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Abstract

Within QCD sum rules at finite baryon density we show the crucial role of four-quark condensates, such as〈(q̄γµλaq)2〉n,
for the in-medium modification of theω meson spectral function. In particular, such a global property as the sign of th
mediumω meson mass shift is found to be governed by a parameter which describes the strength of the density de
of the four-quark condensate beyond mean-field approximation. To study self-consistently the broadening of theω meson
resonance we employ a hadron spectral function based on theω meson propagator delivered by an effective chiral Lagrang
Measurements of theω meson spectral change in heavy-ion collisions with the HADES detector can reveal the yet un
density dependence of the four-quark condensate.
 2003 Published by Elsevier Science B.V.
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1. Introduction

The experiments with the detector system HAD
[1] at the heavy-ion synchrotron SIS at GSI (Dar
stadt) are mainly aimed at measuring in-medium m
ifications of the light vector mesons via thee+e−
decay channel with high accuracy. At higher beam
ergies, experiments of the CERES Collaboration
at CERN SPS evidenced already hints to noticea
modifications of the dilepton spectrum which can
reproduced under the assumption of a strong mel

E-mail address: b.kaempfer@fz-rossendorf.de (B. Kämpfer)
0370-2693/03/$ – see front matter 2003 Published by Elsevier Scien
doi:10.1016/S0370-2693(03)00551-3
of theρ meson in a dense, strongly interacting medi
at temperature close to the chiral transition [3–5].

The great interest in studying properties of the lig
mesons in a hot/dense nuclear medium is cause
the expectation to find further evidences of the ch
symmetry restoration at finite temperature and bar
density. There are various theoretical indications c
cerning an important sensitivity of the meson spec
function to the partial restoration of the chiral symm
try in strongly interacting matter. In particular, at fini
temperature the vector and axial-vector meson co
lators become mixed in accordance with in-medi
Weinberg sum rules [6,7]. Such a mixing causes an
creasing degeneracy between vector and axial-ve
ce B.V.
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spectral functions which would manifest themselv
as a decrease of theρ andA1 meson mass splitting, fo
instance. Similarly, the degeneracy of scalar (σ chan-
nel) and pseudo-scalar (π channel) correlators foun
in lattice QCD [8] can lead to a considerable enhan
ment of theσ meson spectral function at finite tempe
ature and density [9].

In spite of substantial efforts undertaken to und
stand the nature of vector mesons in a dense med
there is so far no unique and widely accepted qua
tative picture of their in-medium behavior. The Brow
and Rho conjecture [3] on the direct interlocking
vector meson masses and chiral quark conden
〈q̄q〉n supplemented by the vector manifestation
chiral symmetry in medium [10,11] predict a stro
and quantitatively the same decrease of the in-med
ρ andω meson masses.

At the same time, model calculations based
various effective Lagrangians (cf. [4]) predict rath
moderate and different mass shifts forρ andωmesons
in a dense medium. In order “to match” both s
of predictions one has to go beyond simplificatio
made in the above mentioned approaches: the
medium vector meson mass shift is governed not o
by 〈q̄q〉n but also by condensates of higher ord
to be calculated beyond mean-field approximati
Further, the majority of effective Lagrangian mod
is dealing with the scattering amplitudes in free spa
but effects related to the in-medium change of
QCD condensates should be included [12].

The very consistent way to incorporate in-mediu
QCD condensates is trough QCD sum rules [13,1
As pointed out in [15], the in-medium mass shift
theρ andω mesons is dominated by the depende
of the four-quark condensate on the density. In
present Letter we concentrate on the in-mediumω
meson since the effect of the four-quark condens
is most pronounced for the isoscalar channel. Wit
the Borel QCD sum rule approach we go beyond
mean field approximation and use the linear den
dependence of the four-quark condensate. We em
for the hadronic spectral function a constraint ba
on the general structure of theω meson in-medium
propagator with imaginary part of the self-ener
delivered by an effective chiral Lagrangian. Our QC
sum rule evaluations show that the in-medium cha
of the four-quark condensate plays indeed a cru
rule for modifications of theω spectral function. In
particular, the sign of theω meson mass shift i
changed by variation of a parameter which descri
the strength of the density dependence of the fo
quark condensate. Since the difference of the ve
and axial vector correlators is proportional to the fo
quark condensate, the sign of theω meson mass
shift, measured via thee+e− channel, can serve as
tool for determining how fast the strongly interacti
matter approaches the chiral symmetry restora
with increasing density.

