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Gluon and quark condensate in matter

Quark and gluon condensates are known in vacuum, in matter:

< n.m.|O|n.m. >=< 0|O|0 > +

∫
d3p/p0fN(p, µ) < N|O|N >

We need to know < N|q̄q|N > and < N|αsG
2|N >

Trace anomaly:
TQCD µ
µ =

β

2g
G a
µνG

aµν +mq̄q

Between vacuum states: energy of the vacuum.
Between nucleons

mN ū(p)u(p) =< N(p)| β
2g

G a
µνG

aµν +mq̄q|N(p) > .

Contribution of light quarks (πN scattering, σ-term):≈ 50 MeV,
gluons contribution to the mass of the proton: ≈ 750 MeV
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BUU

BUU

•

∂F

∂t
+
∂H

∂p

∂F

∂x
− ∂H

∂x

∂F

∂p
= C, H =

√
(m0 + U(p, x))2 + p2

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

Unr = A n
n0

+ B
(

n
n0

)τ
+ C 2

n0

∫ d3p′

(2π)3
fN(x ,p

′)

1+
(

p−p′
Λ

)2 ,

• testparticle method (Hamilton-eq. for testparticles)

F =
Ntest∑
i=1

δ(3)(x− xi (t))δ
(4)(p − pi (t)).

• Unknown cross sections: Statistical bootstrap:
G. Balassa, P. Kovács, Gy. Wolf; Eur. Phys. J. A54 (2018) 25,

Gy. Wolf et al.; Phys.Atom.Nucl. 75 (2012) 718-720
Gy. Wolf, M. Zetenyi; Eur.Phys.J. A52 (2016) 258
M. Zetenyi, Gy. Wolf; Phys.Lett. B785 (2018) 226
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BUU

Initialization
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Spectral equilibration

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
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Off-shell transport

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) = −2ImG ret = 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
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Transport equations

Transport equations

• dX⃗i
dt = 1

1−C(i)

1
2ϵi

[
2 P⃗i + ∇⃗Pi

ReΣret
(i) +

ϵ2i −P⃗2
i −M2

0−ReΣret
(i)

ImΣret
(i)

∇⃗Pi
ImΣret

(i)

]
dP⃗i
dt =− 1

1−C(i)

1
2ϵi

[
∇⃗Xi

ReΣret
i +

ϵ2i −P⃗2
i −M2

0−ReΣret
(i)

ImΣret
(i)

∇⃗Xi
ImΣret

(i)

]
dϵi
dt =

1
1−C(i)

1
2ϵi

[
∂ReΣret

(i)

∂t +
ϵ2i −P⃗2

i −M2
0−ReΣret

(i)

ImΣret
(i)

∂ImΣret
(i)

∂t

]
• where C(i) renormalization factor

C(i) = 1
2ϵi

[
∂
∂ϵi

ReΣret
(i) +

ϵ2i −P⃗2
i −M2

0−ReΣret
(i)

ImΣret
(i)

∂
∂ϵi

ImΣret
(i)

]
• the last equation for homogenous system can be rewritten as

dM2
i

dt =
d(ϵ2i −P2

i )
dt =

dReΣret
(i)

dt +
M2

i −M2
0−ReΣret

(i)

ImΣret
(i)

dImΣret
(i)

dt
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Charmonium in vacuum and in matter

J/Ψ, Ψ(3686), Ψ(3770): colour dipoles in colour-electric field

D̄(c̄q)D(q̄c) loops contribute to the charmonium selfenergies
The effect of the D̄D loop modified in matter, because the mass of D
mesons also modified due to the change of the quark condensate

In matter the energy of the colour dipole is modified due to the modi-
fication of the gluon condensate second order Stark-effect
S.H. Lee, C.M. Ko Phys. Rev. C67 (2003) 038202

∆mψ = − ρN
18mN

∫
dk2

∣∣∣∣∂ψ(k)∂k

∣∣∣∣2 k

k2/mc + ϵ

〈αs

π
E 2

〉
N
, ϵ = 2mc−mΨ

Width of charmonium increases due to the collisional broadening
Dilepton branching ratio in matter?
Due to collisional broadening Γtotmed >> Γtotvac . What is Γemmed? Br emmed?
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Charmonium in-medium modifications

