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Chapter 1

Introduction

The vacuum of strong interactions is of a rather complex nature giving rise to several funda-
mental phenomena, most notably the confinement of quarks and the generation of (the major
part of) hadronic masses. The nontrivial vacuum structure is associated with the formation
of quark and gluon condensates, which are intimately related to the spontaneous breaking of
chiral symmetry and the breaking of scale invariance of Quantum Chromodynamics (QCD).
The condensates are, however, not directly observable, and therefore information has to be
obtained from excitations of the ground state. At zero temperature and density, the physical
excitations are colorless hadrons, whose spin and flavor structure provide a rich laboratory for
spectroscopy.

At sufficiently high temperature (T ) and/or baryon density, %B (or baryon chemical po-
tential, µB), asymptotic freedom of QCD predicts the existence of new phases of matter, in
particular the Quark-Gluon Plasma (QGP) at high T and the Color-Superconductor (CSC) at
high µB and low T . It is expected that the bulk excitation of the QCD vacuum (thermal or
density) induces a “melting” of the condensate structures, accompanied by the restoration of
chiral symmetry and deconfinement of color charges. At finite temperature (and vanishing µB)
this transition is fairly well established by lattice QCD (lQCD) computations, with a (pseudo-)
critical temperature of Tc = 180± 20 MeV. While this is presumably not a phase transition in
the strict sense, lQCD clearly reveals a rapid change in the thermodynamic properties of the
system (most notably energy density) over a rather small interval in temperature. The prop-
erties of the equation of state and their possible signals in heavy-ion reactions are discussed in
detail in Parts [Bulk Properties] and [Observables] of this book.

The phase transformation, in turn, implies dramatic changes in the underlying microscopic
properties of the strongly interacting medium. Naively, this is realized by a conversion of the
degrees of freedom, i.e., from hadrons to quarks and gluons, as roughly reflected in the (de-
generacy) coefficient of the equation of state. However, this notion is far from providing an
understanding of the mechanisms inducing deconfinement and chiral symmmetry restoration in
the medium. More precisely, the microscopic matter properties are characterized by density and
temperature dependent changes in hadronic spectral functions1. While medium modifications
of hadrons in strongly interacting matter are an interesting and important subject in itself,
connections to the underlying condensate structure(s) are essential to meet the challenge of
conducting fundamental studies of the QCD phase diagram. Indeed, (approximate) chiral sym-
metry alone predicts that (the spectral functions of) chiral partners (i.e. hadronic multiplets

1Note that the (gauge-invariant) concept of a hadronic spectral function is equally valid in the hadronic and
QGP phases.
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that transform into each other under chiral transformations) become (nearly) degenerate in the
symmetric phase. The degeneracy of π and σ channels, ρ and a1, or N and N ∗(1535), obviously
implies major changes of the pertinent spectral functions toward the chiral transition. To detect
such modifications in heavy-ion experiments, one needs access to the hot and dense phases of
the fireball, leading to the notion of “penetrating probes”. In general, the latter encompass elec-
tromagnetic (photons and dileptons), heavy-quark and high transverse-momentum observables.
In the present Part, we will focus on the former two due to their potential of characterizing the
matter at relatively soft energy/momentum scales, ∼ T,ΛQCD, 4πfπ (fπ=92 MeV: pion decay
constant). The modes representing the prevalent degrees of freedom and encoding phase transi-
tion properties are expected to operate at these scales. Our goal is to provide a comprehensive
presentation of theoretical tools and approaches (with emphasis on recent developments) which
are currently available to convert experimental data into meaningful information on spectral
and phase-transition properties of QCD matter.

The inherently non-perturbative nature of this problem renders a direct solution from first
principles difficult. While lattice QCD is well suited to compute the equation of state, its
formulation in euclidean space-time makes the evaluation of spectral functions much more de-
manding. It is for this reason that effective hadronic (and quark) models are an indispensable
tool to provide quantitative predictions that can be tested in experiment. No less important,
hadronic models can serve as the main bridge between first principles and experiment, if the
following program can be carried out: (a) The interaction Lagrangian is constructed based on
essential symmetry principles (chiral, gauge). (b) The Lagrangian parameters (masses, coupling
constants etc.) are constrained by a wide range of empirical information in the vacuum (de-
cay widths, scattering data). (c) The in-medium spectral functions (as calculated, e.g., within
finite-T field theory) are checked against lattice QCD predictions for euclidean correlation func-
tions, susceptibilites, and even order parameters (using, e.g., sum rules). (d) The in-medium
spectral functions are applied to and tested against varying matter environments (ground-state
nuclei or the medium in heavy-ion collisions). Throughout the discussion in this Part of the
book, we will take recourse to these criteria as guiding principles2.

Concerning electromagnetic probes (Chap. 2), dilepton invariant-mass spectra in heavy-
ion collisions offer the unique opportunity to directly monitor the in-medium electromagnetic
spectral function. In the vacuum, and at low masses (Mll ≤ 1 GeV), the latter is essentially sat-
urated by the light vector mesons V = ρ, ω, φ (via exclusive decays V → l+l−, l = e, µ), giving
rise to the vector dominance model (VDM). To the extent that this holds up in the medium,
dilepton spectra directly probe the in-medium V spectral functions (experiments support this
notion). As a further benefit, it turns out that the dominant contribution to the experimen-
tal spectra in low-mass regime (LMR) originates from the hot and dense hadronic phase (not
from the QGP). A key issue is thus a reliable calculation of the vector-meson properties in the
medium. Low-mass thermal dilepton emission is dominated by the ρ meson, which has received
most of the attention in this context. However, ω and φ contributions are more localized in
invariant mass, and are being studied rather intensely in production reactions off nuclei, which
provides important complementary information on their in-medium properties. Some of the
core questions may be summarized as follows [1]:
(1) Do ρ, ω and φ mesons behave alike in different regimes of the phase diagram?
(2) Do hadronic many-body effects account for a realistic evaluation of medium modifications
in hadronic matter? What role do intrinsic T - and µB-dependencies of the parameters of the

2The missing link in realizing point (d) is a realistic space-time evolution of a heavy-ion collision, as well as
a reliable assessment of non-thermal sources. These issues are discussed in Parts [Collision Dynamics] and
[Observables] of this compendium.
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effective Lagrangian play?
(3) How do vector-meson spectral functions change in different regimes of the phase diagram
(i.e., baryon- vs. meson-driven modifications)?
(4) What is the impact of medium-modified hadronic spectral functions on the EoS and its
chemical composition?
(5) What are the connections between vector spectral functions and (chiral) order parameters
(quark and gluon condensates, fπ, susceptibilities, ...), and how can they be exploited?
(6) What is the fate of the vector dominance model in the medium?
Item (5) is pivotal for extracting signatures of chiral symmetry restoration from dilepton spec-
tra. We will outline a scheme in which hadronic model calculations of in-medium vector and
axialvector spectral functions can be exploited to (a) compute the temperature and density de-
pendence of chiral order parameters (using chiral and QCD sum rules), and (b) perform detailed
comparisons to dilepton spectra (vs. collision energy, centrality, mass and 3-momentum). This
provides a direct link between experiment and chiral order parameters, especially if the latter
can be quantified by first principle, unquenched lattice QCD computations below Tc. The study
of in-medium spectral functions might be further supplemented with “hadronic spectroscopy”
via strong decay of short-lived resonances, e.g., ρ → ππ or ∆ → πN (Chap. 3). While the
detectable decays will mostly arise from dilute matter close to thermal freeze-out of the fireball,
the benefit is that channels other than the vector one are, in principle, accessible.

The heavy-quark complex divides into open-charm (Chap. 5) and charmonium (Chap. 6)
properties (bottom production is not feasible at the energies envisaged at FAIR). An important
feature here is that the charm-quark mass is large enough for cc̄ production to be restricted to
initial (hard) N -N collisions. This implies that c-quarks do not “change their identity” during
the fireball evolution, and therefore changes in their momentum distribution as they traverse
the fireball can serve as quantitative measures of their interactions in the medium, even at low
pT ; the relatively large mass further increases their value as a probe of transport properties of
the medium, since more (or stronger) interactions are required to thermalize c-quarks compared
to light partons (once thermalized, light partons have lost their virtue as a probe).

A similar situation applies to charmonia (J/ψ, χc, ψ
′): after primordial production, their

survival critically depends on their (inelastic) interaction rate within the hot and dense medium,
while regeneration (via c-c̄ coalescence) is presumably irrelevant at CBM energies. In particu-
lar, Debye screening is expected to reduce binding energies of charmonia, eventually leading to
their dissolution, or at least an increase in the dissociation rate. Charmonia have the additional
benefit that they appear well suited for lattice QCD studies: both (Euclidean) correlation func-
tions and (static) c-c̄ free energies have recently been computed with good precision; effective
quark models can thus be used to check the notion of in-medium potential approaches, as well
as to improve on phenomenological applications in heavy-ion reactions. Some of the important
question in the heavy-flavor context include:
(1) What are the prevalent c-quark interactions around and above Tc, and what is the charm
diffusion constant in the medium?
(2) Do c̄ quarks behave differently from c quarks in baryon-rich matter?
(3) What are the charmonium spectral functions in hot and dense matter, and what is their
sensitivity to open-charm properties (threshold effects, spectral functions)?
(4) Are charmonium spectral properties related to deconfinement, and if so, how?

We will also address the role of strange hadrons (Chap. 4). The current strange-quark
mass is intermediate between those of light (q=u, d) and charm quarks, but the physics ques-
tions pertaining to the strange sector probably more closely relate to the light sector. Indeed,
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subthreshold kaon production in intermediate-energy heavy-ion reactions has been intensely
studied to infer spectral properties of kaons in hot/dense matter with possible relations to chi-
ral symmetry restoration. At ultrarelativistic energies, this question merges into the one of
chemical strangeness equilibration, one of the early suggestions as a QGP signature (due to
a much reduced mass threshold as a consequence of the s-quark shedding off its constituent
mass). Again, as for the electromagnetic (vector meson) and charmonium complex, the issue of
reliable calculations of hadronic medium effects is essential to (i) quantify the impact of dilute
stages in the reaction, and (ii) establish relations between “hadronic” effects and quark/gluon
condensates.

An important aspect that we will return to throughout this Part is the significance of high
baryon density effects, which is one of the major objectives of the CBM experiment. In a larger
context, this connects to the physics of (the interior) of neutron (quark) stars, even though
those objects are comparatively cold (possibly up to tens of MeV following a core collapse
in a supernova explosion). While the increasing particle and entropy production in heavy-
ion reactions neccessarily implies an increase of temperature with collision energy, one might
entertain the possibility of precursor phenomena of colorsuperconductivity in the transient
(early) stages (provided the critical temperatures are large, say ∼100 MeV). We will briefly
allude to such possibilities (Chap. 7).

The present Part on “In-Medium Excitations” is organized as follows: Chap. 2 is devoted to
electromagnetic probes, starting with a brief overview of the current phenomenological state-
of-affairs (Sec. 2.1), followed by introducing the electromagnetic correlation function (Sec. 2.2),
its connection to condensates and order parameters as provided by chiral and QCD sum rules
(Sec. 2.3), hadronic model calculations of light vector-meson spectral functions (ρ, ω, φ) in hot
and/or dense matter (Sec. 2.4), pertinent thermal dilepton (Sec. 2.5) and photon (Sec. 2.6)
emission rates. Chap. 3 discusses possibilities for obtaining supplementary information on
hadronic spectral functions via spectroscopy of strongly decaying meson (Sec. 3.1) and baryon
(Sec. 3.2) resonances. Chap. 4 addresses medium modifications of strange hadrons, i.e., anti-
/kaons (Sec. 4.1) and strange baryons (Sec. 4.2). Chap. 5 concerns our current understanding
of open charm in the medium, starting with Sec. 5.1 on perturbative QCD calculations of open-
charm production cross sections close to the kinematic threshold and the specific problems and
uncertainties invovled. Sec. 5.2 elaborates on the problem of c-quark interactions and diffusion
in the QGP, with emphasis on nonperturbative approaches, followed by Sec. 5.3 on the chem-
istry of charmed hadrons within the thermal model, Sec. 5.4 on QCD sum rules for D-mesons,
and Sec. 5.5 on hadronic model calculations of charmed hadrons in hot/dense hadronic matter.
Chap. 6 contains our discussion of charmonia in medium; it is organized into Sec. 6.1 on char-
monium equilibrium properties as inferred from lattice QCD and potential models and Sec. 6.3
on kinetic/transport approaches to describe the space-time evolution of charmonium yields and
transverse-momentum spectra in heavy-ion collisions. Chap. 7 briefly discusses excitations of
the colorsuperconducting phases in the QCD phase diagram (Sec. 7.1), with emphasis on me-
son correlation functions (Sec. 7.2) and precritical phenomena above the critical temperature
(Sec. 7.3). Finally, Chap. 8 contains an executive-type summary, where we recall what we deem
are the most important conclusions from this Part along with consequences for observables in
the CBM context.
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Chapter 2

Electromagnetic Probes and Light
Vector Mesons

The virtue of electromagnetic (EM) radiation as a probe of strongly interacting matter in heavy-
ion collisions resides in the fact that once the (real or virtual) photon is produced, it escapes the
medium essentially undistorted, since its mean free path is much larger than the typical system
size. While the production of real photons is suppressed relative to hadrons by one power of the
electromagnetic coupling constant, αem = 1/137, dilepton emission (i.e., virtual photons with
subsequent decay γ∗ → l+l− with l=e or µ) is further suppressed by an additional power of αem.
However, dileptons carry invaluable extra information in terms of their invariant mass (which
they inherit from their parent particle), which renders them the prime observable to search for
in-medium modifications of hadrons. The latter are restricted to vector mesons, which are the
only ones that directly couple to the e.m. current. It turns out that only the light vector mesons
ρ, ω and φ are expected to contribute with a significant fraction of in-medium decays to the
finally observed dilepton spectrum. E.g., for the J/ψ, its vacuum lifetime of about τψ=2000 fm/c
implies that the observed signal will overwhelmingly contain decays after the fireball freeze-out,
with a ratio of ∼τψ/τFB≈100 (assuming a fireball lifetime of τFB ≈20 fm/c). In this Section
we therefore focus on the medium modifications of the light vector mesons in connection with
e.m. thermal emission rates, primarily dileptons but with a short digression to photon spectra.
In Sec. 2.2, we introduce the e.m. current current correlation function which is the key quantity
figuring into both dilepton and photon production rates. We discuss its main features in the
vacuum along with model independent evaluations of medium effects in low-density expansion
schemes. In Sec. 2.3 we discuss how (model-independent) QCD and chiral sum rules provide us
with: (i) constraints on models of vector-meson spectral functions; (ii) links between correlation
functions and chiral order parameters. In Sec. 2.4 we turn to a detailed discussion of hadronic
approaches to assess the properties of ρ, ω and φ mesons in hot and/or dense matter, including
up-to-date information from experiment. In Secs. 2.5 and 2.6 a survey of thermal dilepton and
photon production rates is given including temperature and density regimes appropriate for
heavy-ion collisions at CBM.

2.1 Brief Overview of Experimental Status and Interpretation

(by R. Rapp)

Measurements of electromagnetic (EM) probes in heavy-ion collisions have thus far consis-
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tently provided exciting data with vigorous subsequent theoretical activity, interpretations and
insights.

At relativistic bombarding energies at the BEVALAC (Elab ' 1-5 AGeV), the DLS collab-
oration performed a systematic measurement of low-mass (M ≤ 1 GeV) dilepton spectra in
various combinations of light and medium heavy nuclei (from p-p to Ca-Ca) [2, 3]. A large
(up to 6-fold) enhancement over final state decays (“ hadronic cocktail”) has been observed
in 12C+12C and 40Ca+40Ca systems at Elab'1 AGeV, which to date cannot be satisfactorily
explained theoretical models [4, 5, 6, 7]1. A clarification of the situation in this energy regime
is expected by upcoming precision data from the HADES experiment [8], and first results have
confirmed the DLS data [9, 10].

At ultrarelativisitic lab energies at the CERN-SPS, Elab=158-200 AGeV for lead and sulfur
projectiles, respectively, low-mass dilepton spectra have been measured by the HELIOS-3 [11],
NA50 [12] and CERES/NA45 [13, 14] collaborations. The CERES dielectron data consistently
exhibit a substantial enhancement over the hadronic cocktail as well, of about a factor of 3, while
the excess in the NA50 and HELIOS-3 dimuon data is much smaller (this has been attributed
to the rather high cut on transverse pair momentum, qt ≥ 1GeV, in the latter two experiments;
indeed, the CERES enhancement is concentrated at low qt). Various theoretical models can
explain the SPS data reasonably well provided that substantial medium effects on primarily the
ρ-meson spectral function are included in the description, cf. Refs. [17, 18, 19, 20, 21] for reviews.
However, a definite discrimination between, e.g., a strong broadening of the ρ with essentially
no mass shift (“melting”) and a “dropping-mass” scenario could not be achieved [22].2 With
baryon-induced medium effects playing a major role in both approaches, and in view of the
large DLS enhancement, the question arises how the excess radiation develops with collision
energy. Maximal baryon densities are expected below maximal SPS energy [25]. Indeed, a
CERES run with 40 AGeV projectiles resulted in a substantially larger enhancement factor,
but with limited statistical significance [16]. Thus, two natural questions arise in this context:
(i) Is there a regime of maximal dilepton enhancement which is possibly connected to maximal
baryon densities achieved in the collisions (as expected from current theory)? (ii) Somewhat
more speculatively, is there a connection between a maximal excess and the putative critical
endpoint in the QCD phase diagram (in this case, prolonged fireball lifetimes could further
stipulate the effects, including an increase of the total yield)?

As emphasized below, (low-mass) dilepton production is intimately related to the emission
of real photons, as these quantities represent different kinematic realizations of the same un-
derlying emission function, i.e., the EM current correlation function. Thus, a simultaneous
investigation of photon observables is very desirable. The WA98 collaboration has measured
direct photons (i.e., photons that are not due to final-state hadron decays but directly from
the source, including primordial N -N collisions and thermal radiation) [100, 101] which pro-
vides valuable complementary information on temperature, lifetime, the relevant microscopic
mechanism of photon production as well as consistency checks with dilepton observables (both
in terms of the EM correlator and source properties). When combining photon and dilepton
measurements at the SPS, the observed excess radiation in (semi-) central Pb-Au/Pb can es-
sentially be explained by a common thermal source with initial temperature T0 ' 210±30 MeV

1Recent developments point at the importance of nucleon-nucleon Bremsstrahlung for explaining (part of)
the discrepancy

2Recent dimuon data from the NA60 experiment [23] in In(158 AGeV)+In collisions have overcome the
hampering high-qt cut of its NA50 predecessor, and in this way one can take full advantage of much improved
statistics and mass resolution over previous dielectron results. This allows for major advances in the theoretical
interpretation as will be discussed in more detail below.
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and a lifetime of around 10-14 fm/c. The baryonic medium effects required to account for
the low-mass dilepton excess are prevalent in the photon transverse-momentum spectra in the
qt'0.2-1 GeV regime [26].

To conclude these introductory notes, one may state that the current situation rather dis-
tinctly calls for accurate measurements of EM probes in the beam energy regime of 10-50 AGeV
(the regime accessible with FAIR). Except for a short CERES run at 40 AGeV, no such mea-
surements have been performed to date. Dilepton experiments in this regime are also planned
at collider machines, within a systematic energy scan down to

√
s = 6 AGeV (corresponding to

Elab ' 20 AGeV) as part of the (near-) future RHIC program [27], as well as at the Nuclotron
facility in Dubna [28].3

2.2 Emissivity of Strongly Interacting Matter

(by R. Rapp and B. Kämpfer)

2.2.1 Electromagnetic Correlation Function and Thermal Emission Rates

The general framework for calculating thermal electromagnetic (EM) emission rates from a
strongly interacting medium in thermal equilibrium is provided by the (retarded) EM current-
current correlation function. The latter is defined as the thermal expectation value of the
retarded (hadronic) EM current operator

Πµν
em(q0, q) = −i

∫

d4x eiq·x Θ(x0) 〈〈[jµ(x), jν(0)]〉〉 , (2.1)

where 〈〈· · · 〉〉 denotes the ensemble average encoding the dependence on temperature T and
chemical potential µB , and q0 and q are the photon energy and magnitude of its 3-momentum,
respectively. To lowest order in the EM coupling, αem, (to which we will restrict ourselves here)
Πµν

em corresponds to the retarded photon self-energy. Its imaginary part, ImΠem (which we will
refer to as EM spectral function), directly determines thermal photon (γ) and dilepton (l+l−)
rates according to [29]

q0
dNγ

d4xd3q
= −αem

π2
fB(q · u;T ) ImΠem(q0 = q;µB , T ) , (2.2)

dNll

d4xd4q
= − α2

em

M2π3
L(M2) fB(q · u;T ) ImΠem(M, q;µB , T ) , (2.3)

where M 2 = q20 − q2 is the photon’s invariant mass squared, fB the Jüttner function (which
recovers the Bose distribution function in the local rest frame of matter), and L(M 2) a lepton
phase space factor involving the mass, ml, of the outgoing leptons. The medium’s four-veleocity
is denoted by uµ = γ(1, ~β), and Πem = 1

3Πµν
em gµν . While the dilepton rate involves an average

of longitudinal and transverse polarizations, Πem = 1
3(ΠL

em + 2ΠT
em), only the transverse part

contributes to real photons. We emphasize again that dilepton and photon rates are governed
by the same underlying spectral function, albeit in different kinematic regimes (timelike vs.
lightlike, respectively). To leading order in the strong coupling constant, αs, the photon rate is
O(αs) while the dilepton rate is O(α0

s). Thus, each process that contributes to photon produc-
tion will also produce dileptons (the reverse statement excludes O(α0

s) annihilation reactions

3This should be viewed as a great opportunity rather than a drawback, as experimental redundancy and
competition have proved to be very fruitful in the RHIC campaign to date.
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such as qq̄ → e+e− or π+π− → e+e−). Thus model calculations for dilepton production can
and should be tested in photon production (and vice versa). This not only provides consis-
tency constraints on the EM spectral functions, but, when applied to experimental spectra in
heavy-ion reactions, also on the underlying space-time (temperature-density) evolution.

2.2.2 Electromagnetic Spectral Function in Vacuum

In the vacuum, ImΠem can be measured in e+e− annihilation as it is directly proportional to
the corresponding cross section into hadronic final states,

σ(e+e− → hadrons) = σ(e+e− → µ+µ−)
(−12π)

s
ImΠvac

em (s) , (2.4)

where σ(e+e− → µ+µ−) = 4πα2/3s (Lorentz invariance implies that Πvac
em = Πem(T = 0, µB =

0) depends on s ≡ M 2 only and that longitudinal and transverse parts are identical; both fea-
tures are broken in the medium). The intimate relation between dilepton production, eq. (2.3),
and e+e− annihilation, eq. (2.4), is of course a consequence of time-reversal invariance of the
strong and electromagnetic interactions. e+e− annihilation is a well-known cross section which
has been measured over more than thirty years with increasing accuracy, cf. the upper panel
of Fig. 2.1. In the low-mass region, M . 1.1 GeV, the EM spectral function is dominated
by the low-mass vector mesons ρ, ω and φ (cf. the lower panel in Fig. 2.1), giving rise to the
vector-dominance model (VDM). At higher masses, M ≥ 1.5 GeV,one enters a perturbative
regime where the annihilation occurs at short distance implying that the strength of the total
cross section is essentially given by a qq̄ final state with negligible impact of the subsequent
hadronization,

σ(e+e− → hadrons) = Nc
4πα2

3s

∑

q

e2q

(

1 +
αs
π

+ 1.411
(αs
π

)2
− 12.8

(αs
π

)3
+ · · ·

)

(2.5)

with Nc = 3 the number of colors and eq the charge of the active quark flavors (in units of
the electron charge). Nonperturbative effects (resonance formation) become important again in
the vicinity of the heavy-quark thresholds (charm and bottom). However, for thermal dilepton
emission in heavy-ion reactions only the mass region below the charmonium resonances is of
importance [33] (above, the contributions from primordial Drell-Yan annihilation and/or final-
state charm and bottom decays dominate the invariant-mass spectrum). Thus, the following
decomposition of the EM spectral function emerges:

ImΠvac
em (M) =



















∑

V=ρ,ω,φ

(

m2
V

gV

)2
ImDvac

V (M) , M < Mdual,

−M2

12π (1 + αs(M)
π + . . . ) Nc

∑

q=u,d,s

(eq)
2 , M > Mdual ,

(2.6)

with Mdual ' 1.5 − 2 GeV, and ImDV (M) denoting the imaginary parts of the vector-meson
propagators (spectral functions). Without any medium modifications, dilepton experiments
would measure the spectral shape of the (time-reversed) e+e− → hadrons cross section, folded
with the temperature evolution of the system. Indeed, for high masses M > Mdual, where the
vacuum spectrum is rather structureless and medium effects are expected to be small, this can
be exploited to perform a measurement of the (highest) temperature of the system (much like
for photons) [33]. At low masses, however, the key issue is to search for medium modifications

9



10
-1

1

10

10 2

0.5 1 1.5 2 2.5 3

Sum of exclusive

measurements

Inclusive

measurements

3 loop pQCD

Naive quark model

u, d, s

ρ

ω

φ

ρ′

2

3

4

5

6

7

3 3.5 4 4.5 5

Mark-I

Mark-I + LGW

Mark-II

PLUTO

DASP

Crystal Ball

BES

J/ψ ψ(2S)

ψ3770

ψ4040

ψ4160

ψ4415

c

2

3

4

5

6

7

8

9.5 10 10.5 11

MD-1
ARGUS CLEO CUSB DHHM

Crystal Ball CLEO II DASP LENA

Υ(1S)
Υ(2S)

Υ(3S)

Υ(4S)

b

R

√

s [GeV]

Figure 2.1: Upper panel: data compilation [31] of the ratio R=σ(e+e− → hadrons)/σ(e+e− →
µ+µ−) for energy regimes covering the light-flavor (top), charm (middle) and bottom (bottom)
sectors. Dashed and dotted lines depict the leading-order and 3-loop pQCD results, respectively,
describing the nonresonant part of the ratio fairly well. Lower panel: Magnification of the vac-
uum isovector-axialvector (top), isovector-vector (middle), and EM spectral functions (bottom)
in the regime relevant for thermal dilepton emission. Figure taken from Ref. [32]
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in the (nonperturbative) resonance spectrum in order to probe the spectral properties of the
matter in connection with possible phase changes.

The low-mass strength of the correlator is largely dominated by the isovector ρ0 meson, with
a relative strength of 10:1:2 for ρ : ω : φ, as encoded in the VDM couplings (or electromagnetic
decay widths, ΓV→ee). Therefore, most of the efforts in evaluating medium effects in dilepton
rates to date have focused on the ρ. We will discuss these in detail in Sec. 2.4. In the following
Subsection we briefly review model-independent approaches in terms of low-density expansions
coupled with current algebra.

2.2.3 Low-Density Expansions and Chiral Mixing

The leading temperature dependence of the isovector part of the EM correlator (ρ channel)
has been first elaborated in Ref. [70]. Using chiral reduction formulae to evaluate the matrix
elements of the isovector-vector (V ) correlator between thermal one-pion states, the results
naturally involve its chiral partner, the isovector-axialvector correlator (A), i.e., the a1 channel.
In the chiral (mπ=0) and soft-pion limit (i.e., neglecting the thermal motion of the heat-bath
pions in the arguments of the correlators), one finds the so-called chiral mixing formula,

ΠV,A(q) = (1− ε) Π0
V,A(q) + ε Π0

A,V (q) (2.7)

with the mixing parameter ε = T 2/6f2
π . Thus, to leading order in T , the axial-/vector correlator

does neither experience a broadening nor a mass shift, but a mere admixture of its chiral partner.
Recalling the spectral densities of the free V and A correlators in the right upper two panels of
Fig. 2.1, an immediate prediction of the chiral mixing would be an enhancement of the dilepton
production rate in the region between the ρ and the duality thresholdi, Mdual. Such an effect
might have been observed in the recent NA60 data [34], cf. the discussion in Refs. [35, 36]. In
cold nuclear matter, chiral mixing has been worked out in Refs. [37, 38], while more advanced
studies at finite temperature can be found in Refs. [39, 40]

An implementation of the mixing theorem into the dilepton rate based on experimental
input for the EM spectral function has been given Ref. [32], yielding

dNll

d4xd4q
=

4α2fB

(2π)2

{

ρem − (ε− ε2

2
) (ρV − ρA)

}

. (2.8)

The inclusive EM spectral function, ρem = −ImΠem/(πs), as well as pertinent vector and
axialvector spectral functions (corresponding to even- and odd-numbered pion states) are com-
piled in the lower panel of Fig. 2.1. Updated measurements with much improved precision and a
more detailed decomposition of the hadronic final states have been performed through hadronic
τ decays by the ALEPH [41] and OPAL [42] collaborations at LEP, cf. Fig. 2.2.

A more elaborate application of the virial expansion, coupled with chiral reduction tech-
niques, has been carried out in Ref. [43], including contributions from a nucleonic medium [44,
45]. The calculations have been performed including the proper kinematics beyond the soft-
pion and the chiral limit, which entails a reduction of the medium effects compared to the
simple mixing formula, eq. (2.7). However, the more elaborate treatment of medium effects, in
particular those induced by nucleons (both resonant and nonresonant) leads to an appreciable
increase of low-mass enhancement in the dilepton rate. While the resonance peaks are somewhat
quenched, their width is not affected owing to the nature of the low-density expansion.
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Figure 2.2: Experimental data of the isovector-vector (IJ P = 11−, left panel) and isovector-
axialvector (IJP = 11+, right panel) spectral functions via hadronic decays of τ leptons (pro-
duced in

√
s=91 GeV e+e− annihilation at LEP) into even and odd numbers of pions/kaons,

respectively. The lines indicate theoretical calculations using pQCD.

2.3 Sum Rules

The generic idea of sum rules (SR’s) in the QCD context is to establish a relation between
(energy-) integrals (“sums”) over hadronic spectral functions and the nonperturbative ground-
state structure encoded in expectation values of pertinent correlators. The latter are then
expanded in a series of more elementary quark and gluon condensates (plus perturbative terms
to account for the high-energy behavior) and, therefore, provide a link between spectral proper-
ties and (chiral) order parameters. While it has been realized that SR’s do not provide definite
predictions for masses and widths of hadrons, they nevertheless constitute powerful constraints
on model spectral functions, especially when applied at finite baryon density and temperature,
where the condensates are expected to change appreciably. Ideally, the in-medium condensates
are evaluated in lattice QCD, but in practice one often takes recourse to low-%B/-T expan-
sions. In the following, we will distinguish and discuss two classes of SRs: QCD Sum Rules
(QCDSRs) [46] (Sec. 2.3.1) and Chiral Sum Rules (CSRs) [158] (Sec. 2.3.2).

2.3.1 QCD Sum Rules

(by B. Kämpfer and R. Rapp)
In this subsection, we first recall the general setup of the QCD sum rule approach, followed

by a discussion of its main input, i.e., quark and gluon condensates and their modifications in
matter. We then focus on applications to vector mesons, in particular ρ and ω.
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2.3.1.1 General Setup

QCDSRs have been devised by Shifman, Vainshtein and Zakharov [46] as a nonperturbative
method to evaluate empirical properties of hadronic current correlation functions in QCD,
generically written via expectation values of the type

ΠX(q) =

∫

d4x eiqx〈Ω|T jX(x)jX(0)|Ω〉, (2.9)

where |Ω〉 denotes the ground state of the system (either in vacuum or at finite tempera-
ture/density) and X the (hadronic) quantum numbers of the current under consideration (at
T > 0, the time-ordered correlator should be replaced by the retarded one). Exploiting analyt-
icity one can formulate a (suitably subtracted) dispersion relation,4

Π(Q2)

Q2
=

Π(0)

Q2
−Π′(0) +Q2 1

π

∫ ∞

0
ds

ImΠ(s)

s2(s+Q2)
, (2.10)

where Q2 ≡ −q2 > 0 denotes a spacelike 4-momentum q, and Π(0) and Π′(0) are subtraction
constants. The basic idea of the QCDSR approach is to evaluate both sides of eq. (2.10)
using different techniques thereby establishing a link between empirical information (spectral
functions) and ground-state properties (condensates). For sufficiently large momenta, the left-
hand-side (l.h.s.) of eq. (2.10) can be expanded in inverse powers of Q2 according to Wilson’s
operator-product expansion (OPE),

Π(Q2)

Q2
= −c0 log

Q2

µ2
+

∞
∑

j=1

cj
Q2j

, (2.11)

where the coefficients cj are composed of perturbatively calculable (Wilson) coefficients and
Q2-independent expectation values of matrix elements of quark and gluon field operators, the
so-called condensates. The latter encode all the nonperturbative physics and represent a series
of power corrections to the perturbative coefficient c0. The right-hand-side (r.h.s.) of eq. (2.10)
involves timelike spectral functions which can either be taken directly from experiment (as, e.g.,
in eq. (2.4), where ImΠem ∝ σe+e−→hadrons) or calculated in a hadronic model approach (as is
typically the case for in-medium applications). To improve the convergence of the dispersion
integral one usually applies a so-called Borel transformation [176] which converts the Q2 variable
into the Borel massM; the sum rule then takes the form

Π(0)− 1

π

∫ ∞

0
ds

ImΠ(s)

s
e−s/M

2

= c0M2 +

∞
∑

j=1

cj
(j − 1)!M2j

. (2.12)

For a reliable evaluation of the sum rule a reasonably large range inM needs to be established
over which the result is stable, i.e. independent of M within a “Borel window”. Besides
the spectral function, a key ingredient are the coefficients cj , especially their quark- and gluon-
condensate dependence. In practice, the OPE is truncated after a few terms keeping the lowest-
dimension condensates including the chiral condensate 〈〈q̄q〉〉, 4-quark condensates 〈〈q̄Γqq̄Γ ′q〉〉

4The notion “sum rule” is actually related to the dispersion integral, not the sum on the r.h.s. of eq. (2.11).
The spirit of the SR is as usual: the integral over excitation strength (r.h.s.) is related to a model independent
quantity (l.h.s). For instance, the famous Thomas, Reiche, Kuhn SR for dipole strength of a nucleus with Z

protons and N neutrons reads
P

β

R

dEβσabs = 2π2
~

Mc
NZ
A

(1 + V), where V accounts for exchange forces among
nucleons, and the l.h.s. is the absorption cross section integrated over all E1 transitions from the ground state
to excited states labelled by β, cf., e.g., Ref. [372].
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(with Γ, Γ′ Dirac-color-flavor matrices), the gluon condensate 〈〈 αs
π G

2〉〉 (signifying the breaking
of scale invariance), and mixed quark-gluon condensates, e.g., 〈〈q̄gsσµνGµνq〉〉. The condensates
therefore represent order parameters of different symmetry breakings.

Historically, QCDSRs have been first applied to the vacuum meson spectrum [47], in par-
ticular light vector mesons, and subsequently extended to baryons [48]. The first in-medium
application was conducted at finite temperature in Ref. [49], and for a cold nuclear medium
in Ref. [71], both focusing on the changes in the pole masses of vector mesons. More recent
applications including medium effects on the widths in the vector-meson spectral functions can
be found in Refs. [50, 51, 52, 63, 53].

2.3.1.2 In-Medium Condensates

When applying QCD sum rules to in-medium correlators, the key role on the OPE side is
attached to the temperature and density dependence of the condensates. Ideally, these would
be taken from lattice QCD calculations, but currently the latter are not easily applied to both
higher dimension condensates as well as finite baryon (or quark) chemical potential. Therefore,
one usually takes recourse to low-temperature and -density expansions. For a given (quark-
/gluon-) operator O, the leading terms are given in the dilute gas approximation for non-
interacting pions and nucleons as

〈〈O〉〉 = 〈O〉0 +
%N

2mN
〈N |O|N〉+ T 2

8
〈π|O|π〉 + · · · , (2.13)

where 〈O〉0 denotes the vacuum expectation value. The (scalar) pion density has been expressed
in terms of the temperature T in (2.13) which is valid for massless pions. While the pion matrix
elements 〈π|O|π〉 can be evaluated in a model-independent way using soft pion theorems (in
analogy to the low-density expansions discussed in Sect. 2.2.3), first principle information on the
nucleon matrix elements 〈N |O|N〉 is more difficult to obtain and often substituted by empirical
information (cf. also Ref. [66] for an alternative approach). For analyses going beyond the
leading terms see, e.g., Refs. [54, 55, 56]. For finite density the leading terms for the chiral
condensate and for the gluon condensate are given model independently by the Hellmann-
Feynman theorem and by the trace anomaly, respectively [68, 69]. Numerically, these leading
terms can be estimated as

〈〈q̄q〉〉 ' 〈q̄q〉0 (1− 0.33
%N
%0

), (2.14)

〈〈αs
π
G2〉〉 ' 〈αs

π
G2〉0 (1− 0.077

%N
%0

) . (2.15)

Temperature effects in the gluon condensate are presumably small below T ' 100 MeV, but
significant for the quark condensate (cf. eq. (2.16) below). Following Ref. [381], both condensates
are displayed in Fig. 2.3, where especially the strong density dependence of the chiral condensate
〈〈q̄q〉〉 is noteworthy.

The leading terms for the quark condensate in eq. (2.13) can also be formulated in terms of
the hadronic “σ” terms and the pertinent scalar densities, %sh, as [57, 58]

〈〈q̄q〉〉
〈q̄q〉0

' 1−
∑

h

Σh%
s
h

f2
πm

2
π

' 1− T 2

8f2
π

− 0.33
%N
%0

, (2.16)
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Figure 2.3: Density and temperature dependence of the chiral condensate (left panel) and the
gluon condensate (right panel) normalized to their vacuum values [381]. The calculation is based
on a low-temperature and low-density expansion and therefore only qualitative for larger values
of T and %N (=n).

where the last expression holds only for massless pions (and with a ∼20% uncertainty on the
density coefficient induced by the nucleon σ-term, ΣN = 45± 15 MeV).

The rather poorly known higher order condensates and their density dependence constitute
some of the current limitations of the QCDSR approach (as well as practical problems with a
unique definition of the Borel window). We also recall that sum rules do not directly determine
the properties of a specific hadronic state (such as its mass or width), but a weighted integral
over the spectral function, i.e., a strength distribution.

2.3.1.3 QCD Sum Rules for Vector Mesons in Medium

In the following we will concentrate on light vector-meson currents, jX = jµV , which in quark
basis decomposes into isospin-0 (ω) and isospin-1 (ρ) channels according to

jωµ =
1

6

(

ūγµu+ d̄γµd
)

, (2.17)

jρµ =
1

2

(

ūγµu− d̄γµd
)

. (2.18)

We will restrict ourselves to mesons at rest in the thermal rest frame, i.e., ~q = 0, which
implies degeneracy of transverse and longitudinal components, and therefore it is sufficient to
consider ΠV = gµνΠ

µν
V /3. The explicit form of the coefficients cj up to order αs, up to mass

dimension 6 for scalar condensates and up to twist 2 for non-scalar condensates, can be found,
e.g. in Ref. [65]. Note that for vector mesons the Landau damping corresponds to subtraction
constants like ImΠ(0) which are related to the forward scattering amplitude in the Thomson
limit [371]. The quark currents of the ρ and ω mesons only differ by the relative sign of the two
contributions. Correspondingly, the sum rule for the ρ meson is very similar to that of the ω
meson, except for some sign changes in the four-quark condensates. If one uses factorization for
the four-quark condensates even this difference vanishes (this explains, e.g., the near degeneracy
of ρ and ω mesons in vacuum; even though their widths differ by a factor of almost 20; the
ρ width appears to be still narrow enough to not affect the dispersion integral appreciably).
In medium further terms arise which have different signs. It is, however, the different Landau
damping term causing the main difference of ρ and ω in a medium.
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Two further approximations are commonly applied, especially in earlier works. First, the
spectral function is decomposed into a resonance part with a single state characterized by the
pole position and its residue, and a perturbative continuum part, represented by the ansatz

1

π
ImΠV (s) = FV δ(s−m2

V ) +
1

π
ImΠcont

V (s)Θ(s− sth) (2.19)

(sth: continuum threshold). Upon replacing ImΠcont
V (s) by the corresponding expression in the

perturbative part, c0, of the OPE, the sum rule eq. (2.12) turns into a relation for the pole mass
mV and its residue FV . This procedure is called ”narrow (zero) width approximation”. However,
the ansatz eq. (2.19) may no longer be justified if large widths and/or multiple structures arise in
the spectral function (as borne out of hadronic many-body calculations discussed in Sec. 2.4),
and consequently has been improved upon. Second, the higher order condensates are used
within an factorization assumption which also has given rise to concerns.

2.3.1.4 Survey of Approaches

A compilation of QCD sum rule applications to in-medium vector mesons is given in Tab. 2.1.
The main differences between the approaches lie in the treatment of (i) the hadronic spectral
function (e.g. zero-width approximation vs. detailed hadronic models), (ii) the Landau damping
term, and, (iii) approximations to the condensates on the OPE side (truncation of the expansion
at a given mass-dimension d, factorization of higher-order condensates). In the following, we
discuss separately the cases of ρ and ω mesons, as well as their relation.

2.3.1.5 ρ Meson

A generic feature of QCDSR’s for the ρ is that the in-medium reduction of the condensates
typically requires a softening of the hadronic spectral density. In early works [71, 59], based on
the narrow width approximation (and for nuclear densities on the factorization of the 4-quark
condensates), it was thus predicted that the ρ meson mass drops with increasing temperature
and density. In Ref. [50] effects of the ∆(1232)-nucleon–hole polarization on the pion were
included in the ρ spectral function, but its mass was still found to drop. In Ref. [51] a more
elaborate treatment of the finite-density effects on the pion cloud of the ρ was carried out, and
the QCDSR was found to be satisfied without invoking additional mass shifts. In Ref. [52]
a more general analysis was performed based on Breit-Wigner parametrizations with variable
width and mass. It was found that the sum rules only constrain a correlation of the resonance
parameters, i.e., the softening dictated by the reduced condensates can be saturated by either
a reduction in mass or an increase in width, or a combination of both, see Fig. 2.4. This clearly
illustrates the point that QCDSR’s are not able to predict spectral shapes, but rather provide
constraints.

2.3.1.6 ω Meson

Similar to the ρ meson, the narrow width approximation for the ω (which, after all, may be
better justified) leads to the prediction [71] that its mass drops with increasing nuclear density.
However, at finite temperature the ω mass seems to stay essentially constant [59]. According
to Ref. [51] the dropping mass at finite nuclear densities persists when finite-density effects
on the pion cloud are incorporated in the ω spectral function, although this finding has been
challenged in later, more elaborate, calculations [533, 537, 81].
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hadron range hadronic model OPE side κ values

Dey [70] ρ, a1 T 6= 0 zero width, V-A mix none

Hatsuda [71] ρ, ω, φ %N 6= 0 zero-width d ≤ 6 factor.