2. QCD sum rule equations

Within QCD sum rules the in-mediumω meson is
considered as a resonance in the current–current
relation functionΠµν(q,n) = i

∫
d4x eiqx〈T Jµ(x)×

Jν(0)〉n, where qµ = (E,q) is the ω meson four-
momentum,T denotes the time ordered product
theω meson current operatorsJµ(x)Jν(0), and〈· · ·〉n
stands for the expectation value in the medium.
what follows, we focus on the ground state of baryo
matter approximated by a Fermi gas with nucleon d
sity n. In terms of quark field operators, theω meson
current is given byJµ(x)= 1

2(ūγµu+ d̄γµd). At zero
momentum,q = 0, in the rest frame of the matter th
correlator can be reduced to13Π

µ
µ (q

2, n) = Π(q2, n)

for q2< 0. The correlatorΠ(q2, n) satisfies the twice
subtracted dispersion relation, which can be writ
with Q2 ≡ −q2 = −E2 as

(1)
Π(Q2)

Q2 = Π(0)

Q2 −Π ′(0)−Q2

∞∫
0

ds
R(s)

s(s +Q2)
,

with Π(0) = Π(q2 = 0, n) andΠ ′(0) = (dΠ(q2)/

dq2)|q2=0 as subtraction constants andR(s) =
− ImΠ(s,n)/(πs).

As usual in QCD sum rules (QSR) [13,14], for lar
values ofQ2 one can evaluate the l.h.s. of Eq. (1)
the operator product expansion (OPE)Π(Q2)/Q2 =
−c0ln(Q2) + ∑∞

i=1 ci/Q
2i , where the coefficientsci

include the well-known Wilson coefficients and t
expectation values of the corresponding products
quark and gluon field operators, i.e., condensates.

Performing a Borel transformation of the dispe
sion relation Eq. (1) with appropriate mass param
M2 and taking into account the OPE one gets the b
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QSR equation

Π(0)+
∞∫

0

ds R(s)e−s/M2

(2)=M2c0 +
∞∑
i=1

ci

(i − 1)!M2(i−1)
.

The general structure of the coefficientsci up to i = 3
is given, for instance, in [16]. In order to calcula
the density dependence of the condensates ent
the coefficientsc0...3 we employ the standard linea
density approximation, which is valid for not too larg
density. This gives for the chiral quark condens
〈q̄q〉n = 〈q̄q〉0 + σN

2mq
n, where both the light quar

masses and their condensates are taken to be the
i.e., mq = mu = md = 7 MeV and 〈q̄q〉 = 〈ūu〉 =
〈d̄d〉 with 〈q̄q〉0 = −(245 MeV)3. The nucleon sigma
term isσN = 45 MeV.

The gluon condensate is obtained as usual f
QCD trace anomaly,〈αs

π
G2〉n = 〈αs

π
G2〉0 − 8

9M
0
Nn,

whereαs = 0.38 is the QCD coupling constant an
M0
N = 770 MeV is the nucleon mass in the chir

limit. The vacuum gluon condensate is〈αs
π
G2〉0 =

(0.33 GeV)4.
The coefficientc3 in Eq. (2) contains also the fou

quark condensates
〈(
q̄γµλ

aq
)2〉
n

and
〈(
q̄γµγ

5λaq
)2〉
n
.

The standard approach to estimate their density
pendence consists in the mean-field approximat
Within such an approximation the four-quark conde
sates are proportional to〈q̄q〉2

n and their density de
pendence is actually governed by the square of the
ral quark condensate. Keeping in mind the import
role of the four-quark condensate for the in-medi
modifications of theω meson [15] we go beyond th
above mean-field approximation and employ the
lowing parameterization
〈(
q̄γµγ

5λaq
)2〉
n

= −〈(
q̄γµλ

aq
)2〉
n

(3)= 16

9
〈q̄q〉2

0κ0

[
1+ κN

κ0

σN

mq〈q̄q〉0
n

]
.

In vacuum,n= 0, the parameterκ0 reflects a deviation
from the vacuum saturation assumption. The c
e,

κ0 = 1 corresponds obviously to the exact vacu
saturation as used, for instance, in [16]. To con
the deviation of the in-medium four-quark condens
from the mean-field approximation we introduce t
parameterκN . The limit κN = κ0 recovers the mean
field approximation, while the caseκN > κ0 (κN < κ0)
is related to a stronger (weaker) density depende
compared to the mean-field approximation. Below
vary the parameterκN to estimate the contribution o
the four-quark condensates to the QSR with respe
the main trends of the in-medium modification of t
ω meson spectral function.

