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Gluon condensate in matter

• In QCD the condensates like mq < q̄q > quark condensate and

< αs/πG
2 > gluon condensate are fundamental quantities

• They are known in vacuum, in matter only the first correction

terms linear in density or quadratic in temperature are known

• the masses of hadrons made of light quarks changes mainly due to

the (partial) restauration of chiral symmetry (its order parameter

mq < q̄q >ρ), those made of heavy quarks are sensitive on the

changes of gluon condensate

• measuring the charmonium masses in matter may tell us what is

the gluon condensate in matter



Why dileptons

• measured (DLS, HADES, CERES, NA60, STAR, ALICE)

• without final state interaction

• vector mesons decay to dileptons → vector mesons in matter

• much better then photons:

mass can be used to distinguish between the different sources

• interesting results for p-nucleus (KEK) and nucleus-nucleus

(SPS,RHIC,LHC) collisions



CERES data
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p-Au 450 GeV 2.1 < η < 2.65
p⊥  > 50 MeV/c

Θee > 35 mrad
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Dilepton production in NN

• Direct decay of vector mesons and η

• Dalitz-decay of π, η and ω

• Dalitz-decay of baryon resonances

Zetenyi, Wolf, Phys. Rev, C67 (2003) 044002;

Heavy Ion Phys. 17 (2003) 27

• pn bremsstrahlung not negligible

• Drell-Yan

• Open charm

• Charmonium decay



BUU

• Boltzmann-Ühling-Uhlenbeck equation
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∂x
−

∂H
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∂F
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= C, H =

√

(m0 + U(p,x))2 + p2

• potential: momentum dependent, soft: K=215 MeV

Unr = A n
n0

+B
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)τ
+ C 2

n0

∫ d3p′

(2π)3
fN (x,p′)
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(
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)2 ,

S. Teis, W. Cassing, M. Effenberger, A. Hombach, U. Mosel, Gy.

Wolf, Z. Phys. A359 (1997) 297-304,

Gy. Wolf et al., Phys.Atom.Nucl. 75 (2012) 718-720

• testparticle method

F =
Ntest
∑

i=1
δ(3)(x− xi(t))δ

(4)(p− pi(t)).



Collision term

• NN ↔ NR, NN ↔ ∆∆

• baryon resonance can decay via 9 channels

R ↔ Nπ, Nη, Nσ, Nρ, Nω, ∆π, N(1440)π, KΛ, KΣ

• 24 baryon resonances + Λ and Σ baryons

π, η, σ, ρ, ω and kaons

• ππ ↔ ρ, ππ ↔ σ, πρ ↔ ω

• for resonances: energy dependent with

•
dσX→NR

dMR
∼ A(MR)λ

0.5(s,M2
R,M

2
N)



Spectral equilibration

• medium effects on the spectrum of hadrons (vector mesons)

• how they get on-shell (energy-momentum conservation)

• Field theoretical method (Kadanoff-Baym equation)

B. Schenke, C. Greiner, Phys.Rev.C73:034909,2006

• Off-shell transport

W. Cassing, S. Juchem, Nucl.Phys. A672 (2000) 417

S. Leupold, Nucl.Phys. A672 (2000) 475

• Spectral equilibration: Markov or memory effect



Off-shell transport

• Kadanoff-Baym equation for retarded Green-function

Wigner-transformation, gradient expansion

• transport equation for Fα = fα(x, p, t)Aα

A(p) = −2ImGret = Γ̂
(E2

−p2
−m2

0−ReΣret)2+ 1
4
Γ̂2 ,

W. Cassing, S. Juchem, Nucl.Phys. A672 (2000) 417

S. Leupold, Nucl.Phys. A672 (2000) 475

• testparticle approximation



Transport equations
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Evolution of mass distribution in a box

the vector meson masses are shifted linearly with density, and

change the density linearly from ρ0 to 0 in 4 fm/c:
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Statistical Bootstrap approach

Balassa, Kovács, Wolf, EPJA in press

• Estimate unknown cross sections of different hadronic reactions

up to a few GeV in c.m.s energy.

• Our method incorporate that during the collision a compound

system, a fireball, is formed and, through possible production of

subsequent fireballs, this system decays into a specific final state.

• The probability of the resulting final state can be calculated from

the corresponding phase space, the quark content of the final

state, the density of states ρ(m).



Model
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∏
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P fb
k : formation probability of k fireballs, CQ(M): the quark -

combinatorical factor, xi’s are the invariant masses of the individual

fireballs, PH,i
ni

(xi)’s are the hadronization probabilities



• PH,i
ni

(xi)’s the hadronization probabilities, are the phase space

factors that a fireball with energy (xi) decays to the given hadrons

• P fb
k the formation probability of k fireballs are calculated in the

following way: any decaying fireball randomly distribute its en-

ergy between the daughter fireballs requiring that the daughters’s

energy is higher than the minimal energy of a fireball: 2mπ (oth-

erwise they cannot hadronize).

• the quark combinatorical factor consists of combinatorical factors

multiplied with quark creation probabilties, the energy indepen-

dent creation probabilities are fitted to data Pu = Pd = 0.38, Ps =

0.24, Pc = 3.52 · 10−5.





Predictions
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p̄A at PANDA energies

• J/Ψ, Ψ(3686), Ψ(3770)

• gluon condensate is reduced in matter (at ρ0 by 6%)

→ charmonium mass is reduced via the second order Stark-effect

• mass shift linearly depends on density:

S.H. Lee, C.M. Ko Phys. Rev. C67 (2003) 038202
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Charmonium Mass shift width

J/Ψ -15 MeV ρ/ρ0 Γ0+coll. broadening

Ψ(3686) -100 MeVρ/ρ0 Γ0+coll. broadening

Ψ(3770) -140 MeV ρ/ρ0 Γ0+coll. broadening

• dilepton branching ratio in matter?



Time evolution of masses and density at p̄Au 8 GeV/c
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The charmonium states are created at the surface of the heavy nucleus,

travel through the dense matter (decays with some probability),

crosses the thin surface again and reaching the vacuum.

Major contribution to the dilepton channel are coming from the dense matter and

from the vacuum.



Time evolution of mass spectra, p̄Au at 8 GeV/c
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p̄Au at 8 GeV
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Dilepton invariant mass spectrum in central collision (0-4.5 fm, ≈ 33% of the cross

section)



Ψ(3686)

• The distance between the peaks corresponds to a mass shift at ρ ≈ 0.9ρ0

• qualitatively the same picture if increase or reduce the mass shift by factor of 2

• measuring the peak distance, we obtain the mass shift at ρ ≈ 0.9ρ0

• measuring the mass shift, we obtain the gluon condensate at ρ ≈ 0.9ρ0

• the same picture at 6 and at 10 GeV



Summary

• We developed a bootstrap approach to calculate unknown cross

sections. For known channels it fits the experimental data

• Dilepton production in p̄A provides us the possibility to study

charmonium spectral function in matter

• measure the gluon condensate in nuclear matter.