Hatsuda [59] ρ, ω, a1 T 6= 0 zero-width d ≤ 6 current alg.

Asakawa [50] ρ %N 6= 0 VDM d ≤ 6 factor.

Eletsky [72] ρ, a1 T 6= 0 zero-width d ≤ 6 current alg.

Hatsuda [73] ρ, ω %N 6= 0 zero-width d ≤ 6 factor.

Jin [74] ρ, ω, φ %N 6= 0 zero-width d ≤ 6 factor.

Koike [75] ρ, ω, φ %N 6= 0 zero-width d ≤ 6 factor.

Klingl [51] ρ, ω, φ %N 6= 0 chiral SU(3) VDM d ≤ 6 admitted

Lee [76] ρ, ω, φ %N 6= 0 ~q 6= 0 d ≤ 6 factor.

Leupold [52] ρ %N 6= 0 Breit-Wigner d ≤ 6 admitted

Leupold [77] ρ %N 6= 0 ~q 6= 0 d ≤ 6 admitted

Hofmann [78] ρ T 6= 0 zero-width d ≤ 6 dim. scal.

Marco [79] ρ, a1 T 6= 0 V-A mix d ≤ 4

Zschocke [63] ρ, ω, φ T, %N 6= 0 zero-width d ≤ 6 admitted

Zschocke [64] ρ, ω %N 6= 0 in-med. propag. d ≤ 6 admitted

Thomas [80] ω %N 6= 0 normal. moment d ≤ 8 adjusted

Ruppert [53] ρ %N 6= 0 Breit-Wigner d ≤ 6 adjusted

Steinmüller [81] ω %N 6= 0 Breit-Wigner, res.-hole d ≤ 6 admitted

Table 2.1: Examples of in-medium QCD sum rules applications to light vector (and axial-
vector) mesons (only first authors are quoted). “κ values” concern the evaluation of four-quark
condensates, “zero-width”, “Breit-Wigner” and “res.-hole” concern the modeling of the low-
energy spectral functions, “V-A mix” denotes mixing of vector and axial-vector spectra, ”factor.”
indicates factorization of four-quark condensates, “current alg.” indicates the evaluation of
four-quark condensates with respect to soft pions, “VDM” denotes vector dominance models.

Let us be more specific and focus on density effects. The integral in eq. (2.12) can be
decomposed into a low-lying resonance part,

∫ sω

0 dsImΠω(s, n)s−1e−s/M
2

, and a continuum
part,

∫ ∞

sω

dsImΠω(s, n)s−1e−s/M
2 ≡ −πM2c0e

−sω/M2

, (2.20)

both depending on the continuum threshold sω. The quantity

m2
ω(n,M2, sω) ≡

∫ sω

0 ds ImΠω(s, n) e−s/M
2

∫ sω

0 ds ImΠω(s, n) s−1e−s/M
2

(2.21)

is a normalized moment which characetrizes the center of gravity of the weighted spectral
function, ImΠω(s, n) e−s/M

2

/s, in the interval s = 0 · · · sω. Clearly, when additional strength
of ImΠω at lower values of s is caused by in-medium effects (as, e.g., suggested by recent
experiments [61, 60]), the above defined value of mω is diminished. Truncating eq. (2.12) at
j = 4, eq. (2.21) for the ω meson can be arranged as

m2
ω(n,M2, sω) =

c0M2
[

1−
(

1 + sω
M2

)

e−sω/M2
]

− c2
M2 − c3

M4 − c4
2M6

c0
(

1− e−sω/M2
)

+ c1
M2 + c2

M4 + c3
2M6 + c4

6M8 − Πω(0,n)
M2

. (2.22)

Following Refs. [63, 65], the sum rule is handled as usual by determining the sliding Borel
window requiring that (1) the sum of the c3,4 terms in eq. (2.12) does not contribute more than
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Figure 2.4: QCD sum rule constraints on ρ meson mass and width as inferred from Breit-
Wigner parameterizations of its spectral function [52] (left panel: vacuum, right panel: cold
nuclear matter at saturation density). “Allowed” regions of mass and width are indicated by
the bands between solid and dashed curves, corresponding to maximal deviations between the
l.h.s and r.h.s. of the SR of 0.2% and 1%, respectively. The diamond depicts the corresponding
vacuum parameters. The upper, middle and lower panels illustrate the uncertainty induced by
the parameter κ used in the factorization of the 4-quark condensates, 〈〈q̄Γqq̄Γ ′q〉〉 → 〈〈(q̄q)2〉〉 →
κ〈〈q̄q〉〉2.

10 % to the r.h.s., (2) the continuum part defined above does not exceed 50 % of the integral
on the l.h.s. of (2.12) to ensure sufficient sensitivity to the resonance part, (3) the continuum
threshold satisfies maximum flatness of m2

ω(n,M2, sω) within the Borel window, (4) a sensible
value of m2

ω follows as average with respect to M2.
It turns out that the chiral condensate enters the SR for the light vector mesons only in

the renormalization invariant combination mq〈〈q̄q〉〉. Numerically, this term is negligible, i.e.
this order parameter of chiral symmetry breaking does practically not influence the SR for ρ
and ω mesons.5 In contrast, the 4-quark condensates have a strong impact. As pointed out in

5Another connection to an order parameter of chiral symmetry breaking, namely to the pion decay constant
fπ, is suggested in Ref. [82] based on the hypothesis of identifying the continuum threshold with the chiral
gap, i.e., sρ ≡ 4πfπ . In a hierarchy of moments of the spectral integrals, the lowest moments avoid higher-order
condensates. E.g., for the in-medium ρ spectral function of Ref. [51], the moment corresponding to the in-medium
ρ mass (in cold nuclear matter) resembles Brown-Scaling, while for the ρ spectral function of Refs. [509, 151] the
pertinent moment exhibits little density dependence.
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(0)
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(0)2
ω . A simultaneous change of κN of ∼20%
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0 GeV8: dashed curves,

c
(1)
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Ref. [80], from the experimental data in Ref. [60] one can deduce that a certain combination
of 4-quark condensates must undergo a strong density dependence, see Fig. 2.5. This is in line
with arguments based on a large-Nc expansion according to which the 4-quark condensates have
often been factorized into squares of the chiral condensate. The occasionally quoted dependence
on the chiral condensate is in fact a dependence on various 4-quark condensates.

As an example, let us briefly sketch the procedure adopted in Ref. [80]. The 4-quark con-
densates that enter in the ω sum rule are

〈〈ūγµλAud̄γµλAd〉〉 = −κ1
4

9π2

Q2
0

f2
π

〈〈q̄q〉〉2 (2.23)

〈〈ūγ5γ
µλAud̄γ5γµλAd〉〉 = κ2

4

9π2

Q2
0

f2
π

〈〈q̄q〉〉2 , (2.24)

〈〈q̄γµλAqq̄γµλAq〉〉 = −16

9
κ3〈〈q̄q〉〉2, (2.25)

〈〈q̄γ5γ
µλAqq̄γ5γµλAq〉〉 =

16

9
κ4〈〈q̄q〉〉2 , (2.26)

where Q0 is a cutoff related to the ρ-ω mass splitting. All expressions go beyond the ground
state saturation (factorization approximation) which is recovered for κ1,2 = 0 and κ3,4 = 1.

Following Ref. [80] we proceed as follows: expand κΩ in density, i.e., κΩ = κ
(0)
Ω + κ

(1)
Ω %N , use

the known sigma term σN in 〈〈q̄q〉〉 = 〈q̄q〉0 + ξ%N with ξ = σN/(2mq), linearize the resulting
expressions, add up all contributions with their corresponding pre-factors to get a common

factor κ0 = 9
28π2

−Q2
0

f2
π

(2
9κ

(0)
1 −κ

(0)
2 )− 2

7κ
(0)
3 + 9

7κ
(0)
4 for the vacuum contribution, − 112

81 παsκ0〈q̄q〉20,
and a common factor κN = κ0 + 〈q̄q〉0

2ξ

(

9
28π2

−Q2
0

f2
π

(2
9κ

(1)
1 − κ

(1)
2 )− 2

7κ
(1)
3 + 9

7κ
(1)
4

)

for the density

dependent medium contribution of the above four-quark condensates. κ0 figures into the vacuum
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Figure 2.6: The pion form factor exhibiting ρ-ω mixing. Data are from Ref. [370] and the curves
from a QCD sum rule evaluation [65].

sum rule and has to be adjusted properly together with other quantities to recover the empirical
vacuum ω mass, while κN is discussed further in connection with Fig. 2.5; due to the mixing of
density dependencies of κΩ and 〈〈q̄q〉〉 even an accurate knowledge of κ0 does not fix κN .

Given the above empirical constraints on the 4-quark condensates the in-medium behavior
of the OPE side is largely determined also for the ρ meson. However, the Landau damping term
for the ρ meson is by a factor 1/9 smaller, which implies that the softening of the ρ spectral
function is much more pronounced (in agreement with previous analyses [71]). In addition, the
ω decay to π+π− (with a small branching ratio of BR = 2.21 ± 0.3 % [177]) gives rise to ρ-ω
mixing as seen experimentally in the deformation of the pion form factor, cf. Fig. 2.6. In fact,
this interference might play an important role in the interpretation of medium effects in the
ρ-ω region in situations were the ω contribution is large, e.g., in proton-induced production off
nuclei, p+A→ e+e−X [61, 67].

2.3.2 Chiral Sum Rules and Axialvector Spectral Function

(by R. Rapp)

The closest connection between the (in-medium) vector-isovector spectral function (which
can be probed by dilepton obsrervables) and chiral restoration is probably given by Weinberg
sum rules which have been derived prior to QCD based on current algebra [158]. As a brief
reminder, we recall that the QCD Lagrangian is, up to order O(mq), invariant under chiral
rotations R(~αL,R) ≡ exp[−i~αL,R ·~τ γ±] of the (light) quark fields, where ~τ are the standard Pauli
matrices in isospin space and γ± = 1/2(1 ± γ5) are the left-/right-handed projection operators
(qL,R = γ∓ q). The ground state of QCD, however, is characterized by a complicated (quark-
and gluon-) condensate structure (the Nambu Goldstone phase, as opposed to the “trivial”
Wigner-Weyl phase). Most notably, the scalar quark condensate, 〈0|q̄q|0〉 = 〈0|q̄LqR + q̄RqL|0〉,
exhibits a maximal violation of chiral symmetry, and is intimately related to the generation
of constituent quark masses, m∗

q ' −G〈0|q̄q|0〉 ' 0.35 − 0.4 GeV, and thus of more than
95% of the visible mass in the Universe. Neither condensates nor the quark mass are directly
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accessible in experiment. However, observable consequences of the spontaneous breaking of
chiral symmetry can be found in the physical excitations of the ground state, i.e., in the (low-
lying) hadron spectrum. The (almost) massless pions are believed to be the Goldstone bosons of
the unbroken directions of the chiral group, i.e., pions emerge as a chiral rotation of the scalar-
isoscalar σ (the condensate channel). More generally, the hadron spectrum is characterized by
non-degenerate chiral partners (hadronic multiplets transforming into each other under chiral
rotations), split in mass by typically ∆M = 0.5 GeV, e.g., π(140)-σ(400-1200), ρ(770)-a1(1260)
and N -N ∗(1535), see also Secs. 3.2.1 and 4.1.5. Weinberg sum rules precisely quantify the
relation between chiral order parameters (e.g., quark condensates or the pion “pole strength”
(decay constant), fπ) and differences of (moments of) vector-isovector (“ρ”) and axialvector-
isovector (“a1”) spectral functions. As such, they are more directly related to chiral symmetry
and its spontaneous breaking than QCD sum rules, and thus are ideally suited to connect (the
apporach to) chiral restoration (vanishing of order parameters) to in-medium vector spectral
functions (and eventually dilepton observables). In vacuum they read6

−
∞
∫

0

ds

πs2
[ImΠvac

V (s)− ImΠvac
A (s)] = f 2

π

〈r2π〉
3
− FA, (2.27)

−
∞
∫

0

ds

πs
[ImΠvac

V (s)− ImΠvac
A (s)] = f 2

π, (2.28)

−
∞
∫

0

ds

π
[ImΠvac

V (s)− ImΠvac
A (s)] = 0, (2.29)

−
∞

∫

0

s
ds

π
[ImΠvac

V (s)− ImΠvac
A (s)] = −2παs〈〈O4〉〉 . (2.30)

Eqs. (2.28) and (2.29) are the famous sum rules derived by Weinberg [158] based on chiral
Ward identities (i.e., conserved vector and axialvector currents in the chiral limit) and the
assumption of free fields at high momenta (in the language of QCD, these would correspond
to the perturbative limit where V and A correlators degenerate); fπ=92 MeV is the pion decay
constant. In Eq. (2.27) [159], 〈r2

π〉 denotes the pion charge radius squared, and FA the pion
axialvector form factor. In eq. (2.30), which was obtained well after the invention of QCD [163],
〈〈O4〉〉 denotes a combination of 4-quark condensates; e.g., in the factorization (or ground state)
approximation it is given by (16/9)〈〈q̄q〉〉2. The direct connection of the chiral sum rules to
the vector correlator renders them particularly valuable in the context of dilepton production.
The assessment of in-medium effects requires their extension to finite temperature which has
been elaborated in Ref. [163]. Due to loss of Lorentz-invariance, the original vacuum results
become energy sum rules at fixed 3-momentum and split into longitudinal (L) and transverse

6The form of the sum rules as written above applies to the chiral limit (vanishing current light-quark and
pion masses). Corrections to the second Weinberg Sum Rule (WSR), Eq. (2.29), have been discussed, e.g., in
Refs. [160, 161, 162], while the first WSR, Eq. (2.28), seems not to be affected.
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Figure 2.7: Left panel: vector and axialvector spectral functions as measured in hadronic τ
decays [41] with model fits using vacuum ρ and a1 spectral functions plus perturbative con-
tinua [156]; right panel: schematic scenarios for chiral symmetry restoration in matter.

(T ) components of the correlators,

−
∞

∫

0

dq20
π(q2

0 − q2)
[

ImΠL
V (q0, q)− ImΠL

A(q0, q)
]

= 0, (2.31)

−
∞
∫

0

dq20
π

[

ImΠL,T
V (q0, q)− ImΠL,T

A (q0, q)
]

= 0, (2.32)

−
∞

∫

0

q20
dq20
π

[

ImΠL,T
V (q0, q)− ImΠL,T

A (q0, q)
]

= −2παs〈〈O4〉〉 . (2.33)

The transverse and longitudinal components of the spectral functions are given in terms of
standard projection operators,

Πµν
V = ΠT

V,AP
µν
T + ΠL

V,AP
µν
L , (2.34)

and we have absorbed the pionic piece of the (longitudinal) axialvector correlator (which in the
vacuum reads ImΠµν

π = f2
πq

2δ(q2)P µνL ) into the definition of the in-medium spectral function,
ImΠL

A(q0, q). This is motivated by the expectation that the pion itself will be subject to medium
effects and thus its spectral function will no longer be represented by a δ-function.

The chiral sum rules clearly emphasize the necessity of incorporating the axialvector channel
into the discussion of medium effects in dilepton production if firm conclusions about the nature
of chiral restoration are to be drawn. In the vacuum, both V and A correlators have been
measured with excellent precision up to M ' 1.5 GeV in τ -lepton decays at LEP by both the
ALEPH [41] and OPAL [42] experiments, cf. left panel of Fig. 2.7. These data alone provide
a rich testing ground for low-energy (“strong”) QCD. In particular, they very nicely illustrate
spontaneous chiral symmetry breaking in the (nonstrange) I = J = 1 multiplet.

Chiral symmetry restoration at Tc requires that the V and A spectral functions become
degenerate (up to corrections in the current up- and down-quark masses), which obviously
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requires a dramatic reshaping of either of the spectral functions, or (more likely) both. How
this happens is one of the major objectives using dilepton measurements in heavy-ion collisions,
and it will also illuminate the nature of mass generation as the strongly interacting matter
of a fireball cools down below Tc. A direct experimental approach would be the simultaneous
measurement of the axialvector spectral function (in addition to dileptons for the vector spectral
function); in Ref. [116] it has been suggested to measure π±γ invariant mass spectra, as triggered
by recent successes of measuring π+π− invariant mass spectra in Au-Au collisions at RHIC, with
interesting results [164]. Nonetheless, the rather broad structures in the A channel, together
with the large expected background, render a practical realization rather challenging (as a first
step, and a proof of principle, such a measurement should be performed in more elementary
systems, e.g., with pion beams at HADES; here, even 3-pion invariant mass spectra have been
raised as a feasible option). The πγ spectra have the additional disadvantage compared to
dileptons that the emitted pion undergoes final-state absorption which will bias the emission of
undistorted pairs toward the later (less hot and dense) stages of a heavy-ion collisions (however,
it has one pion-absorption factor less than ππ spectra). The uncertainties in the experimental
approach to extract the A spectral function mandate the theoretical tools to be sharpened to
deduce chiral symmetry restoration from the dilepton spectra alone. We envisage the following
3-step strategy [27]:

(1) Calculate vector (V ) and axialvector (A) spectral functions as a function of invariant
mass, 3-momentum, temperature and density (including phenomenological and theoretical
constraints) in a chiral model (which gives, of course, a realistic description of vacuum
data).

(2) Insert the results into Weinberg sum rules to caclulate the temperature dependence of
pion decay constant and 4-quark condensate, and compare to results from lattice QCD
(note that fπ(T ) and 〈〈(q̄q)2〉〉(T ) are presumably more easily evaluated in LQCD than
spectral functions; however, at finite densities LQCD results for these quantities may not
become available in the near future).

(3) Perform detailed comparisons of the in-medium effects on the vector correlator with dilep-
ton data (centrality, excitation function, mass and qt-spectra); this requires additional
input from realistic model for the expansion dynamics (e.g. hydrodynamical and trans-
port simulations), which, however, are/can be thoroughly tested against the large body
of hadronic observables.

Consistency between (2) and (3) will provide rather direct evidence for chiral restoration (note
that (2) involves several energy-moments of the V -A spectral fucntions and various chiral order
parameters).

2.4 Vector Mesons in Medium: Hadronic Models

As elaborated above, dilepton production in the low-mass region is governed by the spectral
functions of light vector meson, ρ, ω and φ. Since the ρ meson dominates the overall yield,
many analyses have been performed to address its in-medium properties, cf. [17, 18, 19, 20, 21]
for rather recent reviews. Consequently, our main emphasis will be on the ρ meson. With
increasingly accurate information from experiment, however, both in reactions on cold nuclei [60,
61, 507] and in heavy-ion collisions [23], in-medium properties of ω and φ mesons are becoming
accessible, especially since their contributions are rather localized in invariant mass. In addition
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to being interesting in their own right, it is obviously desirable to provide a unified theoretical
description of the in-medium properties of light vector mesons.

Calculations of in-medium vector-meson properties have also been conducted in quark-based
approaches, e.g., chiral quark models with Nambu-Jona-Lasinio [83, 84] or instanton-induced
interactions [85]. In these approaches the medium effects are mainly induced by modifications
of the quark-antiquark interaction within the meson, as well as condensate-driven changes of
the constituent quark mass. Generically, it turns out that the modifications of the ρ meson
mass are rather moderate (width effects are difficult to assess if quark confinement is not
accounted for). However, as we will see below, the interactions of the vector mesons with
surrounding hadrons in the heat bath are very important, typically leading to a substantial
increase in the vector meson’s width. In this section, we therefore focus on hadronic model
calculations, attempting a systematic discussion by confronting a selection of representative
results of different approaches to extract common (robust) features. An initial overview of the
considered approaches and some of their main features are compiled in Tab. 2.2. Predictions
and/or constraints from QCD sum rules and lattice QCD are discussed separately in Secs. 2.3
and 2.5.1, respectively. We will classify the hadronic approaches for each of the three light
vector mesons according to the different input assumptions and calculational techniques (e.g.,
perturbative evaluation of loops vs. selfconsistent schemes). Concerning input assumptions, we
distinguish between approaches where the underlying parameters of the effective Lagrangian
are kept constant (“hadronic many-body theory”) vs. those where the bare parameters are
subjected to so-called “intrinsic” temperature and/or density dependencies, as e.g. in the works
of Brown and Rho [167] or the more recent renormalzation-group (RG) approach by Harada and
Yamawaki [20]. To further facilitate the comparison, we will organize the discussion according
to the type of medium: cold nuclear matter, hot meson gas and (combined) hot hadronic
matter. For the CBM experiment, baryon effects are expected to dominate, but with anticipated
temperatures well in excess of 100 MeV, thermal effects need to be addressed as well.

2.4.1 ρ Meson

In this subsection we discuss medium modifications of the ρ propogator as obtained by hadronic
many-body theory in cold nuclear matter (induced by a renormalization of its pion cloud
(2.4.1.1) and by direct ρ-N resonance interactions (2.4.1.2)), in a hot meson gas (2.4.1.3), as
well as in hot hadronic matter (2.4.1.4). We also present a renormalization group approach to
evaluate ρ properties at finite temeprature and density within a Hidden Local Symmetry model
based on the “vector manifestation” of chiral symmetry. The latter, in particular, addresses
medium effects on the bare parameters in the effective hadronic Lagrangian.

2.4.1.1 Cold Nuclear Matter I: Pion Cloud

(by F. Riek and R. Rapp)
Early investigations of ρ properties in nuclear matter have focussed on medium effects on its

pion cloud via the rather well-know renormalization of the pion propagators via delta-nucleon–
hole (∆N−1) [50, 514, 515] and nucleon-nucleon–hole (NN−1) [516, 51, 517] excitations, as
obtained in nuclear many-body theory. The generic result, obtained for vanishing 3-momentum
of the ρ in the nuclear matter rest frame, is a substantial broadening of the ρ spectral function
accompanied by a slight upward mass-shift of the peak position. A collective ∆N−1 mode
induces additional stength (or even a peak structure) around M = 0.4− 0.5 GeV, while NN −1

modes are found to be instrumental in shifting additional strength to low mass including below
the 2π threshold. Quantitatively, these effects depend on the cutoff parameter of the πNN and
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Vertex
Author(s) Medium Effects Method Correc-

tions

Asakawa [50] finite %N , 3-momentum q=0 perturbative
Chanfray [514] pisobar π∆N−1 yes

Hermmann [515]

Chanfray [516] finite %N and T , q=0 perturbative
pisobars π[N,∆]N−1 yes

Friman [508] finite %N , q 6=0 perturbative
rhosobars ρ[N(1720),∆(1905)]N−1 no

Rapp [509] finite %B and T perturbative
π[N,∆]N−1, π[N,∆]∆−1 (q=0) yes
ρ[N,∆, N(1720),∆(1905)]N−1

+ conjugate (q 6=0) no

Klingl [51] finite %N and T , q=0 perturbative
π[N,∆]N−1 yes

Peters [510] finite %N , q 6=0 selfconsistent
ρ[N(1520, 1650, 1720), mass feedback
∆(1620, 1700, 1905)]N−1 no

Rapp [536, 151] finite %B and T perturbative
Urban [528] π[N,∆]N−1 + conjugate (q 6=0); yes

ρ[N,N(1440, 1520, 1720, 2000),
∆,∆(1620, 1700, 1905)]N−1 ,
ρ[Λ(1520, 1690, 1820, 1890),

Σ(1670, 1915)]Y −1 + conj (q 6=0); no
ρπ[ω, h1, a1, π

′, a2, ω(1420, 1650)],
ρK[K∗,K1], ρρf1 (q 6=0) no

van Hees [147] finite T selfconsistent Ps-1
ρππ

Post [513] finite %N modified low
ρ[N(1520, 1650, 1720), density approx.

∆,∆(1620, 1700, 1905)]N−1 (q 6=0) no

Cabrera [517] finite %N perturbative
π[N,∆]N−1 yes
ρN(1520)N−1 no

Riek [520] finite %N and T selfconsistent in Ps-1
πρω + πN∆ two subsystems

Ruppert [148] finite T selfconsistent Ps-1
πρ Ps-2

Santini [534] finite %N selfconsistent
ρ[N(1440, 1520, 1535, 1650, 1680, 1720), no

∆,∆(1620, 1700, 1905, 1950)]N−1

Table 2.2: Survey of approaches to calculate light vector-meson spectral functions in a hot and/or
dense hadronic medium. For details, see text.
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Figure 2.8: Isovector-vector spectral function (ρ channel), divided by energy squared, (left
panel) and pertinent real part of the ρ-meson propagator (right panel) in cold nuclear mat-
ter (%N = %0) when dressing the pion cloud with ∆N−1 and NN−1 using hard formfactors,
ΛπNN,∆'1GeV [51]. A substantial broadening is accompanied by a small (if any) mass shift.

πN∆ vertex formfactor. With ΛπNN = ΛπN∆=1-1.2 GeV, as required in one-pion exhcange
potentials to fit N -N scattering, the ρ broadening at nuclear saturation density amounts to a
total width of ∼400 MeV [516, 509, 51], see, e.g., Fig. 2.8.

The calculations have been generalized to finite 3-momentum in Ref. [518], which is not only
necessary for quantitative applications to dilepton and photon experiments, but also enables an
important consistency check against nuclear photoabsorption data [519]. One finds that much
softer πNN and πN∆ formfactor cutoffs are required (ΛπNN '0.3-0.5 GeV) than implemented
in the earlier works [50, 514, 515, 516, 51], and consequently the medium effects due to the
dressing of the pion cloud are reduced (analogous conclusions have been drawn from the analysis
of πN → ρN scattering data, although here the experimental procedure of accounting for finite-
width effects on the final-state ρ mesons has not been fully clarified yet), cf. Fig. 2.9.

All the above calculations are not self-consistent in the sense that the intermediate nucleon
and ∆ propagators are not dressed with in-medium pions (and vice versa; the calculations of
Ref. [518], however, have been constrained to photo-absoption data on nucleons and nuclei [519],
where the description of the latter requires in-medium widths for baryons; selfconsistent effects
are thus implicit in a phenomenological way). The selfconsistent problem has recently been
addressed within a φ-derivable approach in Ref. [520], where also the πρω coupling has been
included. A major problem in this context is to maintain the 4-dimensional transversality of
the ρ selfenergy, qµΣ

µν
ρ = 0, as required by the conservation of the vector current (or gauge

invariance). In the “perturbative” implementation of the in-medium pion propagators, this can
be kept track of by appropriate vertex corrections, but these no longer suffice if fully dressed
propagators are implemented. Therefore, several projector techniques have been suggested
to maintain 4-dimensional transversality of the ρ self-energy. Since the results can be quite
sensitive to the applied procedure, we will discuss in the following the inherent problems in
some detail.

If one goes beyond perturbation theory the Dyson resumation generally violates Ward iden-
tities on the correlator level. Thus the polarization tensor (or selfenergy) may contain four-
longitudinal components Σµν

l (q), which may lead to the propagation of unphysical degrees of
freedom and therefore have to be removed. In principle, this deficiency can be cured by corre-
sponding vertex corrections. Without further approximations, however, this leads to a presently
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Figure 2.9: ρ-meson spectral functions in cold nuclear matter when dressing the pion cloud
with ∆N−1 and NN−1. In the left panel, the corresponding loops have been evaluated with
baryon propagators with in-medium widths estimated from nuclear photoabsoprtion [518], while
the right panel shows a selfconsistent calculation with iterated imaginary parts of the selfener-
gies [520]. Both calculations indicate significantly reduced widths compared to Fig. 2.8 due to
softer πNN, πN∆ formfactors.

intractable scheme of Bethe-Salpeter equations including t-channel exchanges required by cross-
ing symmetry. To date, two schemes have been proposed [147, 148] to deal with this problem
(cf. also Refs. [149, 150]). Both schemes lead to somewhat different predictions for the spectral
function of the ρ meson at finite temperature (as presented in [148]). In order to understand
possible reasons for these differences we have to compare the schemes for reconstructing the
four-transversality; both calculations used the φ functional so that one can exclude effects from
other parts of the models. The idea of the scheme introduced by van Hees and Knoll (denoted
by Ps-1 in Tab. 2.2) is to obtain a much better approximation of the spatial components using
a Dyson scheme that one can expect for the time component. This is due to the fact that
such a tensor has effectively two relaxation times. The spatial correlations will always have a
finite relaxation time and can therefore be better approximated in a Dyson scheme where due
to the finite damping of the propagators in the loops one can only have finite relaxation times
in the final result. On the contrary, the time components have infinite relaxation time due the
conservation law which can never be reached within a simple Dyson resummation. So the idea
is to take only information from the spatial part and then to reconstruct the time components
such as to fulfill the requirements of four transversality. However the construction of the tensor
according this description is still beset with problems since the longitudinal part has a kinemat-
ical singularity at zero energy which artificially enhances the strength in the spectral function.
In contrast to this, the approach by Ruppert and Renk (denoted by Ps-2 in Tab. 2.2) employs
the Rξ gauge with ξ → ∞, where the longitudinal components decouple from the system and
one ends up with only the transversal structure of the tensor,

Σµν(q) = Σµν
L (q) + Σµν

T (q). (2.35)

This however also suffers from an artifact. The problem is that calculated tensor is actually
not four transversal on the light cone meaning:

qµqν Σµν(q2 = 0) ∼ N . (2.36)
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On the other hand, the longitudinal projector Σµν
L (q) has a singularity at the light cone which

requires this trace to vanish. This leads to a selfenergy tensor that has a quadratic singularity
at the light cone and accumulates even more strength than with the linear singularity in the van
Hees-Knoll scheme. In the selfconsistent calculation this turns out to be a quite unfortunate
situation because the artificial strength at the light cone offers the pion a new but completely
unphysical decay mode which renders the pion broad and in turn, due to the selfconsistency,
also enhances the width of the ρ meson. In the scheme by van Hees and Knoll the situation is
a bit better because the artifacts are located in a region where the influence on the ρ selfenergy
is not so large.

In the right panel of Fig. 2.9 we show a selfconsistent calculation of the rho spectral function
based on an in-medium pion cloud according to Ref. [520], using the van Hess-Knoll projector
scheme. The πN∆ vertex has been constrained by πN scattering phase shifts using a Gaussian
ansatz for the formfactor resulting in a rather soft cutoff Λ=440 MeV, quite reminiscent to
Refs. [519, 518]. The resulting spectral functions exhibit somewhat smaller medium effects
compared to the ones in the left panel [519, 518]; e.g., the slight mass shift in the latter is
absent in the self-consistent calculations since the in-medium real parts have not been included
in the iteration procedure. Whether the smaller width is due to the self-consistency, due to the
lack of in-medium real parts, due to the different modeling of the in-medium pions or due to
another reason, remains to be investigated.

2.4.1.2 Cold Nuclear Matter II: ρ-N Resonances

(by R. Rapp)
In addition to medium effects in the pion cloud, it has been realized that the ρ meson can

be modified due to direct coupling to nucleons via resonance excitations (ρBN−1-“rhosobars”,
in analogy to π∆N−1 “pisobars”) [508, 509, 510, 513]. An indication of the importance of
a given baryon resonance, B, follows from its decay branching into ρ-N final states. In non-
relativistic approximation, these excitations can be classified via S- and P -wave ρ-N interaction
Lagrangians,

LS−waveρBN =
fρBN
mρ

Ψ†
B (q0 ~s · ~ρa − ρ0

a ~s · ~q) ta ΨN + h.c. , (2.37)

LP−wave
ρBN =

fρBN
mρ

Ψ†
B (~s× ~q) · ~ρa ta ΨN + h.c. . (2.38)

The summation over a is in isospin space with isospin matrices ~t = ~τ, ~T depending on whether
the resonance B carries I=1/2 or 3/2, respectively. Analogously, the various vector/scalar
products act in spin-momentum space with spin operators ~s = ~σ, ~S corresponding to J=1/2-
or J=3/2-resonances. P -wave interactions have first been suggested in Ref. [508], where the
JP = 3/2+ N(1720) and JP = 5/2+ ∆(1905) were identified as important states. For ρ-N
S-wave scattering, N(1520) and ∆(1700) are important [510], which both are located below the
naive ρ-N threshold. This renders the experimental determination of the coupling constants
rather challenging [153, 511, 512]. While the decay branchings can be used for first estimates,
a more quantitative description requires comprehensive fits to πN → ρN scattering data [513],
or photoabsorption spectra on nucleons and nuclei [519, 45], cf. Fig. 2.10 for two examples. In
addition to providing a more reliable (combined) determination of the coupling strengths it also
enables, to a certain extent, a better handle on 3-momentum dependencies which are not only
governed by the interaction Lagrangians but also encoded in hadronic formfactors.
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Figure 2.10: Constraints on ρ-meson interactions with nucleons from photoabsorption on nu-
clei (left panel) [519, 532] or πN → ρN scattering (right panel) [533]. In the left panel, the
long-dashed line represents the fit on the nucleon, the solid line the total result including broad-
enend resonances in nuclear matter at %N = 0.8%0, and the short-dashed line the non-resonant
background associated with pion-cloud modifications of the ρ.

With the effective vertices fixed in this way, one proceeds to calculate the corresponding ρ
selfenergy, either to leading order in the density (T -% approximation) [508, 51, 45, 513], or using
Lindhard functions which allow for modifications of the intermediate baryon propagators [510,
519, 517]. The consistent use of (relativistic) kinematics in both formfactors and vertices to
evaluate the coupling strengths has been emphasized in Ref. [513].

Fig. 2.11 illustrates several calculations for ρ spectral functions in cold nuclear matter. The
upper left panel shows a coupled-channel resonance-model where baryon and meson selfenergies
have been calculated selfconsistently [152]. The coupling parameters, taken from fits to ρ-N
amplitudes, are based on comprehensive analyses of πN → ππN scattering data [153, 154]. As
in the case of the pion cloud effects, the implementation of selfconsistency was found to have a
moderate impact on the in-medium ρ spectral function. The variation due to different data sets
in constraining the interaction parameters is somewhat larger, but still very moderate as seen
from the figure: the largest uncertainty resides in the ρ-N coupling to the N(1520) (causing
the peak at q2 ' 0.3 GeV2), while the location and width of the ρ peak varies much less.

The upper right panel of Fig. 2.11 corresponds to a relativistic coupled-channel approach
using ρ-N point vertices to dynamically generate the relevant S-wave resonance. The amplitudes
are then constrained by an extensive set of πN and γN scattering data (cf. right panel of
Fig. 2.10), and the resulting amplitudes are implemented to leading order in density (T -%
approximation) into ρ and ω propagators. In this approach, the medium modifications of the ρ
are significantly less pronounced due to a reduced coupling to the N(1520) (as emerging from
the best overall fit), as well as the neglect of ρ-N P -wave interactions.

In the lower left panel, the ρ spectral function includes medium effects due to both the
pion cloud and (S- and P -wave) rhosobars (with non-relativistic form factors) [518]; the inter-
action Lagrangians have been comprehensively constrained by photoabsorption cross sections
on nucleons and nuclei [519] (cf. left panel of Fig. 2.10), as well as total πN → ρN cross sec-
tions. The resulting medium effects are quite comparable to the selfconsistent results of Post et
al. [152]; the most notable difference is the absence of a peak structure around M ' 0.55 GeV,

29



0.0 0.2 0.4 0.6 0.8 1.0 1.2
M [GeV]

−10

−8

−6

−4

−2

0

Im
D

ρ 
[G

eV
−2

]

vacuum
ρN=0.5ρ0

ρN=1.0ρ0

ρN=2.0ρ0

q=0.3GeV

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

MI (GeV)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Sρ
 (1

/G
eV

²)

Figure 2.11: Comparison of ρ-meson spectral functions in cold nuclear matter within the
hadronic many-body approaches of Ref. [152] (upper left panel) [533] (upper right panel)
[528, 151] (lower left panel) and [517] (lower right panel).

although a pronounced shoulder is still visible. This is due to the implementation of an empir-
ical in-medium width of ∼250 MeV (at %N = %0) for the N(1520) resonance deduced from the
photo-nuclear data (similarly for other baryon resonances). Also note that the density effects
build up rather quickly for moderate densities (as low as %N = 0.5%0) and show less variation
at higher densities. This is compatible with the empirical finding in photoabsorption that the
modifications have an early onset for small nuclear mass number (as low as A=4, i.e. 4He),
with rather little additional effects even for 238U . Since the spectral shape does not follow a
simple Breit-Wigner form, one should define the centroid mass via the lowest energy (-squared)
moment of the spectral function,

(m∗
ρ)

2 =

∞
∫

0

q0dq0
π

q20 [−2ImDρ(q0, q = 0)] . (2.39)

For the spectral function of Ref. [518] one obtains m∗
ρ ' 0.83 GeV at normal nuclear density.

Together with an approximate full-width at half maximum of Γρ ' 0.42 GeV, one finds remark-
able agreement with the constraints set by QCD sum rules in Ref. [52], recall the middle right
panel in Fig. 2.4.

Finally the lower right panel shows a calculation of Cabrera et al. [517], where pion cloud
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Figure 2.12: ρ-meson spectral functions [536] in hot meson matter when accounting for thermal
Bose enhancement and a rather complete set of resonant ρ+M → R interactions (M = π,K, ρ,
R = ω(782), h1(1170), a1(1260),K1(1270), f1(185)π

′(1300)); nonresonant interactions, as well
as a dressing of the pion cloud have been neglected.

modifications are supplemented with the leading S-wave rhosobar excitation, N(1520)N −1.
Again, in agreement with all other calculations above, one finds a substantial broadening ac-
companied by a slight upward mass shift and extra rhosobar-strength around M ' 0.5 GeV
(obviously the medium effects will be stronger if a more complete set of ρ-BN−1 excitations is
included).

To summarize this section, it seems fair to conclude that reasonable agreement (on the 30%
level) is established between spectral function calculations once a comprehensive and complete
inclusion of empirical constraints. Differences in whether the medium effects are solely ascribed
to rhosobar excitations, point interactions, or evaluated in combination with pion cloud effects,
seem to be the reason for current discrepancies. Another open issue in this context is the relation
of the ρ-baryon coupling to chiral symmetry which must be answered before definite conclusion
on the nature of (the approach to) chiral symmetry restoration in cold nuclear matter can be
drawn.

2.4.1.3 Hot Meson Gas

(by R. Rapp)
Investigations of the ρ properties in a hot pion gas have been initiated in the early eighties

and developed thereafter in various aspects. While in mean-field theories one usually finds a
decrease of the ρ mass with increasing temperature (and density), due to the built-up of an
attractive scalar field, it has been realized early on that width effects may play an important
role [521, 523]. An explicit finite-T field theoretic calculation, however, found rather moderate
effects induced by the Bose enhancement in the pion cloud of the ρ [522]. The (selfconsistent)
inclusion of a rather complete set of ππ interactions [524] did not affect this conclusion sub-
stantially, see also Ref. [525] or an evaluation within finite-T chiral perturbation theory [526].

The selfconsistency problem has been revisited in Ref. [147], with special attention to
maintaining a 4-dimensionally transverse ρ-selfenergy; the technical aspects of that have been
sketched in Sec. 2.4.1.1 above. With the van Hees-Knoll prjector method, the broadening ef-
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Figure 2.13: Comparison of ρ-meson spectral functions in hot and dense hadronic matter from
Refs. [151] (dashed lines) and [155] (solid lines) at temperatures of T=100 MeV (left panel)
and T=150 MeV (right panel) for nucleon densities of %N=0.5,1.0 %0 (the corresponding nu-
cleon chemical potentials are µN=673,745 MeV for T=100 MeV and µN=436,542 MeV for
T=150 MeV, respectively).

fects on the ρ are again moderate (at least at small ρ-meson 3-momenta), while the alternative
method employed in Ref. [148] induces stronger effects which, however, are probably spurious,
as discussed above. General arguments based on the Goldstone nature of pions suggest that
their modifications in a pion gas should be small.

Much like in the baryon case, the ρ meson can directly interact with mesons from the heat
bath to form resonances (which usually dominate over nonresonant interactions). These have
been investigated, e.g., in Refs. [536, 155], an example of which is shown in Fig. 2.12. For a rough
reference relative to the cold nuclear matter case, we note that the thermal π+K+K̄+ρ density
at T=150 MeV amounts to about normal nuclear matter density, %0=0.16 fm−3. Comparing
the ρ spectral function in mesonic matter at T=150 MeV to the one in cold nuclear matter at
%N = %0 (lower left panel in Fig. 2.11) reveals substantially stronger medium effects for the
latter, especially in terms of the enhancement below the free ρ mass.

2.4.1.4 Hot Hadronic Matter

(by R. Rapp)
In (ultra-) relativistic heavy-ion collisions at AGS energies (Elab '10 AGeV) and upward,

the created (hadronic) medium conists of comparable concentrations of mesons and baryons,
and therefore realistic applications of spectral functions should include medium effects of both
type (even at RHIC energies, with a proton-to-pion ration of about 1/10, the combined ef-
fects of baryons and anti-baryons has been shown to be substantial [527]). However, rather
few calculations of ρ spectral functions have simultaneously accounted for both baryon density
and temperature. Two such calculations are compared in Fig. 2.13. While the hadronic-many
body calculation of Ref. [151] has been discussed above (cf. lower left panel in Fig. 2.11 and
Fig. 2.12), the spectral function of Ref. [155] has been constructed rather differently using
empirical ρ-N and ρ-π scattering amplitudes. The imaginary parts of the latter have been
saturated by resonances (plus a background Pomeron term) at low energies, and based on a
Regge parametrization at high energies; the real parts have been recovered by a dispersion
integral. While there is qualitative agreement between this approach and the hadronic many-
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Figure 2.14: ρ-meson spectral functions, weighted by a factor 1/M (as figuring into the dilepton
rate) under SPS (red lines) and FAIR (blue lines) conditions, as well as in vacuum (green lines),
in the hadronic many-body approach of Ref. [151].

body calculations, the most significant difference appears to be a stronger broadening and the
extra low-energy strength in the M '0.4 GeV region of the hadronic many-body spectral func-
tion which is caused by off-shell (“subthreshold”) ρ-N resonances (most notably the N(1520)).
The latter do not explicitly appear in the on-shell scattering approach of Ref. [155] (but are
subsumed in the Regge term). Furthermore, in the many-body framework, the level repulsion
between the resonace-hole loop and the elementary ρ peak causes the latter to shift up in mass.
In both approaches, the 3-momentum dependence of the ρ spectral function is rather moderate.

To illustrate again the sensitivity to the modifications caused by the baryonic component of
the medium, we compare in Fig. 2.14 the hadronic many-body ρ-meson spectral function [151]
for conditions expected at FAIR and SPS for an “intermediate” (left panel) and a high tem-
perature. An additional factor of 1/M has been introduced to resemble the dilepton rate after
transformation from q0 to M (the Bose factor will further amplify the low-mass region). The
plots suggest that the largest sensitivity is residing in the mass region below ∼0.4 GeV.