Using the above condensates and usual Wil
coefficients we get the coefficientsc0...3 as

c0 = 1

8π2

(
1+ αs

π

)
, c1 = −3m2

q

4π2 ,

c2 =mq〈q̄q〉0 + σN

2
n+ 1

24

[〈
αs

π
G2

〉
0
− 8

9
M0
Nn

]

+ 1

4
A2MNn,

c3 = −112

81
παsκ0〈q̄q〉2

0

[
1+ κN

κ0

σN

mq〈q̄q〉0
n

]

(4)− 5

12
A4M

3
Nn.

The last terms inc2,3 correspond to the derivative co
densates from nonscalar operators as a consequ
of the breaking of Lorentz invariance in the mediu
These condensates are proportional to the mom
Ai = 2

∫ 1
0 dx x

i−1[qN(x,µ2) + q̄N (x,µ
2)] of quark

and antiquark distributionsqN, q̄N inside the nucleon
at a scaleµ2 = 1 GeV2 (see for details [14]). Ou
choice of the momentsA2 andA4 is 1.02 and 0.12
respectively.

To model the hadronic side of the QSR Eq.
we make the standard separation of theω meson
spectral density into resonance part and continu
contribution by means of the threshold parameters0:

(5)R(s,n)= F S(s,n)
s

Θ(s0 − s)+ c0Θ(s − s0),
where S(s, n) stands for the resonance peak in
spectral function; the normalizationF is unimportant
for the following consideration. In the majority of th
QCD sum rule evaluations, the zero-width approxim
tion [14] or some schematic parameterization ofS [17]
are employed. In contrast to this, we use here a m
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realistic ansatz for the resonance spectral densiS
based on the general structure of the in-medium ve
meson propagator in the vicinity to the pole mass,

(6)S(s, n)= − ImΣ(s,n)

(s −m2
ω(n))

2 + (ImΣ(s,n))2
with ImΣ(s,n) as imaginary part of the in-medium
ω meson self-energy andmω(n) as its physical mass
In Eq. (6), the real part of the self-energy is absorb
in mω(n), which is determined by the QCD sum ru
Eq. (2). As a result (see below), the in-medium cha
of the QCD condensates causes global modificat
of the ω meson spectral function, in addition to th
collision broadening. (An analogous approach w
used in [18].)

Within the linear density approximation theω
meson self-energy is given by

(7)Σ(E,n)=Σvac(E)− nT ωN (E),
whereE = √

s is the ω meson energy,Σvac(E) =
Σ(E,n = 0) and T ωN(E) is the off-shell forward
ω-nucleon scattering amplitude in free space. No
that the three-momentum ofω mesons in Eq. (7
is still zero, and nucleons are also assumed to
at rest. We take the needed ImT ωN (E) from an
effective Lagrangian [19], which is based on ve
tor meson dominance and chiral SU(3) dynam
The dominant contribution to ImT ωN (E) in the re-
gion E � 1 GeV comes from the processesωN →
πN (at E < 0.6 GeV) andωN → ρN → ππN

(at E > 0.6 GeV), see [19] for details. The proce
ωN → πN is at least partially under experime
tal control, while the contribution from the reactio
ωN → ρN → ππN appears to be sensitive to th
poorly known meson–baryon form factors. Howev
this uncertainty does not spoil the results below.
definiteness, in Fig. 1 we plot ImT ωN(E) employed
in our QSR evaluations. To simplify the calculatio
we also take ImΣvac(E) ≈ ImΣvac(E = mvac

ω ) =
−mvac

ω Γ vac
ω , wheremvac

ω andΓ vac
ω are the vacuumω

meson mass and decay width, respectively.
Following [19] we use for the subtraction consta

Π(0) = 9n/(4MN) which is actually the Thomso
limit of the ωN scattering process, but also coincid
with the Landau damping term elaborated in [20]
the hadronic spectral function entering the dispers
relation without subtractions. For details about the
Fig. 1. Imaginary part of the off-shellωN forward scattering
amplitude.

lation of subtraction constants and the Landau da
ing we refer the interested reader to [21].

