times as large as the ω meson signal
itself. This background should be flat, resulting primarily from the (γ, p) reac-
tions leading to ρ meson and continuum ππ production, with the ρ meson width
strongly increased in the presence of the nucleus. Ideally, the background would
be reduced by detecting a characteristic decay mode of the ω meson together
with the forward proton.

We thank Albrecht Gillitzer, Satoru Hirenzaki, Paul Kienle, Eberhard Klempt,
Berthold Schoch and Hiroshi Toki for helpful discussions.
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magic incident energies    η: Eγ ≈  930 MeV
                                            ω: Eγ ≈ 2750 MeV

forward going nucleon takes over photon momentum

ω A attraction strong enough to allow for ω bound states?? 

 QUASIBOUND      MESON - NUCLEAR STATES  ?  

γ A → ω(A − 1) + N

ω

prediction from theory:

E. Marco,
W. W.

PLB (2001)

no-recoil kinematics:

experiment:  data analysis ongoing
(ELSA - TAPS)



DEEPLY BOUND      - NUCLEAR STATES  ?  K̄

Strongly attractive K̄N I = 0 s-wave interaction close to threshold 

K̄NΛ(1405) as quasibound state embedded in πΣ continuum

Chiral SU(3) Dynamics with coupled channels

15

FIG. 7: The molecular structure of K−pp. (Middle) The pro-
jected density distributions of K− in K−pp with a fixed p-p
distance (= 2.0 fm). (Lower) The corresponding K− contour
distribution.
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FIG. 7: The molecular structure of K−pp. (Middle) The pro-
jected density distributions of K− in K−pp with a fixed p-p
distance (= 2.0 fm). (Lower) The corresponding K− contour
distribution.

(P. Siegel et al.  NPA (1995))

(R. Dalitz et al. (1960’s))

Deeply Bound K̄ - NUCLEAR CLUSTERS ?
Y. Akaishi, T. Yamazaki  PLB (2002)

prototype
example: 

Fadeev coupled channels calculation: binding, but large width
(Shevchenko, Mares, Gal (2006))
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Fig. 9.   Inv�ri�nt m�ss spectrum of � �  �nd � proton me�sured by FINUDA �t DA�NE in � b�ck-

to-b�ck correl�tion (cos�L�b
<-0.8) from light t�rgets before the �ccept�nce corrections.  

The insert shows the result �fter the �ccept�nce correction for the events which  

 h�ve two protons with well defined good tr�cks.  
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See text for det�ils. 
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KEK / E471

T. Suzuki et al., 
Phys. Lett. B 597 (2004) 263

M. Iwasaki et al., 
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B(K−ppn) ! 169MeV

B(K−pnn) ! 194MeV

Γ < 21MeV (!)

B(K−pp) = (115 ± 9)MeV

Γ = (67 ± 16)MeV
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(6Li,
7
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M. Agnello et al.,
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94 (2005) 212303
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present situation unclear
new analysis ongoing interpretation under dispute

?



 Peter Braun-Munzinger

STAR event display

in central AuAu collsions
at RHIC √s = 200 GeV

about 7500 hadrons
produced (BRAHMS)

about three times as 
much as at CERN SPS 
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VII. 

MATTER 
under

EXTREME CONDITIONS



QUARK-GLUON  MATTER  produced at  RHIC

TRANSVERSE ENERGY JET QUENCHING

FLOW / HYDRODYNAMICS 

initial energy density 

strongly coupled 
(opaque)

quark-gluon matter

E ∼ (10 − 20)GeV fm
−3

nearly perfect liquid

( ) ppAA
AA T

Tcoll T

ddR p
dp dN dp d

σσ
η η

=
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 Peter Braun-Munzinger

Parameterization of all freeze-out points

note:   establishment of
limiting temperature

Tlim = 160 MeV

get T and µB for all
energies

A. Andronic, pbm, J. Stachel, 
Nucl. Phys. A772 (2006) 167
 nucl-th/0511071

 Peter Braun-Munzinger

The QCD phase diagram and chemical freeze-out (I)

can this be used to determine
the critical temperature of the

QCD phase transition?

Main result: chemical 
freeze-out points seem to
delineate the QCD phase 
boundary  at small µ
(< 400 MeV)
 

CHEMICAL  FREEZE-OUT

Thermal (grand canonical) description of hadron yields works well

A. Andronic,  P. Braun-Munzinger,  J. Stachel
NPA 772 (2006) 167

...  relation to QCD phase boundary at small chemical potential ?

Limiting Temperature

Fast equilibration

Tlim ! 160MeV



CORRELATIONS:
towards a more detailed understanding of 

MATTER produced at RHIC
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suppression?
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particle

schematic view of  jet production

hadrons
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learn about jet transport
through quark-gluon matter

PHENIX: 
direct photon - jet correlations
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 Peter Braun-Munzinger

Prediction for LHC energy:  enhancement rather than 
suppression!CHARM  PRODUCTION

PHENIX Preliminary

suppression not only for 
but also for “intermediate mass” 
quark-antiquark pairs

J/ψ suppression may turn 
into  
J/ψ

J/ψ

J/ψ enhancement  
at LHC

LHC

PHENIX
data

M. Cacciari et al.  
PRL (2005)

reminder:    CHARMONIUM  RENAISSANCE
many interesting new states “embedded in the continuum”
above open charm thresholds 



MATTER under EXTREME CONDITIONS:

SUPERNOVAE  and  NEUTRON STARS
VIII. 

Progress in 
2D Hydrodynamics Simulations of
Core Collapse Supernovae 

Th. Janka et al.
(2006)
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Mass Radius Relationship
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Measured Neutron Star Masses

! Mean & weighted
means inM!

! X-ray binaries:
1.62 & 1.48

! Double NS binaries:
1.33 & 1.41

! WD & NS binaries:
1.56 & 1.34

! Lattimer & Prakash,
PRL 94 (2005) 111101
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Neutron star radius measurements

Object R (km) D (kpc) Ref

Omega Cen 13.5 ± 2.1 5.36 ± 6% Rutledge et al. (’02)

Chandra

Omega Cen 13.6 ± 0.3 5.36 ± 6% Gendre et al. (’02)

(XMM)

M13 12.6 ± 0.4 7.80 ± 2% Gendre et al. (’02)

(XMM)

47 Tuc X7 14.5+1.6
−1.4 5.13 ± 4% Rybicki et al. (’05)

(Chandra) (1.4 M")

M28 14.5+6.9
−3.8 5.5 ± 10% Becker et al. (’03)

(Chandra)

EXO 0748-676 13.8 ± 1.8 9.2 ± 1.0 Ozel (’06)

(Chandra) (2.10 ± 0.28 M")
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...  would this make
“exotic” neutron star scenarios

unlikely ??

MEASUREMENTS  of  NEUTRON STAR MASSES  and  RADII
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NEUTRON STAR MASSES  and  RADII
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NUCLEAR  PHYSICS :  
exploring the PHASES and STRUCTURES of QCD

?
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