2.4.1.5 Renormalization Group Approach and Vector Manifestation of Chiral Sym-
metry

(by M. Harada and C. Sasaki)
In all approaches discussed thus far, the parameters in the (free) lagrangian (masses, coupling

constants and formfactor cutoffs) have been kept fixed in the medium. Since hadrons are
composite objects, the question arises whether this is justified. Recent work by Harada et
al. [20] addresses this problem in a renormalization group approach as will be elaborated in
more detail in the following.

The vector manifestation (VM) [551] was proposed as a novel pattern of the Wigner real-
ization of chiral symmetry in which the ρ meson becomes massless degenerate with the pion
at the chiral phase transition point. The VM is formulated [20, 552, 553] in the effective field
theory (EFT) based on the hidden local symmetry (HLS) [554, 555]. The VM gives a the-
oretical description of the dropping ρ mass, which is protected by the existence of the fixed
point (VM fixed point) of the renormalization group equations (RGEs). In the formulation of
the VM, an essential role is played by the intrinsic temperature/density effects of the parame-
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ters which are introduced through the matching to QCD in the Wilsonian sense combined with
the RGEs. The intrinsic effect produces the violation of the VD near the chiral restoration point.

Hidden Local Symmetry and Wilsonian Matching
The HLS Lagrangian is based on the Gglobal×Hlocal symmetry, where G = SU(Nf )L×SU(Nf )R
is the chiral symmetry and H = SU(Nf )V is the HLS. Within the HLS framework, it is possible
to perform the systematic derivative expansion including the vector mesons as the HLS gauge
boson in addition to the pseudoscalar mesons as the NG bosons [560, 561, 562, 20]. In this
chiral perturbation theory (ChPT) with the HLS, the Lagrangian with lowest derivative terms
is counted as O(p2), which in the chiral limit is given by [554, 555]

L(2) = Fπ
2tr

[

α̂⊥µα̂
µ
⊥

]

+ Fσ
2tr

[

α̂‖µα̂
µ
‖

]

− 1

2g2
tr

[

VµνV
µν

]

, (2.40)

where g is the HLS gauge coupling, Vµν is the field strength of Vµ and

α̂µ⊥,‖ =
1

2i

[

DµξR · ξ†R ∓DµξL · ξ†L
]

. (2.41)

Here two variables ξL and ξR are parameterized as

ξL,R(x) = eiσ(x)/Fσe∓iπ(x)/Fπ , (2.42)

where π = πaTa denotes the pseudoscalar Nambu-Goldstone (NG) bosons associated with the
spontaneous symmetry breaking of Gglobal chiral symmetry, and σ = σaTa denotes the NG
bosons associated with the spontaneous breaking of Hlocal. Fπ and Fσ are the decay constants
of associated particles.

At the leading order of the chiral perturbation with HLS the Lagrangian includes three
parameters: the pion decay constant Fπ; the HLS gauge coupling g; and a parameter a defined
as a = F 2

σ/F
2
π . Using these three parameters, the ρ meson mass mρ, the ρ-γ mixing strength

gρ, the ρ-π-π coupling strength gρππ and the direct γ-π-π coupling strength gγππ are expressed
as

m2
ρ = g2aF 2

π , gρ = gaF 2
π , gρππ =

a

2
g , gγππ = 1− a

2
. (2.43)

From these expression, one can easily see that the vector dominance (VD) of the electromagnetic
form factor of the pion, i.e. gγππ = 0, is satisfied for a = 2. We would like to stress that the
VD at zero temperature and density is accidentally satisfied: The parameter a is 4/3 at the
bare level and it becomes 2 in the low-energy region by including the quantum correction [571].
This can be rephrased in the following way: the parameter a at the large Nc limit is 4/3 and it
becomes 2 when the 1/Nc corrections are included [564].

The Wilsonian matching is a novel manner to determine the parameters of EFTs from the
underlying QCD in the vacuum [563, 20]. It has been applied to study the chiral phase tran-
sition at a large number of flavor [551, 20] and at finite temperature/density [552, 553]. The
matching in the Wilsonian sense is based on the following idea: The bare Lagrangian of an EFT
is defined at a suitable high energy scale Λ and the generating functional derived from the bare
Lagrangian leads to the same Green’s function as that derived from original QCD Lagrangian
at Λ. The bare parameters of the EFT are determined through the matching of the Green’s
functions. In other words, one obtains the bare Lagrangian of the EFT after integrating out
high energy modes, i.e., quarks and gluons above Λ. The information of the high energy modes
is involved in the parameters of the EFT. Once the bare parameters are determined through
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the matching, quantum corrections are incorporated into the parameters through the RGEs.

Extension to Hot/Dense Matter
Now we apply the above procedure to the study of hot/dense matter. As noted, the bare param-
eters are determined by integrating out high frequency modes above the matching scale. Thus
when we integrate out those degrees of freedom in hot/dense matter, the bare parameters are
dependent on temperature/density. We shall refer them as the intrinsic temperature/density
effects [552, 553]. The intrinsic dependences are nothing but the signature that the hadron has
an internal structure constructed from the quarks and gluons. This is similar to the situation
where the coupling constants among hadrons are replaced with the momentum-dependent form
factor in the high-energy region. Thus the intrinsic temperature/density effect plays a more im-
portant role in the higher temperature/density region, especially near the phase transition point.

Vector Manifestation in Hot/Dense Matter
As emphasized above, the VM was proposed in Ref. [551] as a novel pattern of the Wigner
realization of chiral symmetry with a large number of massless quark flavors, in which the vector
meson becomes massless at the restoration point and belongs to the same chiral multiplet as
the pion, i.e., the massless vector meson is the chiral partner of the pion. The studies of the VM
in hot/dense matter have been carried out in Refs. [552, 553, 558, 568, 569] and the VM was
also applied to construct an effective Lagrangian for the heavy-light mesons which can describe
the recent experimental observation on the D(0+, 1+) mesons [570].

The most important ingredient to formulate the VM in hot/dense matter is the intrinsic
temperature/density dependence of the parameters of the HLS Lagrangian [552, 553] introduced
through the Wilsonian matching between the HLS and QCD: The Wilsonian matching near the
critical point Tc/µc provides the following behavior for the bare parameters a and g:

g(Λ;T, µq) ∼ 〈q̄q〉 → 0 , a(Λ;T, µq)− 1 ∼ 〈q̄q〉2 → 0 , for (T, µq)→ (Tc, µc) . (2.44)

It was shown [20, 552, 553] that these conditions are protected by the fixed point of the RGEs
and never receives quantum corrections at the critical point. Thus the parametric vector meson
mass determined for the on-shell vector meson also vanishes since it is proportional to the
vanishing gauge coupling constant. The vector meson mass mρ defined as a pole position of
the full vector meson propagator has the hadronic corrections through thermal loops, which are
proportional to the gauge coupling constant [552, 553, 558]. Consequently the vector meson
pole mass also goes to zero for (T, µq)→ (Tc, µc):

mρ(T, µq) ∼ 〈q̄q〉 → 0 . (2.45)

We would like to stress that the VD is strongly violated near the critical point associated with
the dropping ρ in the VM in hot/dense matter [558, 553]:

a(T, µq)→ 1 , for (T, µq)→ (Tc, µc) . (2.46)

Temperature Dependence of Parameters
In the present framework, the physical quantities in the low-energy region have two kinds of
temperature/density dependences, one is the intrinsic effect and another comes from the ordi-
nary hadronic corrections included through the thermal/dense loops. In the following analysis
to determine both effects, we study the system at finite temperature and zero density [559].

We consider how the intrinsic temperature dependence of the bare parameters are intro-
duced. With increasing temperature toward the critical temperature, the difference of two
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Figure 2.15: Temperature dependences of (a) the vector meson mass mρ, (b) the ρ-γ mixing
strength gρ [559]. The solid curves denote the full (both intrinsic and hadronic) temperature
dependences. The curves with the dashed lines include only the hadronic temperature effects.

current correlators approaches zero. In the HLS side near the critical point, both bare g and
a−1 are proportional to the quark condensate provided by the Wilsonian matching near Tc [552]:

g2(Λ;T ) ∝ 〈q̄q〉2T and a(Λ;T )− 1 ∝ 〈q̄q〉2T for T ' Tc . (2.47)

This implies that the bare parameters are thermally evolved following the temperature depen-
dence of the quark condensate, which is nothing but the intrinsic temperature effect.

It should be stressed that the above matching conditions hold only in the vicinity of Tc:
Equation (2.47) is not valid any more far away from Tc where ordinary hadronic corrections are
dominant. For expressing a temperature above which the intrinsic effect becomes important,
we shall introduce a temperature Tflash, so-called flash temperature [573, 574]. The VM and
therefore the dropping ρ mass become transparent for T > Tflash

7. On the other hand, we
expect that the intrinsic effects are negligible in the low-temperature region below Tflash: Only
hadronic thermal corrections are considered for T < Tflash. For making a numerical analysis
including hadronic corrections in addition to the intrinsic effects determined above, we take
Tc = 170MeV as a typical example and Tflash = 0.7Tc as proposed in Refs. [573, 574]. Here we
would like to remark that the BR scaling deals with the quantity directly locked to the quark
condensate and hence the scaling masses are achieved exclusively by the intrinsic effect in the
present framework.

Physical quantities are obtained by including the hadronic corrections generated through
thermal loop diagrams at one loop. We show the temperature dependences of the ρ meson
mass mρ(T ) defined at its rest frame and the ρ-γ mixing strength in Fig. 2.15. Figure 2.15(a)
shows that the vector meson mass including only the hadronic correction little changes with
temperature and the hadronic correction gives a positive contribution to mρ, δ

(had) ' 5 MeV. In
the temperature region above the flash temperature, T/Tc > Tflash/Tc = 0.7, the ρ mass with
the intrinsic effect rapidly drops correspondingly to the rapid decreasing of the gauge coupling.
In Fig. 2.15(b) we can see that the hadronic effect gives a negative correction to the ρ-γ mixing
strength. Above the flash temperature, the intrinsic effect causes the rapid drop of the gauge
coupling g, which further decreases the gρ toward zero.

7As was stressed in Refs. [20, 575], the VM should be considered only as the limit. So we include the
temperature dependences of the parameters only for Tflash < T < Tc − ε.
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Figure 2.16: Decay width of the ρ meson as a function of T/Tc [559]. The curve with the
dashed line includes only the hadronic temperature effects. The solid curve denotes the full
(both intrinsic and hadronic) temperature dependences.

Electromagnetic Formfactor
Using the in-medium parameters obtained in the previous section, the thermal width of the
ρ meson is calculated as shown in Fig. 2.16. Since mρ slightly increases with T as shown in
Fig. 2.15(a) (dashed line) for T < Tflash, Γρ increases with T . This implies that the hadronic
effect causes the broadening of the ρ width. When the intrinsic effect is also included for
T > Tflash, gρππ as well as mρ decrease with T in the VM, and the width Γρ decrease as
Γρ ∼ g3 → 0.

Figure 2.17 shows the electromagnetic form factor F for several temperatures. In Fig. 2.17
(a) there is no remarkable shift of the ρ meson mass but the width becomes broader with
increasing temperature, which is consistent with the previous study [525]. In Fig. 2.17 (b) the
intrinsic temperature effect are also included into all the parameters in the form factor. At
the temperature below Tflash, the hadronic effect dominates the form factor, so that the curves
for T = 0, 0.4Tc and 0.6Tc agree with the corresponding ones in Fig. 2.17(a). At T = Tflash
the intrinsic effect starts to contribute and thus in the temperature region above Tflash the
peak position of the form factor moves as mρ(T ) → 0 with increasing temperature toward Tc.
Associated with this dropping ρ mass, the width becomes narrow, and the value of the form
factor at the peak grows up as ∼ g−2 [552].

As noted, the vector dominance (VD) is controlled by the parameter a in the HLS theory.
The VM leads to the strong violation of the VD (indicated by “6VD”) near the chiral symmetry
restoration point, which can be traced through the Wilsonian matching and the RG evolutions.
We compared the dilepton spectra predicted in the VM (including the effect of 6VD) with
those obtained by assuming the VD, i.e. taking gγππ = 0. Figure 2.18 shows the temperature
dependence of the ρ-γ mixing strength gρ with VD (dash-dotted line) and 6VD (solid line). In
the low-temperature region, T < Tflash, the hadronic corrections to mρ and gρππ are small,

so that the ρ-γ mixing strength with VD, g
(VD)
ρ , is almost stable against the temperature (see

the dash-dotted line). While gρ with 6VD gets a non-negligible hadronic correction in the HLS,
which causes a decrease with temperature (see the solid line). Near the critical temperature,
T > Tflash, on the other hand, both mρ and gρππ drop due to the VM and the above ratio
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Figure 2.17: Electromagnetic form factor of the pion as a function of the invariant mass
√
s for

several temperatures [559]. The curves in the upper panel (a) include only the hadronic temper-
ature effects and those in the lower panel (b) include both intrinsic and hadronic temperature
effects.
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Figure 2.18: Temperature dependence of the ρ-γ mixing strength gρ for
√
s = mρ [559]. The

dash-dotted curve corresponds to the case with the VD assumption. The solid one includes the
effect of the VD violation due to the VM.
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also decreases since m2
ρ/gρππ ∝ g. However compared to gρ with 6VD, the decreasing of g

(VD)
ρ

(dash-dotted line) is much more gentle. This affects the pion form factor which exhibits a strong
suppression provided by decreasing gρ in the VM.

Our analysis can be applied to a study at finite density. Especially to study under the
conditions for future GSI/FAIR would be an important issue. In such a dense environment, the
particle-hole configurations with the quantum numbers of pions and ρ mesons are important, as
discussed extensively above. The violation of the VD has been also presented at finite density
in the HLS theory [553]. Therefore the dilepton rate as well as the form factor will be much
affected by the intrinsic density effects and be reduced above the “flash density”.

2.4.1.6 Final Remarks on the ρ Meson

Hadronic many-body approaches largely coincide on a strong broadening of the ρ spectral
function in hot hadronic matter, possibly accompanied by a slight upward mass shift. While
quantitative agreement remains to be established, empirical constraints on the effective La-
grangians from free scattering data are mandatory for reliable predictions. The role of full
selfconsistency needs to be addressed in a more complete fashion. It has become clear, though,
that the medium effects induced by baryons are more important than those induced by mesons
at comparable densities, rendering the maximal baryon densities envisaged in the CBM context
a promising environment. An important open question concerns the medium dependence of the
bare parameters in the effective Lagrangian. Intrinsic medium dependencies (i.e., a dropping
mass and coupling constants) are predicted by the vector manifestation scenario in connection
with a QCD sum-rule type matching to (perturbative) QCD correlators. On the one hand, the
many-body effects included in these calculations are not yet complete (e.g., in the medium, ad-
ditional low-energy degrees of freedom appear in form of resonance-hole loops), and the notion
of the “flash” temperature needs to be clarified. On the other hand, vector dominance is found
to be violated, which is not accounted for most of the many-body approaches. Clearly, further
theoretical investigations are necessary to progress on these issues.

2.4.2 ω Meson

(by R. Rapp)
In the thermal dilepton rate the contribution of ω mesons is suppressed by a about a factor

10 compared to the ρ and therefore has (until very recently) received rather little attention.
However, in photon- and proton-induced production, the ω contribution is relatively less sup-
pressed and has been subject of recent experiments using nuclear targets [60, 61, 62], cf. Fig. 2.19.
Even in heavy-ion reactions, the new level of precision reached by NA60 dimuon spectra in In-In
collisions at SPS [34] has indicated the possibility to study in-medium effects on the ω [35].

2.4.2.1 Cold Nuclear Matter

Similar to the case of the ρ, early calculations of the in-medium ω spectral function have focussed
on dressing its pion cloud, cf. left panel of Fig. 2.20 [335]; here an attractive ω-N amplitude
(which was not directly confronted with data) has been found to reduce the ω mass at normal
nuclear density to ∼600 MeV, together with a broadening by ∼80 MeV. Subsequently, it has
been realized that the ω should also couple to resonance-hole exciations, which are, however,
more difficult to infer from experiment than for the ρ. Indirect methods have been applied taking
recourse to comprehensive coupled channel analysis of πN and γN scattering data [533, 537],
cf. upper right panel in Fig. 2.11 and Fig. 2.20. These updated analyses lead to somewhat
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Figure 2.19: Background-subtracted e+e− invariant-mass spectra in proton- (left) and photon-
induced (right) reactions off nuclear targets. The E325 collaboration [61] (left panels) reports
a significant drop of ω and ρ masses, while the CLAS collaboration [62] (right panel) reports
a broadening of the ρ line shape without significant mass shift. The results of π0γ spectra
of Ref. [60], which reported an in-medium mass reduction of low-momentum ω mesons, are
currently being revisited.

Figure 2.20: ω-meson spectral function in cold nuclear matter implementing coupled channel
ω-N resonance interactions [537]. These results may be compared to the upper right panel in
Fig. 2.11.

smaller in-medium widths, Γtotω (%0) ' 40−60 MeV with little (if any) mass shift but significant
strengths in resonance-hole excitations at M ' 500 MeV. In Ref. [533] the latter is mostly due
to the N(1520)N−1 and N(1535)N−1, while in Ref. [537] it is attributed to the N(1535)N−1

with smaller strength. The discrepancy with the early calculations in Ref. [335] has recently
been scrutinized in Ref. [538] where it is argued that the heavy-baryon approximation employed
in Ref. [335] does not apply and therefore does not produce reliable results.

2.4.2.2 Hot Meson Gas

Finite-temperature calculations of the ω-meson width have been conducted, e.g., in Ref. [539]
in terms of elastic and inelastic collisions rates with pions; at T = 150 MeV, a broadening of
∼ 30MeV, dominated by the (elastic) resonance scattering ω + π → b1(1235), was found. In
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Figure 2.21: In-medium ω-meson spectral functions in: (i) a hot pion gas based on ω → 3π and
ωπ → 2π channels including Bose enhancement [540] (upper left panel), (ii) hot hadronic matter
appropriate for RHIC conditions, including ω → ρπ, 3π (with in-medium ρ spectral function),
ωπ → b1(1235), 2π and N(1520)N−1, N(1650)N−1 excitations [527] (upper right panel), (iii)
hot nuclear matter for a selfconsistent πρω system including with NN−1 and ∆N−1 dressing of
the pion clouds [520] (lower left panel); (iv) hot hadronic matter using the approach of Ref. [155]
based on empirical ωπ and (updated) ωN scattering amplitudes [541] (lower right panel).

Ref. [540] a finite-T calculation of the ω → 3π width was carried out including Bose enhancement
factors as well as the ω + π → π + π channel. The latter exhibits a rather sharp increase for
T > 100 MeV and is the dominant contribution to a ∼55 MeV broadening at T = 150 MeV, see
upper left panel of Fig. 2.21. This is roughly consistent with the results of Refs. [527, 155] as
well.

2.4.2.3 Hot and Dense Hadronic Matter

When combining pion- and baryon-induced effects, the ω broadens further. In the hadronic
many-body framework, the inclusion of anti-/nucleons, even under RHIC conditions, increases
the ω width to 80-150 MeV for T =150-180 MeV (upper right panel of Fig. 2.21) [527]. This is
again quite consistent with the empirical scattering-amplitude based approach of Refs. [155, 541]
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(lower right panel of Fig. 2.21). The calculations for a selfconsistent πρω system with dressed
pions indicate that the pion and ρ broadening further accelerate the ω melting close to the
expected phase transition (lower left panel of Fig. 2.21).

2.4.3 φ Meson

(by R. Rapp)
Recent data on photon- [507] and proton-induced [542] φ production off nuclei, as well as

in heavy-ion collisions [34], have revived the interest on medium effects on the φ meson.
The expected lack of φ-N resonances renders a dressing of the kaon cloud as the prime

candidate for modifications in the nuclear medium. Hadronic many-body calculations with in-
medium anti-kaons predict φ widths of around 20 MeV at normal nuclear matter density [543],
which, however, appear to underestimate the observed φ absorption by about a factor of 2.

Calculations of collision rates in a meson gas at T = 150 MeV indicate a broadening by
about 20 MeV [544]. Including a moderate baryon component at fintie temperature does not
increase this value by much [527]. Thus, hadronic calculations suggest that the φ remains a
well-defined resonance structure even close to the expected critical temperature. This makes it
a good object for precision spectroscopy in heavy-ion reactions.

2.5 Thermal Dilepton Rates

(by P. Petreczky and R. Rapp)
In this section, we compile and discuss thermal dilepton production rates as following from

the hadronic approaches discussed above, complemented by results from perturbative and lattice
QCD above Tc, including a brief digression to the recent NA60 dimuon data.

2.5.1 Lattice QCD

First principle results for thermal EM emission rates can be obtained from numerical solu-
tions of lattice-discretized QCD (lQCD). However, the extraction of finite-temperature spectral
functions in the time-like regime is hampered by the finite extent of the (Euclidean) time com-
ponent due to (anti-) periodic boundary conditions. The vector spectral function, which is
directly proportional to the thermal emission rate, is related to the Euclidean time current-
current correlation function via the integral representation

G(τ, T ) =

∫ ∞

0
dq0σ(q0, T )

cosh(q0(τ − 1/(2T )))

sinh(q0/(2T ))
. (2.48)

In lattice calculations there is only a finite number of points in the (Euclidean) time direction.
The extraction of the spectral functions from the Euclidean time correlation functions is usually
performed using probabilistic method, the so-called Maximum Entropy Method (MEM) [89].
Furthermore, dynamical quark loops are currently too CPU-time intensive to be included in
spectral function computations. Not withstanding these limitations, the left panel of Fig. 2.22
shows thermal dilepton rates from quenched lQCD for 2 temperatures above Tc [90], compared
to expectations from pQCD, either in the simplest O(α0

s) approximation (corresponding to
naive qq̄ → e+e− annihilation) or within the Hard-Thermal-Loop formalism [87]. While all
rates agree at large invariant mass, the lQCD rates exhibit up to a factor 2 enhancement at
intermediate mass (possibly reflecting a broad resonance structure) and, more notably, a sharp
decrease in the low-mass region which is in marked contrast to the pQCD rates.
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Figure 2.22: Left panel: Thermal dilepton rates, dN/(d4qd4x), extracted from quenched lattice
QCD above the critical temperature [90] compared to calculations in perturbation theory, either
to leading order (O(α0

s)) qq̄ annihilation (solid line) or within the hard-thermal-loop (HTL)
framework [87]. All rates are calculated at a total pair momentum of ~q=0, i.e., the dilepton
energy ω = q0 equals its invariant mass, M . Right panel: the ratio of the underlying vector
correlation function computed in lattice QCD to the free correlation function.

The low-mass region is problematic both for perturbative approach and the (nonpertur-
bative) lattice approach. The HTL calculations of Ref. [87] imply that the spectral function
behaves like 1/q0 for q0 < gT . This behavior has been confirmed by recent analysis of Ref. [91],
where it was also pointed out that the previous calculations [87] are incomplete. The 1/q0-
behavior of the spectral functions would imply infinite electric conductivity, however its has
been shown in Ref. [91] that at very small energies (q0 � g4T ) the spectral functions can be
approximated by a Lorentzian, i.e., for q0 � g4T it is proportional to q0, while for q0 > g4T
it behaves like 1/q0. The spectral function integrated up to energy ∼ g4T gives the quark
number susceptibility [91], χ(T ). Although the above considerations, strictly speaking, hold in
the weak coupling regime g � 1, the transport peak associated with electric conductivity may
be present also for realistic couplings (e.g., αs = 0.3, i.e., g = 1.94 ) [91]. This would pose a
problem for lattice calculations of the spectral functions as a narrow peak at q0 = 0 is difficult
to reconstruct using MEM. For this reason, lattice calculations have considered the sum over
all four (Lorentz) components of the spectral function [90]. For the temporal component of the
vector correlation function, one has G00 = −Tχ(T ). Therefore, if the weak coupling arguments
apply, the contribution from the transport peak drops out in this sum.

Although the reconstruction of the spectral functions using MEM is problematic the lattice
data on Euclidean time correlators can be calculated reliably and provide useful information
about the spectral functions. The ratio of the correlation function calculated on lattice to the
free correlation function is shown in the right panel of Fig. 2.22, where the sum over all four
components has been taken. As one can see from the figure the calculations performed on dif-
ferent lattices agree well with each other, indicating that lattice artifacts are under control and
that the correlation function deviates from the free one only by about 10%. This provides strin-
gent constraints on the spectral functions at low energies which cannot be reliably calculated
in perturbation theory (cf. Eq. (2.48)).

Attempts to calculate the spectral function at very low energies, q0 ' 0, in lattice QCD have
been presented in Refs. [88, 92] in terms of the electric conductivity, defined by the time-like
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limit of the energy-derivative of the EM correlator,

σel(T ) =
1

6

∂

∂q0
ρem

i
i(q0, q = 0;T )|q0=0 , (2.49)

with ρem
i
i = −8παem Im Πem. These studies indicated that the electric conductivity at temper-

atures not too far from the transition temperature is significantly smaller than the prediction
of perturbation theory. However, because of the use of the so-called staggered fermion formu-
lation, the number of data points of the correlation functions was quite small (between 7 and
12). It remains to be seen if these results can be confirmed in lattice calculations using larger
number of data points.

It would be most interesting to confront model predictions from in-medium hadronic ap-
proaches with lattice computatutations at the level of correlation functions. Results for a hot
pion gas based on unitarized chiral perturbation theory have been obtained in Refs. [94, 95],
where, in particular, the close relation of the EM conductivity to (very) soft photon emission
has been emphasized (see also Ref. [104]).

2.5.2 Hadronic Approaches

The in-medium vector-meson spectral functions discussed in Sec. 2.4 directly figure into the
(low-mass) dilepton rates. The most common assumption to do so is by employing the vector-
dominance model which works well in the vacuum (at least in the purely mesonic sector),
recall Eq. (2.6). In the baryonic sector, modified versions of VDM [93] are suitable to describe
photo-absorption reactions on the nucleon and on nuclei, i.e., up to at least nuclear saturation
density [519]. Thus it appears reasonable to assume VDM to hold also in mesonic matter;
however, its ultimate fate in the medium, especially when approaching the phase transition, is
not settled (cf., e.g., Sec. 2.5.3 below).

Rather than choosing a particular 3-momentum, it is more convenient (and more closely
related to mass spectra as observed in experiment) to display the rates in momentum integrated
form,

dRll
dM2

=

∫

d3q

2q0

dRll
d4q

. (2.50)

In the left panel of Fig. 2.23 in-medium hadronic many-body emission rates in the isovector (ρ)
channel are confronted with results of the chiral virial expansion. Below the free ρ mass, both
approaches predict a large enhancement over the free emission rates (based on the vacuum EM
correlator); the agreement becomes even closer if resonance-hole contributions are implemented
in the virial expansion [45]. However, at the free ρ mass, the hadronic many-body calculations
lead to a substantial suppression (broadening) of the peak due to the resummation of selfenergy
insertions in the ρ propagator, which is not present in the virial expansion. This difference
remains evident when convoluting the rates over (central) In-In collisions at SPS energies [35, 96]
and comparing to NA60 data, cf. Fig. 2.24. The latter apparently favor the broadening (peak
suppression) in the many-body calculations, which, in fact, give a very good description of
the data. Since in the underlying time evolutions, the initial phases are around (and beyond)
the expected phase boundary to the QGP, it is of interest to compare the (bottom-up and
top-down) extapolation of hadronic and QGP rates close to Tc, as done in the right panel of
Fig. 2.23. The general trend in these comparisons is that whereas the free emission rates in
QGP and hadron gas are very different from each other, the in-medium rates in both phase show
a remarkable tendency of approaching each other when extrapolated into the expected phase
transition region. A deeper understanding of this feature (or whether it is just a coincidence)
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Figure 2.23: Upper left panel: 3-momentum integrated thermal hadronic dilepton rates for the
vacuum ρ spectral function (dotted line), within the many-body approach of Refs. [519, 151]
(dashed-dotted and solid line, the latter additionally including ρ interactions with thermally
excited baryons) and from the chiral virial expansion of Ref. [44] (dashed line); right panel:
comparison of hadronic many-body calculations (solid line) [151] to QGP emission for either
free qq̄ annihilation (dashed line) or hard-thermal loop improved rates [87] (dashed-dotted line);
lower left panel: dilepton rates at high baryon density and low temperature, comparing in medium
hadronic emission (red solid line) [151] with that from a color-superconductor (CSC) using
effective hadonic theory on the CSC ground state (purple solide line) [157]. Free QGP and
hadron gas rates are shown as a reference (dashed lines).

is currently lacking. Note, however, that the requirement of having a non-vanishing photon
emission rate implies a divergence of the dilepton rates toward M = 0, and in this sense is
a generic feature of many-body calculations. Furthermore, the broadening of excitations is
also a quite general phenomenon; the nontrivial behavior here is that the ρ meson broadening
is so pronounced that it leads to a complete melting of the resonance structure, as seems to
be required by the NA60 data. Another intriguing consequence of a degeneracy of the top-
down and bottom-up extrapolated pQCD and hadronic many-body calculations, respectively,
is that it indirectly implies chiral symmetry restoration, since, in pQCD, vector and axialvector
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channels are automatically degenerate.
We finally compare in-medium hadronic rates at rather low temperatures but high baryon

density to calculations within a color-superconductor in the so-called Color-Flavor-Locked
(CFL) phase (lower left panel of Fig. 2.23). The latter is characterized by a broken chiral
symmetry that allows the formulation of a chiral effective theory with vector mesons imple-
mented via a Hidden Local Symmetry, much like in the normal vacuum. The corresponding
in-medium dilepton rates again show a surprising agreement with the hadronic-many body cal-
culations [151]. It seems that for M > 1 GeV the rate is fairly robust and insensitive to the
microscopic matter state.

2.5.3 RG Approach: Vector Manifestation

(by M. Harada and C. Sasaki)

Within the vector manifestation (VM) scenario of the Hidden Local Symmetry (HLS) frame-
work, dilepton rates have been evaluated in Ref. [559]. Following the approach outlined in
Sec. 2.4.1.5, Fig. 2.25 shows the form factor and the dilepton production rate integrated over
three-momentum, Eq. (2.50), in which the results with VD and 6VD are compared. It can be eas-
ily seen that the 6VD gives a reduction compared to the case with keeping the VD. The features
of the form factor as well as the dilepton production rate coming from two-pion annihilation
shown in Fig 2.25 are summarized below for each temperature:

Below Tflash = 0.7Tc : The form factor is slightly suppressed with increasing temperature. An
extent of the suppression in case with 6VD is greater than that with VD. This is due to
decreasing of the ρ-γ mixing strength gρ at finite temperature (see Fig. 2.18). At T < Tf ,
gρ mainly decreases by hadronic corrections. In association with decreasing gρ, one sees
a reduction of the dilepton rate with 6VD.

Above Tflash = 0.7Tc : Since the intrinsic temperature effects are turned on, a shift of the ρ
meson mass to lower-mass region can be seen. gρ is further reduced by the intrinsic ef-

fects and much more rapidly decreases than g
(VD)
ρ . Thus the form factor, which becomes

narrower with increasing temperature due to the dropping mρ, exhibits an obvious dis-
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the VD. In the dashed curves in the right-hand figures, the parameters at zero temperature were
used.

47



crepancy between the cases with VD and 6VD. The production rate based on the VM (i.e.,
the case with 6VD) is suppressed compared to that with the VD. One observes that the
suppression is more transparent for larger temperature: The suppression factor is ∼ 1.8
in (c) and ∼ 3.3 in (e).

As one can see in (c), the peak value of the rate predicted by the VM in the temperature
region slightly above the flash temperature is even smaller than the one obtained by the
vacuum parameters, and the shapes of them are quite similar to each other. This indicates
that it might be difficult to measure the signal of the dropping ρ experimentally, if this
temperature region is dominant in the evolution of the fireball. In the case shown in
(d), on the other hand, the rate by VM is enhanced by a factor of about two compared
with the one by the vacuum ρ. The enhancement becomes prominent near the critical
temperature as seen in (e). These imply that we may have a chance to discriminate the
dropping ρ from the vacuum ρ.

2.6 Thermal Photon Rates

In this section we will address two aspects of real photon observables in heavy-ion collision. The
first are the traditional single-photon transverse-momentum spectra which have been suggested
long ago to give information on the (highest) temperatures of the system, as well as modifications
of the spectral strength. We will in particular elaborate on connections to dileptons. The second
aspect is the more speculative one of di-photon production; pertinent invariant-mass spectra
have never been measured in heavy-ion collisions, but the exciting possibility of inferring medium
modifications of the σ-meson (with its close connection to chiral symmetry restoration) warrants
at least an exploratory study of this observable.

2.6.1 Direct Single Photons

(by R. Rapp)
The production of thermal photons from strongly interacting matter is a vast subject that

cannot be done justice to here; for recent reviews see Refs. [18, 97, 98, 99]. We will focus on
emission from hadronic matter, as this is expected to be the dominant direct photon source at
CBM 8, and in particular on connections to dileptons.

As emphasized earlier in Sec. 2.2.1, thermal production rates of dileptons and photons are
intimately related since they are governed by the same function (EM current correlator), albeit
in different kinematic regimes, recall Eqs. (2.2) and (2.3). Any calculation of dilepton rates
to nontrivial order in αs encodes real photon production. For hadronic production rates this
connection has been exploited in Ref. [26] in an attempt to establish consistency between low-
mass dilepton [15, 16, 34] and direct photon [100, 101] measurements in heavy-ion reactions at
CERN-SPS energies.

In the left panel of Fig. 2.26 [26] results are shown for photon rates when the isovector EM
correlator (ρ spectral function) of the hadronic many-body approach of Ref. [151] is carried to the
light-like limit (q0 = q); temperature (T = 150 MeV) and chemical potential (µB = 340 MeV)
roughly correspond to bombarding energies in the SPS energy regime. The decomposition
into various channels, and especially into baryon- and meson-induced processes, shows that

8We adopt the nomenclature defined in Ref. [98]; “direct” photons are to be distinguished from “decay
photons”: the former encompass emission from initial hard pQCD scatering and pre-equilibrium phases, as well
as thermal radiation, while the latter are from decays after freezeout, mostly from π0 and η mesons (commonly
referred to as “cocktail” in the dilepton context).
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Figure 2.26: Left panel: thermal hadronic photon rates following from the in-medium ρ spectral
function of Ref. [151]; right panel: additional mesonic sources for thermal photons correspond-
ing to non-resonant πρ → πγ reactions (dashed lines) and scatterings involving K and K ∗

mesons [26].

for SPS energies the baryonic part of the medium is the prevalent photon source for ener-
gies q0 ' 0.2-1 GeV. This reflects that baryon effects are the main source of medium effects
in low-mass dilepton production. Above q0 ' 1GeV, meson-resonance formation makes up
the major part of the strength in the lightlike ρ spectral function. However, the latter does
not reproduce photon sources corresponding to t-channel meson exchange (π, ω, a1) in the
πρ → πγ reaction. An evaluation of these reactions within the Massive-Yang-Mills approach,
taking special care of formfactor effects and extended to strangeness-bearing channels, indicates
that t-channel exchanges become competitive above q0 '1GeV, and dominant above ∼2.5 GeV,
cf. right panel of Fig. 2.26. At temperatures above T = 150 MeV, or baryon chemical poten-
tials below µB = 340 MeV (as shown in the figure), the mesonic reactions take over at lower
energies [26]. Thus, in the CBM energy regime, direct photons of energies up to ' 1GeV would
provide a valuable cross check on model interpretations of low-mass dilepton observables. At
the SPS, this check has been performed [26] by applying the pertinent photon rates to WA98
data [100], employing the same fireball model for the space-time evolution as underlying, e.g., the
left panel in Fig. 2.24. The theoretical spectra agree with the data, cf. left panel of Fig. 2.27.
Unfortunately, the subtraction method of the (large) background from decay photons limits
the experimental direct photon signal to transverse momenta above qt > 1.5 GeV, where the
(Cronin-enhanced) primordial pQCD contribution becomes the leading source (the QGP con-
tribution is moderate throughout). More recently, using two-photon interferometry methods,
the WA98 collaboration extracted a direct photon signal for small qt ' 0.1 − 0.3 GeV [101].
Even though the uncertainty is appreciable, the theoretical predictions of Ref. [26] fall short of
the yield. Subsequent inclusion of ππ → ππγ Bremsstrahlung, while adding ∼30% to the yield
at qt = 0.2 GeV, could not resolve this discrepancy [102, 33, 103]. In Ref. [104] a more precise
evaluation of the Bremsstrahlung’s contribution, going beyond the soft-photon approximation
and including final-state Bose enhancement factors in the multi-dimensional phase space inte-
grals, lead to a 60-70% enhancement over the previous Bremsstrahlungs rate (plus another 20%
contribution from πK → πKγ Bremsstrahlung), reducing the discrepancy with the low-qt data,
cf. right panel of Fig. 2.27 (the suppression of the yield due to Landau-Pomeranchuk-Migdal
interference has not been included but was estimated to be a factor of ∼0.8 at qt = 0.2 GeV).
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Figure 2.27: Left panel: expanding fireball calculations for thermal photon spectra supplemented
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calculation (solid line) compared to low-momentum WA98 data [101] in the same reaction; the
addition of improved Bremsstrahlungs rates from ππ and πK scattering (upper dotted line) [104]
significantly reduces the discrepancy with the data.

Also note that the Bremsstrahlungs spectrum has a significantly steeper slope than the previ-
ously calculated photon sources, thus not compromising the compatibility with the WA98 data
(and upper limits) at larger momentum.

It is highly desirable to clarify the situation of the possibly very large enhancement at
(very) low photon momenta. In particular, a reasonably accurate measurement of low-qt pho-
tons within CBM would be valuable, providing additional clues on the origin of the WA98
enhancement, e.g., whether the source is of baryonic or mesonic origin.

2.6.2 Diphotons and In-Medium “σ”

(by D. Blaschke)

According to a suggestion by Hatsuda and Kunihiro [168] the light sigma-meson σ(600)
can serve as an indicator for the chiral phase transition. In the vacuum, the σ(600) is a very
broad resonance in the ππ scattering amplitude with a width Γσ = 600 − 1000 MeV [177] due
to σ → ππ. According to the standard representation, the σ and the π are chiral partners
so that at the chiral restoration transition their masses become degenerate. Consequently, the
channel σ → ππ shuts off already at temperatures and chemical potentials where the condition
mσ = 2mπ is reached, and the σ width could become relatively small until at the deconfinement
transition the channel for decays in quark-antiquark states opens. Experimental signatures
might be expected in the channel σ → γγ, where a resonance structure or at least a shoulder
should be observable at the two-pion threshold, Mγγ ∼ 2mπ ∼ 300 MeV.

2.6.2.1 Estimates for the σ → 2γ Production Rate

In Ref. [499], an estimate of diphoton production via ππ → γγ annihilation has been conducted
within a Nambu-Jona-Lasinio (NJL) model. In the vacuum, the pion exchange Born diagram
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dominates this process, but when approaching the critical temperature, quark-exchange sub-
structure effects lead to a substantial enhancement of the pertinent cross section, which develops
a rather pronounced maximum structure in the T -µ phase diagram as shown in the left panel
of Fig. 2.28. The pertinent diphoton production rate is displayed in the right panel of Fig. 2.28
for different temperatures at fixed quark chemical potential [499].

The optimal conditions for observing a soft-σ induced enhancement in heavy-ion reactions
occur if the latter can reach into the realm of a first order transition and create a mixed phase
with extended lifetime. In this case one can hope for the formation of an extended region of
matter at constant temperature thus generating a diphoton mass spectrum which resembles the
emission rate at fixed temperature.

A schematic study of the width effect on the 2γ production rate, dN γγ/d4xdM , is sum-
marized in Fig. 2.29. For definiteness, the mass of the pion is taken at its vacuum value,
mπ =140 MeV, and the mass of σ as mσ = 2mπ. Witin the NJL model the quark mass then
follows mq =

√
3mπ/2. We assume that the ratio m/fπ ≈ 4 does not change in the range

of temperatures we are interested in. Remaining details are also taken from the NJL model.
As the temperature of the phase transition is not well known and will probably vary with µB,
we choose a range from 120 to 160 MeV. The σ-meson spectral function is assumed to be
narrow (with a width parameter of 10 MeV), as well in its vacuum form. To estimate the max-
imum effect, additional broadening of the mesons’ spectral functions in a hot/dense medium
is neglected. It appears that for σ widths above 10 MeV, it will be very hard to discriminate
the threshold enhancement against an expected large combinatorial background of both decay
and direct photons. Such widths, are, however, easily generated if realistic in-medium spec-
tral functions of pions are accounted for both in nuclear and/or hot meson matter, see, e.g.,
Refs. [105, 173]. Thus, the feasibility of detecting a “σ” signal in the dipohoton spectrum
appears rather questionable.
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Figure 2.29: Diphoton production rate per 4-volume and invariant mass at the critical temper-
ature for a first order chiral transition produced in a nucleus-nucleus collision. The width of σ
is 10 MeV (left) and at its vacuum value (right).

2.6.2.2 Other Anomalous Channels: ρ→ γγ, σ → e+e−

The medium-induced breaking of Lorentz symmetry for ground state matter can facilitate pro-
cesses that are forbidden in free space. Typical examples are the mixing of scalar and vector
mesons such as σ-ω, ρ-a0 and φ-f0(980). The role of the σ-γ transition in the enhancement of
e+e− production due to the (in vacuum forbidden) decay σ → e+e− near the two-pion threshold
was discussed by Weldon [494]. (According to the vector dominance model, all electromagnetic
interactions of mesons should be mediated by vector mesons: a scalar transforms to a vector
which then transforms to a photon.) The effect of σ-ω and ρ-a0 mixing on the pion-pion annihi-
lation in dilepton production was investigated in Ref. [495], where it was shown that additional
peaks appear in the dilepton spectrum in sufficiently dense baryonic matter. On the other
hand, the scalar-vector mixing can trigger two-photon decays of vector mesons, where a vector
meson first transforms to a neutral scalar meson which then produces two correlated photons.
In the case of ρ-a0 mixing, an additional (resonant) amplification can occur because of the
degeneration of the ρ and a0 meson masses under particular conditions in dense matter [496].
Moreover, the enhancement in two-photon or dilepton production from the processes with σ-ω,
ρ-a0 and φ-f0 mixing can be observed in a wide range of temperature and baryon density [503].
Earlier estimates of “anomalous” dilepton production from qq̄ annihilation in deconfined quark
matter have been performed in [497]. The pertinent results for scalar-vector mixing have been
used by the authors of Ref.[496].