3. Results of QCD sum rule evaluation

The ratio of Eq. (2) and its derivative with respe
toM2 yields with Eq. (5)

∫ s0
0 ds S(s, n)e−s/M2

∫ s0
0 ds S(s, n)s−1e−s/M2

= {
c0M

2[1− (
1+ s0M−2)e−s0/M2]

− c2M−2 − c3M−4}

(8)

×
{
c0

(
1− e−s0/M2) + c1M−2 + c2M−4

+ 1

2
c3M

−6 − 9n

4MN

M−2
}−1

with the coefficientsc0...3 from Eq. (4) and the spec
tral function S(s, n) from Eqs. (6) and (7). On
has to solve Eq. (8) to find the mass parame
mω(n,M

2, s0). At a given densityn, the contin-
uum thresholds0 is determined by requiring max
mum flatness ofmω(M2) within the Borel window
Mmin · · ·Mmax. The minimum Borel massMmin is ob-
tained such that the terms of orderO(M−6) on the
OPE side contribute not more than 10% [17,22]. A
cording to our experience [15],mω(M2) is not very
sensitive to variations ofMmax. We therefore fix the
maximum Borel mass byM2

max = 2 GeV2. To get the
ω meson massmω we average finallymω(M2) within
the Borel mass window.
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Fig. 2. Density dependence of theω meson mass for various value
of the parameterκN .

The value of κ0 in Eq. (3) is related to suc
a choice of the chiral condensate〈q̄q〉0 which ad-
justs the vacuumω meson mass tomω(n = 0) =
782 MeV resulting inκ0 = 3. The ratioκN/κ0 in
the parameterization (3) is restricted by the conditi
q4 = 〈(q̄γµλaq)2〉n → 0 with increasing density an
q4 � 0, so that one gets 0� κN � 4 as numerical lim-
its.

The results of our QSR evaluations formω(n) for
κN = 1 . . .4 are exhibited in Fig. 2. The in-mediu
mass of theω meson changes even qualitatively und
variation of the parameterκN : for κN < 2.7, mω
increases with density, while forκN > 2.7 it drops.
From the above considerations one can conclude
the sign of the in-medium mass shift is direc
related to the density dependence of the four-qu
condensate.

In Fig. 3 we display the in-medium change of t
ω meson spectral functionS(E), given by Eq. (6) and
calculated with density dependent massmω(n). The
in-medium spectral change is still seen to be do
inated by the density dependence of the four-qu
condensate. The dependence of the peak positio
a function of the densityn and the four-quark parame
terκN is the same as formω. One can also observe th
for the positive mass shift (say, forκN = 2) the width
increases with density, while for a negative mass s
(say, forκN = 3) it appears to be approximately co
stant. In both cases we obtain a considerable “melti
of the in-mediumω meson: atn= n0 the height of the
resonance peak drops more than by a factor of 5.
κN = 2.5 the shift of the peak is small; also here t
peak is broadened.
Fig. 3.ω meson spectral function forκN = 2,2.5,3. Solid curves
correspond to normal nuclear density (n= n0 = 0.15 fm−3), while
dotted and dashed curves are for vacuum andn = 0.2 fm−3,
respectively.

Because of the strong “melting” of the in-mediu
ω meson, an identification of its spectral change
matter will be an experimental challenge. Moreov
in heavy-ion collisions one can expect also an ad
tional broadening of the signal due to the collect
expansion of the matter [23]. Nevertheless, the h
precision measurements planned with HADES giv
chance to observe at least an “in-medium should
which supplements the vacuum peak. Whether su
shoulder will occur at the right- or left-hand side
the vacuum peak is directly governed by the stren
of the density dependence of the four-quark cond
sate.

4. Summary

In summary we have found that, within the Bor
QCD sum rule approach, the in-medium spec
change of theω meson is dominated by the dens
dependence of the four-quark condensate. We
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beyond the standard mean-field approximation
vary with the parameterκN the strength of the four
quark condensate dependence on the density.
sign of theω meson in-medium mass shift and t
resonance peak position are shown to be governe
the value ofκN . We find a strong “melting effect” o
the in-mediumω meson resonance. Only for positiv
mass shift we observe a considerable broadenin
the in-mediumω meson spectral function.

The in-mediumω meson spectral change, in pa
ticular the sign of the mass shift, to be looked for v
thee+e− channel with the HADES detector in heav
ion collisions, can give an important information o
the yet unknown density dependence of the four-qu
condensate and consequently on the chiral symm
restoration in a dense nuclear medium.
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