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Feynman diagrams for π +N → N + e+e−

Zétényi, Wolf, Phys. Rev. C86 (2012) 065209



Vector meson dominance
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• LV DM1 = −
em2
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The width of R → Nγ and R → Nρ are not independent

photons from ρ (ρ-width taken from PDG) already overestimate

the γ-width

• LVMD2 = − e
2gρ
F µνρ0µν

From ρ-width the contribution to the photonic decay can be ob-

tained by multiplying it with e
gρ

k2

m2
ρ−k2−iqΓρ(k2)

Decay through ρ does not contribute to the real photonic width.

We use VMD2. The final result depend on the choice, the ratio:
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Effective Field Theory for π +N → N + e+e−

LNNπ = −
fNNπ

mπ

ψNγ5γ
µ~τψN · ∂µ~π.

Lωρπ =
gωρπ
2
ǫµναβ∂µωνTr ((∂α ~ρβ · ~τ)(~π · ~τ))

LNNρ = gρψN

(

~ρ/− κρ
σµν
4mN

~ρµν
)

·~τψN, LNNω = gωψN

(

ω/− κω
σµν
4mN

ωµν

)

ψN.

ρ0 couples to ψ̄Nτ0ψN so to p and to n with different signs, while ω

with the same sign

Considering π−p → ne+e− and π+n → pe+e− in one channel con-

structive and in the other channel destructive interference
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BUU

• Boltzmann-Ühling-Uhlenbeck equation

∂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 ,

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

•
d ~Xi

dt
= 1

1−C(i)

1
2ǫi
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• where C(i) renormalization factor

C(i) = 1
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• the last equation for homogenous system can be rewritten as
dM2

i
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=

d(ǫ2
i
−P 2

i
)
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=

dReΣret
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dImΣret
(i)

dt



Analytical solution for homogenous system

d

dt
(Mi(t)

2 −M2
0 − ReΣi) =

M2
i (t)−M2

0 − ReΣi

ImΣi

dImΣi

dt

If the mass of the testparticle as just at the peak (M2
0 + ReΣi) then

it remains there

M2
i (t)−M2

0 − ReΣi(t)

M2
i (0)−M2

0 − ReΣi(0)
=

ImΣi(t)

ImΣi(0)
.

If A(M2, t) is the spectral function of a Breit-Wigner form at t then

f(M ′2, t) = f(M2, 0)
dM2

dM ′2
= A(M2, 0)

dM2

dM ′2
= A(M2, 0)

ImΣ(0)

ImΣ(t)
= A(M ′2, t)

The mass distribution agrees always with the spectral function at

that point.



Medium effects

• imaginary part (collisional broadening):

Γ = Γvac + nvσγ

• real part (mass shift)

M =Mvac + n/no∆M

∆Mω = −50 MeV, ∆Mρ = −120 MeV

• danger of double counting

collision term already contains partly the mixing of mesons with

resonance-hole excitations

but sum up only to finite order



Evolution of masses in heavy ion collisions
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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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Simulation of π A collisions

• Same as usually except for πN → Ne+e−

• in case of a πN collision several “doublets” are created.

(The original π and N do not change their state.)

A doublet consists of 2 perturbative particles ρ and ω with their

cross sections and the “cross section” of the interference term. ρ

and ω are created with the same position, momentum and mass.

• They propagate, decay and can be absorbed. The interference

term contribute to the “decays”.

• Propagation: perturbative ρ’s and ω’s propagate in the suround-

ing medium

• Absorption: ρ’s and ω’s can be absorbed by a nucleon



Decays

• Denote the probability that the ρ and ω decay until the ith

timestep as αi and βi, respectively (they decay according to their

total width).

• αi ≤ 1. At the end it is 1 if not absorbed. The same is for ω.

• In the nth timestep the ρ contribution to the dilepton yield:

(αn − αn−1) σ
πN→Nρ0→Ne+e− . Similarly for ω.

The contribution of the interference term is:

(αnβn− αn−1βn−1) cos((Eρ − Eω)∆t) σ
πN→Nρ−ω→Ne+e− .

