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f(x)

∫ xmax

xmin

f(x)dx = 1

C(y) =

∫ y
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f(x)dx
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C(y) = R.

x p



y f

y = C−1(R).

F (x) f(x) F−1(x)
y f
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R ∈ [0, 1] R ≤ f(y)/g(x) y

y f(x)
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∑
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∫
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∫
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N(t) = R t

t = F−1(F (0)− lnR).
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2 ↔ 2 “1 ↔ 2”

meffective

meffective

phard
� O(g2),

O(g2T )



2 ↔ 2

q ↔ q̄

C2↔2
a [f(p)] =

1

4|p|
∑
bcd

∫
kp′k′

νb|Mab
cd|2(2π)4δ(4)(P +K − P ′ −K ′)

× {fa(p)fb(k)[1± fc(p
′)][1± fd(k

′)]− fc(p
′)fd(k′)[1± fa(p)][1± fb(k)]} .

|Mab
cd| ab ↔ cd

p
p

+ −

∫
p

· · · =
∫

d3p

2|p|(2π)3 .

νb b νq/q̄ = 6
νg = 16 1/νa νb

t u

ms s
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q2 dF dA

CF CA
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3

ab↔ cd |Mab
cd|2/g4

q1q2 ↔ q1q2

8
d2FC

2
F

dA

(
s2 + u2

t2

)
q1q̄2 ↔ q1q̄2
q̄1q2 ↔ q̄1q2
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q1q1 ↔ q1q1
8
d2FC

2
F

dA

(
s2 + u2

t2
+
s2 + t2

u2

)
+ 16dFCF
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2
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s2
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2
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F
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u
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u
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s2

)
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2
F
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+
s

u

)
+ 8dFCFCA
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gg ↔ gg 16dAC
2
A

(
3− su

t2
− st

u2
− tu

s2

)

m2
g =

∑
s

2νs
g2Cs

dA

∫
V

d3x

V

∫
d3p

2|p|(2π)3 fs(p,x)

s

m2
q(s)/q̄(s) = 2g2CF

∫
V

d3x

V

∫
d3p

2|p|(2π)3 [2fg(p,x) + fs(p,x) + fs̄(p,x)]

CA = 3 CF = 4/3 dA = 8
d3p/|p| f

t u



. . . . . . . . .

g ↔
gg g ↔ qq̄ q ↔ gq q̄ ↔ gq̄

1

t2
→ 1

(t− ζsm2
s)

2
and

1

u2
→ 1

(u− ζsm2
s)

2
,

s
ζs

C“1↔2”
a [f ] =

(2π)3

2|p|2νa
∑
b,c

∫ ∞

0

dp′ dk′δ(p− p′ − k′)γabc(p; p
′p̂, k′p̂)

×
{
fa(p)[1± fb(p

′p̂)][1± fc(k
′p̂)]− fb(p

′p̂)fc(k′p̂)[1± fa(p)]
}

+
(2π)3

|p|2νa
∑
b,c

∫ ∞

0

dk dp′δ(p+ k − p′)γabc(p
′p̂;p, kp̂)

×
{
fa(p)fb(kp̂)[1± fc(p

′p̂)]− fc(p
′p̂)[1± fa(p)][1± fb(kp̂)]

}
.

γabc a ↔ bc
γ = γ(p, x,m2

g, T∗)

p x mg

ζs



T∗

T∗ V

T∗ =

1
2g

2
∑

s
νsCs

dA

1
V

∫
d3x

∫
d3p
(2π)3 fs(p)[1 + fs(p)]

g2
∑

s
νsCs

dA

1
V

∫
d3x

∫
d3p
(2π)3 fs(p)/p

m2
g T∗

tform =
p

m2
g

[
1 +

g4T∗p
m2

g

]− 1
2

.

C[f ] = 0
f (0) t0

pz → p̃z =
t

t0
pz,

p⊥ → p⊥

x⊥ → x̃⊥ = x⊥ − p⊥
p2⊥

t

(√
p2⊥ + p2z −

t0
t

√
p2⊥ + p2z

t2

t20

)
.



t

f (0)(t,x⊥;p⊥, pz) = f (0)(t0, x̃⊥;p⊥, p̃z).

f̃(t, x̃⊥;p⊥, p̃z) = f(t,x⊥;p⊥, pz)

t

∂tf̃(t, x̃⊥;p⊥, p̃z) = −C̃[f̃ ](t, x̃⊥;p⊥, p̃z).

f̃ = f̃ (0)+ f̃ (1)+. . .

∂tf̃
(0) = 0,

∂tf̃
(1) = −C̃[f̃ (0)].

f̃ (1)(t) = −
∫ t

t0

dt′C̃[f̃ (0)](t′),

f̃ (1)(t0) = 0

δf

f (0)(t0,x⊥;p⊥, pz) = f̄(t0, x⊥;p, pz) + δf(t0, x⊥, φx;p,x⊥).

x
x

x y

r → ∞
y

v2

vn



v2 v3 v2

v3

vn
εn

= R̂
[
v̂cl.n (m̂2

g) + Âv̂b.e.n (m̂2
g)
]

εn Â

R̂
m̂2

g
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fs(p)

m2
g/q f(p) T∗

N 6N

8N

xμ pμ τ

τ

d2ij = −
(
x2 − (xμp

μ)2

p2

)

x = xi − xj p = pi + pj

τc.a.
τc.a.



τ
τ τ ′

τ
τc.a. dij i j

τij,scatter > τ

2 ↔ 2 dij ≤
√
σij/π

2 ↔ 2
m2

g/q(τij,scatter)

f(τij,scatter, p
′)

τ τij,scatter
τ ′ τ < τ ′ < τij,scatter

i j

τ
i j

σo.e.
ij ≥ σij

dij ≤
√
σo.e.
ij /π τij,scatter

τ τij,scatter
σij

σij/σ
o.e.
ij

m2
g/q f

τ

ab→ c

k⊥
k⊥ dk2⊥/k

2
⊥

k⊥ T∗



“1 ↔ 2”
k⊥ dk2⊥/k

2
⊥

m2
g/q T∗ f

m2
g/q

dNa

d3xd3p
=

νa
(2π)3

fa(x,p) =
∑
i

δ3(xi − x)δ3(pi − p)

Ninc

x
Ninc Ninc

T∗
f2

(δ(3)(xi − x)δ(3)(pi − p))2

fa(x,p) =
(2π)3

νa

∑
i

e
− (xi−x)2

2σ2
i,x e

− (pi−p)2

2σ2
i,p

(2πσi,xσi,p)3

Ninc

f2

f(x,p)
N V = VxVp

Vx x Vp
|p|

fa(x,p) =
(2π)3

νa

Ninc

V
.

fa(x,p) ≤ T∗/p
f(p) > T∗/p



f(x,p) = f(x, p)

p

fg/q/q̄,initial(p) = fC(p) = e−p/T

fg,initial(p) = fBE(p) =
1

ep/T − 1
and fq/q̄,initial(p) = fFD(p) =

1

ep/T + 1
.

T
kB = 1

i j j

γ
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