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Equivalent photon approximation (EPA)

b

The strong
electromagnetic field
is used as a source
of photons to induce
electromagnetic reactions.

Peripheral collisions:
b > R1 + R2 ∼= 14 fm
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

The total cross section in EPA

σ (PbPb → PbPbππ; sNN)

=

∫
σ̂ (γγ → ππ; x1x2sNN) dnγγ (x1, x2,b)
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

Photons flux

dnγγ (x1, x2,b) =

∫
1
π

d2b1|E (x1,b1) |2 1
π

d2b2|E (x2,b2) |2

x S2
abs (b)δ(2)(b− b1 + b2)

dx1

x1

dx2

x2

E (x ,b) = Z
√
4παem

∫ d2q
(2π2)

e−ibq q
q2+x2M2

A
Fem

(
q2 + x2M2

A
)

S2
abs (b) ∼= θ (b− 2RA)

———————————————————
1
π

∫
d2b|E (x ,b) |2 =

∫
d2bN (ω,b)

dω1dω2 → dWγγdY
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

The cross section in EPA

Nuclear cross section – EPA

σ (PbPb → ππPbPb; sNN) =

=

∫
σ̂ (γγ → ππ; Wγγ) θ (|b1 − b2| − 2RA)

x N (ω1,b1) N (ω2,b1) 2πbm dbm dbx dby
Wγγ

2
dWγγdY

The details of derivation:
Antoni Szczurek, M.K-G; Phys. Rev. C82 (2010) 014904,
”Exclusive muon-pair productions in ultrarelativistic heavy-ion
collisions: Realistic nucleus charge form factor and differential
distributions”
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Form factor

MONOPOLE Fem

F (q2) = Λ2

Λ2+q2

Λ =
√

6
<r2>

197Au ⇒
√
< r2 > =

5.3 fm, Λ = 0.091GeV ,
208Pb ⇒

√
< r2 > =

5.5 fm, Λ = 0.088GeV .
In the literature:
Λ = (0.08− 0.09) GeV
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

Realistic vs monopole form factor
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

Elementary cross section for γγ → ππ

The γγ → (qq̄)(qq̄)→ ππ amplitude in the LO pQCD

M (λ1, λ2) =

∫ 1

0
dx
∫ 1

0
dy φπ

(
x , µ2

x
)
Tλ1λ2

H

(
x , y , µ2)φπ (y , µ2

y
)

× F pQCD
reg (t, u)

π

π

π

π

π

π

π

π

π

π

µx = min (x , 1− x)
√

s(1− z2),
z = cos θ, #A. Szczurek, J. Speth, Nucl.Phys.A728(2003)182

F pQCD
reg (t, u) =

[
1− exp

(
t−tm
Λ2

reg

)] [
1− exp

(
u−um
Λ2

reg

)]
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Total cross section

σ (γγ → ππ) =

∫
2π

4 · 64π2W 2
p
q
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|M (λ1, λ2)|2 dz
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

The quark distribution amplitude of the pion

φπ
(
x , µ2) =

fπ
2
√
3
6x (1− x)

∞′∑
n=0

C 3/2
n (2x − 1) an

(
µ2)

———————————————————————————

an
(
µ2) =

2
3

2n + 3
(n + 1) (n + 2)

(
αs
(
µ2)

αs
(
µ2

0
))−CF

β0

"
3+ 2

(n+1)(n+2)
−4

n+1P
k=1

1
k

#

×
∫ 1

0
dxC 3/2

n (2x − 1) φπ
(
x , µ2

0
)

———————————
αs
(
µ2) = 4π

β0 ln µ2

Λ2
QCD

β0 = 11
3 CA − 2

3NF
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

The quark distribution amplitude of the pion

Fπγ(Q2) = F (V )
πγ (Q2) + F (NV )

πγ (Q2)

Ψqq̄ (x , k⊥) =
∑
λ1λ2

χλ1λ2ΨR
qq̄ (x , k⊥)

Based on the BHL prescription:

ΨR
qq̄ (x , k⊥) = A ϕπ (x)

× exp

[
− k⊥ + m2

q

8β2x (1− x)

]
ϕπ (x) =

“
1 + B C 3/2

2 (2x − 1)
”

—————————————

φπ
`
x , µ2

0
´

=
2
√
3

fπ

Z
|k⊥|2≤µ2

0

d2k⊥
16π3 Ψqq̄ (x , k⊥)
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

The quark distribution amplitude of the pion

φπ
(
x , µ2

0
)

WH
=

=

√
3A mqβ

2
√

2π3/2fπ

√
x (1− x)

×
(
1 + B × C 3/2

2 (2x − 1)
)

× (erf

√ m2
q + µ2

0

8β2x (1− x)


− erf

√ m2
q

8β2x (1− x)

)
B = 0.6

mq = 0.3 GeV

A = 16.62 GeV−1

β = 0.745 GeV
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PbPb → PbPbππ

The quark distribution amplitude of the pion

φπ(x)CZ = 30x(1−x)(2x−1)2

φπ(x)as = 6x(1− x)

x
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√
3A mqβ

2
√

2π3/2fπ

√
x (1− x)

×
(
1 + B × C 3/2

2 (2x − 1)
)

× (erf

√ m2
q + µ2

0

8β2x (1− x)


− erf
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

Hand-bag model

γ

γ

q

q̄

π

π

M. Diehl, P. Kroll and C. Vogt,
Phys. Lett. B532 (2002) 99;

M. Diehl and P. Kroll,
Phys. Lett. B683 (2010) 165.

A+− = A−+ = −4πem
s2

tuRππ (s) ∝ 1
sin2 θ

Rππ (s) =
5
9s

au

(s0
s

)nu
+

1
9s

as

(s0
s

)ns

s0 = 9 GeV2 au = 1.375 GeV2

nu = 0.4175
as = 0.5025 GeV2

ns = 1.195

σ
(
γγ → π+π−

)
=

4πα2
em

s

(
cos θ0
sin2 θ0

+
1
2
ln

1 + cos θ0
1− cos θ0

)
|Rππ (s)|2
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

dσ(γγ→π0π0)
dz =⇒ pQCD vs hand-bag vs ω exchange
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

σ(γγ → π+π−) & σ(γγ → π0π0) =⇒ pQCD vs hand-bag
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Equivalent photon approximation
γγ → ππ

PbPb → PbPbππ

Nuclear cross section

 (GeV)π π = Mγ γW
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Conclusions

σ(γγ→π0π0)
σ(γγ→π+π−)

pQCD vs hand-bag mechanism
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Other mechanisms

Pion exchange
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+ +

Resonances
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High-energy ππ rescattering
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Thank You For Attention
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