The process is represented by the diagram drawn in Fig. 2.30. First, a quark loop mediates
vector-scalar mixing, followed by an intermediate scalar resonance and completed by the trian-
gular quark loop describing a decay of the scalar meson to photons. For rough estimates we
will assume that the ρ-meson mass is constant in the hadron phase, while the σ-meson mass
drops significantly with growing temperature and chemical potential, until it becomes almost
degenerate with the pion mass cloe to chiral symmetry restoration. The same is expected for
the a0-meson.

Since the decay ρ→ γγ involves the a0-meson the corresponding amplitude is proportional
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Figure 2.30: Feynman diagram for the ρ(ω, φ)→ γγ decay. The crossed diagram is not shown.

Figure 2.31: Two-photon decay width of ρ-meson as a function of µ and |p| for T = 20 MeV
(left panel) and 120 MeV (right panel).

to the a0 propagator,

Da0 =
1

M2
a0 −M2

ρ − iΓa0(Mρ)Ma0

, (2.51)

which is of the Breit-Wigner form; Ma0 and Mρ are masses of a0 and ρ, respectively, while Γa0 is
the width of a0 (it depends on the mass of the decaying particle, Mρ). Here, it must be pointed
out that due to the degeneration of a0 and ρ masses at a certain temperature and chemical
potential, an additional enhancement can arise from Da0 . This enhancement is similar to that
in the process ππ → γγ [499, 500] and ππ → ππ [502]. Numerical estimates for the width of
the process ρ→ γγ at various values of chemical potential and 3-momentum ~p of the ρ-meson
are given in Fig. 2.31 for two temperatures, 20 and 120 MeV.

One can perform similar calculations for the decays ω → γγ and φ→ γγ. The characteristic
order of magnitude for rate of such processes is a few keV. The maximal effect is reached near
the phase transition and for momenta near the maximum in the momentum distribution for the
decaying particle.

A peculiarity of the decay ρ → γγ is that the a0-meson mass is larger than the ρ-meson
mass in vacuum, but may drop significantly when approaching the transition to the phase with
restored chiral symmetry. One can envisage that under particular conditions the masses of a0

and ρ become degenerate, which is followed by a resonant amplification of the decay ρ → γγ
and noticeable enhancement near the ρ-meson mass in the two-photon spectrum. As for the σ-ω
mixing, their mass difference is expected to grow with µ, and, as a consequence, no resonant
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Figure 2.32: The diagram that describes dilepton decays of the scalar meson in medium via
scalar-vector mixing.

Figure 2.33: Decay rate for σ → e+e− at T = 20 MeV (left panel) and 120 MeV (right panel).

phenomenon occurs in this decay. Therefore, the number of two-photon events related to decays
of vector mesons will be dominated by ρ→ γγ rather than ω → γγ.

The direct decay of the σ-meson to dileptons is also forbidden in vacuum and is allowed in
dense medium due to σ-ω mixing. After the transition of σ to ω, the latter transforms to a
photon (according to VDM) which then produces an electron and a positron (see the diagram
in Fig. 2.32). Numerically, the decay σ → e+e− rate reaches about 1.5 keV at T ∼ 20 MeV.

One can estimate the decays a0 → e+e− and f0(980) → e+e− in the same manner.
Both the two-photon decays of vector mesons and dilepton decays of scalar mesons have

common peculiarities: they are forbidden in the vacuum and open up only in the medium. The
effect is maximized near the phase transition and is more pronounced for smaller temperature
and larger chemical potential. However, for practical purposes the decays widths seem to
be rather small unless anomalously small total widths or particular resonance degeneration
phenomena occur.
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Chapter 3

Hadronic Resonance Spectroscopy

(by R. Rapp)
The use of dilepton invariant-mass spectra to obtain direct spectral information on hadronic

properties in medium is limited to mesons in the vector channel. In addition, the measured spec-
tra (after background and “cocktail” subtraction) are composed of a superposition of spectral
functions at varying temperatures and densities (which, of course, provides unique access to the
hot and dense phases). The situation changes for invariant-mass spectra of strongly decaying
resonances: due to final-state absorption, undistorted emission is mostly emanating from tem-
peratures and densities at the late stages of a heavy-ion collision, but a large variety of hadronic
states is, in principle, available with comparatively high rates (not being penalized by α2). The
drawbacks are, of course, severe: one is only probing low densities/temperatures, the system is
about to break up rendering the notion of equilibrium questionable, and the backgrounds are
large. Nevertheless, an appreciable number of resonances and associated spectral modifications
have been studied in both hadronic and heavy-ion collisions (even e+e− annihilation), e.g.,
∆→ πN at BEVALAC, SIS [106, 107] and RHIC [108], φ→ KK at AGS [109], SPS [110] and
RHIC [111], strange baryon resonances [112] and ρ → ππ, K ∗ → Kπ at RHIC [164, 113]. We
emphasize again the importance of assessing the in-medium a1(1260) spectral function, possi-
bly via π±γ spectra [116], which would constitute a major milestone towards establishing the
connection to its chiral partner, the ρ meson, which is the key contributor to low-mass dileptons.

In the following we discuss selected examples for resonances in the light-quark sector where
previous measurements have provided promising results. The method also applies to strange
and possibly charmed resonances, whose medium effects are addressed in Chaps. 4 and 5.

3.1 Meson Resonances

The most promiment resonance in the ππ channel is the (P -wave) vector-isovecotor ρ(770)
meson. Measurements of π+π− invariant-mass spectra in

√
sNN = 200 GeV p-p and peripheral

Au-Au collisions by the STAR collaboration at RHIC have found rather large downward mass
shifts of the ρ resonance peak by about -40 MeV and -70 MeV, respectively, cf. Fig. 3.1. The
effect is most pronounced at low transverse momenta, and has triggered a number of theoretical
works to investigate its origin [114, 115, 116, 117, 118, 119]. In Ref. [114], contributions to
the ρ mass were estimated from the real part of resonant scattering amplitudes on pions and
nucleons in the heat bath. The net effect under the expected thermal freezeout conditions at
RHIC was rather moderate; using a rate equation framework for the spectra, an additional
attractive mass shift of about -50 MeV was inferred. Since the contributions from resonances
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√
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left panel) and peripheral Au-Au (lower left panel) collisions at RHIC. The right panel displays
extracted ρ-mass values as a function of transverse momentum based on fits to the mass spectra
using a relativistic Breit-Wigner spectral function and appropriate phase-space for background
subtraction; the horizontal lines (bands) represent the average ρ-mass values extracted from
e+e− annihilation (hadronic collisions) at lower energies.

can be both attractive and repulsive, they tend to cancel each other. The main effect was,
in fact, from a scalar mean field which has been identified with a “dropping mass”. A rate-
equation approach was also employed in Refs. [115, 116]. The former study [115] confirmed the
need for an attractive mass shift of the ρ of at least -50 MeV in Au-Au, on top of thermal phase
space effects [120]. In the latter study [116], an in-medium spectral function as calculated from
hadronic many-body theory was implemented (which is consistent with dilepton measurements
at the CERN-SPS [151, 35]). Under conditions resembling thermal freezeout in Au-Au at
RHIC, a factor of ∼2 broadening renders the spectral shape more susceptible for modulations
due to thermal phase space. Bose-Einstein enhancement on the outgoing pions, as well as an
underlying (falling) “background” from scalar π+π− correlations combines to a total mass shift
of -30 MeV relative to conditions expected in p-p collisions, in line with experiment. However,
the -40 MeV shift in p-p collisions is not reproduced (in Ref. [124], e.g., this effect has been
largely attributed to an interference between direct ρ decays and rescattered pions).

In Ref. [117], the single-freezeout model has been applied to ππ spectra. This approach
assumes a sudden decoupling at a thermal freezeout temperature that coincides with chemical
freezeout at Tch ' 165 MeV. In such a setting, resonant correlations can be implemented
using a virial expansion via vacuum (two-body) scattering phase shifts, or, more precisely,
their derivatives [121, 122, 118]. This, in particular, implies, that the contribution of broad
resonances is suppressed (while in the rate-equation approach, this is compensated by the
increase in emission rate). Again, if the width of the ρ is not modified, a thermal mass shift of
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Figure 3.2: STAR results [164] for transverse-momentum spectra of π+π− pairs in the ρ-mass
region in

√
sNN = 200 GeV p-p (circles) and peripheral Au-Au (squares) collisions at RHIC.

-50 MeV has been inferred to be compatible with the STAR ππ data.
More information can be obtained from the number of detected ρ0 mesons. For p-p and

peripheral Au-Au collisions, the measured ρ0/π− ratios are 0.183±0.027 and 0.169±0.037, re-
spectively (dominated by systematic errors) [164]. Both values tend to be larger than predictions
from thermal models at chemical freezeout, yielding ∼0.11±0.02 [123, 116], which is the more
surprising as ρ0 → π+π− is expected to be emitted at thermal freezeout, where the thermal
ρ0/π− ratio is further reduced, to about 0.06-0.08 [116]. The emission of 2 generations of
ρ0 → π+π− in a rate-equation picture could be a possibility to resolve the discrepancies [116],
even in p-p collisions [124]1. Additional information on the question of rescattering and pos-
sible modifications in line shapes due to phase space effects may be obtained from tranpsort
simulations [126].

Further indications for modifications in π-π invariant mass spectra can be found from the
pair-pT spectra, cf. Fig. 3.2 [164]. One recognizes a significant change in shape, from power-law
in p-p to exponential in Au-Au, which corroborates that the emission environment in heavy-ion
collisions is quite different, indicative for the final stages of a thermalized medium.

ππ invariant mass spectra contain, in principle, information on isoscalar channels as well.
In p-p collisions, one finds a clear signal of the f0(980) (and possibly of the tensor f2(1270))
meson, see upper left panel of Fig. 3.1. The f0(980) is also visible in the Au-Au spectra. The
low-lying “σ(500)” (listed as f0(600) in recent editions of the review of particle physics [127])
is more difficult to identify, mainly due to its broad structure. Pion- and photon-induced
two-pion production experiments off nuclei, π(γ)A → ππA, have found intriguing evidence
for medium effects in terms of a substantial enhancement of strength close to the two-pion
threshold [128, 129, 130]. Whether this is due to nuclear many-body effects [105, 131] or
a “genuine” dropping σ mass [132], and in how far it is related to partial chiral symmetry
restoration, is not clear at present. In Refs. [165, 166] final-state interactions of the individual
outgoing pions were found to largely account for the observed enhancement. The final-state
interactions in the nuclear medium are based on the same physics as the nuclear many-body
effects evaluated in Refs. [105, 131], and therefore both effects do not mutually exclude each
other (on the contrary, both should be included). It would be very interesting to investigate the
invariant-mass region close to the two-pion theshold in heavy-ion reactions [114, 116], preferrably

1Evidence for ππ rescattering in peripheral In-In has recently been reported in dimuon spectra by NA60 [34];
the secondary production is concentrated at low pT [125] and may be quite consistent with the analysis of
Ref. [124] at RHIC energy.
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at high baryon density where the predicted medium effects are large [133, 524].

3.2 Baryon Resonances

Before turning to the baryon spectroscopy in hadronic models with applications to heavy-ion
collisions, let us make a few general remarks including aspects of chiral symmetry and QCD
sum rules.

The excitation spectrum in the baryon sector is characterized by an extraordinary richness:
the nucleon can be excited in both isospin and spin quantum numbers, while each IJ P state itself
maybe considered as a base for building another tower of (mass) excitations. E.g., quark models
on various levels of sophistication have been employed to compute these excitation spectra,
resulting in a large number of states, not all of which have been experimentally identified.
This constitutes the well-known “missing resonance problem”; part of this problem are the
often rather large decay widths of several hundred MeV. The situation becomes even more
complicated in hot and dense hadronic matter where one generally expects further broadening.2

In-medium properties of baryon resonances are also important to evaluate medium effects in
the meson sector. As discussed in the previous section, the medium modifications of the light
vector mesons ρ and ω (including their pion cloud) are largely driven by the coupling to the
baryonic component of the matter. These interactions, in turn, are often dominated by resonant
meson-nucleon scattering, rendering a quantitative (selfconsistent) determination of the medium
modifications of the intermediate baryon resonance mandatory (e.g., whether it is dynamically
generated or a genuine state).

3.2.1 Chiral Symmetry of Baryons

(by B. Kämpfer)
As in the meson sector, a key issue concerns how (the approach toward) chiral symmetry
restoration manifests itself in the in-medium spectrum of baryons. In a first step, one has to
identify the chiral structure of the baryon spectrum in the vacuum, i.e., the chiral partners, e.g.,
N -N(1535) and ∆-(N(1520),∆(1700)), see, e.g., Refs. [134, 136, 135, 138, 139]. Since chiral
symmetry breaking is a low-energy phenomenon, its effects should cease at sufficiently large
excitation energies. In particular, Glozman [136, 137] advanced the view that chiral symmetry,
in the sense of degeneracy of chiral partners, is restored for high-lying baryon resonances,
cf. Fig. 3.3. In Refs. [135, 138] chiral representations for baryons have been elaborated within
a linear sigma model, arriving at a quartet scheme where N ∗

+, N∗
−, ∆∗

+ and ∆∗
− with given spin

form a chiral multiplet. Empirical mass orderings and pion decay branchings seem to support
this identification.

3.2.2 Baryon Masses and QCD Condensates

(by B. Kämpfer)
In a chiral expansion, the nucleon mass in the vacuum takes the form [346]

MN = M
(0)
N +A1m

2
π +A2m

3
π +A3m

4
π log(mπ/MN ) +A4m

4
π + · · · (3.1)

2This applies, for instance, for the so-called second resonance group (including N(1440)P11, N(1520)D13 ,
N(1535)S11) as observed in photo-absorption or electro-excitation of mesons on the nucleon; even for light nuclear
targets (A ≥ 4), these resonances are strongly broadened converging to an essentially structureless ”universal
curve”, independent of atomic mass number (upon scaling by A), recall left panel of Fig. 2.10.
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Figure 3.3: Parity partners for nucleons of various spins. According to Ref. [136], a degeneracy
of parity partners sets in at masses above ∼1.7 GeV (similarly for ∆ states).

Note that, in the chiral limit (mπ = mu,d = 0), the nucleon mass is still fairly heavy, M
(0)
N = 770

MeV.3 the nucleon remains fairly heavy; explicit symmetry breaking shifts the nucleon mass by
20% upwards. This might be contrasted with the celebrated Ioffe formula (cf. [345])

MN = − 8π2

M2
〈q̄q〉, (3.2)

which ascribes the nucleon mass entirely to the formation of the chiral condensate (M' 1 GeV
is the so-called Borel mass). One should, however, keep in mind that the Ioffe formula is a
somewhat simplistic approximation to rather complex QCD sum rules for the nucleon, where,
similar to the meson case, a variety of quark and gluon condensates (including quark-gluon and
higher-order quark condensates, in particular, 4-quark ones) play an important role (or, in the
medium, moments of parton distributions). Nevertheless, the Ioffe formula is very suggestive to
expose the relation of in-medium properties and QCD vacuum properties as encoded in the chiral
condensate. A recent analysis [185] confirms that, within the conventional sum rule approach, a
freezing of all QCD parameters other than the chiral condensate leads to an in-medium nucleon
that decreases linearly with 〈q̄q〉 to leading order in density.

The QCD sum rule approach to baryon masses is as for mesons: define a phenomenological
current with suitable interpolating fields (which is subject of ongoing trials [48, 347]), perform
the Operator Product Expansion (here the condensates come into play) and equate it to the
moments of the baryon spectral function. The latter step is hampered in a similar way as for
mesons: baryon and anti-baryons mix (or need to be disentangled), and only integrals over
spectral functions are subject of the sum rules. Even the usual decomposition into a ground-
state (g.s.) pole + continuum faces problems [348].

The pioneering works [349] found a sizeable influence of the poorly known four-quark con-
densates. Revisiting such approaches evidence that three different combinations of four-quark
condensates determine the in-medium spectral properties of the nucleon [350]. However, a sta-
ble result is the large (order of a few hundred MeV) and nearly compensating scalar and vector
self-energy contributions, analog to advanced Brueckner calculations [351].

3Instead of quark mass one often refers to the pion mass, cf. Ref. [346] for the definition of the Ai and further
details.
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baryon N Λ Σ±,0 Ξ−,0

shift [MeV] -154 -152 -18 0

Table 3.1: Shift of mass parameters of baryon octet ground states following from lowest-order
chiral perturbation theory in isospin-symmetric nuclear matter [140].

The extension to other baryons is essentially straightforward. In Ref. [352] the ∆ has been
anayzed within the QCD sum rule approach. In Ref. [353] coupled positive and negative parity
flavor-octet baryons have been studied in vacuum, in particular with the assignments of Λ(1670)
and Σ(1620) as chiral partners of g.s. Λ and Σ; the Λ(1405) is conjectured as flavor singlet or
exotic state. In Ref. [354] considers the mass spectrum in the baryon decuplet sector has been
considered, again focussing on the vacuum case.

An alternative, model-independent, approach to assess in-medium changes in baryon masses
is provided by chiral perturbation theory, as has been carried out in Ref. [140] for nuclear matter
to leading order in density; the resulting mass shifts are summarized in Tab. 3.1.

Finally, let us briefly discuss effective hadronic model approaches. Here, the model param-
eters are typically fixed in the vacuum by reproducing a large set of scattering data. This
allows for a more complete account of the interactions in the vacuum, and thus more realistic
applications to in-medium properties, at least for small and moderate densities. In a unitary
coupled-channel approach the Giessen group [152] has computed in-medium spectral functions
of the low-lying baryons, see Fig. 3.4. Note that the π, η and ρ mesons are accounted for within
the same framework, thus representing a step towards a consistent treatment of hadronic com-
plexity.

3.2.3 Baryon Resonance Decays in Heavy-Ion Collisions

(by R. Rapp)
The most prominent baryon resonance, ∆(1232), predominantly couples to the P -wave πN
channel, much like the ρ to the ππ channel. Its properties in cold nuclear matter have been
extensively studied in both photon and hadron-induced reactions on nucleons and nuclei, in-
dicating a moderate broadening (presumably stabilized by Fermi blocking of the nucleon) and
possibly a small mass shift, see, e.g., Refs. [141, 546, 142, 143].

π±-p invariant mass spectra in heavy-ion collisions have been measured at BEVALAC/SIS [106,
107] as well as at RHIC energies [113]. In the former, i.e., for bombarding energies of 1-2 AGeV,
significant reductions in the ∆ peak position of -50 MeV to -100 MeV have been reported. Ther-
mal phase space at typical freezeout temperatures of Tfo ' 70 MeV seems insufficient to account
for these results, while transport simulations [144, 145] are in reasonable agreement with data
without invoking a reduced in-medium ∆ mass.

In
√
sNN = 200 GeV Au-Au collisions at RHIC, both mass and width of the ∆ were

found to increase with increasing collision centrality by about 20 − 30 MeV and ∼ 40 MeV,
respectively, from the values measured in p-p collisions, cf. left panel of Fig. 3.5. This is in
rough agreement with the ∆ spectral function calculated in Ref. [143], which includes both the
medium modifications of the π-N cloud and direct ∆ + π → B∗ resonance scattering. These
calculation further imply that the ∆ resonance essentially melts when approaching the expected
phase boundary, both under RHIC and CBM conditions.

A reliable calculation of in-medium spectral functions of baryon resonances requires as input
in-medium π and N spectral functions. The former has been discussed in some detail in the
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Figure 3.4: Baryon spectral functions from Ref. [152]. Top row: Width (left panel) and spectral
function (right panel) of ∆(1232)P33 at momentum 0.4 GeV/c; middle row: N(1520)D13 for
momenta 0 (left panel) and 0.8 GeV/c (right panel); bottom row: partial widths (left panel) and
spectral function (right panel) of N(1535)S11 at momentum of 0.8 GeV/c. Dotted curves are
for vacuum, while solid and dashed curves are for two coupling parameters in nuclear matter.

previous Section. The nucleon mass is expected to be reduced in cold nuclear matter due to
the scalar mean field, while at finite temperatures a substantial collisional broadening has been
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Figure 3.5: Left panel: mass and width of the ∆(1232) as extracted from πp invariant mass
spectra at RHIC as a function of collision centrality (characterized by the charged particle mul-
tiplicity) [113]. Right panel: hadronic many-body calculations of the in-medium ∆ spectral
function under RHIC conditions, including both a renormalization of the πN cloud and direct
∆ + π → B∗ interactions (B∗: baryon resonances) [143].

predicted [146, 143] This raises the interesting question how the N spectral function develops
toward chiral symmetry restoration, in particular how it degenerates with its chiral partner,
the N∗(1535). An ambitious goal would therefore be to measure N ∗(1535) decays, e.g., in the
Nη channel. In Secs. 4.2 and 5.5.4 we will briefly return to baryon spectroscopy including
strangeness and charm.
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Chapter 4

Strangeness

The strange quark is significantly heavier than the light up and down quarks, with a current mass
parameter of ms ≈ O(ΛQCD). However, it is still small compared to the typical hadronic scale of
1 GeV and thus rather considered as (and treated in analogy to) a light quark than a heavy quark
(the charm-, bottom- and top-quark masses are (well) above 1 GeV). The quantum number
”strangeness”, S, is conserved in strong interaction processes, implying associated strangeness
production in such processes. Strangeness-changing weak interactions couple strange quarks or
hadrons to other flavor sectors. The quark structure of hadrons with strange quark constituents
can be read off from Fig. 5.1 in the zero-charm planes.

Historically, an important motivation for considering strangeness as a probe of hot and dense
matter was the suggestion by Müller and Rafelski [547] that enhanced strangeness production
could be an indicator for creating deconfined matter in ultrarelativistic heavy-ion collisions.
Indeed, at SPS energies and above, chemical equilibration of strangeness production has been
identified as a key difference in the hadro-chemistry of (central) A-A compared to p-p colli-
sions [123, 548]. At lower energies, in particular around the strangeness production threshold,
kaon production has been widely utilized to study modifications of kaon masses (or, more gen-
erally, their spectral functions) in hot hadronic matter. Sec. 4.1 will discuss this topic which
comprises the main part of this chapter. Less attention has been paid thus far to in-medium
modifications of strange baryons, which will be briefly addressed in Sec. 4.2.

4.1 Kaons in Dense Matter

(by C. Fuchs)

The natural starting point to study the interaction of pseudoscalar mesons and baryons at
low energies is the chiral Lagrangian. Kaplan and Nelson were the first to apply the chiral
Lagrangian to the properties of kaons in nuclear matter at the mean field level [186]. The chiral
Lagrangian has been applied extensively to derive the in-medium properties of kaons [187, 188,
189, 190, 191, 192, 193, 194, 195, 196, 197, 198, 199, 632]. Applications of various approaches
to heavy-ion collisions can be found in [200].

We first discuss the chiral Lagrangian used at the mean-field level and then turn to its more
realistic coupled-channel applications. The leading order terms that are relevant for a mean
field evaluation of the kaon self energy are

L = N̄(iγµ∂µ −mN )N + ∂µK̄∂µK − (m2
K −

ΣKN

f2
N̄N)K̄K − 3i

8f2
N̄γµNK̄

↔
∂ µ K , (4.1)
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where the parameter f ' fπ ' fK may be identified with the pion or kaon decay constant at
leading order. It contains a vector interaction, the Weinberg-Tomozawa term, which is repulsive
for kaons and attractive for antikaons due to G-parity. It constitutes the leading order term.
The attractive scalar interaction, the Kaplan-Nelson term, is equal for kaons and antikaons
and enters at subleading order. The strength of the Kaplan-Nelson term is controlled by the
magnitude of the kaon-nucleon sigma term ΣKN.

In contrast to the pion-nucleon-sigma term which is experimentally well determined from
pion-nucleon scattering (ΣπN ' 45 MeV), the kaon-nucleon-sigma term is poorly known. It is
related to the strangeness content of the nucleon. Quenched lattice QCD simulations suggest
values between 300-450 MeV [187, 202, 203]. However, at present there is no unquenched
three-flavor QCD lattice simulation available that is extrapolated to the continuum limit and
down to physical quark masses. Thus a reliable value for the kaon-nucleon sigma term is
not yet available. While heavy-baryon Chiral Perturbtaion Theory (ChPT) [204] predicts the
range ΣKN = 380±40 MeV (I=1) a chiral quark model calculation finds ΣKN = 386 MeV [205].
Significantly smaller values, compatible with zero, have been obtained in a recent self-consistent
one-loop computation that for the first time considered the effect of intermediate states of a
Goldstone boson and a baryon octet or baryon decuplet based on the chiral Lagrangian [633].
Thus the current theoretical range for ΣKN extends from ∼0 up to 450 MeV.

4.1.1 Mean Field Dynamics

For estimates of kaon mass shifts in nuclear matter and kaon dynamics in heavy ion reactions
the above Lagrangian (4.1) was frequently applied in the mean field ansatz. Already in the
early 1990’s corresponding calculations were carried out in the Nambu-Jona-Lasinio (NJL)
model [206]. The in-medium Klein-Gordon equation for the kaons follows from eq. (4.1) via the
Euler-Lagrange equations

[

∂µ∂
µ ± 3i

4f2
jµ∂

µ +

(

m2
K −

ΣKN

f2
ρs

)]

φK±(x) = 0 . (4.2)

Here jµ = 〈N̄γµN〉 is the nucleon four-vector current and ρs = 〈N̄N〉 the scalar baryon density.
With the vector potential

Vµ =
3

8f2
jµ (4.3)

and an effective kaon mass m∗
K defined as [207]

m∗
K =

√

m2
K −

ΣKN

f2
ρs + VµV µ (4.4)

the Klein-Gordon Eq. (4.2) can be written as

[

(∂µ ± iVµ)2 +m∗2
K

]

φK±(x) = 0 . (4.5)

Thus the vector field is introduced by minimal coupling into the Klein-Gordon equation with
opposite signs for K+ and K− while the effective mass m∗

K is equal for both. The space-like
components of the vector potential vanish in nuclear matter at rest. They, however, come
into play when heavy-ion collisions are considered. One has to transform between different
reference frames, the center-of-mass frame of the colliding nuclei and the frame where a kaon
is created. Like in electrodynamics the spatial components of the vector field give rise to a
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Lorentz force [207]. The in-medium dispersion relation can also be expressed in terms of an
optical potential,

0 = k2
µ −m2

K − 2mKUopt . (4.6)

4.1.2 Effects Non-Linear in Density

To lowest order in density the energy or mass shift of a meson, ∆E, is determined by the
scattering length of the considered meson and the nucleon. In the case of kaons one has

∆E2
K(k = 0) = ∆m2

K = −π
(

1 +
mK

mN

)

(

a
(I=0)
KN + 3 a

(I=1)
KN

)

%N +O
(

k4
F

)

, (4.7)

where the correction terms start at order k4
F (kF : Fermi momentum of nuclear matter. The

empirical values of the isospin I=0 and I=1 K+-nucleon scattering lengths are a
(I=0)
K+N

' 0.02

fm and a
(I=1)
K+N

' −0.32 fm [208] which leads to a repulsive mass shift of about 28 MeV at
nuclear saturation density (kF ' 265 MeV). Higher order corrections in the density expansion
of eq. (4.7) were found to be small forK+. The k4

F correction was found to increase the repulsive
K+-mass shift by about 20% [196] compared to expression (4.7). This suggest taht the density
expansion is applicable in the K+ sector. The empirical scattering lengths can now be compared

to the tree level Weinberg-Tomozawa interaction which yields a
(I=0)
K+N

= 0 fm and a
(I=1)
K+N

' −0.585
fm [191]. Thus current algebra and the corresponding effective KN Lagrangian, eq. (4.1), are in
rough qualitative agreement with the constraints from low energy K+ nucleon scattering. The
large vector repulsion, eq. (4.3), may be compensated by an attractive scalar Kaplan-Nelson
potential.

Next we turn to the antikaon. Again one can use the low density theorem to estimate the
medium effects to leading order in density. Utilizinf eq. (4.7), the empirical scattering lengths,

a
(I=0)
K−N

' (−1.70 + i 0.68) fm and a
(I=1)
K−N

' (0.37 + i 0.60) fm [208, 218], lead to a repulsive mass
shift of 23 MeV and a width of ΓK− ' 147 MeV at saturation density. In contrast to the
K+, the next order correction to the density expansion of eq. (4.7) is large, resulting in a total
repulsive mass shift of 55 MeV and a width of ΓK− ' 195 MeV [196]. First of all, this questions
the convergence of a density expansion for the K−-mode. Moreover, the leading terms suggest
a repulsive K− potential. Finally, the empirical K−N scattering lengths are in disagreement
with the Weinberg-Tomozawa term which predicts an attractive mass shift. These facts imply
that perturbation theory is not applicable in the K− sector. The reason lies in the existence of
a resonance, the Λ(1405) close the K−p threshold which makes the K−p interaction repulsive
at threshold. The presence of resonances generally requires a non-perturbative treatment of
two-body scattering processes. We will return to this issue below.

It has been suggested by Brown and Rho [192] to model non-linear terms in the density by
using a medium dependent parameter f ' fπ. Assuming the Gell-Mann-Oakes-Renner relation
to be approximatively valid in the medium, one obtains the following relation for the in-medium
pion decay constant f ∗

π

f∗2π
f2
π

=
m2
π

m∗2
π

〈Ω | q̄q | Ω〉
〈q̄q〉 . (4.8)

According to ChPT [209] and π-mesonic atoms [210], S-wave interactions induce only a small
change of the pion mass with nuclear density. Using the empirical values of m∗

π(%0)/mπ ≈ 1.05,
one obtains

f∗2π (ρ0)/f
2
π ≈ 0.6 (4.9)
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Figure 4.1: In-medium kaon energy (left) and quasi-particle mass (right) in the chiral mean field
theory (MFT ChPT) and including higher order corrections (MFT ChPT+corr.) [192]. Results
from the mean field quark-meson-coupling (QMC) model [214] are shown as well. The bands
represent the values extracted from empirical K+N scattering and K− atoms [213]. Figure
taken from [200].

at nuclear saturation density, %0 ' 0.16 fm−3. A dropping pion decay constant enhances both
the vector repulsion and the scalar attraction. Such a dropping of the pion decay constant
seems to be supported by the potentials extracted from pionic atoms [211, 212]. At the mean
field level these results can be incorporated by replacing f 2 7→ f∗2π only in the vector potential,
eq. (4.3).

Fig. 4.1 shows the in-medium energy shift of K+ and K− and the in-medium mass defined
by eq. (4.4) in nuclear matter. The label MFT corresponds to the Lagrangian (4.1) with a value
of ΣKN = 350 MeV which has originally been used by Li and Ko [201]. MFT+corr. denotes
the mean field model proposed by Brown et al. [192] including the above mentioned higher
order corrections with a value of ΣKN = 450 MeV. The MFT and MFT+corr. curves shwon in
Fig. 4.1 are obtained by eq. (4.4) with the corresponding values for ΣKN , with the additional
replacement of f 2 by f∗2π in the vector field, eq. (4.3), in the MFT+corr. case. The empirical
energy shifts are shown as well in Fig. 4.1. For the K+ the value is obtained by eq. (4.7)
from the empirical K+N scattering length. The K− band corresponds to the effective isospin
averaged K−N scattering length of āK−N = 0.62± 0.5 fm suggested by kaonic atom data [213].

Similar results have been obtained with slightly modified versions of the effective chiral
Lagrangian [197], in the quark-meson-coupling (QMC) model [214] shown in Fig. 4.1 and
in relativistic mean field calculations where kaons are coupled to static σ, ω, ρ and δ meson
background fields [215].

In this context it is worth mentioning that the philosophy underlying KN mean field models
is similar to that of effective relativistic nucleon-meson Lagrangians of Quantum Hadro Dynam-
ics for nucleons [216, 217]. Both are designed to describe in-medium properties, in the latter
case nuclear matter and finite nuclei. The models do not pretend to give a description of free
scattering data.
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4.1.3 Coupled Channel Dynamics

A unitary approximation to the two-body scattering amplitude T is obtained by solving the
Lippmann-Schwinger equation, or its relativistic counterpart, the Bethe-Salpeter equation. For
kaon-nucleon scattering the Bethe-Salpeter equation reads schematically

TKN→KN = VKN→KN +
∑

MB

VKN→MB ·GMB · TMB→KN (4.10)

where GMB = −iDM · SB is the two-particle propagator given by the meson and baryon
propagators

DM (k) =
1

k2 −m2
M + iε

, SB(p) =
1

6 p−mB + iε
, (4.11)

respectively. The Bethe-Salpeter integral equation (4.10) iterates the KN interaction kernel V
to infinite order. It is a coupled-channel equation since it contains not only kaon and nucleon
degrees of freedom but involves the complete baryon (B = N,Λ,Σ,Ξ) and pseudoscalar meson
(M = π,K, η) octet of the chiral Lagrangian. The integral equation (4.10) involves a sum
over all possible intermediate states MB. A solution requires the consideration of additional
but analogous equations for the amplitudes TMB→M ′B′ . The coupling to Ξ’s and η’s can be
neglected. The Λ, Σ and π degrees of freedom are, however, essential for KN scattering.
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Figure 4.2: Real (left) and imaginary (right) part of the isospin zero S-wave K−-nucleon scat-
tering amplitude from the iterated Weinberg-Tomozawa interaction in a coupled channel calcu-
lation. Figure taken from Ref. [199].

While a perturbative expansion for the TπN→πN amplitude proved quite successful [219]
close to threshold a corresponding attempt fails in the strangeness sector. As already pointed
out above the leading order Weinberg-Tomozawa term is in striking conflict with the empirical
K−p scattering lengths. In applications of the chiral SU(3) Lagrangian it is advantageous to
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change the strategy and expand the interaction kernel V , rather than directly the scattering am-
plitude. This kernel is then iterated to all orders in the Bethe-Salpeter equation and scattering
amplitudes are obtained that comply with coupled-channel unitarity. The leading order in the
expansion of the KN interaction represents current algebra, i.e. the Weinberg-Tomozawa term
which is of chiral order Q (denoting a small momentum or energy scale). Fig. 4.2 shows the
real and imaginary part of the isospin zero S-wave K−-nucleon scattering amplitude from the
iterated Weinberg-Tomozawa interaction in the coupled-channel calculation from Ref. [199]. It
is nicely demonstrated that using the physical kaon mass the Λ(1405) resonance is dynamically
generated as a pole in the K−-proton scattering amplitude. A decrease of the K− mass leads
to a disappearance of the Λ(1405) which will be crucial for the discussion of in-medium effects.

Expanding V beyond current algebra the corresponding coefficients have to be fixed by KN
scattering data. Coupled-channel calculations for S-wave scattering with the interaction kernel
truncated at chiral order Q2 were first carried out by Kaiser et al. [191]. Lutz and Kolomeitsev
[198] took into account P -wave and D-wave contributions in a coupled-channel calculation that
considered Q2 and Q3 counter terms. In this work a simultaneous description of the available
low-energy pion-, kaon- and antikaon-nucleon scattering data has been achieved for the first
time. The resulting dynamics was used to study antikaon propagation in nuclear matter in [199,
632] based on a fully self-consistent and covariant many-body approach. Based on the Jülich
meson-exchange potential [223] Tolos et al. [221, 222] performed G-Matrix calculations, which
relied on a quasi-particle ansatz for the antikaon spectral distribution. As pointed out in [632]
the higher partial-wave contributions of the Jülich meson-exchange potential [223] were have
not been tested against available K−p differential cross section data. Two phenomenological
works by Oset et al. [220, 634] were based on the leading order chiral Lagrangian. A partially
self-consistent approximation that relied on an angle-average assumption was suggested. The
possible effects of an in-medium change of pion properties were emphasized.

After fixing the model parameters from free NK scattering one is now able to systematically
incorporate medium effects and thus to determine in-medium scattering amplitudes, mass shifts
and spectral functions. Medium modifications of the Bethe-Salpeter-equation (4.10) are the
following:

• Pauli-blocking of intermediate nucleon states: The Pauli principle is of course not active
for hyperons and suppresses NK excitations compared to Y π excitations.

• Self-consistency: This means a self-consistent dressing of the K− propagator

DK−(k) 7→ D∗
K−(k) =

1

k2 −m2
K −ΠK− + iε

(4.12)

by the in-medium kaon self-energy ΠK− . Since K− mesons receive a substantial width in
the medium ΠK− is generally complex

ReΠK−(k) = 2E(k)ReUopt(E,k) , ImΠK−(k) = −E(k)ΓK−(E,k) (4.13)

• Dressing of the nucleon propagator: At finite nuclear density the nucleon propagator
is dressed by the nucleon self-energy ΣN due to the interaction with the surrounding
nucleons

S∗
N (p) =

1

6 p−mN + ΣN + iε
. (4.14)

Nucleons are still good quasi-particles and thus ΣN = ΣS+γµΣ
µ
V is real. Scalar and vector

contributions of ΣN can e.g. be taken from the Walecka model of nuclear matter [216].
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The same holds for the other baryons of the baryon octet where self-energy contributions
can, e.g., be estimated from simple counting of non-strange quarks, e.g., ΣΛ = 2/3ΣN .

• Dressing of the pion propagator: Analogous to the kaons the intermediate pion prop-
agator Dπ 7→ D∗

π is dressed by a pion self-energy Ππ due to ∆-hole or N -hole excitations
in the nuclear medium.

The effect of Pauli blocking was first pointed out by Koch [224] and later on studied in detail by
Waas, Kaiser, Rho and Weise [194, 195]. Pauli blocking effects were found to play a dominant
role since the attractive K−N interaction is reduced at finite densities. This acts effectively
as a repulsive force which shifts the Λ(1405) resonance above the K−p threshold and leads to
a dissolution of this resonance at densities above 2-3 %0. Since the existence of the Λ(1405)
was, on the other hand, the origin of the repulsive K−N scattering length at threshold, a shift
or a dissolution of this resonance causes an in-medium K− potential which may be now close
to the tree-level result predicted by the attractive Weinberg-Tomozawa term. However, self-
consistency, i.e. the dressing of the K− propagator by the attractive potential counteracts the
Pauli effect. As pointed out by Lutz [196] a decreasing K− mass results in a negative shift of
the Λ(1405) and compensates the positive Pauli shift to a large extent. The position of the
Λ(1405) pole stays fairly constant in Ref. [220, 634] but in more sophisticated studies [199, 632]
is even pushed down to lower mass. In both cases the resonance is substantially broadened
and dissolves at high densities (as can be anticipated from the schematic calculation shown in
Fig. 4.2.)

The influence of dressing of nucleon and hyperon propagator due to short-rangeNN andNY
correlations has been investigated in Ref. [225] at the one-loop level with particular emphasis
on the role of P -wave channels. The dressing of nucleon and hyperon propagators is generally
included in such type of calculations but the effects are of minor importance if implemented in a
non-relativistic framework. Contrasting results were obtained recently by Lutz and Korpa [632],
who for the first time set up a self-consistent and covariant many-body approach for the nuclear
antikaon dynamics that incorporated the effect of scalar and vector mean fields for the nucleon.
The actual computation presented in [632] uses the chiral dynamics as developed in [198], which
considers S-, P - and D-wave channels. Though at nuclear saturation density the results of such
a scheme confirm almost quantitatively the previous study [199], at larger nuclear densities
significant differences arise.

In Fig. 4.3 the antikaon spectral distributions from Ref. [632] are shown at twice nuclear
saturation density. A striking effect is revealed. At small antikaon energies the spectral distri-
butions develop significant strength in a narrow peak at around 70 MeV or 110 MeV, depending
on the choice of the mean fields. The peak remains narrow and pronounced for finite antikaon
momenta 0 < |q | < 200 MeV. This is in contrast to the antikaon spectral distribution at
saturation density. The corresponding structure has very little weight and is dissolved much
more quickly as the antikaon starts to move through the bulk matter. The peak reflects the
coupling of the antikaon to a Λ(1115) nucleon-hole state. The soft antikaon mode is located at
70(110) MeV, even though the Λ(1115) effective mass is reduced by 25(23) MeV below its free-
space limit at the considered density of 2 %0. In the low-density limit the soft mode has energy
mΛ −mN ' 175 MeV, a value significantly larger than the peak positions at 70(110) MeV in
Fig. 4.3. This illustrates that the Λ(1115) nucleon-hole state becomes highly collective. The
peak positions at q = 0 follow quite accurately the difference of the Λ(1115) quasi-particle
energy and the nucleon hole-energy at maximum momentum, |p | = kF = 340 MeV. The com-
plicated antikaon nuclear dynamics appears to collect maximum strength at the Fermi surface.
It is speculated in [632] that this may lead to the formation of exotic nuclear systems with
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Figure 4.3: Antikaon spectral distribution as a function of energy ω and momentum q at twice
nuclear saturation density. The thin and thick lines show the results with and without angle-
average approximation. Two large-mean field scenarios are shown.

strangeness and antikaon condensation in compact stars at moderate densities.

4.1.3.1 In-Medium Potentials

Fig. 4.4 shows the single particle energy or ’in-medium mass shift’ E(k = 0) = mK +
<Uopt(E,k = 0) for antikaons obtained in various coupled-channel calculations. This quantity
can be compared to the mean field picture although such a comparison has to be taken with
care. At finite densities the antikaons aquire a substantial in-medium width and do no longer
behave like quasi-particles, as assumed in a mean field picture. In particular at low momenta the
spectral functions can be of complex structure without a well defined quasi-particle pole which
makes the interpretation of the in-medium self-energy ΠK in terms of on-shell potentials highly
questionable. However, transport models are usually formulated in terms of quasi-particles.
Hence, we do not want to refrain from this comparison. The microscopic coupled-channel cal-
culations deliver an attractive in-medium potential which is significantly smaller than in the
mean field approaches, in particular when a self-consistent dressing of the kaon propagator is
taken into account, and even smaller when pion dressing is included. Ramos and Oset [220]
and also Tolos et al. [221] claim that the dressing of the pion propagator by nucleon- and
∆-hole excitations in the medium leads to significant effects for the in-medium K− potential.
However, contrasting results were obtained by Korpa and Lutz [231], Cieply et al. [635] and
Roth et al. [636]. As pointed out in Ref. [632] the influence of pion dressing depends on the
details of the production amplitude TKN→πΣ at subthreshold energies, but also on the amount
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blocking (Waas et al., [194]), kaon dressing (Ramos et al., [220]) and pion dressing (Ramos et
al., [220], Tolos et al. [221]). Figure taken from [200].

of softening assumed for the in-medium pion modes.
This fact is also reflected in the optical potential (real part) shown in Fig. 4.5. We compare

the momentum dependence of <Uopt at saturation density obtained in various approaches.
Results are taken from the chiral mean field approach [192], denoted in Fig. 4.1 as MFT
ChPT+corr., the coupled-channel calculations of Tolos et al. [221], with and without pion
dressing, and a dispersion analysis of K+N and K−N scattering amplitudes by Sibirtsev and
Cassing [226]. The definition used to extract the optical potential from the self-energy Π varies
in the literature. For instance the relation (4.13) has been used in Ref. [221]. For K+ the
magnitudes of the potential are consistent, i.e. the dispersion analysis agrees with the mean
field approach at zero momentum. It predicts an almost momentum independent potential
while Uopt is slightly rising as a function of momentum in mean field models. For K− all models
predict a considerably reduced attraction at high kaon momenta, however, the potential depths
strongly deviate. The partially self-consistent coupled channel calculations from Schaffner et
al. [227], which rely on an angle average ansatz, predict an even smaller potential which is of
the size of -32 MeV at saturation density.