In vacuum it reproduces the original cross section.



π C, 1.5 GeV, no selfenergies, Preliminary results
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π Pb, 1.5 GeV, no selfenergies, Preliminary results

 0

 0.5

 1

 1.5

 2

 2.5

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

dσ
/d

M
 [µ

b/
M

eV
]

Mass [GeV]

π+ Pb -> X e+e-

Elab=1.5 GeV
no selfenergies

piN
piN prop

 0

 0.5

 1

 1.5

 2

 2.5

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9
dσ

/d
M

 [µ
b/

M
eV

]
Mass [GeV]

π- Pb -> X e+e-

Elab=1.5 GeV
no selfenergies

 0

 0.2

 0.4

 0.6

 0.8

 1

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

dσ
/d

M
 [µ

b/
M

eV
]

Mass [GeV]

π+ Pb -> X e+e-

Elab=1.5 GeV

no selfenergies

eta D
omega D

rho
omega

piN prop
Res D

 0

 0.2

 0.4

 0.6

 0.8

 1

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9

dσ
/d

M
 [µ

b/
M

eV
]

Mass [GeV]

π- Pb -> X e+e-

Elab=1.5 GeV

no selfenergies

eta D
omega D

rho
omega

piN prop
Res D



Summary

• Dilepton production in πN and πA an unique way to study quan-

tum interference inside strongly interacting matter by measuring

on nucleon, on light and on heavy nuclei.

• Dilepton production in πN and πA provides us the possibility to

study the vector meson spectral function in matter.

• Make own fit to vector meson production (including the reso-

nances and their interference)

• Take into account the selfenergies for the vector mesons



Cross sections

Elastic baryon-baryon cross section is fitted to the elastic pp data

Meson absorption cross sections are given by

σπN→R =
4π

p2
(spinfactors)

ΓinΓtot

(s−m2
R) + sΓ2

tot

Baryon resonance parameters: mass, width, branching ratios are fit-

ted by describing the meson production channels in πN collisions:

σπN→NM =
∑

R

σπN→R

ΓR→NM

Γtot

Resonance production cross section NN → NR is given by the fit of

σNN→NM =
∑

R

σNN→NR

ΓR→NM

Γtot

27 baryons, 6 mesons. Fit is done by the Minuit package (CERN)
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Kadanoff-Baym Equation

Schwinger-Dyson equation:

G = G0 +G0ΣG

G11(1, 2) = GT (1, 2) = 〈T (φ(1)φ(2))〉

G22(1, 2) = GAT (1, 2) = 〈T̃ (φ(1)φ(2))〉

G21(1, 2) = G<(1, 2) = 〈φ(2)φ(1)〉

G12(1, 2) = G>(1, 2) = 〈φ(1)φ(2)〉

Gr(1, 2) = θ(t1− t2)(G>(x1, t1; x2, t2)−G<(x1, t1; x2, t2))

Ga(1, 2) = θ(t2− t1)(G<(x1, t1; x2, t2)−G>(x1, t1; x2, t2))

After some manipulation: Kadanoff-Baym equation:

(ih̄∂t1 −H0(1))G
<(1, 2) =

∫

d3Σr(1, 3)G<(3, 2) +
∫

d3Σ<(1, 3)Ga(3, 2)

(ih̄∂t1 −H0(1))G
r(1, 2) = δ4(1, 2) +

∫

d3Σr(1, 3)Gr(3, 2)



Wigner-transformation

• Retarded propagator is not a distribution function

• Wigner transform:

r = x1− x2 , R = x1 + x2

R (center of mass) dependence of propagators and selfenergies are

weaker than the r dependence

Gr(R,P ) =
∫

d4r Gr(X + r,X − r)

• Gradient expansion in r. Neglect all terms with more than one

derivative in R

• transport equation for Fα = iG<(R,P ) = fα(x, p, t)Aα

A(p) = −2ImGr = Γ̂
(E2−p2−m2

0−ReΣr)2+ 1
4
Γ̂2 ,

Cassing, Juchem (2000) and Leupold (2000)

• testparticle approximation
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