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Introduction

Introduction
Typical experimental conditions

High energy E� m

Small characteristic angle θ � 1

Large atomic charge number =⇒ Z� 1

θ ≪ 1
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Quasiclassical approximation

Furry representation

diagram technique

Furry representation allows to take into account exactly the in�uence of

the external �eld
r1 r2ε

→ G(r1,r2|ε) = 〈r2| 1
P̂−m+i0

|r1〉

rp

→ uin
p (r)

G(r1,r2|ε) = (P̂ +m)D(r2, r1|ε) P̂ = γ
µPµ Pµ = (ε−V(r), i∇∇∇)

D(r2,r1|ε) = 〈r2|
1

P̂2−m2 + i0
|r1〉

Peter Krachkov (BINP) Charge asymmetry ... 16/06/2015, BINP 4 / 16



Quasiclassical approximation

Quasiclassical approximation

The characteristic parameters of the high energy processes

∆τ ∼ 1/m � The virtual pair life time in the comoving frame

∆t = ∆τγ ∼ E/m2 � The virtual pair life time in the LFR

ρ ∼ 1/m � The loop transverse size in the LFR

z = ∆t ∼ E/m2 � The loop longitudinal size in the LFR

l∼ Eρ ∼ E/m� 1 � The angular momentum in the LFR

θ ∼ 1/l∼ m/E� 1 � The characteristic angle in the LFR
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Quasiclassical approximation

Quasiclassical approximation

The quasiclassical Green's function

D(r2,r1|ε)=
ieikr

4π2r

∫
d2qexp

[
iq2−ir

∫ 1

0
dxV(Rx)

]{
1− r

2ε

∫ 1

0
dxααα∇∇∇1V(Rx)

}
Rx = r1 + xr+q

√
2xx̄r/k⇐= quantum �uctuations
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Charge asymmetry in high-energy bremsstrahlung

Charge asymmetry in high-energy bremsstrahlung

Matrix element

p
q

k
M =

∫
drū−q (r)e∗γγγu+p (r)e−ikr

Cross section

dσ =
αωqεq

(2π)4 dΩk dΩq dω|M|2 ,

dσ(p,q,k,η) = dσs(p,q,k,η)+dσa(p,q,k,η)

dσs(p,q,k,η) =
dσ(p,q,k,η)+dσ(p,q,k,−η)

2

dσa(p,q,k,η) =
dσ(p,q,k,η)−dσ(p,q,k,−η)

2
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Charge asymmetry in high-energy bremsstrahlung

Charge asymmetry in high-energy bremsstrahlung

Green's function

D(r2, r1|ε) = 〈r2|
1

H + iααα ·∇∇∇V(r)+ i0
|r1〉

= 〈r2|
1

H
− 1

H
iααα ·∇∇∇V(r)

1
H

+
1

H
iααα ·∇∇∇V(r)

1
H

iααα ·∇∇∇V(r)
1

H
|r1〉

H = (ε−V(r))2−m2 +∇∇∇
2 + i0

D(r2, r1|ε) = d0(r2,r1)+ααα ·d1(r2,r1)+ΣΣΣ ·d2(r2,r1)

d0 ∼ lcd1 ∼ l2cd2 lc ∼ ε/∆� 1
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Charge asymmetry in high-energy bremsstrahlung

Charge asymmetry in high-energy bremsstrahlung

Green's function

D(r2, r1|ε) = 〈r2|
1

H + iααα ·∇∇∇V(r)+ i0
|r1〉

= 〈r2|
1

H
− 1

H
iααα ·∇∇∇V(r)

1
H

+
1

H
iααα ·∇∇∇V(r)

1
H

iααα ·∇∇∇V(r)
1

H
|r1〉

H = (ε−V(r))2−m2 +∇∇∇
2 + i0

D(r2, r1|ε) = d0(r2,r1)+ααα ·d1(r2,r1)+ΣΣΣ ·d2(r2,r1)

d0 ∼ lcd1 ∼ l2cd2 lc ∼ ε/∆� 1

d0(r2,r1) =
ieiκr

4π2r

∫
dQexp

[
iQ2− ir

∫ 1
0 dxV(Rx)

]
×
{

1+ ir3

2κ

1∫
0

dx
x∫

0
dy(x− y)∇∇∇⊥V(Rx) ·∇∇∇⊥V(Ry)

}
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Charge asymmetry in high-energy bremsstrahlung

Charge asymmetry in high-energy bremsstrahlung

Matrix element

M =−δµpµq(εpδλ µp+εqδλ µ̄p)[N0(e∗λ ,ξpp⊥−ξqq⊥)+N1(e∗λ ,εpξpp⊥−εqξqq⊥)]
− 1√

2
mµpδµp µ̄qδλ µp(εp− εq)[N0(ξp−ξq)+N1(εpξp− εqξq)]