The dispersion analysis of Ref. [226] comes close to the mean field result which is, however,
not astonishing since the authors disregarded the repulsive contributions from the Σ(1385) and
Λ(1405) resonances according to the argument that these resonances should dissolve at finite
density. They claim their parameterizations of the K− potential consistent with data from p+A
reactions [226].

All the microscopic approaches predict K− potentials of only moderate attraction and are
thus in stark contrast to the mean field picture. It is an interesting question to what extent such
findings are compatible with the analysis of kaonic atoms [228]. The latter suggests a strongly
attractive on-shell K− potential of about 200 MeV at ρ0. There are indications, however, that
existing kaonic atom data probe the antikaon potential only at the nuclear surface [229] and
weak K− potentials describe the available data reasonably well [230]. A final answer would
require to account for the full off-shell behavior of the self energy and the spectral properties of
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ses [226] are compared. Figure taken from [200].

a bound K− state. However, such calculations have not yet been performed.
Fig. 4.6 finally addresses the validity of the quasi-particle picture for the K+. It shows

the kaon and antikaon spectral functions at saturation density obtained from coupled channel
calculations from Ref. [231] (including pion dressing) for different momenta. The kaons have
still a clear quasi-particle peak which in the medium acquires a finite width. The latter is,
however, quite small (less than 5MeV) for small momenta and increases up to 15MeV at a
momentum above 400MeV which is still moderate. Hence the quasi-particle picture and the
mean field approximation are well justified. As already stressed several times, the situation for
K− mesons is quite different. In particular at low momenta the spectral functions are broad
and of complex structure. At larger momenta a quasi-particle peak may still be visible but also
here substantial strength is shifted to lower momenta. Thus the mean field approximation is
highly questionable for the antikaons.

4.1.3.2 In-Medium Cross Sections

Coupled-channel calculations typically predict sizeable in-medium modifications of the pion-
induced K− production cross sections and the corresponding absorption cross sections πY ←→
NK−. The fact that the S-wave Λ(1405) resonance lies only 27 MeV below the K−p threshold
implies a strong coupling to this state and requires a non-perturbative treatment. The melting
of the Λ(1405) and Σ(1385) bound states due to Pauli blocking of the intermediate states in the
BS-equation (4.10) leads to a dramatic increase in particular of the πΣ −→ NK− cross section
at threshold. In [227] the enhancement factor was found to be more than one order of magnitude
at %0. However, self-consistency shifts the K− mass below threshold and decreases the available
phase space which counteracts the enhancement due to a melting Λ(1405). In the calculations
of Schaffner et al. [227] the πΣ −→ NK− is then only enhanced by a factor of two and the
πΛ −→ NK− is hardly affected at all. In the self-consistent calculations of Lutz and Korpa [198]
the predicted in-medium modifications of these cross sections are practically opposite. They
additionally account for the full in-medium modifications of the K− spectral distributions and
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Figure 4.6: In-medium kaon (left) and antikaon (right) spectral functions from coupled channel
calculations of [231] at saturation density. Results are shown for different kaon momenta:
pK = 0 (solid line), 200MeV (dotted line), 400MeV (dashed line), and 600MeV (dash-dot-
dotted line).

obtain a strong enhancement of the πΛ −→ NK− cross section due to the coupling to the
Σ(1385) but almost no changes for the πΣ −→ NK− channel. The G-matrix calculations of
Tolos et al. [221] came to opposite conclusions, namely an almost complete suppression of
the pion-induced reactions in the nuclear environment. Such strong modifications of the K−

production cross sections and the corresponding absorption cross sections would have severe
consequences for the K− dynamics in heavy-ion reactions.

4.1.4 Kaons in Pion Matter

Whereas in heavy-ion reactions at intermediate energies the matter is baryon dominated, at
ultra-relativistic energies (e.g., at CERN-SPS or at RHIC) the matter is characterized by a
larger meson content. For completeness it is thus instructive to consider this case as well. The
problem of medium modifications experienced by kaons in a hot pion gas has been evaluated in
the early 1990’s in Refs. [232] and [233] where the authors came, however, to differing conclusions
concerning the kaon mass shifts. Recently this problem has been revisted by Martemyanov et
al. [234]. In Ref. [234] the kaon self-energy has been determined in a model independent way
to leading order in pion density, based on ChPT at low temperatures and experimental phase
shifts at high temperatures.

Analogous to nuclear matter (4.7) the kaon self-energy ΠK(k2, E) can be expressed in terms
of the πK forward scattering amplitudes for on-shell pions and off-shell kaons. The necessary on-
shell πK amplitudes have been evaluated in ChPT to order p4 by several authors (see e.g. [235]
and references therein). Near the threshold, the isospin-even (+) and odd (−) πK scattering

amplitudes can be expressed in terms of scattering lengths and effective ranges a
(±)
` and b

(±)
` .

To lowest order ChPT isospin symmetric pion matter does not change the kaon dispersion law.
The leading order effect appears at the one loop level. The mean field, i.e. the scalar mass
shift δmK and the vector potential VK follow from the self-energy ΠK(m2

K,mK) at the on-shell
point which can be expressed in terms of s- and p-wave scattering lengths and s-wave effective
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ranges. Since ChPT is only valid at temperatures well below the pion mass in Ref. [234]
the high temperature behavior has been based on a more phenomenological approach which
parameterizes the experimental phase shifts and matches smoothly with the one-loop ChPT
low-temperature limit. The corresponding kaon self-energy at threshold, the mass shift and
the vector potential are shown in Fig. 4.7 as a function of temperature. At T = 170 MeV one
obtains a negative mass shift δMK = −33 MeV and a repulsive vector potential of VK = 21
MeV. There exists a remarkable analogy to the nuclear matter case: the kaon mass shift at
high temperatures is large and negative, the vector potential is large and positive, their sum is
relatively small and negative. Kaons are therefore bound in pion matter similar to nucleons or
antikaons in nuclear matter. The vector potential is, however, C-even, distinct from the case
of nuclear matter. In addition both, kaons and antikaons aquire a substantial in medium width
Γ∗
K at finite temperature [234].

We recall that in-medium modifications of the kaons have direct impact on the properties
of the φ meson, see Sec. 2.4.3.

4.1.5 Chiral Symmetry Restoration

At the end of this Section we briefly address connections of in-medium kaon dynamics to chiral
symmetry restoration. The spontaneously broken chiral symmetry of QCD manifests itself
in the large vacuum expectation value of the scalar quark condensate, 〈q̄q〉. The small but
finite current quark masses are responsible for the explicit chiral symmetry breaking of QCD.
In the chiral limit of vanishing current quark masses, the Goldstone bosons of spontaneous
chiral symmetry breaking, the pion (or the full pseudo-scalar octet) become massless. This fact
is described by the Gell-Mann-Oakes-Renner (GOR) relation. Through the GOR relation the
pseudoscalar meson masses are directly proportional to products of the scalar quark condensates
and the current quark masses.

Nevertheless, it remains unclear how and to what extent the in-medium changes of the
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mass shift (thick line). Figure taken from [200].

antikaon mass distribution is related to the (partial) restoration of spontaneously broken chiral
symmetry at finite density and/or temperature. In a mean field ansatz the Weinberg-Tomozawa
term is responsible for the splitting of the energy levels between the degenerate flavor eigenstates
K+(us̄) and K−(ūs). As indicated in Fig. 4.8, SU(3) flavor symmetry is broken by non-
vanishing up and down quark densities ρu/d 6= ρs = 0 while the strange quark density, %s is still
zero. In contrast, in isospin symmetric pion matter no mass splitting occurs between kaons and
antikaons. Charge symmetry breaking which occurs in isospin asymmetric nuclear matter leads
to an additional mass splitting of the different isospin states, i.e., between K+ and K0(ds̄) as
well as between K− and K̄0(d̄s).

In chiral coupled-channel dynamics the leading order Weinberg-Tomozawa kaon-nucleon
interaction is iterated to infinite order. The kaons are subject to medium modifications, i.e.
mass shifts and changes of their spectral distributions. However, in this framework their origin
can not easily be traced back to a restoration of chiral symmetry.

4.2 Strange Baryons

(by B. Kämpfer)

Srangeness transfer reactions, e.g., πΛ↔ NK−(K̄0), induce a coupling of kaon and hyperon
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baryon Λ(1405) Σ(1385) Λ(1520)

shift [MeV] -60 -60 -100
width [MeV] 120 70 90

Table 4.1: Changes of mass parameters and decay widths for strange baryons in nuclear matter
at saturation density as predicted in Ref. [198].

channels [549]; some of the (coupled-channel) models for in-medium kaon dynamics discussed in
the previous Section include such a coupling. Analogous effects are present in the non-strange
sector as implicit in the discussion of chapter 3, as well as in the charm sector, cf. Sec. 5.5.

4.2.1 QCD Sum Rules

The in-medium properties of ithe Λ have been considered in Refs.[238, 358] within the QCD
sum rule approach. Here, the poorly known strange-quark condensate 〈s̄s〉 enters, among
other condensate terms. A conclusion of [358] is that the vector self-energy is only 1/3 of the
corresponding nucleon self-energy, while the scalar part is sensitive to the four-quark codensates.
Phenomenological implications have not been addressed in this paper, except for the Λ spin-
orbit potential.

The Λ-Σ0 mixing in nuclear matter has also been found to sensitively depend on higher-order
condensates [359]. This reiterates the urgent need to have better control over these condensates
of mass dimension larger than 4 to establish a firm relation of baryon properties in dense matter
and QCD vacuum parameters.

4.2.2 Hadronic Models

A comprehensive approach including the evaluation of strange-baryon properties has been con-
structed in Ref. [198] based on chiral coupled-channel dynamics. Part of the known baryons
emerge as dynamically generated resonances, while others are required as genuine resonance
states, encompassing both strange and charm [319] sectors. In the strangeness sector [198]
anti-kaons and hyperons are coupled. Corresponding in-medium properties of a few selected
hyperons are listed in Tab. 4.1. Further properties of Λ(1115), Λ(1405), Λ(1520), Σ(1195),
Σ(1385) and Σ(1690) can be found in Ref. [198].

In another variant of chiral meson and baryon dynamics [344] the resonance states Λ(1405)
and Λ(1520) are dynamically generated with the interpretation that the constituents qqs of
strange baryons are carried by the meson-baryon cloud. An example is exhibited in Fig. 4.9
for the in-medium modifications of Λ(1520). Most notably, the in-medium width may reach up
100 MeV at normal nuclear matter density.

4.2.3 Exotica

The experimental situation of the penta-quark state Θ+, proposed as a novel baryon in Ref. [356],
is still controversial. Due to the conjectured quark structure uud(ds̄) the coupling to strangeness
channels is important. For an attempt to reconcile the current experimental (non-) evidences,
i.e., why a Θ+ signal is seen in some experiments but not in others, see Ref. [357] Under the
assumption that the Θ+ can be considered as a hadronic state in hadronic matter, its produc-
tion rate in heavy-ion collisions has been estimated in thermal [360], transport [361, 363] and
quark-recombination models [362]. .
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Figure 4.9: Density and momentum dependence of the self-energies of Λ(1520) as computed in
Ref. [344]. Left panel: width as a function of density; middle and right panels: imaginary part
(half width) and real part of the self-energy as a function of 3-momentum at various densities.
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Chapter 5

Open Charm Probes

Hadrons containing charm quarks are particularly valuable probes of the medium formed in
ultra-/relativistic heavy-ion collisions. Contrary to u, d and s quarks, the (bare) charm-quark
mass, mc ' 1.3GeV, provides a scale which is much larger than ΛQCD ' 0.2 GeV and the
QCD transition temperature, Tc ' 0.18 GeV. In addition, mc is significantly larger than typi-
cal temperatures in the early stages of heavy-collisions, even at the highest currently available
collision energies, T0 ' 0.3 − 0.4 GeV at maximum RHIC energy. Consequently, charm-quark
production is expected to be dominated by primordial N -N collisions, and thus can be bench-
marked rather reliably via binary scaling from p-p reactions (recent RHIC data support this
notion, and even at LHC secondary production of cc̄ pairs is expected to be small); this will be
discussed in Sec. 5.1. At the same time, mc is small enough to for charm quarks to be sensitive
to reinteractions within the hot and dense medium, and therefore provide valuable information
about medium properties. On the one hand, this applies at the partonic level in the Quark-
Gluon Plasma, where recent RHIC data have given intriguing insights on charm- (and possibly
bottom-) quark energy loss and collective motion [256, 257]. The latter, in particular, indicates
strong, presumably nonperturbative, interactions of charm quarks in a (strongly interacting)
QGP, and allows to put constraints on pertinent diffusion coefficients. These questions will
be discussed in Sec. 5.2. An approximate thermalization (kinetic equilibration) of c-quarks
further opens the door to study the chemistry of charmed hadrons with potential insights on
hadronization mechanisms (e.g., quark coalescence vs. fragmentation), which is addressed in
Sec. 5.3. On the other hand, D-meson spectral functions are expected to be modified in a
hot and dense hadronic medium. This will be discussed within the QCD sum rule approach
in Sec. 5.4, and within a hadronic many-body framework in Sec. 5.5. In analogy to the kaon
case, it has been argued that a reduced mass and/or increased width of in-medium D-meson
spectral functions could lead to an increase of the total charm production cross section in A-A
collisions, especially for energies close to the DD̄ production threshold (as discussed in part IV
on “Observables”). We note, however, that charm production and medium effects on charmed
hadrons presumably operate on rather different time scales. To the extent that cc̄ production
is a perturbative process it’s characteristic time scale is τprod ' 1/2mc ≤ 0.1 fm/c, while the
typical formation time of a hadron wave function is roughly determined by the hadron’s binding
energy, τform ' 0.5−1 fm/c. A possible caveat is that, to date, the description of the total charm
production cross section within perturbative QCD is still beset with rather large uncertainties,
leaving room for the relevance of additional time scales larger than the naive expectation.

The basic SU(4) (flavor) multiplet classification of charmed hadrons in the vacuum is de-
picted in C − Y − I3 space in Fig. 5.1 (using the quantum numbers C: charm, Y : hypercharge
and I3: third component of isospin). Note that some of the mulitple-charm baryons have not
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Figure 5.1: SU(4)f multiplets of mesons (left) panel and baryons (right), taken from Ref. [177].
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Figure 5.2: Excitation spectrum of D mesons in vacuum [364].

been discovered (yet). The comparatively large charm-quark mass strongly breaks SU(4)
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flavor symmetry, implying substantial mass splittings within a multiplet. A quantitative level
scheme of D-mesons in the vacuum is displayed in Fig. 5.2, where angular momentum and spin
quantum numbers have been assigned according to the constituent quark model.

5.1 Perturbative Calculation of Charm-Quark Production near
Threshold

by R. Vogt (LLNL and UC Davis)∗

Calculations of charm production are still not under solid theoretical control. A good
understanding of the charm cross section is of interest for heavy ion physics. Charm production
is an important contribution to the dilepton continuum at low masses. In particular, the total
charm rate is a useful reference for J/ψ production in heavy ion collisions. The FAIR facility
is the only modern heavy ion experiment that can measure charm in the near-threshold region
with plab ∼ 25 GeV (

√
SNN ≈ 6.98 GeV), a region that is only marginally explored in pp

collisions.
Because the charm quark mass is a few times ΛQCD, it is generally treated as a heavy quark

in perturbative QCD calculations. However, its relative lightness results in a rather strong
dependence of the total cross section on mass and scale, with up to a factor of 100 between
the lowest and highest next-to-leading order (NLO) results [239]. There is also a rather broad
spread in the measured charm production cross section data at fixed target energies. Much
of this uncertainty arises from low statistics in the early experiments, assumptions of how
much of the total charm yield results in final-state D mesons, and how the measured data are
extrapolated to full phase space. The more recent data have improved considerably with new
detection techniques and higher statistics.

Improvements in the calculation of the charm cross section are difficult at all energies, but
are perhaps possible when the cc pair is produced close to threshold, as we now describe. Fac-
torization properties of QCD separate cross sections into universal, nonperturbative parton
densities and a perturbatively calculable hard scattering function, the partonic cross section.
Remnants of long-distance dynamics in the hard scattering function can dominate corrections
at higher orders near production threshold. These Sudakov corrections have the form of dis-
tributions singular at partonic threshold. Threshold resummation techniques organize these
singular distributions to all orders, presumably extending the reach of QCD into near-threshold
production.

Resummed cross sections are useful as generating functions for approximate finite-order
corrections to the cross section when expanded in powers of the strong coupling constant αs,
as we do in this paper. The resummed cross sections may also be evaluated numerically. The
charm fixed-target data were first compared to a leading log (LL) resummed calculation of the
total cross section in Ref. [240]. Because the ratio m/Λ3 is quite small, the expansion parameter,
αs, is not and the LL resummation began to fail at

√
S ≈ 20 GeV. A NLL resummed evaluation

in Ref. [241] found significant threshold corrections, albeit with a reduction in scale dependence.
We work at finite order to avoid artificial cutoffs, using our results of Refs. [242, 243, 244,

245, 246]. The soft corrections that we calculate take the form of logarithms, [lnl(xth)/xth]+,
also called plus distributions, with l ≤ 2n − 1 for the order αns corrections, where xth is a
kinematical variable that measures distance from threshold and goes to zero at threshold. We

∗This work was performed under the auspices of the U.S. Department of Energy by University of California,
Lawrence Livermore National Laboratory under Contract W-7405-Eng-48 and supported in part by the National
Science Foundation Grant NSF PHY-0555660.
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have calculated the double-differential heavy quark hadroproduction cross sections up to next-
to-next-to-leading order (NNLO), O(α4

s), at leading logarithm (LL) with l = 3, next-to-leading
logarithm (NLL) with l = 2, next-to-next-to-leading logarithm with l = 1 and next-to-next-to-
next-to-leading logarithm (NNNLL) with l = 0 and some virtual terms (NNNLL+ζ). We only
discuss QQ production in the ij = qq and gg channels since qg scattering first appears at NLO.

We first briefly describe our NNLO-NNNLL calculations. We show results for several values
of the charm quark mass, m = 1.2, 1.5 and 1.8 GeV and for scales µ = m and 2m. We compare
our results for the NNLO-NNNLL inclusive cc cross section to charm production data and to
the NLO cross sections in the relevant energy regime.

5.1.1 Resummation

In our approach, the distance from partonic threshold in the plus distributions depends on
how the cross section is calculated. We either integrate over the momentum of the unobserved
heavy quark or antiquark and determine the one-particle inclusive (1PI) cross section for the
detected quark or treat the Q and Q as a pair in the integration, in pair invariant mass (PIM)
kinematics.

In 1PI kinematics, a single quark is identified, so that

i(pa) + j(pb) −→ t(p1) +X[t](p2) (5.1)

where t is the identified top quark of mass m and X[t] is the remaining final state that contains
the t. We define the kinematical invariants s = (pa + pb)

2, t1 = (pb − p1)
2 − m2, u1 =

(pa − p1)
2 −m2 and s4 = s+ t1 + u1. At threshold, s4 → 0, and the soft corrections appear as

[lnl(s4/m
2)/s4]+.

In PIM kinematics, we have instead

i(pa) + j(pb) −→ tt(p) +X(k) . (5.2)

At partonic threshold, s = M 2, M2 is the pair mass squared, t1 = −(M2/2)(1− βM cos θ), and
u1 = −(M2/2)(1 + βM cos θ) where βM =

√

1− 4m2/M2 and θ is the scattering angle in the
parton-parton center-of-mass frame. The soft corrections appear as [lnl(1 − z)/(1 − z)]+ with
z = M2/s→ 1 at threshold.

Any difference in the integrated cross sections due to kinematics choice arises from the
ambiguity of the estimates. At leading order the threshold condition is exact and there is no
difference between the total cross sections in the two kinematic schemes. However, beyond LO
additional soft partons are produced and there is a difference. To simplify the argument, the

total partonic cross section may be expressed in terms of dimensionless scaling functions f
(k,l)
ij

that depend only on η = s/4m2 − 1 [243],

σij(s,m
2, µ2) =

α2
s(µ)

m2

∞
∑

k=0

(4παs(µ))k
k

∑

l=0

f
(k,l)
ij (η) lnl

(

µ2

m2

)

. (5.3)

We have constructed LL, NLL, NNLL and NNNLL+ζ approximations to f
(k,l)
ij in the qq and

gg channels for k ≤ 2, l ≤ k. Exact results are known for k = 1 and can be derived using
renormalization group methods for k = 2, l = 1, 2 [243]. Our calculations use the exact LO and
NLO cross sections with the approximate NNLO-NNNLL+ζ corrections.
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The inclusive hadronic cross section is obtained by convoluting the inclusive partonic cross
sections with the parton luminosity Φij,

Φij(τ, µ
2) = τ

1
∫

0

dx1

1
∫

0

dx2 δ(x1x2 − τ) φi/h1
(x1, µ

2)φj/h2
(x2, µ

2) , (5.4)

where φi/h(x, µ
2) is the density of partons of flavor i in hadron h carrying a fraction x of the

initial hadron momentum, at factorization scale µ. Then

σh1h2
(S,m2) =

∑

i,j=q,q̄,g

1
∫

4m2/S

dτ

τ
Φij(τ, µ

2) σij(τS,m
2, µ2) (5.5)

=
∑

i,j=q,q̄,g

∫ log10(S/4m2−1)

−∞
d log10 η

η

1 + η
ln(10)Φij(η, µ

2) σij(η,m
2, µ2)

where

η =
s

4m2
− 1 =

τS

4m2
− 1 . (5.6)

Our investigations in Ref. [243] showed that the approximation should hold if the convolution of
the parton densities is not very sensitive to the high η region. The GRV98 parton luminosities
are shown in Fig. 5.3. We focus our calculations on the 1PI kinematics because these kinematics
are more compatible with cc production through the gg channel.

5.1.2 Charm-Quark Production in pp Collisions

We compare our results to the pp data tabulated in Refs. [239, 249]. These data are the most
recent and incorporate the newest measurements of branching ratios. The pp data at

√
S ≤ 30

GeV are given in Refs. [250, 251, 252].
How the cc pairs hadronize is a particularly important question for energies near threshold

where some channels may be energetically disfavored. We follow Ref. [239] and assume that
σ(Ds)/σ(D0 +D+) ' 0.2 and σ(Λc)/σ(D0 +D+) ' 0.3, independent of energy, so that the total
cc cross section is obtained from ≈ 1.5σ(DD). This assumption could have a strong energy
dependence near threshold. Thus as many charm hadrons (mesons and baryons) as possible
should be measured to better understand fragmentation and hadronization. Finally, some of the
data are taken on nuclear targets and then extrapolated to pp assuming a linear A dependence
[253, 254].

Recent comparisons of the full pp→ cc data set with exact NLO cross sections were made
to determine the best mass and scale choices for extrapolation to higher energies [255]. Rough
agreement with the data up to the top ISR energy,

√
S = 63 GeV, was found for m = 1.2 GeV

and µ = 2m for the MRST densities and m = 1.3 GeV with µ = m for the GRV98 densities
[255]. These values of m are rather small compared to the typical value of 1.5 GeV. Thus, as in
our previous paper [244], we calculate the NLO, 1PI NNLO-NNLL and, in addition here, the
1PI NNLO-NNNLL+ζ cross sections using m = 1.2, 1.5 and 1.8 GeV as well as µ = m and 2m.
We can then test whether the NNLO+NNNLL+ζ cross sections might favor a higher charm
quark mass. Our charm calculations employ the GRV98 HO and MRST2002 NNLO proton
parton densities.
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Figure 5.3: The parton luminosity for pp interactions at
√
S = 6.98 GeV as a function of η

using the GRV 98 HO densities. The left-hand side gives the qq luminosity, the right-hand side
the gg luminosity. From top to bottom, the charm quark mass is 1.2 GeV in (a) and (b), 1.5
GeV in (c) and (d), and 1.8 GeV in (e) and (f). The solid curves are with µ = m and the
dashed, µ = 2m.

Figure 5.4: The energy dependence of cc̄ production in pp collisions with, (a) and (b), m = 1.2,
(c) and (d), m = 1.5, and, (e) and (f), m = 1.8 GeV. We show the NLO (solid – GRV98,
dashed – MRST2002), and 1PI NNLO-NNNLL+ζ (dot-dashed – GRV98, dotted – MRST2002)
results. On the left-hand side, µ = m while on the right-hand side, µ = 2m.
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In Fig. 5.4, we compare the exact NLO and 1PI NNLO-NNNLL+ζ cross sections calcu-
lated with the GRV98 HO and MRST2002 NNLO proton parton densities. At NLO, the best
agreement is with m = 1.2 GeV and µ = 2m, seen in Fig. 5.4 (b).

The MRST2002 NNLO parton densities generally give larger cross sections, even for the
exact NLO result, since the value of Λ3 is larger than that of the GRV98 HO set. Also due the
larger Λ3, the NNLO corrections are significantly larger.

The exact NLO cross sections calculated with m = 1.2 GeV and µ = 2m are relatively
compatible with the data. Note that in Fig. 5.4(b), the 1PI NNLO-NNNLL+ζ result is in
somewhat better agreement with the two highest energy data points than the exact NLO. The
1PI NNLO cross sections are in rather good agreement with the data when m = µ = 1.5 GeV
is used with the MRST2002 NNLO parton densities. Indeed, the 1PI NNLO-NNNLL+ζ result
in Fig. 5.4(c) agrees rather well with the two higher energy data points. Thus, we can conclude
that the full NNLO result can likely describe the charm data well with m = µ = 1.5 GeV
whereas the lower mass is needed with an NLO calculation alone.

Table 5.1 gives the charm cross sections in pp collisions at
√
S = 6.98 GeV. The results

are based on a central value of m = µ = 1.5 GeV. (The choice of mass and scale used for our
central value is for better illustration of the uncertainties rather than any fit to data.) The
first uncertainty is due the the scale choice. Since we do not calculate the result for µ = m/2
here, we show only the difference between the values of µ = m and 2m. The second uncertainty
is that due to the charm quark mass. The exact NLO and the 1PI NNLO-NNNLL+ζ cross
sections are shown. The NNLO-NNNLL+ζ cross section is larger than the NLO result by a
factor of 2.6 for the MRST densities and 2.2 for the GRV98.

σ (µb)√
S (GeV) Order MRST2002 NNLO GRV98

6.98 NLO 0.034 − 0.027
+0.56
−0.032

0.028 − 0.022
+0.42
−0.026

6.98 NNLO-NNNLL+ζ 0.09 − 0.07
+1.4
−0.085

0.061 − 0.05
+0.9
−0.057

Table 5.1: The cc production cross sections in pp collisions at
√
S = 6.98 GeV. The exact NLO

results and the approximate NNLO-NNNLL+ζ results, based on m = µ = 1.5 GeV, are shown.
The first uncertainty is due to the scale choice, the second, the charm quark mass.

In Fig. 5.5, we compare the pp theoretical K factors for GRV98 HO and MRST2002 NNLO.

We show both K
(1)
0 , the NLO to LO cross section ratios and K

(2)
sub, the NNLO-NNNLL+ζ

to NLO cross section ratios. The K factors are not strong functions of mass, scale or parton

density. Note that K
(2)
sub varies between 1.3 and 1.7 for GRV98 HO and 1.5 to 1.9 for MRST2002

NNLO when
√
S ≥ 15 GeV and K

(2)
sub < K

(1)
0 for all cases considered.

Finally, we compare the scale dependence of the cross sections in Fig. 5.6. The GRV98 HO
cross section ratios on the left-hand side are compared to the MRST2002 NNLO ratios on the
right-hand side. The scale dependence is similar for the two sets of parton densities although
the MRST scale dependence is lower than the NLO scale dependence for all masses. These
calculations are thus more stable with respect to scale than the LO and NLO cross sections.

These pQCD calculations of the approximate NNLO cross section, while not exact, show
that the total charm cross section may be considerably larger than predicted by leading order
calculations. Thus a large charm cross section may not be a result of in-medium effects but
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Figure 5.5: The K-factors for cc̄ production in pp collisions with, (a) and (b), m = 1.2, (c)

and (d), m = 1.5, and, (e) and (f), m = 1.8 GeV. We present K
(1)
0 (solid – GRV98 and dashed

– MRST2002) and K
(2)
sub (dot-dashed – GRV98 and dotted – MRST2002) for µ = m (left-hand

side) and µ = 2m (right-hand side).

Figure 5.6: The scale dependence of cc̄ production in pp collisions with, (a) and (b), m = 1.2, (c)
and (d), m = 1.5, and, (e) and (f), m = 1.8 GeV. We give the ratios σ(µ = m)/σ(µ = 2m) for
the LO (dashed), NLO (solid), and 1PI NNLO-NNNLL+ζ (dot-dashed) cross sections. Results
with the GRV98 HO densities are given on the left-hand side while the MRST2002 NNLO results
are shown on the right-hand side.
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of an incomplete calculation. The perturbative cross section should thus be checked against at
least pA collisions with light ions if pp is not possible.

We note again that the charm cross section is strongly dependent on the charm quark mass
and scale, making it doubly important to check the results with pA interactions, particularly
with light nuclei, as a means of restricting the parameter space.

With this cautionary note, we remark that while these calculations are all for near-threshold
production in pp collisions, the results are relevant for AA collisions. If the time scale of the
collision is such that the D mesons are produced in the medium, then predicted mass shifts
could have an appreciable effect on the total cc cross section that should be observable at FAIR.

5.2 Charm-Quark Interactions in the QGP

As indicated in the Introduction to this chapter, charm (and, inpriciple, also bottom) quarks
are valubale probes of the transport properties of the medium formed in high-energy heavy-ion
collisions: it turns out that their mass of mc=1.2-1.5 GeV implies that their thermal relaxation
time is long enough to not fully thermalize, but short enough to undergo significant reinterac-
tions which reflect on their coupling to the medium. A quantitiative understanding of those
interactions is thus the key to utilizing charm-hadron spectra in heavy-ion reactions. In this
section we focus on the QGP, starting from the high-momentum side, where energy loss is the
prevalent concept, turning to intermediate and small momenta, where charm-quark diffusion
has proved a fruitful concept.

5.2.1 Energy Loss of Charm Quarks at High Momentum

(by R. Rapp, R. Thomas and B. Kämpfer)

One of the major new findings in the first years of operation at RHIC was a strong sup-
pression of light hadron spectra in central Au-Au collisions at high transverse momentum,
pT >∼ 6 GeV, by about a factor of 4-5 relative to p-p collisions (as characterized by the so-called
nuclear modification factor, RAA ≡ dN/dpT /(NcolldN/dpT ) ' 0.2−0.25, whereNcoll denotes the
number of primordial N -N collisions in Au-Au at given centrality). This observation, including
the rather flat dependence of RAA(pT ) up to currently accessible momenta of pT ' 20 GeV, has
been successfully described by energy loss of high-energy partons via induced gluon radiation
when traversing a (gluon-dominated) QGP. The application of the radiative energy-loss picture
to heavy quarks (Q = b, c) leads to significantly less energy loss. In Ref. [258], it has been
pointed out that gluon radiation off fast moving heavy quarks is suppressed in forward direc-
tion, the so called “dead-cone” effect. Employing perturbation theory with exact kinematics,
Ref. [259] has confirmed that, at sufficiently large energy E, the radiation suppression occurs
within the forward cone

Θ < Θ0 =
mc

E
(5.7)

Consequently, the suppression of charm quarks (and much more so for bottom quarks) has been
predicted to be less pronounced, at least for momenta up to ∼10 GeV [260, 261]. Around the
same time, the importance of elastic scattering for heavy-quark energy loss has been pointed
out, both for perturbative [262, 264] and nonperturbative [263, 265] interactions. Elastic energy
loss becomes parametrically dominant over the radiative one toward low momenta; within
the currently accessible momentum range at RHIC, both contributions are comparable when
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Figure 5.7: Nuclear modification factor of nonphotonic electron spectra (attributed to semilep-
tonic decays of open-charm and -bottom hadrons) in central

√
sNN = 200 AGeV Au-Au col-

lisions at RHIC. Left panel: PHENIX data (upper panel: RAA, lower panel: elliptic flow co-
efficient v2) [256] compared to theory predictions using radiative energy loss (I) [270], and
Langevin simulations using elastic HQ scattering based on either pQCD+resonance scatter-
ing (II) [265] or pQCD only with upscaled friction coefficient (III) [264]. Right panel: STAR
data [269] for RAA in d-Au, peripheral (40-80%) and semicentral (10-40%) Au-Au (upper pan-
els), as well as central (0-5%) Au-Au collisions, compared to theory predictions from pQCD
radiative [271, 270] and radiative+elastic [274] energy-loss, as well as Langevin simulations
using elastic HQ pQCD+resonance interactions [265].

evaluated within pQCD. However, the nonperturbative elastic resonance interactions introduced
in Ref. [263] have been found to be significantly stronger.

In heavy-ion collisions at RHIC, pT spectra of charm and beauty hadrons have thus far been
measured indirectly via their semi-leptonic decay channel, D,B → e±X [267, 269, 256]. The
signal, also called “non-photonic” electrons, is extracted after subtraction of all other “photonic”
sources, e.g. π0, η Dalitz decays and photon conversions in the detector material. It turns out
that the momenta of a parent D-meson and decay e± are reasonably well correlated: the e±

momentum is about half of the D’s and also the directional information is largely conserved
(which is essential for elliptic flow measurements) [266].

First (low-statistics) nonphotonic e± spectra in Au+Au at
√
sNN = 130 GeV and 200 GeV

did not reveal large differences between peripheral and more central collisions [272], and initial
semi-quantitative analyses [273] suggested rather limited room for large energy loss. However,
more recent data with improved statistics and explicit baseline spectra from p-p and d-Au col-
lisions [267, 269, 256] exhibit a large suppression with an RAA(pT >∼ 3GeV) ' 0.2 − 0.3, quite
comparable to the high-pT light hadron suppression. PQCD-based radiative energy loss calcu-
lations cannot account for this finding, even after inclusion of pQCD elastic energy loss [274]
or when upscaling the underlying transport coefficient by a large factor of 3-5 [261]. Thus,
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nonperturbative interactions seem to be required. This conclusion is further corroborated by
the elliptic flow data which indicate much larger collectivity than provided by the geometric
effects accounted for in energy-loss calculations (longer path length and thus more suppression
out-of-plane, i.e., along the “long” axis of the ellipse), at least in the momentum range up
to peT <∼ 5 GeV. A collective motion of charm quarks as part of the hydrodynamically expand-
ing medium furthermore requires the inclusion of energy-gain processes. These issues will be
discussed in more detail in Sec. 5.2.2 below.

Part of the difficulty in generating the observed suppression in the single-e± spectra is due
to significant contributions from B-meson decays, in connection with a (much) smaller energy
loss of b quarks. For p-p collisions, fixed-order next-to-leading logarithm (FONLL) pQCD
calculations predict the transition from D to B-decay electrons around peT ' 4−5 GeV (as used
in the theoretical predictions depicted in Fig. 5.7). Rather large and possibly different K-factors
for charm and bottom production render the transition momentum quite uncertain, between
ca. 3 and 10 GeV [276]. This uncertainty can be resolved with explicit D-meson measurements.
First data from STAR for D and D∗ production in d-Au are, in fact, available [275]. When
using these to determine the D contribution to single-e± in p-p collisions, and attributing the
missing yield to B decays, the crossing between charm- and bottom-decay electrons occurs at
peT ' 5 GeV [277], in good agreement with the FONLL pQCD predictions.

In a recent work in Ref. [278], it has been pointed out that the larger mass of heavy quarks
implies a reduction in the heavy-meson formation time and therfore, for not too high momentum,
the hadronization process will occur inside the medium (in standard jet quenching calculations,
partons are assumed to fragment into hadrons subsequent to the energy loss processes). Employ-
ing a light-cone model for B- and D-meson wave functions, and including transverse-momentum
broadening due to interactions with the medium, the suppression of B-mesons was found to be
appreciably larger than in previous calculations. This approach presumably bears some resem-
blence to the resonant interactions introduced in Ref. [263], but more work is required to better
understand possible connections.

5.2.2 Charm Diffusion and Nonperturbative Correlations in the QGP

(by R. Rapp and H. van Hees)

As first suggested in Ref. [280], the problem of heavy-quark (HQ) propagation in a thermal
medium of (light) partons is well suited for a Brownian motion approach. If the momentum
transfers are sufficiently small, the collision term of the Boltzmann equation for the HQ distri-
bution function, fQ, can be expanded leading to a Fokker-Planck equation,

∂fQ
∂t

= γ
∂(pfQ)

∂p
+D

∂2fQ
∂p2

, (5.8)

where γ and D are the (momentum-space) drag and diffusion coefficients, respectively (the
former is directly related to the thermal relaxation time of a heavy quark, τQ = γ−1)†. They
are, in fact, related through the Einstein relation, γ = D/TmQ (T : temperature, mQ: HQ
mass), and thus the approach to equilibrium is, in principle, fully characterized by the diffusion

†For momentum dependent coefficients, and in more than 1 spatial dimension, Eq. (5.8) takes the form

∂fQ

∂t
=

∂

∂pi
(piγfQ) +

∂2

∂pi∂pj
(BijfQ) .
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Figure 5.8: HQ nuclear suppression factor (left panel) and elliptic flow (right panel) following
from relativistic Langevin simulations for an expanding QGP in a hydrodynamic calculation
for Au-Au at RHIC [264]; pQCD elastic scattering has been employed for a fixed Debye mass
(mD = gT with g=1.5, i.e., g2/4π=0.179) and variable αs ' 0.25 − 1 corresponding to the
diffusion coefficients quoted in the legend (bottom-up) based on the LO QCD relation D×2πT '
6/(0.5/αs)

2.

coefficient. Employing elastic Q+ p→ Q+ p scattering (p = q, q̄, g with q = u, d, s), Langevin
simulations of the Fokker-Planck equation have recently been performed to calculate heavy-
quark [263, 264] and nonphotonic electron spectra [265, 279] at RHIC. In the following, we will
discuss these in more detail.

In LO pQCD, elastic two-body scattering is dominated by t-channel gluon-exchange, with
a total cross section σel ∝ α2

s/m
2
D where mD ∝ gT is the Debye screening mass. E.g., at a

temperature T=300 MeV, and for a strong coupling constant αs=0.4, the thermal relaxation
time is τQ'15 fm/c [280], well above expected QGP lifetimes of τQGP<∼ 5 fm/c at RHIC. In
Ref. [264], drag and diffusion coefficients for charm quarks (assuning mc=1.4 GeV) have been
evaluated in hard-thermal-loop improved perturbation theory, and implemented into a rela-
tivistic Langevin simulation of the Fokker-Planck equation within a hydrodynamic evolution
of the (thermal) bulk matter for Au-Au collisions at full RHIC energy. The simulations have
been carried out for semicentral collisions (impact parameter b=6.5 fm) with an initial QGP
temperature of T0 ' 265 MeV and a transition temperature of Tf = 165 MeV, amounting to
a QGP fireball lifetime of about 6 fm/c. The initial conditions for the c-quark spectrum were
fixed from the LO parton model assuming binary scaling. The resulting nuclear modification
factor and elliptic flow parameter as a function of pT are summarized in Fig. 5.8. One finds
a strong dependence of both suppression and collective flow on the (spatial) charm diffusion
coefficient, along with a marked correlation between these two quantities. Also note the leveling
off of v2(pT ) for pT >∼ 2 GeV, characteristic for the transition from a thermal to a kinetic regime,
which is naturally borne out of the Langevin process (and has been observed at RHIC for light
hadrons).

In Ref. [263] heavy-light quark resonances have been introduced to calculate drag and dif-
fusion coefficients in a strongly interacting QGP (sQGP). This is motivated by lattice QCD
computations which found hadronic resonance states above Tc in both light-light (qq̄) and
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Figure 5.9: Left panel: thermalization times of c quarks based on elastic interactions with
thermal partons in a QGP using either LO pQCD (upper band) or resonance interactions (lower
band) [263], at quark momentum p=0; right panel: c- and b-quark thermalization times at p=0
for LO pQCD interactions (αs=0.4, upper green and blue curve) and when adding resonance
interactions (ΓΦ=0.5 GeV, lower green and red curve).

heavy-heavy (QQ̄) channels [281, 282]. The Q-q̄-Φ vertex (Φ=D or B resonance) has been
constructed in accordance with HQ symmetry as

L = GΦ Q̄
1+ 6v

2
Φ Γ q + h.c. , (5.9)

where 6v denotes the HQ four velocity operator and GΦ the effective (unknown) coupling con-
stant. Assuming the existence of one state, say in the pseudoscalar channel (J P = 0−), HQ
(spin) symmetry implies degeneracy with the vector state (J P = 1−). In addition, chiral
restoration in the QGP leads to degeneracy of chiral partners, i.e., scalar with pseudoscalar and
vector with axialvector Φ mesons. Thus, the Dirac-matrix part of the coupling Γ in eq. (5.9)
takes on the values 1, γ5, γ

µ and γ5γ
µ, leading to a total of 16 spin-isospin states for both

D and D̄ mesons with a single coupling constant GΦ
‡. The latter has been varied to cover a

range of decays widths for Φ → c + q̄ of 0.3-0.8 GeV, as calculated from the 1-loop selfenergy
which, in turn, figures into the Φ propagators. When evaluating the charm-quark thermaliza-
tion time using s- and u-channel D-meson exchange one finds a factor of ∼3 reduction compared
to elastic pQCD scattering at temperatures typical for the first few fm/c in Au-Au collisions at
RHIC, cf. left panel of Fig. 5.9. The resulting total thermal relaxation times for elastic c-quark
rescattering in an sQGP are around 5-7 fm/c (right panel of Fig. 5.9) and thus comparable to
the expected duration of the QGP phase at RHIC. B-mesons resonances similarly reduce the
thermalization times of b-quarks by a factor of ∼3 relative to pQCD scattering. However, the
absolute value is significantly larger than for c-quarks, τb ' 10 − 30 fm/c in the temperature
range T ' 1− 2Tc, rendering (the approach to) b-quark thermalization much delayed.