Charmonium in-medium modifications

Charmonium Stark-effect+ D̄D loop

J/Ψ -8+3 MeV ρ/ρ0
Ψ(3686) -100-30 MeVρ/ρ0
Ψ(3770) -140+15 MeV ρ/ρ0

Collisional broadening at ρ0: 15 MeV, 26 MeV and 26 MeV (cross
sections were fitted to charmonium suppression at SPS)

background:
Drell-Yan: small number of energetic hadron-hadron collisions
D̄D decay: c quark decays weakly to s quark, D → Keν̄e and similarly
for D̄, close to the threshold due to the production of two kaons the
available energy for dileptons are strongly reduced

up to moderate energies (< 7 GeV for p̄, < 12 GeV for π, < 15 GeV
for p) the background is low
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Charmonium in-medium modifications

Evolution of masses and pos. of creation in p+Au 12GeV
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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. tρ>0.8 ≈ 9 fm, t0.8>ρ>0.2 ≈ 4 fm.
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Charmonium in-medium modifications

pAu at 9, 10, 12, 15GeV
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Charmonium in-medium modifications

pAu at 12GeV

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

 3  3.2  3.4  3.6  3.8

d
σ

d
ile

p
to

n
/d

M
 [

µ
b

/G
e

V
]

M [GeV]

J/Ψ
50*Ψ(3686)

200*Ψ(3770)

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

 3  3.2  3.4  3.6  3.8

d
σ

d
ile

p
to

n
/d

M
 [

µ
b

/G
e

V
]

M [GeV]

J/Ψ
50*Ψ(3686)

200*Ψ(3770)

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

 3  3.2  3.4  3.6  3.8

d
σ

d
ile

p
to

n
/d

M
 [

µ
b

/G
e

V
]

M [GeV]

J/Ψ
50*Ψ(3686)

200*Ψ(3770)

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

 3  3.2  3.4  3.6  3.8

d
σ

d
ile

p
to

n
/d

M
 [

µ
b

/G
e

V
]

M [GeV]

J/Ψ
50*Ψ(3686)

200*Ψ(3770)



Introduction Transport model: BuBUU Charmonium production ϕ meson production in proton induced reaction Summary Back up

Charmonium in-medium modifications

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

the same picture in p̄, π, p induced reactions, around thresholds

measuring the J/Ψ,Ψ(3686) states allow to determine their mass
shift if it is > 60 MeV

key points: cross sections are not, background is several
magnitude less than the signal

em. width

absorption cross sections 25 mb (40 mb for p)



Introduction Transport model: BuBUU Charmonium production ϕ meson production in proton induced reaction Summary Back up

KEK data

KEK E325 12GeV pA data for ϕ
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R. Muto et al.
Phys. Rev. Lett. 98 (2007) 042501

m(ρ)/m(0) = 1− 0.033(ρ/ρ0)
Γ(ρ)/Γ(0) = 3.6(ρ/ρ0)
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Kaon potentials

Observation of the ϕ meson in proton-nucleus collisions

• Dilepton channel: no final state interaction, but very rare
probe ∝ α2

• K+K− pair: many pairs, but not negligible final state
interaction

Kaonic mean fields
Effect of pot. and coll.
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Invariant mass spectra of kaon pairs

Invariant mass spectra of K pairs, ∆m(ρ0) = −34MeV
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meson pairs when
∆m(ρ0) = −34MeV mass shift
is applied to the ϕ mesons using
the (M3) and (M4) mean fields.
left: vacuum(black) and mass
shift+M3 (red)
right: mass shift+M3 (black)
and mass shift+M4 (blue)
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Kaon pairs and dileptons

In-medium ϕ meson in proton-nucleus collisions

Invariant mass distribution of kaon pairs (left), and dileptons
(right)
for 30 GeV p+C, p+Cu and p+Pb reactions,
with a m(ρ0) = −34 MeV mass shift scenario.
In these simulations, the (M3) kaon mean fields were applied.

Kaon pairs dileptons
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Summary

Charmonium

• Two peak structure in dilepton spectra for Ψ(3686) in
hadron-A

• Possibility to measure charmonium mass shift in nuclear
matter.

• We can estimate the gluon condensate in nuclear matter.

ϕ

• No two peak structure in dilepton or KK spectra in hadron-A
(mass shift is too small)

• The in medium modification of ϕ can be obesrved in both the
KK and the dilepton channel, however, the mass shift in
nuclear matter is not directly measurable.
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Cross sections

Cross sections
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Balassa, Wolf, Eur. Phys.J. A56(2020) 237
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Cross sections

Excitation functions
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Cross sections

πAu at 10GeV
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Thank you for your attention!
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