N0 =
2i

ωm2∆2
⊥

∫
dr exp [−i∆∆∆ · r− iχ(ρ)]∆∆∆⊥ ·∇∇∇⊥V(r)

N1 =
1

ωm2εpεq

∫
dr exp [−i∆∆∆ · r− iχ(ρ)]

∞∫
0

dxx∇∇∇⊥V(r− xννν) ·∇∇∇⊥V(r)

χ(ρ) =
∫

∞

−∞

V(z,ρρρ)dz ξp =
m2

m2 +p2
⊥

ξq =
m2

m2 +q2
⊥

∆∆∆ = q+ k−p

Peter Krachkov (BINP) Charge asymmetry ... 16/06/2015, BINP 9 / 16



Charge asymmetry in high-energy bremsstrahlung

Charge asymmetry in high-energy bremsstrahlung

Square of the matrix element

∑
λ µq

|M|2 = S0 +S1 +S2

S0 =
m2|N0|2

2

[
∆2

m2 (ε
2
p + ε

2
q )ξpξq−2εpεq(ξp−ξq)

2
]

S1 =
m2Re(N0N∗1 )

2

{
∆2

m2 (ε
2
p + ε2

q )(εp + εq)ξpξq

+
[
(ε2

p + ε2
q )(εp− εq)−4εpεq(εpξp− εqξq)

]
(ξp−ξq)

}
S2 =−µpIm(N0N∗1)ω

2(εp + εq)ξpξq [p⊥×q⊥] ·ννν
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Charge asymmetry in high-energy bremsstrahlung

Charge asymmetry in high-energy bremsstrahlung

Coulomb potential

rscr� r� Rnucl V(r) =
Zα

r

N0 =
8πη(L∆)2iη

ωm2∆2
Γ(1− iη)

Γ(1+ iη)
= N0B

Γ(1− iη)

Γ(1+ iη)
(L∆)2iη

N1 =
2π2η2(L∆)2iη

ωm2εpεq∆

Γ(1/2− iη)

Γ(1/2+ iη)
= N1B

Γ(1/2− iη)

Γ(1/2+ iη)
(L∆)2iη

|N0|2 = |N0B|2 =
(

8πη

ωm2∆2

)2

g(η) = η
Γ(1− iη)Γ(1/2+ iη)

Γ(1+ iη)Γ(1/2− iη)

ReN0N∗1 =
πReg(η)∆

4εpεq
|N0|2 ImN0N∗1 =

πImg(η)∆

4εpεq
|N0|2
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Charge asymmetry in high-energy bremsstrahlung
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Dependence of Reg(η) (solid curve) and -Img(η) (dashed curve) on η .
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Charge asymmetry in high-energy bremsstrahlung

Charge asymmetry in bremsstrahlung from muons

Accounting of the �nite size of the nucleus

Rnuc ∼ 7 fm λµ = 1.87 fm VF(∆
2) =−4πηF(∆2)

∆2∫
∆

2(|N0|2−|N0B|2)d∆∆∆⊥ =∓128π3η2f (η)

ω2m4 f (η) = Reψ(1+ iη)−ψ(1)
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∆2 +Λ2

β =
∆

Λ

G0 = |N0|2/|N0B|2−1
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Charge asymmetry in high-energy bremsstrahlung

For the potential VF(∆
2) =−4πηF(∆2)

∆2 , F(∆2) = Λ2

∆2+Λ2

0 1 2 3 4 5 6

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

Β

G
1

Dependence of

G1 = Σ
−1
R ReN0N∗1/|N0|2 on

β = ∆/Λ for a few values of η ,

η = 0.34 (Ag, solid curve), η = 0.6
(Pb, dashed curve), è η = 0.67

(U, dotted curve). ΣR = πReg(η)∆
4εpεq
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−1
I ImN0N∗1/|N0|2 on

β = ∆/Λ for a few values of η ,

η = 0.34 (Ag, solid curve), η = 0.6
(Pb, dashed curve), è η = 0.67

(U, dotted curve). ΣI =
πImg(η)∆

4εpεq
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Conclusion

Conclusion

The quasiclassical Green's function and the wave function in the

case of arbitraly localaized potential, taking into account, �rst

quasiclassical correction are obtained.

The charge asimmetry in the process of high energy

bremsstrahlung in the �eld of a heavy atom is investigated.

E�ect of screening and �nite size nucleus e�ect are investigated.

It is shown that the Coulomb corrections are important.
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Thank you for attention!
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