The corresponding drag and diffusion coefficients have been implemented into a relativistic
Langevin simulation using an expanding elliptic fireball model for the thermal background
medium (with expansion parameters adjusted to hydrodynamic calculations [283]) [265]. The
initial temperature in (semi-) central

√
sNN = 200 GeV Au-Au collisions amounts to T0 =

370(340) MeV, with an assumed Tc = 180 MeV, resulting in a total QGP lifetime of ∼7 (5) fm/c
(at the end of the QGP-hadron gas mixed phase). When employing elastic pQCD rescattering
alone, the results for the c-quark v2 and RAA, displayed in Fig. 5.10, approximately agree

‡For HQ interactions with strange quarks, only HQ symmetry for Ds resonances has been assumed.
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Figure 5.10: HQ nuclear suppression factor (left panel) and elliptic flow (right panel) following
from relativistic Langevin simulations for an expanding QGP in Au-Au at RHIC; red (green)
lines: c (b) quarks using resonance+pQCD interactions; blue lines: c quarks with LO pQCD
scattering only.

with the hydrodynamic Langevin simulations of Ref. [264], cf. Fig. 5.8. § As to be expected
from the thermal relaxation times, resonance interactions lead to a substantial (factor of ∼3)
increase of the c-quark suppression and elliptic flow. At the same time, the b-quark spectra are
still rather little affected. Also note that the sensitivity to the (unknown) resonance coupling
strength at the Q-q-Φ vertex is quite moderate. One of the features in the efficacy of the
resonant interactions in accelerating the approach to thermalization is their isotropic angular
distribution in the center-of-mass system of the quarks; pQCD scattering, on the other hand,
occurs mostly at forward angles.

To compare to experimental e± spectra, the HQ output spectra from the Langevin simulation
have to be hadronized and decayed. In Ref. [265], the former has been carried out in a combined
coalescence and fragmentation approach: using the model of Ref. [266], the HQ spectra are first
subjected to coalescence with light quarks (with radial and elliptic flow distributions as used
in the description of light hadron data); left-over c and b quarks are fragmented into D and
B mesons assuming no momentum loss (δ-function fragmentation, providing a conservative
estimate of the suppression effect). After 3-body decays into electrons, the resulting spectra
agree reasonably well with PHENIX [267, 268] and STAR data [269], cf. lower panels in Fig. 5.11
and left panels in Fig. 5.7. The upper panel of Fig. 5.11 shows the e± spectra if all c and b
quarks are hadronized with δ-function fragmentation, i.e. if no coalescence is implemented. One
sees that coalescence leads to a significant increase of both ve2 and R2

AA, introducing an “anti”-
correlation of the two quantities (usually a stronger coupling to the medium implies stronger
elliptic flow and suppression, i.e. an increase in v2 along with a reduction in RAA). Both
features improve the description of the experimental data, i.e., the large v2 and the shape of
RAA (in particular the “delayed” decrease up to peT ' 3 GeV). The e± suppression and elliptic
flow of the charm contribution alone is displayed by the purple lines in Fig. 5.11, exhibiting
stronger effects compared to the total at e± momenta peT >∼ 3 GeV. This shows that the bottom
decay contributions become appreciable (and eventually dominant) at rather low e± momenta,
but it also means that an explicit D-meson measurement is a key to resolving the question of
the bottom contribution, to either refute or confirm the large effects on the charm quarks.

§Recalling the form of the dominant pQCD c-g cross section, σel ∝ α2
s/m2

D, a coupling constant of αs = 0.4,
together with a Debye mass mD = gT with g = (4παs)

1/2=2.23 (implying α2
s/g2=0.032) as used in Ref. [265],

corresponds to a diffusion constant of close to D(2πT ) = 24 in Fig. 5.8 [264] (implying α2
s/g2 ' 0.252/1.52=0.028).
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Figure 5.11: Nuclear suppression factor (left panels) and elliptic flow (right panels) of single
electrons emerging from the decay of D and B mesons based on relativistic Langevin simulations
for heavy quarks at RHIC [265, 284]. The upper panels represent calculations where the final
heavy-quark distributions have been hadronized using δ-function fragmentation only, while the
results in the lower panels are based on a coalescence+fragmentation approach [266], i.e., inlcude
coalescence of heavy quarks with light quarks from the heat bath. The calculations are compared
to PHENIX [267] and STAR [269] data for RAA, and PHENIX data [268] for v2.

Due to the discriminative power of the recent e± spectra it is possible to estimate the
charm diffusion constant in the sQGP. Given a fair agreement with the Langevin simulations
including resonance interactions plus coalescence, the range of diffusion constants corresponding
to the uncertainty in the interaction strength in the approach of Refs. [263, 265] is plotted in
Fig. 5.12. One finds a spatial diffusion constant of about Ds ' 5/2πT . This can be compared
to the pQCD inspired approach of Ref. [264]: recalling Fig. 5.8, a comparable value of Ds leads
to an RAA and v2 at the c-quark level which is roughly consistent with that following from the
pQCD+resonance interactions as shown in Fig. 5.11.

HQ spectra at RHIC have also been investigated in transport calculations [285, 286], with
conclusions quite similar to the Langevin approaches: a substantial upscaling of elastic pQCD
cross sections for c-parton scattering is required to obtain a suppression and flow reminiscent to
what is observed in the data (including effects of coalescence with light quarks), corroborating
the notion of a strongly interacting QGP.

It seems inevitable to conlcude that pQCD interactions are not strong enough to account
for the modifications of HQ spectra at RHIC, thus requiring the presence of substantial non-
perturbative effects. Remaining challenges toward a deeper understanding of HQ interactions
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in the sQGP include: (i) The assumption of resonance interactions should be scrutinized by
employing a more microscopic description of Q-q̄ scattering using input from finite-temperature
lattice QCD (lQCD). One could adopt, e.g., the T -matrix approach as recently constructed to
evaluate Q-Q̄ (as well as q-q̄) interactions in the sQGP [288, 289] based on heavy-quark poten-
tials extracted from the lQCD HQ free energy above Tc. The pertinent T -matrices show a large
nonperturbative enhancement close to and above the quark-antiquark thresholds; it would be
very intersting to compute pertinent friction and diffusion coefficients in the heavy-light sector.
(ii) Radiative processes, which are expected to become the dominant source of energy loss in
the high-momentum limit, should be implemented into the Fokker-Planck framework. One of
the problems is a proper treatment of interference (Landau-Pomeranchuk-Migdal) effects for ra-
diated gluons, which, however, is presumably less pronounced for heavy quarks. First estimates
for 2→ 3 processes in the HQ sector have been performed in Ref. [287]. (iii) A systematic study
should be performed with respect to the chemical composition of the QGP: current radiative
energy-loss models as discussed in the previous section routinely assume the early matter to be
a gluon-dominated plasma (as a natural result of a color-glass initial state of the colliding nu-
clei), which maximizes the radiative interaction strength (induced gluon radiation). If, however,
the QGP quickly reaches chemically equilibrium, about 60% of the partons are anti-/quarks.
The latter are, in turn, the key mediator for the resonance interactions (or, more generally,
color-neutral channels). The chemical composition of the QGP thus has important impact on
the evaluation of HQ interactions (and, possibly, also for light partons).

Item (i) has been addressed in a recent paper by van Hees et al. [290]: based on potentials
extracted from lQCD computations of the heavy-quark free energy at finite temperature, heavy-
light quark T−matrices have been calculated in both quark-antiquark (c-q̄) and quark-quark
(c-q) channels, accounting for both S− and P−wave scattering. It has been found that the
dominant contributions to the in-medium HQ selfenergy are due to the attractive color-singlet
(meson) and color-antitriplet (diquark) channels. These are precisely the channels that are
present in mesons and baryons, i.e., relevant for hadronization. This approach therefore provides
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a natural link between a strongly interacting QGP and hadronization via constituent-quark
recombination, and thus between the phenomenological successes of ideal hydrodynamic and
quark-coalescence models at RHIC. The resulting c-quark widths in the QGP are large (up to
∼300 MeV), and the transport (friction) coefficients are quite similar to the effective resonance
model, cf. Fig. 5.13. However, while in the resonance model most of the interaction strength for
c-quarks is due to scattering off antiquarks from the heat bath, in the T−matrix approach the
contributions from meson and diquark channels are about equal (the latter carry less interaction
strength but a larger (color-) degeneracy). Consequently, the resonance model would predict
a rather different behavior of c and c̄ quarks in baryon-rich matter as expected in heavy-ion
collisions at the future CBM experiment (a potentially formed QGP should have an appreciable
excess of quarks over antiquarks). This effect is not present in the (microscopic and more
complete) T−matrix approach. However, the dominance of interactions with anti-/quarks over
gluons from the heat bath in both approaches might help to distinguish between “pre-hadronic”
correlations and an sQGP which is driven by interactions with gluons. In the former case, the
observable effects on D mesons at CBM (i.e., elliptic flow and suppression) should be larger than
in the latter case. These effects could receive additional contributions from the hadronic phase,
whereD+ andD0 can undergo charm-exchange reactions with baryons (e.g., DN → πΛc) which
are not available to D− and D̄0 mesons (antibaryons are much less abundant) [291]. Thus, the
importance of reactions in the hadronic phase would be signaled by stronger modifications of
D-meson spectra relative to D̄ spectra.

5.2.3 Charm Dilepton Decays

(by R. Rapp)

Since parton fusion in primordial N -N collisions is expected to be the dominant source of
charm in heavy-ion collisions, c and c̄ are produced pairwise. If both c and c̄ within a correlated
pair eventually decay semileptonically,

c̄c→ DD̄ → e+e−X , (5.10)

one ends up with a correlated source of dileptons that cannot be subtracted by standard com-
binatorial methods (such as mixed event techniques), see also [378].

94



At maximum SPS energy, the correlated-charm contribution to the dilepton spectrum in
p-p (or p-A) collisions is comparable to Drell-Yan annihilation in the invariant mass range up
to M ' 3 GeV. However, when these two sources are extraploated to central Pb-Pb (using bi-
nary collision scaling), the experimental dimuon spectra in the intermediate-mass region (IMR,
1 GeV <∼M <∼ 3 GeV) as measured by NA38/NA50 [24] are underpredicted by about a factor of
2. Originally, this has been taken as an indication of a factor of ∼3 enhancement of open-charm
production in central Pb-Pb. However, it has been shown that the presence of a rather standard
thermal fireball (with initial temperture of T0 ' 200 MeV and total lifetime of 12-15 fm/c) leads
to thermal dilepton radiation that essentially accounts for the observed excess [292], cf. also
Refs. [293, 294]. Di-muon spectra from open charm decays and thermal spectra have indeed a
very similar shape at SPS energies [295]¶. Recent data from the NA60 collaboration in In-In
collisions at full SPS energy [297] have reconfirmed the presence of an excess and, using dis-
placed decay vertices, have shown that this excess is not due to open-charm decays. At beam
energies envisaged in the CBM experiment one is significantly closer to the open-charm thresh-
old, implying that the relative magnitude of the charm component in the dilepton spectra is
reduced. However, if charm quarks undergo significant rescattering in a putative sQGP, and
if their dilepton signal can be separated from the prompt yield (e.g., using dispaced vertices),
possible medium modifications (most notably a softening of the invariant mass distribution)
could provide a valuable complement to the single-charm observables discussed in Sec. 5.2.2.

Finally we note that the in-medium properties of open-charm states have important con-
sequences on the in-medium spectral properties of charmonia, and thus on their suppression
pattern in heavy-ion collsions. If, in addition, regneration of charmonia via cc̄ coalescence
becomes important, charmonium production also becomes sensitive to both the total number
of cc̄ pairs and their pT spectra (however, this is only expected for ultrarelativistic heavy-ion
collisions at center-of-mass energies above 20 GeV, i.e., above the SPS energy range) [298, 299].
These points are to be discussed in relation with charmonium physics.

5.3 Charm Chemistry and Thermal Models

(by R. Rapp)

Thermal models are successful in reproducing ratios of produced light hadrons in heavy-
ion collisions in terms of just two parameters, the baryon chemical potential and temperature,
(µchB , Tch) (in addition, one introduces chemical potentials for conserved charges, such as isospin,
strangeness or charm in strong interactions), cf. Ref. [123] for a recent review. These quantities
have been interpreted in terms of a chemical freezeout of the interacting system, characterizing
the stage of the evolution where inelastic reactions cease and the abundancies of stable hadrons
(with respect to strong interactions) are frozen. This is to be distinguished from thermal
freezeout (at temperature Tfo), which occurs when elastic interactions, such as πN → ∆→ πN
or ππ → ρ→ ππ, cease (at which point the momentum distributions are frozen). Since elastic
reactions usually have much larger cross sections than inelastic ones, such as πN → KΛ or
ππ → KK̄, one expects Tch > Tfo

‖. In elementary p-p/-A (as well as π-p/-A) collisions, chemical
and thermal freezeout temperatures essentially coincide, consistent with the notion of little,
if any, final-state interactions. Even though in elementary reactions the nonstrange particle

¶In principle, there could be charm energy loss and diffusion, even though theoretical analysis does not indicate
large effects [296]. However, more definite conclusions require more precise data and more elaborate calculations.

‖Note that this does not apply to strongly decaying resonances which are rather the main mediators of elastic
interactions, such as ∆ and ρ, cf. Sec. 3.
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system (cm energy) (D++D−)/(D0+D̄0) D−/D+ D̄0/D0 Ds/D

p-N (20-40 GeV) 0.40±0.05 1.3±0.1 1.4±0.1 0.13±0.01

p-N (200 GeV) 0.40±0.05 1.24±0.1 1.35±0.1 0.23±0.02

A-A (17.3 GeV) 0.46 1.6 1.59 0.25

A-A (200 GeV) 0.45 1.04 1.05 0.26

Table 5.2: Compilation of D-meson flavor ratios evaluated for elementary p-N collisions in a
recombination approach based on parton distribution functions [307] (lines 2 and 3, correspond-
ing to rapidity integrated yields) and within the statistical recombination approach for central
A-A collisons based on thermal equilibrium [309] (lines 2 and 3, corresponding to midrapidity
yields, dND/dy).

ratios also follow chemical freezeout systematics (interpreted as “statistical hadronization”),
strangeness production is suppressed, i.e., chemically not equilibrated. It is then natural to
ask how the situation develops for the substantially heavier charm quarks and hadrons. As
briefly alluded to in Sec. 5.2.3, the number of produced cc̄ pairs is most likely not enhanced
in A-A collsions, i.e., it follows the expected binary collisions scaling, both at SPS [297] and
at the much higher RHIC energies [300] (this is corroborated by theoretical estimates [301]).
The off-chaemical-equilibrium for charm quarks can be accommodated by introducing a charm-
quark fugacity factor, γc, which is equal for c and c̄ quarks. The key question then is how the c
and c̄ quarks distribute themselves among the produced charm hadrons, i.e., the relative charm
chemistry, and what one can learn from it (the rich information encoded in momentum spectra
has been discussed in some detail in Secs. 5.2.1 and 5.2.2).

Flavor asymmetries are a well-established phenomenon in hadronic collisions (p-p, π-N
etc.). Especially at forward rapidities, marked enhancements of antiparticle-to-particle ratios
of produced strange and charm hadrons have been observed, e.g. for K+/K− or D−/D+ [302,
303]. This has been successfully attributed to quark recombination processes, where a strange
or charm antiquark, produced in forward direction, coalesces with a valence quark from the
projectile [304, 305, 306]. An extension of these ideas to central rapidities has been discussed,
e.g., in Ref. [307] by generalizing the approach to include coalescence with sea quarks (cf. also
Ref. [308]). This enables the investigation of inclusive particle production asymmetries for
charmed hadrons; the fraction ofD-mesons produced via recombination amounts to 50-80%, and
fair overall agreement with available data for the xF -dependent and inclusive flavor asymmetries
in elementary collisions has been found. Typical results for D-meson flavor ratios for fixed
target (RHIC) energies,

√
s=20-40 GeV (200 GeV) are summarized in the upper two lines

of Tab. 5.2 [307]. These values for elementary collision can then be used as a baseline for
charm-hadrochemical analysis in heavy-ion reactions.

Hadrochemical analysis of open-charm hadron production have been conducted in the sta-
tistical hadronization model, e.g., in Refs. [309, 310, 299], see also Sec. 6.2 including charmonia.
While the number of charm quarks is routinely assumed to be fixed by hard production as dis-
cussed above, the notion of temperature in a statistical hadronization approach still requires the
c-quark momentum distributions to kinetically equilibrate (which seems to be a good assump-
tion at least for RHIC energies, cf. Sec. 5.2.2). The charged-to-neutral D-meson ratio appears
to be rather stable, but the antiparticle-to-particle ratios vary much stronger with collisions
energy in central A-A compared to elementary collisions, reflecting the variation in chemistry
with

√
s (essentially the decrease in baryon chemical potential; note, however, that the values

quoted for A-A correspond to midrapidity, while the p-N ones refer to inclusive yields). Also
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note that at lower energies, strangeness equilibration reflects itself by a factor of 2 increase in
the Ds/D ratio, which could be a promising signal at CBM energies.

5.4 QCD Sum Rules

(by Th. Hilger, S. Zschocke and B. Kämpfer)

Given a current with the quantum numbers of a hadron with open or hidden charm one
can evaluate, along the strategy outlined in Sec. 2.3.1, the current-current correlator with an
Operator Product Expansion (OPE) to relate the hadronic properties to various condensate
terms. The advantage of QCD sum rules is the use of universal condensates which are estimates
at finite baryon density and temperature utilizing leading terms in the corresponding expansion,
in connection with pertinent nucleon and pion matrix elements.

5.4.1 Open Charm Mesons

In the light quark sector, the vector mesons ρ and ω depend only weakly on the genuine chiral
condensate 〈q̄q〉 but sizeably on 4-quark condensates [80] which often are factorized in squares
of the chiral condensate. The reason for this weak dependance is that the renormalization group
invariant combination mq〈q̄q〉 enters sum rules for ρ and ω mesons; due to the smallness of the
u, d quark masses, mq, the impact of 〈q̄q〉 is strongly suppressed. In the light-heavy quark
sector, say for D mesons, the combination mc〈q̄q〉 enters and one anticipates that the large
charm mass mc amplifies the role of the chiral condensate 〈q̄q〉.

With respect to the quark structures D+ = d̄c and D− = c̄d one further expects [327] a
pattern of in-medium modifications as known from K− and K+ mesons [328], i.e., a downward
shift of excitation strength with quantum numbers of K− or D+, D0 and a tiny upward shift for
K+ or D−, D̄0. Purely hadronic model calculations (cf. Sec. 5.5) indeed qualitatively support
this pattern in the open charm sector.

Most QCD sum rule evaluations for open-charm mesons focus on vacuum properties (see [329,
330] and references therein). The in-medium study in Ref. [331] has considered the isospin av-
erage of D±. In Ref. [327] both the isospin average and a D± mass splitting in the nuclear
medium are evaluated based on a pole ansatz. While the latter is appropriate in vacuum, it
may not be accurate in medium in view of recent hadronic model calculations [311, 319] (also
discussed in Sec. 5.5). Therefore, one should rather evaluate QCD sum rules by considering
appropriate moments of the spectral distributions of D± (as well as D0 and D̄0).

The Wilson coefficients are calculated up to mass dimension 6 and listed in various papers,
both for vacuum [180, 181] and in medium [182, 183]. The literature on the medium modifica-
tions of D mesons within the QCD sum rule approach is poor, cf. [182, 183]. Ref. [182] claims
an isospin averaged D± downward mass shift of ∼ 50 MeV at nuclear saturation density, while
Refs.[183, 313] favor a mass splitting of about 40 MeV.

The pseudo-scalar current jD+ = id̄γ5c for the D+ meson results in the correlator

ΠD+(q) = i

∫

d4x eiq·x〈T jD+(x)j†
D+(0)〉, (5.11)

where 〈· · · 〉 means Gibbs average and T time ordering. A similar correlator may be defined for
the D− meson with current jD− = ic̄γ5d. (D0 and D̄0 follow by the replacement d → u.) The
occurence of positive and negative frequency contributions lead to the decomposition ΠD+ =
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Π+
D+ + Π−

D+ and a further decomposition into parts which are even or odd, respectively, with
respect to q → −q. In total: ΠD+ = Π+e

D+ + Π−e
D+ + Π+o

D+ + Π−o
D+ .

Twice subtracted dispersion relations for the correlator of D+-mesons at rest, q = (ω,~0),
read

ReΠe
D+(ω2) =

ω4

π

∫ ∞

0

ds

s2
1

s− ω2

(

ImΠ+e
D+(s) + ImΠ−e

D+(s)
)

+ subtractions

(5.12)

1

ω
ReΠo

D+(ω) =
ω4

π

∫ ∞

0

ds

s5/2
1

s− ω2

(

ImΠ+e
D+(s)− ImΠ−e

D+(s)
)

+ subtractions

(5.13)

The subtraction terms vanish after a Borel transformation Bω→M [333]. A subtle issue in
medium is a possible Landau term emerging from contributions at s→ 0. It corresponds to the
Thomson limit of the forward DN scattering amplitude, which, however, vanishes in leading
order in a medium without charm content.

For large space-like momenta, −ω2 � Λ2
QCD, the OPE for the left-hand-side of Eqs. (5.12)

and (5.13) is used:

ReΠe
OPE(ω2) = c0 +

∞
∑

j=1

cj(ω
2)〈Oj〉 (5.14)

and an analogous expansion for the odd part. Here, c0 denotes the perturbative contribution
and is given explicitly in Ref. [337]. Condensates are encoded in the expectation values 〈Oj〉
and are ordered according to their dimensionality. Condensates of high dimensionality are
accompanied by high powers of 1/ω2 and/or 1/m2

c encoded in the Wilson coefficients cj. In
the region of applicability of the OPE ω and mc are large. Consequently, condensates of high
dimensionality are suppressed and therefore neglected. Typically one considers in Eq. (5.14)
condensates up to dimension 6 (not explicitly given here).

For the right-hand-side of Eqs. (5.12, 5.13) one might use the standard pole + continuum
ansatz (assuming equal continua for ImΠ±e

D+)

1

π
ImΠ±e

D+(s) = F±δ(s−m2
±) +

1

2π
ImΠper(s)Θ(s− s±) .

The perturbative contribution ImΠper corresponds to c0 on the OPE side, and we have defined
F± = F ± ∆F , m± = m ± ∆m and s± = s0 ± ∆s. The residues F± and masses m± can be
determined from the sum rules (5.12) and (5.13). To leading order in ∆F , ∆s and ∆m, one
obtains the mass splitting ∆m and the residue F

F =
1

2
em

2/M2Bω→M

(

ReΠe
OPE(ω2)

)

− 1

2π

∫ ∞

s0

ds e(m2−s)/M2

ImΠper(s), (5.15)

∆m = − 1

4F (s0 −m2)
em

2/M2Bω→M

(

1

ω
ReΠo

OPE(ω)(m2 − ω2)(s0 − ω2)

)

, (5.16)

where the logarithmic derivative of eq. (5.15) is used to determine m as average in the Borel
window with adjustment of s0 to achieve maximum flatness, and eq. (5.15) itself to determine
afterwards F . The mass splitting ∆m follows then from (5.16).

The quantities defined in eqs. (5.15) and (5.16) depend on the Borel massM. They have to
be averaged within the sliding Borel window fromMmin to Mmax which is determined by the
requirements of not more than 10% contribution of the mass dimension 6 condensates to the
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n [fm−3] 0 0.17

M2
min [GeV2] 0.941 0.989

M2
max [GeV2] 5.423 5.253

s0 [GeV2] 4.805 4.725
F [GeV4] 0.0458 0.0389
1
2(mD− +mD+) [GeV] 1.860 1.868
mD− −mD+ [MeV] 0 67.7

Table 5.3: Input and results of a QCD sum rule evaluation for D-meson masses in nuclear mat-
ter in zero-width approximation with symmetric continuum. The mass splitting varies between
100 and 37 MeV for x = −1 · · · 1, with a mean value of 67.7 MeV for x = 0.

Figure 5.14: Charged D-meson masses in cold nuclear matter as a function of density within
the QCD sum rule calculations of Ref. [334].

total OPE (Mmin) and equality of the low-lying resonance contribution and the perturbative
continuum contribution (Mmax.) The continuum threshold s0 is determined by the requirement
of maximum flatness within the Borel window.

Using standard values for the involved vacuum and in-medium condensates we get in medium
a small up-shift of the average mass by about 8 MeV, and a mD± mass splitting of ∼70 MeV
where the D+ is below the D− mass, as expected. The actual numbers are listed in Tab. 5.3
(subject to at least ∼30% uncertainty due to unknown condensate values). One particular type
of condensate is worth to be mentioned since it is important for the mass splitting, namely the
mixed condensates

〈d̄γ0gsσ
µνGaµν

λa

2
d〉 = x〈d̄gsσµνGaµν

λa

2
d〉 (5.17)

with x = −1 · · · 1. Results for variations of x are briefly mentioned in the caption of Tab. 5.3.
Several issues remain to be clarified, including: (i) the Landau term beyond leading order, (ii)

the symmetric continuum [327], (iii) moments when going beyond the zero-width approximation,
(iv) the influence of density dependence of genuine chiral condensate.
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5.4.2 Remarks on J/ψ

In the QCD sum rule for the J/ψ, a term mc〈c̄c〉 appears, which for the heavy quark can be
expanded as [184]

mQ〈Q̄Q〉 = − 1

12π
〈αs
π
G2〉 − 1

1440π2m2
Q

〈g3
sG

3〉 − 1

120π2m2
Q

〈(DG)2〉+O(m−5
Q , αs). (5.18)

This implies that in the heavy-quark limit, mQ → ∞, the 2-quark condensate is to be sub-
stituted by the gluon condensate 〈αs

π G
2〉. The latter, in turn, is rather inert against density

and temperature changes far enough from the deconfinement boundary in the hadronic phase.
Since this is the only dependence on quark condensates of low mass dimension, it is expected
that medium modifications of J/ψ are tiny (< 10 MeV), as more complete evaluations of the
sum rules confirm [313].

5.5 Charm Hadrons in Medium

(by L. Tolos)

In the following we explore medium modifications of D mesons along the strategy employed
for K± mesons, see Sec. 4.1.

5.5.1 Cold Nuclear Matter

The calculation of D meson spectral distributions in cold nuclear matter within a unitarized
coupled channel approach [319] relying on S-wave meson-nucleon amplitudes results in an up-
shifted (18 MeV) D− peak, while the D+ develops strongly down-shifted (250 MeV) strength
due to resonance-hole states with Λc(1594) and Σc(2620) and an up-shift (30 MeV) of the
original D+ peak. The spectral distributions are exhibited in Fig. 5.15, where also the D±

s is
included.

In Ref. [375], the spectral density of the D meson in cold nuclear matter is studied within a
microscopic self-consistent coupled-channel approach using a separable potential for the S-wave
DN interaction. This bare interaction allows for the transition from DN to πΛc, πΣc, ηΛc
and ηΣc channels, all carrying charm c = 1. We only consider channels with up, down and
charm-quark content keeping the SU(3) symmetry. This approach is similar to using SU(4)
symmetry and ignore the channels with strangeness which are higher in mass and well above
the DN threshold. The parameters of this model, i.e. coupling constant g and cutoff Λ, are
determined by generating dynamically the Λc(2593) resonance, which is the counterpart of the
Λ(1405) in the charm sector.

The medium effects on the Λc(2593) resonance and, hence on the D-meson potential, due
to the Pauli blocking of the intermediate nucleonic states as well as due to the dressing of
nucleons and pions are analyzed. In Fig. 5.16, the D meson optical potential is obtained for
different approaches: self-consistent calculation for the D-meson potential and self-consistent
calculation for the D-meson potential including the dressing of nucleons and the pion self-
energy in the intermediate states. The D-meson potential at zero momentum and nuclear
matter saturation density, %0=0.17 fm−3, stays between 8.6 MeV for Λ = 0.8 GeV and -11.2
MeV for Λ = 1.4 GeV when only the D meson is dressed (upper left panel). For the full self-
consistent calculation (upper right panel), the value of the D-meson potential lies in between
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Figure 5.15: Spectral distributions of D± and D±
s at nuclear saturation density according to

Ref. [319].

2.6 MeV for Λ = 0.8 GeV and -12.3 MeV for Λ = 1.4 GeV. Previous works based on QCD sum-
rules [182, 313], quark-meson coupling (QMC) models [315, 314] or chiral effective Lagrangians
[316] predict an attractive D-nucleus potential with depths ranging from -50 to -200 MeV.
We therefore conclude that the coupled-channel effects result in an overall reduction of the in-
medium effects independent of the set of parameters (g,Λ) and the in-medium properties of the
intermediate states. On the other hand, the self-consistent coupled-channel calculation allows
for the determination of the imaginary part of the D-meson potential, which was not obtained
in the previous works. The imaginary part turns out to be quite important ranging from -51.6
MeV for Λ = 0.8 GeV to -27.9 MeV for Λ = 1.4 GeV when only the D meson is dressed (lower
left panel) while it changes from -49 MeV for Λ = 0.8 GeV to -18.2 MeV for Λ = 1.4 GeV
in the full self-consistent calculation (lower right panel). A later coupled-channel calculation
[319], which includes channels with strangeness saturating the interaction by t-channel vector-
meson exchange [320], substantiates our findings obtaining a repulsive D meson mass shift and
a considerable imaginary part for the D-meson potential.

The D-meson spectral density at zero momentum is shown in Fig. 5.17 for Λ=1 GeV and
g2=13.4, and for several densities in the two self-consistent approaches considered before. When
only the D meson is dressed self-consistently (left panel), the quasi-particle peak slightly moves
to lower energies as density increases since the D-meson potential becomes more attractive (see
upper left panel of Fig. 5.16). The Λc(2593) resonance is seen for energies around 1.63-1.65
GeV as a second peak on the left-hand side of the quasi-particle peak. For the second approach
when nucleons and pions are dressed in the intermediate states (right panel), a structure around
1.8 GeV mixes with the quasi-particle peak which translates into a broadening of the spectral
density at the quasi-particle energy. This structure corresponds to a resonance below the DN
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Figure 5.16: Real and imaginary parts of the D meson potential at kD=0 as a function of
the density for different sets of coupling constants and cutoffs, that generate dynamically the
Λc(2593) resonance, and for two approaches: self-consistent calculation for the D meson poten-
tial (left panels) and self-consistent calculation for the D meson potential including the dressing
of nucleons and the pion self-energy in the intermediate states (right panels).

threshold with the Λc-like quantum numbers and, as reported in Ref. [375], appears together
with another structure below the πΣc threshold, which is not noticeable in the figure. The
nature of these two structures deserves further studies. In both cases we conclude that the
quasi-particle peak stays close to its free position. However, the features of the low-energy
region on the left-hand side of the quasi-particle peak are different according to the different in-
medium behavior of the Λc(2593) resonance in both approaches. The above results of in-medium
effects are summarized in Tab. 5.4.

D+ D−

Lutz, Korpa [319] -250, + 32 + 18
Tolos et al. [311] small small mainly widths effects

Table 5.4: Mass shifts of peaks (in MeV) in D± spectral functions at nuclear saturation density.

5.5.2 Hot Pion Gas

Fuchs et al. [324] considered open and hidden charm hadrons in a hot pion gas. They find
sizeable effects at temperatures above 100 MeV: at T = 150 MeV the mass shift is about -40
MeV for D mesons and the J/ψ width is increased to 10 MeV. Their results are summarized in
Fig. 5.18. Due to reactions J/ψ ↔ DD̄,DD̄∗, D+D̄+ a shift of the effective in-medium D,D+

masses can open these channels.
The behavior of D mesons was also addressed in a linear sigma model near the chiral

symmetry restoration transition in Ref. [380].
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Figure 5.17: D-meson spectral density at kD = 0 as a function of energy with Λ=1 GeV and
g2 = 13.4 for different densities and for two approaches: self-consistent calculation for the D-
meson potential (left panel) and self-consistent calculation for the D-meson potential including
the dressing of nucleons and the pion self-energy in the intermediate states (right panel).
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Figure 5.18: Temperature dependence of D,D+ and J/ψ states in a hot pion medium. Results
are from Ref. [324].

5.5.3 Hot and Dense Nuclear Matter

Evaluations of D-meson spectral densities under conditions resembling those expected at FAIR
have recently been performed in Ref. [311]. The D-meson spectral density under such conditions
can be obtained by extending the microscopic self-consistent coupled-channel calculation in
dense nuclear matter of Ref. [375] to finite temperature [311]. The introduction of temperature
in the in-medium DN interaction affects the intermediate channels (DN , πΛc, πΣc, ηΛc and
ηΣc) by modifying the Pauli blocking of the nucleons, the Bose distribution on the pionic
intermediate states and the dressing of D mesons, nucleons and pions, as reported for the K̄N
case in Ref. [312].

In Fig. 5.19 the D-meson spectral density at zero momentum and T = 120 MeV is shown
for different densities and for a cutoff Λ=1 GeV and a coupling constant g2=13.4. This is one
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Figure 5.19: D-meson spectral density at kD = 0 and T = 120 MeV as a function of energy for
different densities together with the D-meson spectral density at kD = 0 and T = 0 MeV for
normal nuclear matter density %0 in the two approaches considered: self-consistent calculation
of the D-meson self-energy including the dressing of the nucleons in the intermediate states (left
panel) and including not only the dressing of nucleons but also the self-energy of pions (right
panel).

of the sets of parameters that reproduce the position and width of the Λc(2593) resonance (see
Ref. [375]). The temperature is chosen in accord with the expected temperatures for which
D mesons will be produced at FAIR. The spectral density is displayed for the two approaches
considered: self-consistent calculation of the D-meson self-energy including the dressing of the
nucleons in the intermediate states (left panel) and the self-consistent calculation including not
only the dressing of nucleons but also the self-energy of pions (right panel). The spectral density
at T = 0 for nuclear matter saturation density, %0 = 0.17 fm−3, is also included. Compared to
the zero temperature case, the quasi-particle peak at finite temperature stays closer to its free
position for the range of densities analyzed (from %0 up to 3%0). This is due to the fact the
Pauli blocking is reduced with increasing temperature. Furthermore, structures present in the
spectral distribution at T = 0 are washed out [312]. However, the D-meson spectral density
still shows a considerable width.

In order to better study the evolution of the spectral density with temperature, Fig. 5.20
displays the quasi-particle energy together with the width of the D-meson spectral density
at zero momentum as a function of the temperature for the previous densities and for the
approaches considered before. For T = 0 we observe a change of the D-meson mass with
respect to its free value between -23 MeV for %0 and -76 MeV for 3%0 when D mesons and
nucleons are dressed in the intermediate states (upper left panel). For the full self-consistent
calculation (upper right panel), the D-meson potential lies between -5 MeV for %0 and -48 MeV
for 3%0. For higher temperatures, the quasi-particle peak is close to the free D-meson mass (at
T = 120 MeV and %0, the D-meson potential is -1 MeV for the first approach and -0.1 MeV for
the second one). With regards to the width of the D-meson spectral density, we observe a slight
dependence on the temperature. At T = 120 MeV the width increases from 52 MeV to 163
MeV for %0 to 3%0 when D mesons and nucleons are dressed in the intermediate channels (lower
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Figure 5.20: Quasi-particle energy and width of the D meson spectral density at kD = 0 as a
function of temperature for different densities and the two approaches considered: self-consistent
calculation of the D-meson self-energy including the dressing of the nucleons in the intermediate
states (left panels) and including not only the dressing of nucleons but also the self-energy of
pions (right panels).

left panel). The increment goes from 36 MeV at %0 to 107 MeV at 3%0 for the full self-consistent
calculation (lower right panel).

Similar finite-temperature results have been obtained recently within a self-consistent coupled-
channel approach for the D-meson selfenergy taking, as a bare interaction, a type of broken
SU(4) S-wave Weimberg-Tomozawa term supplemented by an attractive scalar-isoscalar inter-
action [321]. Within this model, at finite temperature the D-meson spectral density shows a
single pronounced peak for energies close to the D-meson free-space mass that broadens with
increasing density with an extended tail towards lower energies [322], as seen in Fig. 5.21.

As already reported for the case of cold nuclear matter, the small shift of the D-meson mass
in the nuclear medium is contrary to the large changes (-50 to -200 MeV) reported in previ-
ous mean-field calculations [182, 313, 315, 314, 316]. Based on these results, an enhancement
of open charm in nucleus-nucleus collisions was suggested to understand the enhancement of
“intermediate-mass dileptons” in Pb+Pb collisions at the SPS energies [317] (however, more
recent NA60 data [297] have shown that this enhancement is due to “prompt” dileptons, presum-
ably thermal radiation [292]). According to the previous self-consistent models, the inclusion
of a considerable width of the D-meson in the medium is the only source which could lead to
an enhanced in-medium D-meson production, as studied for kaons in Ref. [318].

As a consequence, an off-shell transport theory is needed to describe D-meson production.
For that purpose, not only the D-meson spectral density but also in-medium D-meson cross
sections are required. Fig. 5.22 shows the elastic in-medium transition rates for D+n (D0p) at
T = 120 MeV for the two approaches considered. For the self-consistent calculation including
the dressing of D mesons and nucleons in the intermediate states (left panel), we observe an
enhanced transition rate for energies around the Λc(2593) resonance mass. However, when
pions are also dressed in the self-consistent process (right panel), the enhanced transition rate
is reduced drastically according to the different in-medium behavior of the Λc(2593) resonance
(see previous discussion in subsection 5.5.1). The cross sections at threshold are expected on
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Figure 5.21: The D-meson spectral function for q = 0 MeV/c and q = 450 MeV/c at %0

and 2%0 as a function of the D-meson energy for different temperatures from a self-consistent
coupled-channel calculation, which takes, as a bare interaction, a type of broken SU(4) S-wave
Weimberg-Tomozawa term supplemented by an attractive scalar-isoscalar interaction.

the order of 1 mb to 20 mb for the range of densities studied in both approaches.
The in-medium effects discussed here may be relevant for heavy-ion experiments at the

future International FAIR project at GSI. The CBM experiment will address, among others,
the investigation of open charm. Our results imply that the effective mass ofD mesons, however,
may not be drastically modified in dense matter at finite temperature, but D mesons develop
an appreciable width in the hot and dense environment. Therefore, the abundance of D mesons
in nucleus-nucleus collisions should be calculated in off-shell transport theory. Our calculation
indicates that the medium modifications to the D mesons in nucleus-nucleus collisions will be
dominantly on the width and not on the mass.

5.5.4 Charm Baryons

In-medium porperties of open-charm baryon resonances have also been studied in Ref. [319],
extending the approach of Ref. [198] based on non-linear chiral SU(3) dynamics into the charm
sector. Similar to strangeness exchange reactions, which couple K− and Λ production in
intermediate-energy heavy-ion reactions, one accounts for charm exchange reactions coupling
open-charm mesons and baryons [319]. The baryonic counter parts to the open charm meson
dynamics are displayed in Fig. 5.23.
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Figure 5.22: In-medium transition rates for D+n (D0p) at T = 120 MeV as a function of the
center-of-mass energy for different densities and the two approaches considered: self-consistent
calculation of the D-meson self-energy including the dressing of the nucleons in the intermediate
states (left panel) and including not only the dressing of nucleons but also the self-energy of pions
(right panel).

Figure 5.23: Imaginary part of scattering amplitudes for D+N scattering in the isospin-0
(Λc(2594), left panel) and isospin-1 (Σc(2620), right panel) channels for vacuum (dotted curves)
and normal nuclear matter density (solid and dashed curves for momenta of 0 and 400MeV/c).
Figure taken from Ref. [319].
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Chapter 6

Charmonium

As discussed in the preceding chapter, the charm-quark mass introduces an additional large
scale into the problem of studying hot and dense QCD matter in the vicinity of phase changes,
mc � Tc,ΛQCD. While open-charm probes are an ideal tool to assess the transport properties
of the medium at the interface of the kinetic and thermal regimes, the investigations of hidden-
charm bound states (charmonia) allows, in principle, a unique access to the QCD potential
between two heavy (quasistatic) color charges. Charmonium (and bottomomium) spectroscopy
in the vacuum has been widely and successfully used to infer the properties of the strong force in
the vacuum, see, e.g., Ref. [480] for a comprehensive survey. The challenge in the present context
is to transfer these (and develop new) concepts to the study of charmonia in medium and connect
these to the properties of the medium. The “holy grail” of this enterprise is the discovery of the
deconfinement transition. Indeed, in a seminal paper [323], Matsui and Satz suggested that the
suppression of J/ψ’s in heavy-ion collision could be used as a direct indicator of deconfinement,
and NA50 data from Pb-Pb collisions at the SPS apparently confirm this effect. However,
recent developments have revealed that the problem of charmonium production in heavy-ion
collisions is substantially more complex: lattice QCD computations indicate that ground-state
charmonia (and bottomonia) may survive as bound states well into the Quark-Gluon Plasma,
and observations at RHIC found the same level of J/ψ suppression as at the SPS, despite
the unequivocally larger energy densities (temperatures) reached at

√
sNN = 200 AGeV as

compared to 17.3 GeV. This, e.g., immediately prompts the question of how the (absence
of a) trend will continue at higher (LHC) and lower (FAIR) energies. Does, e.g., secondary
charmonium production via c-c̄ (or D-D̄) coalescence solve the puzzles?

The following sections will be devoted to short up-to-date reviews of equilibrium properties of
charmonia as inferred from lattice QCD and potential models (Sec. 6.1), as well as of applications
to heavy-ion collisions within the statistical hadronization model (Sec. 6.3) and charmonium
transport approaches (Sec. 6.3).

6.1 Charmonium in Equilibrium

(by P. Petreczky)

6.1.1 Color screening and quarkonium

The Matsui and Satz suggestion referred to above [323] is based on the notion that, at high
temperatures, color screening will lead to melting of heavy-quark bound states. While early
lattice calculations confirmed the presence of strong color screening at high temperature [452]
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it was not until recently that lattice studies of color screening have been related to quarkonium
properties at finite temperature. The reason for this is the fact that on the lattice color screening
is studied in terms of the free energy of a static quark anti-quark pair, and its relation to the
potential used in the Schrödinger equation is not clear. In the next section we will discuss the
properties of heavy quark anti-quark free energy calculated in lattice QCD.

6.1.2 Free Energy of Static Quarks in Lattice QCD

Following McLerran and Svetitsky [452] the partition function of a system with a static quark
anti-quark (QQ̄) pair at finite temperature T can be written as

ZQQ̄(r, T ) = 〈W (~r)W †(0)〉Z(T ) , (6.1)

with Z(T ) being the partition function of the system without static charges and

W (~x) = P exp(ig

∫ 1/T

0
dτA0(τ, ~x)) (6.2)

the temporal Wilson line. L(~x) = TrW (~x) is also known as Polyakov loop, and in the case of
pure gauge theory it is an order parameter of the deconfinement transition. As the QQ̄ pair
can be either in color singlet or octet state one should separate these irreducible contributions
to the partition function. This can be done using the projection operators P1 and P8 onto color
singlet and octet states introduced in Refs. [453, 454]. Applying P1 and P8 to ZQQ̄(r, T ) we
obtain the following expressions for the singlet and octet free energies of the static QQ̄ pair

exp(−F1(r, T )/T ) =
1

Z(T )

TrP1ZQQ̄(r, T )

TrP1
=

1

3
Tr〈W (~r)W †(0)〉 (6.3)

exp(−F8(r, T )/T ) =
1

Z(T )

TrP8ZQQ̄(r, T )

TrP8
=

1

8
〈TrW (~r)TrW †(0)〉 − 1

24
Tr〈W (~r)W †(0)〉. (6.4)

Although usually F1,8 is referred to as the free energy of the static QQ̄ pair, it is important to
keep in mind that it refers to the difference between the free energy of the system with static
quark anti-quark pair and the free energy of the system without static charges.

As W (~x) is a not gauge invariant operator we have to fix a gauge in order to define F1 and
F8. To ensure F1 and F8 to have a meaningful zero temperature limit we better fix the Coulomb
gauge because in this gauge a transfer matrix can be defined and the free energy difference can
be related to the interaction energy of a static QQ̄ pair at zero temperature (T = 0). Another
possibility discussed in Ref. [455] is to replace the Wilson line by a gauge invariant Wilson
line using the eigenvector of the spatial covariant Laplacian. For the singlet free energy both
methods were tested and they were shown to give numerically indistinguishable results, which
in the zero temperature limit are the same as the canonical results obtained from Wilson loops.
One can also define the color-averaged free energy,

exp(−Fav(r, T )/T ) =
1

Z(T )

Tr(P1 + P8)ZQQ̄(r, T )

Tr(P1 + P8)
=

1

9
〈TrW (~r)TrW †(0)〉 , (6.5)

which is expressed entirely in terms of gauge invariant Polyakov loops. This is the reason why
it was extensively studied on the lattice during the last two decades. The color-averaged free
energy is a thermal average over the free energies in color-singlet and color-octet states

exp(−Fav(r, T )/T ) =
1

9
exp(−F1(r, T )/T ) +

8

9
exp(−F8(r, T )/T ) . (6.6)
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Figure 6.1: The color-singlet free energy in quenched QCD (left) and the corresponding internal
energy (right) [456, 457, 458]. The black line shows the parametrization of the zero temperature
potential calculated on the lattice.

Therefore it gives less direct information about medium modifications of inter-quark forces.
Given the partition function ZQQ̄(r, T ), we can calculate not only the free energy but also the
entropy as well as the internal energy of the static charges

Si(r, T ) =
∂

∂T
ln

(

T
Zi
QQ̄

(r, T )

Z(T )

)

= −∂Fi(r, T )

∂T
(6.7)

Ui(r, T ) = T 2 ∂

∂T
ln

(Zi
QQ̄

(r, T )

Z(T )

)

= Fi(r, T ) + TSi(r, T ) (6.8)

with i = 1, 8, av. For the discussion of the in-medium properties of quarkonium the color-
singlet free energy as well as the internal energy are the most appropriate quantities. The
color-singlet free energy, F1(r, T ), has been calculated in quenched (Nf = 0) [456, 457, 458], 2-
flavor (Nf = 2) [459] and 3-flavor [460], as well as most recently in 2+1-flavor QCD with realistic
quark masses [461, 462, 463]. Evaluating the temperature derivative of F1(r, T ) numerically one
can estimate the corresponding internal energy. Lattice calculations of the singlet free energy
in quenched QCD are shown in Fig. 6.1. At short distances the free energy is temperature
independent and coincides with the zero temperature potential (shown by the black line). The
temperature dependence of the singlet free energy becomes significant at distances larger than
0.4fm/(T/Tc) [458]. Furthermore, at distances larger than (1 − 1.2)/T , the singlet free energy
is exponentially screened [458]. This exponential screening is governed by the Debye mass mD.
However, for quarkonium physics the behavior of the free energy at short distances r < T is more
relevant. Note that the free energy above Tc is monotonically decreasing, and, at sufficiently
high temperatures, is negative at all separations. The internal energy is larger than the free
energy and is even larger than the zero temperature potential at intermediate distances. At
small distances it agrees, of course, with the zero temperature potential as expected. If used as
a potential in the Schrödinger equation it will give significantly larger binding energy than the
free energy.

The free energy of static quark anti-quark pair calculated in full QCD shares most of the
properties of the free energy calculated in quenched QCD discussed above. In Fig. 6.2 we show
the result of calculations in 2+1-flavor QCD with physical strange quark mass and light quark
masses corresponding to a pion mass of about 200 MeV. The most significant difference to
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Figure 6.2: The free energy of a static quark anti-quark pair calculated in 2+1 flavor QCD on a
243 × 6 lattice [463, 462] (left), and the internal energy U∞(T ) in quenched [457], 2-flavor [459]
and 3-flavor [460] QCD as a function of the temperature (right).

quneched calculations is the presence of string breaking: the free energy approaches a constant
at large distances instead of linearly rising. The internal energy calculated in full QCD is also
very large in the vicinity of the transition. In Fig. 6.2 we also show the asymptotic value of
the internal energy, U∞(T ) = U1(r →∞, T ), in full QCD at high temperatures. If U∞(T )/2 is
interpreted as a thermal correction to the heavy quark mass increase implies that close to Tc
the effective charm quark mass is larger by a factor of two!

The free energy of a static quark anti-quark pair has been also studied at finite baryon
density using the Taylor expansion method [464]. At finite baryon density screening effects
become stronger, as expected [464]. At high temperatures the dependence of the screening
mass on the baryon chemical potential can be described by perturbation theory [464].

6.1.3 Spectral functions and Euclidean correlators

Spectral functions offer the most suitable way to study in-medium properties and/or the dis-
solution of charmonium states at high temperature and density. The spectral functions are
related to the Euclidean-time correlation functions, G(τ, T ), by the integral relation

G(τ, T ) =

∫ ∞

0
dωσ(ω, T )

cosh(ω(τ − 1/2T ))

sinh(ω/2T )
. (6.9)

Euclidean time correlation functions can be calculated in lattice QCD. There have been sev-
eral attempts to extract the charmonium spectral functions from lattice correlators using the
Maximum Entropy Method (MEM) [465, 466, 467, 468]. For the light quark sector this has
been already discussed in Sec. 2.5. The studies of charmonium spectral functions have indicated
that quarkonium states can survive up to temperatures as high as 1.6Tc, contradicting earlier
expectations based on potential models with screening (see, e.g., Refs.[469, 470, 471, 472]). At
low temperatures, spectral functions can be reliably calculated using MEM. However, at high
temperatures the reconstruction of the spectral functions becomes more difficult as the extent
of the Euclidean time direction, τmax = 1/(2T ), becomes smaller (see, e.g., the discussion in
Ref. [468]). Therefore, it has been suggested to study in detail the temperature dependence of
the correlation function G(τ, T ). This can be done most effectively by studying the temperature
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dependence of the ratio G(τ, T )/Grec(τ, T ) [465], where

Grec(τ, T ) =

∫ ∞

0
dωσ(ω, T = 0)

cosh(ω(τ − 1/2T ))

sinh(ω/2T )
. (6.10)

The trivial temperature dependence due to the integration kernel is eliminated in this ra-
tio. If the spectral function does not change above the deconfinement transition, ones has
G(τ, T )/Grec(τ, T ) = 1. Deviations of this ratio from unity thus indicate changes in the spec-
tral functions. It has been found that in the pseudo-scalar channel this ratio shows little
temperature dependence, remaining close to unity well into the QGP [465, 468]. In the scalar
and axial-vector channels, on the other hand, this ratio is temperature dependent and changes
by a factor of two across the deconfinement transition [465, 468]. This seems to suggest that
the 1S charmonium state survives in the deconfined medium up to quite high temperatures,
while P -wave charmonium (χc) melts close to the transition temperature, in agreement with
expectations based on a sequential suppression pattern [472]. It has been realized, however, that
zero-mode contributions could be the dominant source of the temperature dependence of the
Euclidean correlators [474, 475]. This contribution arises because in the deconfined phase char-
monium spectral functions contain information not only about quark anti-quark pairs (bound
or un-bound) but also about scattering states of single heavy quarks in the plasma, i.e., heavy-
quark transport (see e.g., Ref. [473]; this topic is discussed in some detail in Sec. 5.2). When the
zero-mode contribution is subtracted the temperature dependence of charmonium correlators
turns out to be very small even in the case of the P -waves [474, 475]. In the next subsection
we will discuss how this can be understood in terms of potential models.

6.1.4 Charmonium Spectral Functions and Potential Models

Traditionally, charmonium properties at finite temperature have been studied using potential
model with some phenomenological version of a screened potential [469, 470, 471, 472, 476,
477, 478]. In more recent studies the free or internal energy of the static quark anti-quark
pair calculated on the lattice, or the combination of the two, has been used as a potential in
a Schrödinger equation (see, e.g., Refs. [476, 477, 478]). At zero temperature, the potential is
well defined in terms of an effective theory, potential Non-Relativistic QCD (pNRQCD) [479,
480]. In the absence of the corresponding effective field theory approach at finite temperature
(see, however, Ref. [481] for recent progress in this direction), the definition of the potential
is Jsomewhat ambiguous. The free energy and the internal energy provide lower and upper
bounds on the potential. Typically, the dissociation temperatures have been defined as the
point of zero binding. Clearly, such a definition overestimates the dissociation temperatures,
and their precise value depends on the choice of the potential. However, for any choice of the
potential consistent with lattice data the binding energy of charmonium states will decrease
with the temperature (see, e.g., Ref. [476]).

A more consistent approach to the problem of quarkonium melting relies on the calculation
of spectral functions in potential models. For sufficiently heavy quarks the spectral function
can be related to the non-relativistic Green functions [482, 483] or to the T -matrix [289]. One
can study the spectral functions at different temperatures and the absence of a resonance peak
in the spectral function will determine more precisely the dissolution temperatures of different
charmonium states. From the spectral functions the Euclidean time correlation functions can be
starightforwardly calculated using Eq. (6.9), which, in turn, can be compared to the correlation
functions calculated directly in lattice QCD. Such comparisons provide valuable checks for
potential models. In Fig. 6.3 the spectral function calculated in a potential model is shown for
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Figure 6.3: The S-wave charmonium spectral functions at different temperatures as calculated
in the potential model of Ref. [482]. The inset shows the comparison of the corresponding
Euclidean correlators to the results of lattice calculations.

S-wave charmonia together with the corresponding Euclidean time correlation functions [482].
The 1S charmonium state melts at temperatures around 1.2Tc, but this does not lead to large
changes in the correlation functions which agree well with the results of the lattice calculations.
The situation is similar in the case of the P -wave charmonia (see discussion in Ref. [482]). The
analyses of the spectral functions and the corresponding Euclidean time correlators have been
performed for other choices of potential and temperature dependent quark masses and lead to
similar findings [483, 289], albeit with quantitatively varying conclusions. Of course, the precise
shape of the spectral functions as well as the values of the dissociation temperatures depend on
the assumed potential and are somewhat different in different studies.

6.2 Charm(onium) Production within the Statistical Hadroniza-

tion Model

(by A. Andronic)

6.2.1 Introduction

In a recent series of publications [309, 426, 601] it has been demonstrated that data on J/ψ and ψ ′

production in nucleus-nucleus collisions, in the energy range from top SPS energy (
√
sNN ≈ 17

GeV) on, can be interpreted within the statistical hadronization model proposed in Ref. [603].
This includes the centrality and rapidity dependence of recent data at RHIC (

√
sNN=200

GeV) [441], as shown in Fig. 6.4 [601]. The extrapolation of these results to LHC energy
(
√
sNN=5.5 TeV) yields a rather striking centrality dependence [426, 601], also shown in Fig. 6.4.

Depending on the magnitude of the c̄c cross section in central Pb-Pb collisions [602], even an

enhancement of J/ψ production compared to pp collisions (R
J/ψ
AA > 1) is expected due to

hadronization (at chemical freeze-out) of uncorrelated (at these high energies) charm quarks
thermalized in QGP.

In this section results of the statistical model for charm are presneted for the energy range
from near threshold (

√
sNN ≈ 6 GeV) to RHIC [604]. The lower end of this range is relevant

for the CBM experiment [605] at the future FAIR facility. One of the motivations for such
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studies was the expectation [605, 606] to provide, by a measurement of D-meson production
near threshold, information on their possible in-medium modification near the phase boundary.
However, the cross section σcc̄ is governed by the mass of the charm quark mc ≈ 1.3 GeV,
which is much larger than any soft Quantum Chromodynamics (QCD) scale such as ΛQCD.
Therefore we expect no medium effects on this quantity.∗ The much later formed D-mesons, or
other charmed hadrons, may well change their mass in the hot medium. The results of various
studies on in-medium modification of charmed hadrons masses [606, 607, 608, 609, 610, 611,
612, 319, 613] are sometimes contradictory. Whatever the medium effects may be, they can,
because of the charm conservation, σcc̄ = 1

2(σD +σΛc +σΞc + ...) + (σηc +σJ/ψ +σχc + ...), only
lead to a redistribution of charm quarks [604]. This argument is essentially model-independent
and applies equally well at all energies. Here we will consider various types of scenarios for
medium modifications and study their effect within the statistical hadronization framework
in the energy range from charm threshold to collider energies. In this context, we note that
excellent fits of the common (non-charmed) hadrons to predictions of the thermal model have
been obtained using vacuum masses (see ref. [614] and references therein). An attempt to use
modified masses for the RHIC energy [615] has not produced a conclusive preference for any
mass or width modifications of hadrons in medium. On the other hand, some evidence for
possible mass modifications was presented in the chiral model of [616].

6.2.2 Assumptions and ingredients of the statistical hadronization model

The statistical hadronization model (SHM) [603, 426] assumes that the charm quarks are pro-
duced in primary hard collisions and that their total number stays constant until hadronization.
Another important factor is thermal equilibration in the QGP, at least near the critical tem-

∗Such a separation of scales is not possible for strangeness production, and the situation there is not easily
comparable.
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perature, Tc. We neglect charmonium production in the nuclear corona [426], since we focus in
the following on central collisions (Npart=350), where such effects are small.

In the following we briefly outline the calculation steps in our model [603, 426]. The model
has the following input parameters: i) charm production cross section in pp collisions; ii)
characteristics at chemical freeze-out: temperature, T , baryochemical potential, µb, and volume
corresponding to one unit of rapidity V∆y=1 (our calculations are for midrapidity). Since, in
the end, our main results will be ratios of hadrons with charm quarks nomalized to the c̄c yield,
the detailed magnitude of the open charm cross section and whether to use integrated yield or
midrapidity yields is not crucial.

The charm balance equation [603], which has to include canonical suppression factors [425]
whenever the number of charm pairs is not much larger than 1, is used to determine a fugacity
factor gc via:

Ndir
cc̄ =

1

2
gcN

th
oc

I1(gcN
th
oc )

I0(gcN th
oc )

+ g2
cN

th
cc̄ . (6.11)

Here Ndir
cc̄ is the number of initially produced cc̄ pairs and In are modified Bessel functions.

In the fireball of volume V the total number of open (N th
oc = nthocV ) and hidden (N th

cc̄ = nthcc̄V )
charm hadrons is computed from their grand-canonical densities nthoc and nthcc̄ , respectively. This
charm balance equation is the implementation within our model of the charm conservation con-
straint. The densities of different particle species in the grand canonical ensemble are calculated
following the statistical model [614]. The balance equation (6.11) defines the fugacity parameter
gc that accounts for deviations of heavy quark multiplicity from the value that is expected in
complete chemical equilibrium. The yield of charmonia of type j is obtained as: Nj = g2

cN
th
j ,

while the yield of open charm hadrons is: Ni = gcN
th
i I1(gcN

th
oc )/I0(gcN

th
oc ).
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As no information on the charm production cross section is available for energies below√
s=15 GeV, we have to rely on extrapolation. The basis for this extrapolation is the energy

dependence of the total charm production cross section calculated in ref. [617] for the CTEQ5M
parton distribution functions in next-to-leading order (NLO), as shown in Fig. 6.5. We have
scaled these calculations to match the more recent values calculated at

√
s=200 GeV in ref.

[621]. We employ a threshold-based extrapolation using the following expression:

σcc̄ = k(1−√sthr/
√
s)a(
√
sthr/

√
s)b (6.12)

with k=1.85 µb,
√
sthr=4.5 GeV (calculated assuming a charm quark mass mc=1.3 GeV [622]),

a=4.3, and b=-1.44. The parameters a, b, k were tuned to reproduce the low-energy part of
the (scaled) NLO curve. The extrapolated curves for charm production cross section are shown
with continuous lines in Fig. 6.5. Also shown for comparison are calculations with PYTHIA
[618]. To obtain the values at midrapidity we have extrapolated to lower energies the rapidity
widths (FWHM) of the charm cross section known to be about 4 units at RHIC [621] and about
2 units at SPS [623].

With these cross section values, the rapidity density of initially produced charm quark pairs,
shown in Fig. 6.6 strongly rises from 1.1·10−3 to 1.7 for the energy range

√
sNN=7-200 GeV.

We note that the so-obtained charm production cross section has an energy dependence similar
to that measured for J/ψ production, recently compiled and parametrized by the HERA-B
collaboration [620]. For comparison, this is also shown in Fig. 6.5. The extrapolation procedure
for the low-energy part of the cross section obviously implies significant uncertainties. We
emphasize, however, that the most robust predictions of our model, i.e. the yields of charmed
hadrons and charmonia relative to the initially produced cc̄ pair yield are not influenced by the
details of this extrapolation.

For the studied energy range,
√
sNN=7-200 GeV, T rises from 151 to 161 MeV from

√
sNN=7

to 12 GeV and stays constant for higher energies, while µb decreases from 434 to 22 MeV
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Figure 6.8: Energy dependence of the canonical suppression for charm, I1/I0 (left panel) and
of the charm quark fugacity, gc (right panel).

[614]. The volume V∆y=1 at midrapidity, shown in Fig. 6.7 [614] continuously rises from 760 to
2400 fm3. Due to the strong energy dependence of charm production, Fig. 6.6, the canonical
suppression factor (I1/I0) varies from 1/30 to 1/1.2. Correspondingly, the charm fugacity gc
increases from 0.96 to 8.9, see Fig. 6.8.

Before proceeding to discuss our results, we would like to emphasize some peculiar aspects of
charm at low energies. First, the assumption of charm equilibration can be questionable. In this
exploratory study we have nevertheless assumed full thermalization. At SPS and lower energies
collision time, plasma formation time, and charmonium (or open charm hadrons) formation
time are all of the same order [624]. Furthermore, the maximum plasma temperature may
not exceed the J/ψ dissociation temperature, TD, although recent results [625] indicate that
TD can be very close to Tc. Charmonia may be broken up by by gluons and by high energy
nucleons still passing by from the collision. In this latter case cold nuclear suppression needs
to be carefully considered (as discussed, e.g., in [626, 627]). Consequently, our calculations, in
which both charmonium formation before QGP production and cold nuclear suppression are
neglected, may somewhat underestimate the charmonium production yield at SPS energies [426]
and below.

We note that models that combine the ’melting scenario’ with statistical hadronization
have been proposed [298, 437]. Alternatively, a kinetic description of charmonium formation by
coalescence in the plasma [429, 431, 432, 434] as well as within transport models [628, 629] has
been considered.

6.2.3 Energy dependence of charmed hadrons yield

Our main results are presented in Fig. 6.9. The left panel shows our predictions for the energy
dependence of midrapidity yields for various charmed hadrons. Beyond the generally decreasing
trend towards low energies for all yields one notices first a striking behavior of the production of
Λ+
c baryons: their yield exhibits a weaker energy dependence than observed for other charmed

hadrons. In our approach this is caused by the increase in baryochemical potential towards
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Figure 6.9: Energy dependence of charmed hadron production at midrapidity. Left panel:
absolute yields, right panel: yields relative to the number of cc̄ pairs. Note, in both panels, the
scale factors of 10 and 100 for J/ψ and ψ ′ mesons, respectively [604].

lower energies (coupled with the charm neutrality condition). A similar behavior is seen for the
Ξ+
c baryon. These results emphasize the importance of measuring, in addition to D-meson pro-

duction, also the yield of charmed baryons to get a good measure of the total charm production
cross section. In detail, the production yields of D-mesons depend also on their quark content.

The differing energy dependences of the yields of charmed hadrons are even more evident
in the right panel of Fig. 6.9, where we show the predicted yields normalized to the number
of initially produced cc̄ pairs. Except very near threshold, the J/ψ production yield per cc̄
pair exhibits a slow increase with increasing energy. This increase is a consequence of the
quadratic term in the J/ψ yield equation discussed above. At LHC energy, the yield ratio
J/ψ/cc̄ approaches 1% [426], scaling linearly with σcc̄ (for details see [604]). The ψ′ yield shows
a similar energy dependence as the J/ψ, except for our lowest energies, where the difference is
due to the decrease of temperature (see above). We emphasize again that this model prediction,
namely yields relative to cc̄ pairs, is a robust result, as it is in the first order independent on
the charm production cross section. Due to the expected similar temperature, the relative
abundance of open charm hadrons at LHC is predicted [602] to be similar to that at RHIC
energies.

6.2.4 Effects of in-medium modification of charmed hadrons masses

We consider two scenarios† for a possible mass change ∆m of open charm hadrons containing
light, u or d, quarks: i) a common decrease of 50 MeV for all charmed mesons and their
antiparticles and a decrease of 100 MeV for the Λc and Σc baryons (50 MeV decrease for Ξc); ii)

†The scenarios are constructed by modification of the constituent quark masses of light (u and d) quarks in
the charmed hadrons by fixed amounts. Reducing, for example, the light quark masses by 50 MeV will lower
D-meson masses by 50 MeV and the Λc(Ξc) mass by 100 (50) MeV.
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a decrease of 100 MeV for all charmed mesons and a 50 MeV increase for their antiparticles, with
the same (scaled with the number of light quarks) scenario as in i) for the baryons. Scenario
i) is more suited for an isospin-symmetric fireball produced in high-energy collisions and was
used in [611], while scenario ii) may be realized at low energies. In both scenarios, the masses
of the Ds mesons and of the charmonia are the vacuum masses. We also note that if one leaves
all D-meson masses unchanged but allows their widths to increase, the resulting yields will
increase by 11% (2.7%) for a width of 100 MeV (50 MeV). If the in-medium widths exhibit
tails towards low masses, as has been suggested by [606], to first order the effect on thermal
densities is quantitatively comparable with that from a decrease in the pole mass.

The results for the two cases are presented in Fig. 6.10 as yields relative to the number
of initially-produced cc̄ pairs. As a result of the redistribution of the charm quarks over the
various species, the relative yields of charmed hadrons may change. For example, in scenario
i) the ratios of D-mesons are all close to those computed for vacuum masses (Fig. 6.9), while
for scenario ii) the changes in the relative abundances of the D and D̄ mesons are obvious. In
both cases the Λc/D ratio is increased.

As a result of the asymmetry in the mass shifts for particles and antiparticles assumed in
scenario ii), coupled with the charm neutrality condition, the production yields of D+

s and D−
s

mesons are very different compared to vacuum masses. Overall, however, charm conservation
leads to rather small changes in the total yields. We emphasize that, although the charm
conservation equation is strictly correct only for the total cross section we expect within the
framework of the statistical hadronization model, also little influence due to medium effects on
distributions in rapidity and transverse momentum. This is due to the fact that the crucial
input into our model is dNAuAu

cc̄ /dy and there is no substantial D-meson rescattering after
formation at the phase boundary.
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(see text) [604].

In Fig. 6.11 we demonstrate that the total open charm yield (sum over all charmed hadrons)
exhibits essentially no change if one considers mass shifts, while the effect is large on charmonia.
This is to be expected from eq. 6.11: as the masses of open charm mesons and baryons are
reduced, the charm fugacity gc is changed accordingly to conserve charm. Consequently, since
the open charm yields vary linearly with gc, one expects little change with medium effects in this
case. In contrast, the yields of charmonia vary strongly, since they are proportional to g2

c . To
demonstrate this we plot, in Fig. 6.11, the relative change of the yields with in-medium masses
compared to the case of vacuum masses. For this comparison, we have added a third case,
namely considering that the mass change of charmed baryons is the same as for the mesons.
Because of total charm conservation, with lowering of their masses the open charm hadrons eat
away some of the charm quarks of the charmonia but, since the open charm hadrons are much
more abundant, their own yield will hardly change.

Note that the reduction of the J/ψ yield in our model is quite different from that assumed
in [628, 432, 610, 609, 612], where a reduction in D-meson masses leads to the opening up of
the decay of ψ′ and χc into DD̄ and subsequently to a smaller J/ψ yield from feed-down from
ψ′ and χc. In all the previous work the in-medium masses are considered in a hadronic stage,
while our model is a pure QGP model, with in-medium mass modifications considered at the
phase boundary.

6.2.5 Conclusions

We have investigated charmonium production in the statistical hadronization model at lower
energies. An interesting result is that the yield of charmed baryons (Λc, Ξc) relative to the
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total cc̄ yield increases strongly with decreasing energy. Below
√
sNN=10 GeV, the relative

yield of Λc exceeds that of any D meson except D̄0, implying that an investigation of open
charm production at low energies needs to include careful measurements of charmed baryons, a
difficult experimental task. The charmonium/open charm yield rises only slowly from energies
near threshold to reach ∼1% at LHC energy. Note that this ratio depends on the magnitude
of the charm cross section, further underlining the importance to measure this quantity with
precision. We have also investigated the effect of possible medium modifications of the masses
of charmed hadrons. Because of a separation of time scales for charm quark and charmed
hadron production, the overall charmed meson and baryon cross section is very little affected
by in-medium mass changes, if charm conservation is taken into account. Measurable effects
are predicted for the yields of charmonia. These effects are visible at all beam energies and are
more pronounced towards threshold.

6.3 Charmonium Transport in Hot and Dense Medium

(by P. Zhuang)

6.3.1 Introduction

The J/ψ suppression signature in nuclear collisions (possibly indicating deconfinement [323])
is defined as a reduced J/ψ yield per binary nucleon-nucleon collision in a heavy-ion reaction,
relative to elementary p+p reactions at the same energy. This is quantified by the so-called
nuclear modification factor (sometimes also referred to as suppression factor, SJ/ψ),

R
J/ψ
AA =

dNAA
J/ψ/dy

Ncoll · dNpp
J/ψ/dy

, (6.13)

where Ncoll denotes the number of binary collisions for a given centrality class, and dNJ/ψ/dy
the rapidity density of the J/ψ yield integrated over transverse momentum. J/ψ suppression is

characterized by R
J/ψ
AA being less than one. Since the mass of heavy quarks (charm and bottom)

is much larger than typical secondary (thermal) excitations of the system created in nuclear
collisions, mc,b � T , they are mainly produced through initial hard processes. Therefore, the
background for theoretically calculating heavy-flavor production is rather solid and the study
of J/ψ production can yield important information on the properties of the quark-gluon plasma
(QGP) formed in the early stage of nuclear collisions.

Charmonia are bound states of charm and anti-charm quarks (recall Fig. 5.1), and J/ψ is
the ground (1S) state of charmonia with spin 1 found by Richter and Ting in 1974. The 1P and
2S states with spin 1 are χc and ψ′. The JP=1− vector mesonsJ/ψ and ψ′ can decay into a
pair of leptons (µ+µ− or e+e−) and are thus directly measurable in experiment, while it is more
difficult to detect χc’s. In p+p collisions, the contribution from χc decays to the final-state J/ψ
yield (“feeddown”) is about 30% at SPS energy, but it is less than 10% for the ψ ′ decay [383].

The formation time of a cc̄ pair produced through hard interactions (e.g., gluon fusion) is
about 1/mc ∼ 0.1 fm/c, and only a small fraction of the cc̄ pairs (∼ O(10−2)) eventually form
charmonia in a color-singlet state. Since charmonium formation is a non-perturbative process,
it is difficult to directly apply QCD in the study of the formation processes. Effective methods
include the color-evaporation, color-singlet and color-octet models.

Since cc̄ pairs are created via hard processes, the J/ψ yield in p+A collisions should be
proportional to the number of binary nucleon-nucleon interactions. However, from the experi-
mental findings in p+A collisions (as well as for light nuclear projectiles), there exists already
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Figure 6.12: A schematic illustration of J/ψ production and suppression in relativistic heavy
ion collisions.

a J/ψ suppression, the so-called “normal” nuclear suppression induced by multiple scattering
between J/ψ (or its pre-resonance state) and spectator nucleons [384]. In addition to nuclear
absorption, the primordially produced charmonia suffer “anomalous” suppression when they
pass though the hot and dense medium created in heavy-ion collisions [385, 389].

The number of charm quarks created in the initial stage of heavy-ion collisions increases
substantially with collision energy. While a small production of charm quarks at SPS energy is
expected (about ∼0.2 in central Pb-Pb), there are more than 10 cc̄ pairs produced in a central
Au+Au collision at RHIC (at

√
sNN = 0.2 TeV) [300], and the number is probably over 200

in heavy-ion collisions at LHC (at
√
sNN = 5.4 TeV) [390]. The large number of uncorrelated

cc̄ pairs in the QGP can recombine to form charmonia (primarily J/ψ ′s). Obviously, this
regeneration will enhance the J/ψ yield, and the momentum spectra of the final-state J/ψ’s
may be quite different from the one with only initial production. The time evolution of J/ψ
initial production, nuclear absorption, anomalous suppression and continuous regeneration in
the course of a heavy-ion reactions are schematically illustrated in Fig. 6.12.

6.3.2 Normal and Anomalous Suppression

Proton-nucleus (p+A) collisions are believed to be a good measure of normal (nuclear) J/ψ
suppression. Suppose the projectile proton collides with a nucleon at (b, z) (characterizing the
transverse and longitudinal positions) in the target nucleus and produces a J/ψ or its pre-
resonant state on a very short time scale. On its way out of the nucleus, the produced J/ψ
collides inelastically with spectators which can be expressed via an absorption factor (or survival
probability) as

Snuc
J/ψ =

1

A

∫

d2bdz ρ(b, z)e−
R ∞
z dz′σabsρ(b,z

′)

=
1

Aσabs

∫

d2b
(

1− e−σabsT (b)
)

, (6.14)

where ρ is the nucleon density distribution function, σabs the J/ψ absorption cross section, and
T (b) =

∫

dzρ(b, z) is the thickness function. Strictly speaking, there should be a factor of
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Figure 6.13: Normal nuclear suppression of the J/ψ at SPS energy. The y-coordinate is propor-
tional to the suppression factor SJ/ψ and the x-coordinate is the effective nuclear path length,
L = 〈T 〉/2ρ0, with ρ0 being normal nuclear density. The dashed line represents a fit using the
expression (6.15). The figure is taken from Ref. [391].

(A − 1)/A in the exponential, which, however, can be neglected for sufficiently large A. For
small absorption cross sections, the survival probability can be simplified as

Snuc
J/ψ = e−σabs〈T 〉/2, (6.15)

where 〈T 〉 = 1
A

∫

d2b [T (b)]2 is the average thickness of the nucleus A. From the compari-
son with the SPS data [391] (see Fig. 6.13), the average nuclear absorption cross section at
SPS energy is extracted as σabs = 6.5 ± 1.0 mb, similar for both J/ψ and ψ ′. Early photon
production experiments [392] suggest that the inelastic J/ψ+nucleon cross section (3.5 ± 0.8
mb) is significantly less than the above value, and the inelastic cross section for ψ ′ is almost
four times the value for J/ψ. The most recent analysis of NA50 data [393], which features an
increased sensitivity to ψ′ production, exhibits some of this trend, with σabs = 4.1±0.5 mb and
8.2 ± 1.0 mb for the J/ψ and ψ′, respectively. This indicates that the cc̄ states suffering from
nuclear absorption have already (at least partially) evolved into their final states, even though
the role of pre-resonant states could still be present.

Note that the effect of nuclear absorption depends strongly on the passing time dt =
2RA/ sinhYB of the two colliding nuclei, where RA is the nuclear radius and YB is their ra-
pidity in the center-of-mass frame. While at SPS energy the collision time is about 1 fm/c
and normal suppression is large, the cold nuclear matter effect in extremely energetic nuclear
collisions should be small, due to the small collision time, e.g., dt ∼ 0.1 fm/c at RHIC and
1/200 fm/c at LHC.

While Fig. 6.13 illustrates that the nuclear absorption mechanism can well account for the
experimental data in p+A and light nuclear collision systems at SPS energy, the experiments
with heavy nuclear projectile and target (Pb-Pb and In-In) show that the suppression of J/ψ
(and ψ′) in semi-/central collisions goes well beyond normal nuclear absorption [394, 395, 396],
see Fig. 6.14. This phenomenon, called “anomalous” J/ψ suppression, is considered as one of
the most important experimental results in relativistic heavy-ion collisions at SPS [397]. Various
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Figure 6.14: The J/ψ anomalous suppression at SPS energy. The figure is taken from Ref. [395].

theoretical approaches have been put forward to explain the anomalous suppression [385, 389,
386, 387].

The first mechanism is based on the original prediction of Matsui and Satz [323]: the Debye
screening effect in the QCD medium created in the early stage of nuclear collisions leads to J/ψ
melting. The properties of the charmonium states in QGP and in vacuum are presumably quite
different. In the vacuum, the effective static potential between a c and a c̄ can be written as

V (r) = −4

3

αs(r)

r
+ σr , (6.16)

as recently confirmed in lattice QCD computations, see, e.g., Ref. [388]. The first and the second
term in eq. (6.16) are associated with one-gluon exchange and a linear confinement potential,
respectively. At finite temperature, the potential is modified due to color screening, which can
be implemented in a phenomenological way as [399]

Vmed(r) = −4

3

αs(r)

r
e−mDr + σr

(

1− e−mDr

mDr

)

, (6.17)

where 1/mD(T ) is called Debye screening length. The heavy-quark free energies computed in
lattice QCD [398] at different temperatures are, however, more involved, cf. Fig. 6.1. In par-
ticular, as discussed in the preceeding Sec. 6.1, it is currently an open question whether the
free energy, F = U − TS, or the internal energy, U , is the appropriate quantity to be iden-
tified with a heavy-quark potential suitable for use in in Schrödinger or Lippmann-Schwinger
equation [400, 401, 289, 402, 403, 404]. In any case, due to the weakening of the potential with
increasing temperature, the resonant states of cc̄ dissociate at some Mott temperature Td [323].
If the maximum temperature of the medium produced in heavy-ion collisions reaches the Mott
temperature, the Debye screening effect results in anomalous charmonium suppression. Recent
lattice calculations of charmonium spectral functions in the deconfined phase suggest that the
J/ψ can survive up to temperatures of Td ' 1.6 − 2 Tc [405, 406, 407] (Tc: (pseudo-) critical
temperature of the deconfined phase transition), while the excited states ψ ′ and χc disappear
around Tc [406], see also Sec. 6.1. Employing the heavy-quark potential extracted from the
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Figure 6.15: The J/ψ suppression at SPS energy. The solid line is the calculation in the
threshold model and the dashed line is the result with only nuclear absorption. The figure is
taken from Ref. [420].

lattice calculation, the potential models generally support the results from the spectral func-
tion analyses [400, 401, 289, 402, 403, 404], even though no quantitative conclusions on the
dissociation temperatures have been reached yet. A common conclusion from the lattice-based
calculations is that different charmonium states correspond to different dissociation tempera-
tures. This leads to the sequential dissociation model [600] of describing anomalous charmonium
suppression: With continuously increasing temperature of the fireball, ψ ′ will melt first, then
χc dissociates, and finally J/ψ disappears. Considering the fact that about 40% of the final
state J/ψ’s originate from the decay of ψ ′ and χc in p+p and p+A collisions, the anomalous
J/ψ suppression in Pb+Pb collisions at SPS is associated with the dissociation of ψ ′ and χc
in the produced fireball. A precise measurement on ψ ′ and especially on χc yield in the fu-
ture can help to check the sequential model. Along similar lines, J/ψ suppression in hot and
dense medium has been described in a general threshold model without considering microscopic
dynamics [419]. In this model the J/ψ suppression function is written as

SJ/ψ(b) =

∫

d2s SnuclJ/ψ (b, s) Θ(nc − np(b, s)) , (6.18)

where SnuclJ/ψ (b, s) is the J/ψ survival probability after nuclear absorption, b is the impact pa-

rameter, and s is the transverse coordinate of J/ψ. The density np(b, s) in the step function is
proportional to the energy density of the matter at position (b, s). In the hot and dense part of
the fireball, where np is larger than a critical value nc, all the J/ψ’s are absorbed by the matter,
and those J/ψ’s outside this region only suffer normal suppression. The threshold density nc in
this model is a parameter, taken, e.g., as the maximum np in S+U collisions at SPS (where no
anomalous J/ψ suppression is observed). If the matter with np > nc is QGP, the critical density
nc can be considered as the threshold value to create QGP. Despite its simplicity, the threshold
explains well the anomalous suppression in Pb-Pb collisions at SPS [420], see Fig. 6.15.

The above analyses utilizing the Debye screening effect is typically based on the simplifying
assumption of a constant temperature in connection with a sharp transition of the inelastic
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charmonium widths from zero (stable below Td) to infinity (dissolved above Td). However, the
volume of the produced fireball in relativistic heavy-ion collisions is relatively small and expands
rapidly, implying rather fast temperature changes and short fireball lifetimes. In this case, the
conclusion from the static Debye screening effect may deviate from the real system, and it
becomes essential to include the concrete interactions between partons and charmonia, leading
to sizable inelastic reaction rates comparable to the fireball expansion (or cooling) rate. In
particular, the charmonia can be destroyed below the dissociation temperature. Debye screening
is still operative, by controlling the binding energy which in turn determines the phase space
(and thus the width) of the dynamic dissociation reactions [298]. An important such process in
the QGP is the (leading-order) gluon dissociation process [408] g+J/ψ → c+c̄, in analogy to the
photon dissociation process of electromagnetic bound states [409]. For small binding energies
(i.e., when approaching the dissociation temperature), the phase space for gluon dissociation
shrinks and next-to-leading order (NLO) processes take over [298, 410], most notably inelastic
parton scattering g(q, q̄) + J/ψ → g(q, q̄) + c + c̄. Not only partons in the deconfined phase
can induce anomalous suppression, but also the secondary particles like π, ρ and ω (so-called
comovers) in a hot and dense hadron gas can interact with charmonia inelastically and cause J/ψ
suppression [411, 412, 413, 414]. The suppression due to the comover effect can be schematically
expressed as

ScoJ/ψ = e−
R

dτ〈vσco〉ρco(τ) , (6.19)

where ρco(τ) is the comover density at proper time τ at the J/ψ’s position, and the inelastic
cross section (multiplied by the relative velocity) is averaged over different kinds of comovers
and the interaction energy. The comover density, ρco(τ), is normally obtained through some
kind of evolution mechanism of the matter (generally assumed to be of Bjorken-type, i.e.,
proportional to the inverse of the proper time, 1/τ), and is fitted to the measured final-state
hadron yield dNh/dy. The cross section σco is an adjustable parameter in the calculation. In
some calculations the comover densities turn out to be rather high, corresponding to energy
densities well above the critical one computed in lattice QCD. Consequently, the pertinent
comover-interaction cross section assumes rather small values, e.g., σco = 0.65 mb in Ref. [414],
which are more suitably interpreted as partonic comover interactions.

A more detailed description of the matter evolution together with a dynamical treatment of
the interactions between charmonia and comovers has been carried out in the hadronic transport
models UrQMD [415] and HSD [629] where the J/ψ motion is traced microscopically throughout
the medium. The charmonium-hadron cross sections, however, remain input parameters to these
models. Alternatively, one may employ theoretical calculations of charmonium dissociation cross
sections with light mesons, as computed in either quark [416] or hadronic models [417, 418]. By
adjusting the comover cross sections (and possibly other parameters, such as formation times),
interactions at the hadron level can reproduce the SPS data of J/ψ suppression [414, 629], see
Fig. 6.16.

Motivated by the lattice QCD findings of surviving J/ψ bound states well above Tc, recent
work in Ref. [422] has treated the formation and evolution of c-c̄ correlations more microscopi-
cally. In a weakly coupled QGP (wQGP), charm quarks would fly away from each other as soon
as enough energy is available, while in a strongly coupled QGP (sQGP), the strong attraction
between quarks (see Fig. 6.1), as well as their small diffusion constant in the sQGP, opens the
possibility of returning to the J/ψ ground state, leading to a substantial increase in survival
probability [422]. The charm-quark motion in the medium is described by a Langevin equation,

d~p

dt
= −γ~p+ ~η − ~∇V, (6.20)
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Figure 6.16: The J/ψ suppression at SPS energy. The lines represent calculations in the comover
model. The figure is taken from Ref. [414].

where ~η is a Gaussian noise variable, normalized such that 〈ηi(t)ηj(t′)〉 = 2mcT with i, j indexing
transverse coordinates (mc: charm quark mass). For strongly coupled matter, the drag coeffi-

cient characterizing the thermalization of charm quarks in the medium is large, γ ' (2−4) πT 2

1.5mc
.

Taking the internal energy as the heavy-quark potential (extracted from a lattice-QCD com-
puted free energy, see Fig. 6.1) the survival probability of charmonia in sQGP is larger than that
in wQGP. This qualtitatively explains why there is no large difference between suppressions at
SPS and RHIC. When using effective potentials which are identified with the free energy, F , or
a linear combination the internal energy U and F , the charmonium binding is less pronounced
leading to dissociation temperatures (i.e., zero binding) below 1.5 Tc even for the J/ψ, as com-
pared to above 2 Tc when employing U [400, 289]. We also recall that a small charm diffusion
constant can be obtained from elastic c-quark interactions based on the internal energy as a
potential, cf. Sec. 5.2.2.

6.3.3 Regeneration

The normal and anomalous suppressions discussed above apply to initially produced charmonia.
In A+A collisions at SPS energy and below, there is typically no more than one cc̄ pair produced
per central Pb-Pb collision (Ncc̄'0.2 at Elab=158 AGeV). Thus, if the two quarks can not
form a (pre-resonant) charmonium bound state close to their creation point, the probability to
recombine in the medium and form a resonant state is small and can probably be neglected.
However, for nuclear collisions at collider energies (RHIC and LHC), the situation becomes
quite different. In a central Au+Au collision at the maximum RHIC energy, about 10-20 cc̄
pairs are produced [390, 300], and the uncorrelated c and c̄ from different pairs have a significant
probability (proportional to square of the number of cc̄ pairs) to meet and form a charmonium
bound state in the medium. The J/ψ regeneration in partonic and hadronic (or mixed) phases
arises as a possible new mechanism for charmonium production in heavy-ion collisions at RHIC
and LHC.

Within the statistical hadronization model, charm quarks are assumed to equilibrate kineti-
cally and secondary charmonium production entirely occurs at the hadronization transition, as
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discussed in Sec. 6.2.
Recent lattice calculation of charmonium spectral functions [405, 406, 407] (see also Sec. 6.1)

suggest that J/ψ can exist in a thermal environment at temperatures well above the decon-
finement phase transition. Therefore, unlike in the statistical model, charmonia in the kinetic
formation model [429, 430, 431, 432, 433, 434] can be regenerated continuously throughout
the QGP region, and the formed J/ψ’s reflect the initially produced charm-quark spectra
and their modification due to the interaction with the medium. In the kinetic approach of
Refs. [429, 430, 431], J/ψ production during the entire lifetime of ithe deconfined phase is
dynamically calculated through (related) formation and dissociation processes at finite temper-
ature and density. The simplest dissociation reaction utilizes absorption of individual (decon-
fined) gluons in the medium to “ionize” the color-singlet J/ψ, g + J/ψ → c+ c̄, resulting in a
cc̄ pair in a color-octet state. The inverse of this process serves as the corresponding formation
reaction, in which a cc̄ pair in a color-octet state emits a color-octet gluon and falls into the
color-singlet J/ψ bound state. The dissociation cross section σD has been calculated in the
OPE-based model of gluon dissociation of a deeply bound heavy quarkonium [435, 436], and
the formation cross section is obtained through detailed balance. The competition between the
J/ψ formation and suppression is characterized by the kinetic equation [431]

dNJ/ψ

dτ
= λFNcNc̄/VFB(τ)− λDNJ/ψρg , (6.21)

where ρg is the gluon density in the thermalized medium, and λ = 〈σvrel〉 the reactivity de-
termined by the inelastic cross section (σ) and initial relative velocity (vrel), averaged over the
momentum distribution of the initial particles. The fireball volume, VFB, is modeled according
to the expansion and cooling profiles of the heavy-ion reaction zone. The first term on the
right hand side of eq. (6.21) represents formation, and the second term accounts for anoma-
lous suppression of the produced charmonia in the medium. Due to the quadratic behavior
of the formation rate on the charm-quark number, one expects an increase with centrality of
formed J/ψ per binary collision. The medium is usually considered as an ideal gas of quarks
and gluons, described by perfect Bjorken (1+1 dimensional) hydrodynamics. Integrating (6.21)
over the QGP lifetime, one obtains the final J/ψ yield [429]. When investigating charmonium
3-momentum spectra [431] even the use of pQCD calculated charm-quark distributions leads to
rapidity and transverse-momentum spectra of the formed quarkonia which are narrower than
those expected from diagonal pairs (initially created together) in the absence of a deconfined
medium. For thermalized charm quarks with collective flow controlled by hydrodynamics, the
J/ψ spectra are substantially narrower and contain information on those of the underlying
heavy quarks.

A common assumption of the statistical hadronization model [424] and the above kinetic
model [429] is that the initially produced charmonia are entirely destroyed (or not formed)
in the (early) QCD medium. This is probably a good approximation for central heavy-ion
collisions at RHIC and LHC energies, but for nuclear collisions at SPS and lower energies, as
well as for peripheral collisions and light ions (even at higher energies), one needs to include
initial production together with normal and anomalous suppressions. This was first done in
the two-component model of Refs. [298, 437], where the final yield of charmonia is the sum of
“direct” and “thermal” production,

NJ/ψ = Ndir
J/ψ +N th

J/ψ . (6.22)

The direct component are charmonia initially produced via hard processes with subsequent nu-
clear absorption and anomalous suppression in the QGP [298, 437]. Regeneration in this model
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Figure 6.17: The centrality dependence of the nuclear modification factor R
J/ψ
AA calculated in

the thermal rate-equation approach of Ref. [432] at RHIC energy. The figure is taken from
Ref. [438].

is restricted to statistical hadronization at the boundary of the confinement phase transition, as
in the statistical hadronization model. Both direct and thermal components are subsequently
subject to hadronic dissociation processes. The two-component model has been further devel-
oped into a kinetic rate-equation approach in Ref. [432], where a differential equation similar
to eq. (6.21) has been solved in an expanding thermal fireball background,

dNΨ

dτ
= −ΓΨ(NΨ −N eq

Ψ ) , (6.23)

formulated in terms of the charmonium equilibrium limits, N eq
Ψ , and inelastic dissociation rates,

ΓΨ. The former have been evaluated including in-medium masses of charm quarks and open-
charm hadrons in the QGP and hadron gas (HG), respectively, as well as a schematic correction
for incomplete thermalization (determined by a charm-quark relaxation time, τ eq

c ); the inelastic
reaction rates account for in-medium binding energies of charmonia. The above form of the rate
equation allows to incorporate inelastic processes beyond 2↔ 2 scattering, which is particularly
important for small charmonium binding energies where inelastic 2 ↔ 3 processes, g(q, q̄) +
J/ψ → g(q, q̄)+ c+ c̄, become important (instead of gluo-dissociation used in the kinetic model
of Ref. [429]). In the HG, inelastic interactions with pions (π+ J/ψ → D+ D̄∗, D̄+D∗) and ρ
mesons (ρ+ J/ψ → D+ D̄,D∗ + D̄∗) are accounted for, which mostly affect the ψ ′ abundance.
This approach has largely confirmed the results of the 2-component model and can describe
well the J/ψ production from SPS to RHIC energy. At SPS energy, the direct production
prevails over the thermal component for S+U (Elab = 200 A GeV) and Pb+Pb (Elab = 158 A
GeV) collisions at any centrality [437]. The thermal contribution sets in when the temperature
of the system reaches the critical value for deconfinement phase transition and grows with
increasing open-charm production. At RHIC energy, the J/ψ yield is still dominated by initial
production for peripheral collisions, but regeneration becomes comparable (or even exceeds)
direct production for semi-/central collisions, albeit a significant uncertainty due to incomplete
charm-quark thermalization remains [438, 439], see Fig. 6.17.

In the above kinetic rate equation approaches, charmonia are essentially regenerated at or
before the hadronization transition. J/ψ regeneration may also occur in hadron matter by
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considering the backward channels D + D̄ → J/ψ+ mesons through detailed balance [629].
While the regeneration is negligible at SPS energy, its contribution to the final J/ψ yield is
essential and comparable to the dissociation by the comoving mesons at extremely relativistic
energies (note, however, that the comover densities may be of the same magnitude as the critical
energy density, εc '1 GeV/fm3). Also in this approach, regeneration explains why the total
J/ψ suppression at RHIC energy as a function of centrality is similar to the suppression at SPS
energy [440].

Recent RHIC data on the rapidity dependence of the nuclear modification factor [441] show
that the J/ψ yield in the forward rapidity region (|y| ∈ [1.2, 2.2]) is smaller than that in the
central rapidity region (|y| < 0.35). This phenomenon is hard to explain in models with only
initial production mechanisms, since the anomalous suppression in the central region, where
the highest temperatures are expected, should be stronger than that at forward/backward
rapidities. Considering that the regeneration occurs mainly in the central region, this J/ψ
rapidity dependence is probably an evidence for charmonium regeneration in heavy ion collisions
at RHIC [426, 442].

6.3.4 Transverse-Momentum Distributions

All models for inclusive J/ψ yields – with and without the assumption of a QGP and with
and without regeneration mechanism – describe the observed suppression after at least one
parameter is adjusted. Transverse-momentum distribution may depend more directly on the
production and regeneration mechanisms and, therefore, contain additional information about
the nature of the medium and J/ψ, thus helping to distinguish between different scenarios.

Anomalous suppression is not an instantaneous process, but takes a certain time depending
on the mechanism. During this time the produced charmonia with high transverse momentum
may “leak“ out the parton/hadron plasma and escape suppression [323]. As a consequence,
low-pt charmonia are more likely to be absorbed, and consequently the average transverse
momentum of the observed charmonia will show an increase which grows monotonically with
the average lifetime of the plasma. A self-consistent way to incorporate the effect of leakage into
the various models is through charmonium transport equation in phase space [443, 444, 445].

The medium created in high-energy nuclear collisions evolves dynamically. In order to
extract information about the medium by analyzing the J/ψ distributions, both the hot and
dense medium and the J/ψ production processes must be treated dynamically. Due to its large
mass, the J/ψ is unlikely fully thermalized with the medium. Thus its phase space distribution
should be governed by transport equation including both initial production (incl. anomalous
suppression) as well as regeneration. The charmonium distribution function, fΨ(pt,xt, τ |b)
(Ψ = J/ψ, ψ′, χc), in the central rapidity region and in the transverse phase space, (pt,xt), at
fixed impact parameter b is controlled by the classical Boltzmann transport equation [434]

∂fΨ

∂τ
+ vΨ · ∇fΨ = −αΨfΨ + βΨ . (6.24)

The second term on the left-hand side arises from free streaming of Ψ with transverse veloc-

ity vΨ = pt/
√

p2
t +m2

Ψ which leads to the leakage effect. The anomalous suppression and

regeneration mechanisms are reflected in the loss term αΨ and gain term βΨ, respectively. It
is assumed that the medium locally equilibrates at time τ0, after nuclear absorption of the
initially produced J/ψ’s has ceased. The latter effect can be included in the initial distribution,
fΨ(pt,xt, τ0|b), of the transport equation.
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Figure 6.18: The suppression factor and 〈p2
t 〉 for J/ψ in Pb+Pb collisions at SPS as a function of

transverse energy Et. The dotted and solid lines are calculated with the comover model without
and with considering the leakage effect, respectively. The figure is taken from Ref. [444].

When the loss and gain terms are known, the transport equation can be solved analytically
with the result

fΨ(pt,xt, τ |b) = fΨ(pt,xt − vΨ(τ − τ0), τ0|b)e
−

R τ
τ0
dτ ′αΨ(pt,xt−vΨ(τ−τ ′),τ ′|b)

+

∫ τ

τ0

dτ ′βΨ(pt,xt − vΨ(τ − τ ′), τ ′|b)e−
R τ

τ ′
dτ”αΨ(pt,xt−vΨ(τ−τ”),τ”|b).(6.25)

The first and second terms on the right-hand side indicate the contribution from initial pro-
duction and continuous regeneration, respectively. Both suffer anomalous suppression. The
coordinate shift xt → xt − vΨ∆τ reflects the leakage effect during the time period ∆τ .

At SPS energy [443, 444] regeneration can be neglected by setting βΨ = 0. In the comover-
interaction model [414] for the suppression mechanism, the J/ψ suppression and averaged trans-
verse momentum 〈p2

t 〉 are shown in Fig. 6.18. The calculation without leakage, obtained by
setting vΨ = 0, does not fit the data for 〈p2

t 〉, even in the domain of low transverse energy, Et
(which in the NA50 experiment is used as a measure of centrality). Only when the leakage effect
is taken into account, the calculation agrees well with the data. Since only high-pt charmonia
are sensitive to the leakage effect, and since they are only a small fraction of the inclusive yield,
both calculations with and without leakage can fit the J/ψ yield very well. The leakage effect
on the transverse-momentum distribution is not sensitive to the underlying mechanism; the
calculation [444] with the threshold model [420] as the suppression mechanism gives a similar
structure of 〈p2

t 〉 for J/ψ.
At RHIC energy [445, 434] we should include the contribution from the continuous regen-

eration in QGP (see also Refs. [431, 426, 439]). Since the hadronic phase occurs later in the
evolution of heavy ion collisions when the density of the system is lower compared to the early
hot and dense period, the hadronic dissociation can, as a first approximation, be neglected.
Considering only the gluon dissociation process for the loss term αΨ and its inverse process for
the gain term βΨ, and determining the thermal gluon distribution and the QGP space-time
region by solving the ideal hydrodynamic equations, the 〈p2

t 〉 of the J/ψ is shown in Fig. 6.19
as a function of the number of binary collisions, Ncoll. For both the pQCD calculated (left
panel) and thermalized (right panel) charm-quark distributions, the momentum spectra are
indeed more sensitive to the production mechanism than the integral yield. For the initially
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t 〉 for J/ψ at RHIC energy as a function of number of binary collisions. The

left and right panel correspond to pQCD calculated and thermalized charm-quark distributions,
respectively. The figure is taken from Ref. [434].

produced J/ψ’s, the multiple gluon scattering in the initial state and the leakage effect due to
the anomalous suppression lead to a 〈p2

t 〉 broadening. For the regenerated J/ψ’s, the charm
quarks in the pQCD scenario undergo no rescattering in the initial state nor in the QGP, and
they are similar to the statistical distribution in the thermal scenario. The 〈p2

t 〉 of the regen-
erated J/ψ’s is much smaller than that of the initially produced J/ψ’s. In both scenarios, only
the full calculation with both production mechanisms can fit the experimental data reasonable
well. Since the collective flow develops with time, the 〈p2

t 〉 for the suddenly produced J/ψ’s on
the hadronization hypersurface should be larger than the result for continuously regenerated
J/ψ’s in the whole volume of QGP.

6.3.5 Charmonia in Heavy-Ion Collisions at Low Energies

While in heavy-ion collisions at RHIC and LHC the formed medium is characterized by high
temperatures and low net baryon densities, at relatively low energies, such as at FAIR, highly
compressed baryon matter at low temperature is anticipated. Monte Carlo simulations [446]
indicate the maximum energy and baryon density in a central Au+Au collision at FAIR energy
to reach ε ∼ 6 GeV/fm3 and ρ/ρ0 ∼ 10, see the detailed discussion in Part III of this book. In
the following, we will give a qualitative discussion of some of the trends one might expect in
the FAIR energy regime, based on the experimental and theoretical lessons at higher energies
as discussed above.

Normal vs. Anomalous Suppression. At low energies, regeneration in both the partonic and
hadronic medium is expected to be small and the initial production will dominate the charmo-
nium yield. Normal nuclear absorption of the directly produced charmonia is in the time period
t < td. At RHIC and LHC energies, where the collision time td is small and the lifetime of the
partonic medium large, nuclear absorption is not a dominant factor, compared to anomalous
suppression. However, at low energies, where the collision time td is much longer and the life-
time of partonic medium is much shorter, nuclear absorption becomes important, possibly the
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dominant effect. It has even been argued [447] that heavy quark re-scattering in a cold nuclear
medium can fully account for the observed J/ψ suppression in Pb+Pb collisions at SPS energy,
without considering further suppression in the hot medium created in the later expansion stages.

Transverse-Momentum Spectra. In comparison with the regenerated charmonia in the
medium, the initially produced charmonia through hard processes have larger transverse mo-
mentum. At RHIC, the superposition of initial production and regeneration for J/ψ’s leads to
a roughly constant (or even slightly decreasing) average transverse momentum squared, 〈p2

t 〉,
with centrality [428, 434, 439]. However, at FAIR energy, the 〈p2

t 〉 of the J/ψ’s (dominated
by initial production) should increase with centrality, due to the Cronin effect, i.e., the initial
multiple scattering of gluons with nucleons (prior to the hard scattering leading to charmonium
production).

Formation Time Effects. The time for the medium created in heavy ion collisions to reach
thermal equilibrium is short at high energies, about 0.5 fm/c at RHIC and 0.1 fm/c at LHC, and
long at low energies, at least 1 fm/c at FAIR (the time interval between first contact and full
nuclear overlap is already ∼1.5 fm/c). Considering a finite formation time of charmonia, about
0.5 fm/c, J/ψ’s are easily dissociated in the hot medium at RHIC and LHC, but might survive
in the medium at low energies. Since charmonia are difficult to be thermalized at low energies,
their elliptic flow at FAIR will be smaller than that at RHIC and LHC. Charmonia studies at
FAIR may also present a possible way to distinguish different scenarios of J/ψ suppression [448].
For instance, when after adjusting the suppression at SPS energy, the suppression at FAIR by
comovers will be stronger than that by threshold melting; in addition, for the ψ ′/ψ ratio, the
comover scenario predicts a smooth excitation function, contrary to a step-like structure for
threshold melting. See Part IV of this book for more details.

Medium Effects. It is widely believed that chiral symmetry governs the low-energy proper-
ties and dynamics of hadrons in the vacuum and at finite temperature and density. The chiral
symmetry restoration transition at high temperature (small baryon density) is a crossover, while
it presumably becomes a first order phase transition at high density. Both the QCD sum rule
analysis [449] and the LO perturbative QCD calculations [435] suggest that the J/ψ mass is
reduced in nuclear matter due to the reduction of the gluon condensate. At SPS energy, chi-
ral symmetry restoration reduces the threshold for charmonium break-up and could lead to a
step-like behavior of the reaction rate, as suggested to account for the anomalous J/ψ suppres-
sion [450]. The study of the ratio ψ′/ψ at SPS shows the importance of the hadronic phase for
ψ′ interactions, possibly related to the effect of chiral symmetry restoration [432]. Another high
density effect is the Friedel oscillation in the single-particle potential induced by a sharp Fermi
surface at low temperature, which is widely discussed in nuclear matter and quark matter [451].
The heavy-quark potential at zero baryon density, shown in Fig. 6.1, decreases monotonously
with increasing temperature. In compressed baryon matter, however, the potential may oscil-
late and approach the weak coupling limit very slowly. This could imply that J/ψ’s survive in
a wide region of high densities.

Charmed Baryons. The importance of charmed baryons at low energies has been recently
discussed in Ref. [299] within the statistical hadronization model. While the J/ψ and ψ ′ yields
relative to the total number of cc̄ pairs are roughly independent of collision energy over a wide
region from FAIR to RHIC, the relative yield for charmed baryon Λc decreases strongly with
increasing energy, exceeding the yield of D mesons at the low-energy end. This indicates that

133



the investigation of open-charm production at low energies mandates the inclusion of charmed
baryons.
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Chapter 7

Excitations of
Color-Superconducting Matter

7.1 Color Superconductivity in the QCD Phase Diagram

(by D. Blaschke)
Color-superconducting quark matter phases play an important role in the discussion of the

QCD phase diagram at low temperatures and intermediate till high densities. Predictions in the
vicinity of the deconfinement phase transitions rely on effective models since systematic methods
(lattice QCD, perturbative QCD, Hard Dense Loop approximantion) do not apply. The status
of the field is summarized in recent reports, e.g. [484, 485, 486] and useful references are found
therein. Out of the many phases discussed the phase eventually relevant for heavy-ion collisions
at high baryon densities is the two-flavor superconducting (2SC) phase where the scalar di-quark
field develops a non-vanishing mean value, the corresponding energy gap is of the order of 100
- 200 MeV leading to estimates for the critical temperature in a large range between 20 and
100 MeV. Most of the microscopic model calculations of the phase diagram and properties of
in-medium fluctuations are performed in NJL-type models [486]; promising approaches, closer
to QCD, with dynamical quark self energies are covariant nonlocal approaches [487, 488]. We
give examples for the 2SC phase boundaries of these two types of models in Fig. 7.1 their
boundaries

7.2 Strong decays of mesonic resonances

In the mean-field approximation, the ground state of the color-neutral quark matter with 2
flavors corresponds to the minimum of the zero-temperature thermodynamic potential density,
Ω, which in a four-quark model of the NJL type looks as

Ω(m,∆) =
(m−m0)

2

4G
+
|∆|2
4Hs

− 4
∑

±

∫

d3q

(2π)3
|E±

∆| − 2
∑

±

∫

d3q

(2π)3
|Ĕ±|, (7.1)

where E±
∆ =

√

(E±)2 + |∆|2, E± = E ± µ̄ and Ĕ± = E ± µ̆ are dispersion laws of quarks and

anti-quarks in the 2SC phase, with E =
√

~q2 +m2 being the quark dispersion law in vacuum,
m the constituent quark mass and µ̄ = µ + µ8, µ̆ = µ − 2µ8, with µ and µ8 being the quark
baryonic chemical potentials (the main and the one related to the color-charge Q8, respectively).
The interaction strength of the standard and di-quark channels is described by constants G and
Hs. In the 2SC phase, there is a gap, ∆, in the dispersion law of quarks.
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To find the minimum of Ω, one should solve the gap equations

∂Ω(m,∆;µ, µ)

∂m
=
∂Ω(m,∆;µ, µ8)

∆
= 0, (7.2)

while keeping the quark matter color-neutral:

〈Q8〉 = −
∂Ω(m,∆;µ, µ8)

∂µ8
= 0. (7.3)

Solving these equation, one obtains values of the gaps, as shown in Figs. 7.2.
The calculation of masses of meson and diquark states requires two-point correlators of re-

lated quark cu-rrents. The masses are found as the values of energy at zero-valued 3-momentum
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that correspond to the poles of the correlators. Results of numerical calculations performed in
[490] are presented in Figs. 7.3 and 7.4.

In the phase with color superconducting quark matter, mesons can, in principle, decay to
free quarks. However, there is some reason for decays of the σ and π mesons to be suppressed
in these conditions. As it has been discussed in [501, 490], in the 2SC phase the σ- and π-
mesons turn to be quasi-particles with quantum numbers of a scalar isoscalar and a pseudoscalar
isovector meson, respectively. These quasi-particles have almost degenerate masses because
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chiral symmetry is almost restored in these conditions, and the pion is as heavy as the σ-meson
with the mass about 300 MeV. Nevertheless, a direct decay of a pion to free quarks is forbidden
at zero temperature. Moreover, it turns out that the σ-meson is also stable if its mixing with
di-quarks is neglected (numerically, it is very small). As a consequence, one should observe a
narrow state with vacuum quantum numbers and with the mass near 300 MeV.

The reason for the mesons stability comes from the following: A decay of a meson means
that its constituents become free and move with four-momenta satisfying their dispersion laws.
In the 2SC phase, the quark and anti-quark have gaps in the dispersion laws that push up their
energy so high that their total energy should have at least ∼700 MeV to move freely. But there
are poles in the propagators of the σ-meson and pion at the energy about 300 MeV just a little
above the phase transition. This means that the paired quarks cannot take there places on the
mass-shall to begin their free motion and have to remain bound inside the meson. As there are
unpaired quarks in the 2SC phase, one can think that they could contribute to the decay. In
fact, insofar as free quarks appear in pairs (a quark and an anti-quark), the total energy that
is necessary to create such a pair is the sum of the creation energies both of the quark and the
antiquark. It turns out that the energy is enough to produce a free pair because there is no gap
in the dispersion law for unpaired quarks. Nevertheless, it turns out that at zero temperature
their energy levels are already occupied by other quarks from the medium; as there cannot
be two fermions with the same quantum numbers at the same time and place, such decay is
suppressed, according to the Pauli blocking principle.

One should note here that once the mixing of σ-meson with the scalar di-quarks is taken
into account the σ-meson can decay to quarks via the di-quark channel. In this case, the rate
of σ decay depends on the mixing and is numerically very small.

In order to illustrate the explanations above, it is instructive to display the part of the two-
point correlator of pseudoscalar isovector currents that determines the inverse pion propagator.
The calculations carried out by authors in [490] give the following result:

Πab(p0) =
δab
2G
− 8δab

∫

d3q

(2π)3
E+

∆E
−
∆ +E+E− + ∆2

E+
∆E

−
∆

E+
∆ +E−

∆

(E+
∆ +E−

∆)2 − p2
0

−

−16δab

∫

d3q

(2π)3
θ(E − µ̆)E

4E2 − p2
0

≡ δabΠ(p0), (7.4)

One can see from (7.4) that the inverse propagator of the pion can acquire an imaginary
part (which represents its decay rate and is proportional to the pion width) only if the denom-
inators of the integrand can be equal zero somewhere in the integration region. In fact, the
integrands are not singular if the parameters correspond to on-shell pions in the 2SC phase.
Look, the quantity (E+

∆ +E−
∆)2 is an increasing function of 3-momentum and has the minimal

value
√

(µ̄−m)2 + |∆|2 +
√

(µ̄+m)2 + |∆|2 which is larger than 700 MeV. The second sin-
gularity (see the last integral in (7.4) is disabled because it is cut out by the θ-function that
determines the energy spectrum of fermion states which are allowed, according to the Pauli
blocking principle.

7.3 Pre-Critical Phenomena of Color Superconductivity

(by M. Kitazawa and T. Kunihiro)

So far, we have discussed possible experimental signatures of the creation of the color-
superconducting quark matter. In this section, we shall consider quark matter in the normal
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phase but near the critical temperature Tc of the color superconductivity and discuss the possi-
bility to observe pre-critical phenomena of color superconductivity by the heavy-ion collisions.
Our discussions are based on the observation that there can exist a rather wide pre-critical re-
gion of the color superconductivity in the T -µ plane at moderate density, as shown in Fig. 7.1:
The large fluctuations of the diquark-Cooper pair field can survive even well above Tc owing
to the strong coupling nature of the quark matter[582, 583]. The large di-quark pair fluctu-
ations may affect various observables leading to distinct precursory phenomena of the color
superconductivity[582], and one may think of the possibility to see precursory phenomena of
color superconductivity in the quark matter possibly created by the heavy-ion collisions even if
the created matter is not cold enough to realize the color superconductivity.

In the extremely high-density region, the perturbative calculation should be valid and it
shows that the quark matter in this region is the color superconductor of a strong type-I in
which the fluctuations of the gauge fields dominate those of the di-quark-pair field[585]. The
phase transition to the color-superconducting phase is a first order due to the gauge fluctuations
in this region. On the other hand, the color superconductivity is expected to turn to a type-II
at lower density[586]. Therefore, it should be appropriate to consider only the effect of the pair
fluctuations at moderate density which is relevant to heavy-ion collisions.

The low energy effective models yield a large di-quark gap ∆ ∼ 100 MeV at moderate
densities and vanishing temperature [486]. This implies that the ratio of the diquark coherence
length to the average inter-quark length, which is proportional to EF /∆ with EF being the
Fermi energy, can be as small as ∼ 10. This value is more than two or three order smaller
than those of the metal superconductors; the stronger the interaction between the quarks, the
shorter the coherence length, which can be as small as almost the same order of the inter-quark
distance [587, 588]. The short coherence length implies that the fluctuation of the pair field is
significant and the mean-field approximation looses its validity.

It is known that the large fluctuations cause an excess of the specific heat, which eventually
diverges at Tc owing to the critical fluctuations for the second order transition [583, 581]; such an
anomalous increase of the specific heat may affect the cooling of the proto-compact stars. Here
one should, however, notice that the critical divergence of the specific heat is essentially due to
the static fluctuations of the pair field [589]. The analysis of the static fluctuations around the
critical temperature as seen in the specific heat leads to the notion of the Ginzburg-Levanyuk
region where the fluctuation overwhelms the mean-field [583, 581].

In the following, we turn to the discussions on the dynamical fluctuations of the di-quark
pair field. At finite temperature, the dynamical fluctuations of the pair field become also signif-
icant and develop a well-defined collective mode as the temperatures is lowered toward Tc if the
color superconducting phase transition is of second order or of weak first order. A calculation
using the Nambu-Jona-Lasinio model shows that it is the case: The spectral function of the
diquark fluctuations gets to have a sharp peak in the low-energy region at about T = 1.2Tc, and
the peak position decreases as the temperature is lowered toward the critical temperature[582].
The collective mode associated with the fluctuations of the order parameter is called the soft
mode of the phase transition.

Are there interesting phenomena owing to the existence of the soft mode of the color super-
conductivity in the heated quark matter at moderate densities? One of them is the formation
of a pseudo-gap in the density of states (DOS) of quarks, i.e., an anomalous depression in
the DOS around the Fermi surface [584, 581]: The DOS of the quark matter is calculated in
Ref. [584] in the low-energy effective model: Here, the quark propagtor is modified due to the
coupling with the fluctuating pair-field or the pairing soft mode, as shown in Fig. 7.5. The
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Figure 7.5: The Feynman diagrams representing the quark Green function in the T-matrix
approximation employed in Ref. [581]. The thin (bold) lines represent the free (full) propagator
and the wavy line denotes the pairing soft mode.
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Figure 7.6: Density of states for quark matter near but above Tc with several reduced tem-
peratures ε ≡ (T − Tc)/Tc and quark chemical potentials µ[584]. One sees a clear pseudogap
phenomenon irrespective of µ near Tc.

resulting DOS above Tc is shown in Fig. 7.6 for several values of the quark chemical potential
µ = 350, 400, 500MeV. One clearly sees that there appears a depression in the DOS around the
Fermi energy for each µ near Tc, and they survive up to ε ≡ (T − Tc)/Tc ≈ 0.1 irrespective of
µ[584, 581]. In other words, there is a “pseudo-gap region” within the QGP phase above Tc up
to T ∗ = 1.1Tc at moderate densities. One should notice that the pseudo-gap in the DOS is a
reflection that the quarks around the Fermi surface have a short life time owing to the decay
process q→ hole+(qq)soft emitting the soft mode like Cherenkov process. This short-livedness of
the quarks around the Fermi surface means that the heated quark matter at moderate densities
can not be a Fermi liquid [581, 592]. It is noteworthy that the pseudo-gap formation is known
as a characteristic behavior of the materials which become the high-Tc superconductors(HTSC)
[591, 590]. Thus heated quark mater at moderate densities is similar to the HTSC materials
rather than the usual superconductors of metals.

What observables are most favorable to see the effect of the existence of the soft mode
composed of the fluctuations of the pair field in the quark matter? It is known in the condensed
matter physics that pair fluctuations above Tc cause a large excess of the electric conductivity,
which is called the para-conductivity. Two microscopic mechanisms that give rise to such an
anomalous conductivity are identified and called Aslamazov-Larkin and Maki-Thompson terms
[593], both of which are depicted in Fig. 7.7: The dotted lines in the figure denote the gauge
field, i.e., the electro-magnetic field (or the photon) in this case. The color-conductivity would
be also enhanced by the similar mechanisms near Tc of the color superconductivity, although it
would be difficult to detect the conductivities directly in experiments. However, an idea is that
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γµ γν

Aslamasov-Larkin term
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γµ γν

Maki-Thompson term

external gauge field
(photon or gluon)

Figure 7.7: The diagrams that contribute to the photon (or gluon) self-energy representing the
Aslamazov-Larkin (left) and the Maki-Thompson (right) terms[581]. The wavy lines denote the
soft mode.

the diagrams shown in Fig. 7.7 can be interpreted as modifications of the self-energy of the gauge
fields, i.e., Πµν(Q) = F [iθ(t)〈[jµ(x), jν(0)〉], where F denotes the Fourier transformation. That
is, the external photon or gluon fields can couple to the soft mode of the color superconductivity
with the pairing soft mode in the diagrams being replaced by the di-quark pair fields. Thus one
sees that the photon self-energy Πµν(Q) in the quark matter at T > Tc can be modified due to
the fluctuations of the di-quark pair-field as well as inside the color superconducting phase[157].
This is interesting, because modifications of the photon self-energy due to the soft mode may
be detected as an enhancement of the invariant-mass distribution of dileptons emitted from the
created matter, as represented by the well-known formula (2.3), cf., e.g., Ref. [594]. The typical
observable in experiment is the invariant-mass spectrum of dilepton production rate, which is
given in terms of dRee/d

4q as

dRee
dM2

=

∫

d3q

2q0
dRee
d4q

. (7.5)

Fig. 7.8 shows a preliminary result [595, 596] of dRee/dM
2 obtained from the Πµν(Q) with the

AL term, which is evaluated in an approximate form. The solid lines denote the contributions of
the AL term to the production rate for reduced temperatures ε ≡ (T − Tc)/Tc at µ = 400MeV,
while the dashed lines show the production rate from the free quark system for T = Tc and
1.5 Tc at µ = 400 MeV. The Figure shows that the contribution of the AL term causes a
large enhancement with a sharp peak structure in the production rate at very low masses,
and the peak becomes larger and sharper as the temperature approaches Tc. Such a low-mass
region is, however, where a large contribution due to π0 Dalitz decays occurs. Therefore, these
processes have to be disentangled to identify the AL process due to the precursory diquark
pairing fluctuations, which might be, unfortunately, difficult to perform [596].∗ One should also
estimate the contribution from the Maki-Tompson term as well as check the present estimate
of the AL term.

Another open question is the relative magnitude of these processes compared to emission
from the color-superconducting quark matter phase, if the latter is realized in experiment. In
Ref. [157] dilepton production from the three-flavor color-flavor locked phase has been estimated,

∗We remark that the soft modes associated with the chiral phase transition at finite temperature can also
cause an anomalous enhancement of the dilepton production rate [596]
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Figure 7.8: A preliminary result for the dilepton production rates, Eq. (7.5), for several reduced
temperatures ε ≡ (T − Tc)/Tc near but above Tc with µ = 400MeV [595, 596]. The solid lines
denote the contributions of the Aslamazov-Larkin term, while the dashed lines represent the
dilepton rate from the free quark matter at T = Tc (below) and T = 1.5 Tc (above).

expected to be realized at extremely high densities; a similar behavior of dRee/dM
2 as that in

Fig. 7.8 is observed, recall lower left panel in Fig. 2.23. A corresponding calculation of dilepton
production rates from the 2SC phase has not yet been performed. If it turns out that a peak
in the spectrum at not too small invariant masses can be identified, then one would possibly
have an observational signal for the color-superconducting phase. This would be quite a unique
characteristics of the CBM experiment, if CSC (or their precursor) phases are at all accessible
in terrestrial heavy-ion collisions.
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Chapter 8

Executive Summary and Relations
to Observables

Based on our discussion of excitations of strongly interacting matter in this Part, let us reassess
what we deem the most promising avenues for further progress in understanding the fundamental
(microscopic) structure of QCD matter. Rather than aiming for completeness, we will focus in
this summary on a few central points that relate to the questions posed in the introduction.
Concerning the consequences for observables we will restrict ourselves to heavy-ion collisions
and not allude to more elementary reactions (such as pA or πA).

A central issue is to find unambiguous signatures of chiral symmetry restoration, requiring
a connection between observables and chiral order parameters. In Sec. 2.3.2 we have outlined a
systematic approach that we believe can deliver this connection: Based on chiral model calcula-
tions of both in-medium (isovector) vector and axialvector correlators on the one hand, and on
accurate (dilepton) measurements to constrain the vector spectral function on the other hand,
one evaluates Weinberg sum rules that relate energy moments of “vector-minus-axialvector”
spectral functions to chiral order parameters (pion radius and decay constants, 4-quark con-
densates). The four sum rules provide four moments which significantly constrain the energy,
momentum and temperature dependence of any (experimentally) viable effective model for
axial-/vector correlators. This connection is further strengthened if the order parameters are
evaluated model-independently within lattice QCD. An additional, but not required, bonus
would be experimental information on the in-medium axialvector spectral function, maybe in
the π±γ channel. Especially the first two sum rules, eqs. (2.31) and (2.32), which are moments
in 1/s2 and 1/s, emphasize the soft parts of the spectral functions. In light of model calculations
which predict baryonic effects (a central point of CBM) to be most significant at masses below
M ' 0.4 GeV (recall Fig. 2.14), the need for experimental access to this regime is compelling.
From this perspective, dielectrons are preferable over dimuons.

The importance of soft electromagnetic (EM) observables is further amplified by the con-
nection to susceptibilities and conductivities. These quantities follow from spacelike zero-
momentum and zero-energy limits of vector and EM correlators, and have already been com-
puted in lattice QCD. Experimentally, valuable information should be encoded in comparisons
of ρ vs. ω spectral functions to study isovector vs. isoscalar susceptibilities; in this context an
accurate excitation function of dilepton spectra is particularly important to possibly identify a
regime of a large enhancement of the isoscalar susceptibility. Here an experimental bonus could
come in form of the prolonged lifetime of a (pseudo-) mixed phase in the first-order regime which
would naturally enhance pertinent dilepton emission. The EM conductivity, on the other hand,
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can be directly related to the (very) soft photon production rate, suggesting that a soft-photon
measurement via HBT correlation methods (à la WA98) should be conducted.

In the open-charm sector we have identified transport properties of charm quarks and/or
hadrons as promising quantities to connect matter properties with observables, in particular the
pertinent charm diffusion coefficient(s). At RHIC, the observed suppression of primordial charm
spectra (currently measured via semileptonic electron decays), and especially their collective
behavior as reflected in the elliptic flow, v2(pT ), are instrumental in characterizing the produced
strongly coupled medium. A key question is the microscopic origin of the underlying charm-
quark interactions with the medium, e.g., whether they are driven by the quark or gluon
component of the heat bath. Here, the baryon-rich matter in the CBM experiment might
provide an improved discriminatory power, especially if nonperturbative effects in the vicinity of
Tc play an important role (initial temperatures at CBM are not expected to significantly exceed
Tc '180 MeV, in contrast to the early stages at RHIC). Arguments based on perturbative
QCD suggest that in-medium properties of D-mesons (or c-quarks) do not affect the total
charm production cross section (being determined in hard N -N collisions, i.e., on a much
shorter time scale than the formation of a D-meson wave function). The relevance of hadronic
medium effects on D-meson spectral properties most likely resides in their transport properties
as discussed above, as well as in their impact on charmonium decays (reduced thresholds).
In fact, the conditions at CBM could facilitate the discrimination of hadronic from partonic
effects: if hadronic reinteractions of D-mesons are prevalent, the baryon-dominated matter
should result in an asymmetry in D and D̄ (or e+ and e−) spectra, since the former (but not the
latter) can interact via charm-exchange reactions (D+N → π+Λc) or particle-hole excitations
(D → ΛcN

−1). The asymmetry should manifest itself in stronger modifications (e.g., larger
elliptic flow) of D mesons relative to D̄’s. If the opposite is observed, it would be indicative
for mesonic resonance interactions in the partonic stage (c̄ + q → D̄ → c̄ + q), which affect c̄
quarks stronger than c’s. If the modifications are about equal, it would still be indicative for
QGP-driven reinteractions, since (i) even at CBM energies the quark-antiquark asymmetry in
the QGP is moderate, and (ii) recent microscopic computations of charm transport in the QGP
suggest an approximate balance between mesonic (c-q̄, c̄-q) and diquark (c-q, c̄-q̄) interaction
strengths. Measurements of charm baryons would further clarify these systematics.

Another fundamental aspect of the QCD phase diagram is the de-/confinement transition.
Here, it is notoriously difficult to establish a close connection between observables and order
parameters. The most promising one is probably the expectation value of the Polyakov loop
which characterizes the (exponent of the) large-distance limit of the free energy of a heavy-
quark pair, and thus relates to in-medium charmonium properties. Whether in practice this
corresponds to a dissolution of (certain) charmonium bound states, or rather a (possibly sharp)
increase in their width across Tc, remains an open problem at present. Also here it will be
essential to quantify the strength of the hadronic dissociation rates of charmonia, especially
for ψ′ and χc states which are rather close to the DD̄ threshold and are therefore expected
to be particularly sensitive to in-medium modifications of D-mesons (possibly related to chiral
symmetry restoration). Since the suppression of direct J/ψ’s in the QGP could be rather small,
an accurate assessment of the χc feeddown will be mandatory (as well as a precise determination
of (primordial) nuclear absorption effects in p-A reactions; primordial ψ ′ production is expected
to be small).

With the tools and strategies utilizing electromagnetic and charm probes as described above,
we believe that we can significantly advance our understanding of a fundamental form of matter
that under laboratory conditions is only accessible in energetic collisions of heavy nuclei. A close
collaboration between theory and experiment will undoubtedly play a key role in this endeavor.
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[312] L. Tolos, A. Ramos and A. Polls, Phys. Rev. C 65 (2002) 054907

[313] P. Morath, W. Weise and S. H. Lee, 17th Autumn School: QCD: Perturbative or Nonperturbative?
Lisbon, Portugal, 29 Sep - 4 Oct 1999.

153



[314] A. Sibirtsev, K. Tsushima and A. W. Thomas, Eur. Phys. J. A 6 (1999) 351

[315] K. Tsushima, D.H. Lu, A.W. Thomas, K. Saito, R.H. Landau, Phys. Rev. C 59 (1999) 2824

[316] A. Mishra, E. L. Bratkovskaya, J. Schaffner-Bielich, S. Schramm and H. Stöcker, Phys. Rev. C 69
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[378] K. Gallmeister, B. Kämpfer, O. P. Pavlenko, Eur. Phys. J.C 6 (19999) 473
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(1998)

[500] M.K. Volkov, A.E. Radzhabov and N.L. Russakovich, Phys. Atom. Nucl. 66, 997 (2003)

[501] D. Ebert, K. G. Klimenko and V. L. Yudichev, Phys. Rev. C 72, 015201 (2005)

[502] T. Hatsuda and T. Kunihiro, nucl-th/0112027

[503] A. E. Radzhabov, M. K. Volkov and V. L. Yudichev, J. Phys. G 32, 111 (2006)

[504] C. Vogt, R. Rapp and R. Ouyed, Nucl. Phys. A 735, 543 (2004)

[505] S. Leupold, Phys. Rev. C64 (2001) 015202.

[506] R. D. Pisarski, Phys. Rev. D 52, 3773 (1995)

[507] J. K. Ahn et al., Phys. Lett. B 608, 215 (2005)

[508] B. Friman and H. J. Pirner, Nucl. Phys. A 617, 496 (1997)

[509] R. Rapp, G. Chanfray and J. Wambach, Nucl. Phys. A 617, 472 (1997).

[510] W. Peters, M. Post, H. Lenske, S. Leupold and U. Mosel, Nucl. Phys. A 632, 109 (1998)

[511] A. Zabrodin et al., Phys. Rev. C 60, 055201 (1999).
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[606] L. Tolos, J. Schaffner-Bielich, H. Stöcker, Phys. Lett. B 635 (2006) 85 [nucl-th/0509054].

[607] K. Tsushima, D.H. Lu, A.W. Thomas, K. Saito, R.H. Landau, Phys. Rev. C 59 (1999) 2824.

[608] A. Sibirtsev, K. Tsushima, A.W. Thomas, Eur. Phys. J. A 6 (1999) 351.

[609] A. Sibirtsev, K. Tsushima, K. Saito, A.W. Thomas, Phys. Lett. B 484 (2000) 23.

[610] A. Hayashigaki, Phys. Lett. B 487 (2000) 96

[611] W. Cassing, E.L. Bratkovskaya, A. Sibirtsev, Nucl. Phys. A 691 (2001) 753

[612] B. Friman, S.H. Lee, T. Song, Phys. Lett. B 548 (2002) 153

[613] K. Morita, S.H. Lee, arXiv:0704.2021.

[614] A. Andronic, P. Braun-Munzinger, J. Stachel, Nucl. Phys. A 772 (2006) 167

[615] M. Michalec, W. Florkowski, W. Broniowski, Phys. Lett. B 520 (2001) 213 [nucl-th/0103029].

[616] D. Zschiesche, S. Schramm, J. Schaffner-Bielich, H. Stöcker, W. Greiner, Phys. Lett. B 547 (2002)
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