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Escada de Glúons Mais Simples

Octeto de Cor

Conclusões

Referências
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O que é o Pomeron?

• Teoria de Regge:

⇒ A troca de um Reggeon R no espalhamento.

⇒ Ondas parciais: extendendo ` para valores complexos.

` = α(t) ≈ α(0) + α′t Trajetória de Regge

⇒ No limite de alta energia (|t| � s):

A(s, t) ∼
s→∞

sα(t) → σtot ∼
s→∞

sα(0)−1

⇒ Limite de Froissart-Martin: σtot 6 Cln2s
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• Trajetórias mesônicas: α(0) ∼ 0.5 → s ↑, σtot ↓
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• Seção de choque hadrônica: s ↑, σtot ↑ (1960: σtot ∼ cte)

Proposta: Reggeon P → αP(0) = 1 → σtot ∼ sα(0)−1 ∼ cte

Atualmente: σtot ∼ sλ → λ ≈ 0.08 − 0.10

αP(0) =

{

1.104 ± 0.002, Covolan, et al (PLB 389, 176, 1996)

1.0964+0.0115
−0.0091 , Cudell, et al (PLB 395, 311, 1997)
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Interações Fortes - QCD

• Trajetórias mesônicas: α(0) ∼ 0.5 → s ↑, σtot ↓

• Seção de choque hadrônica: s ↑, σtot ↑ (1960: σtot ∼ cte)

Proposta: Reggeon P → αP(0) = 1 → σtot ∼ sα(0)−1 ∼ cte

Atualmente: σtot ∼ sλ → λ ≈ 0.08 − 0.10

αP(0) =

{

1.104 ± 0.002, Covolan, et al (PLB 389, 176, 1996)

1.0964+0.0115
−0.0091 , Cudell, et al (PLB 395, 311, 1997)

Unitariedade

{

s → ∞ violação descartada

Tevatron+ Kopeliovich, et al (PLB 405, 361, 1997)

Processo Elásticos/Difrativos → Números Quânticos do Vácuo!
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A F́ısica antes da QCD

pré-QCD ⇒ Espalhamento Hádron-Hádron
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Introduzindo o Pomeron na QCD

• Primeira Proposta: Landshoff, Polkinghorne (NPB 32, 541, 1971)

Jaroszkiewicz, Landshoff (PRD 10, 170, 1974)

dσ
pp
el

dt
=

g4[3F1]
4

4πsen2
(

παP(t)
2

)

(

s

s0

)2αP(t)−2






αP(0) = 1.08

α′

P
= 0.25 GeV−2

g 4 = 3.21 GeV−2

Donnachie, Landshoff (ZPC 2, 55, 1979; NPB 244, 322, 1984)
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Introduzindo o Pomeron na QCD

• Segunda Proposta: Low (PRD 12, 163, 1975)

Nussinov (PRL 34, 1286, 1975; PRD 14, 246, 1976)

LN −−−−→
n-pQCD

LP
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QCD Perturbativa

Espalhamento quark-quark ⇒ Pomeron: s � |t|
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Gustavo Silveira Seminários GFPAE - 13/Nov/2006



O Pomeron na QCD 11/ 44

Troca de um glúon
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Troca de um glúon

Mı́nimo 2 glúons ⇒ Pomeron sem carga de cor.

⇒ Parametrização de Sudakov:

q = αp1 + βp2 + q⊥

{

q⊥ = (0,q, 0)
s = 2 (p1 · p2)

⇒ Momentum transferido: t = q2 = 2αβ (p1 · p2)− q2 = αβs − q2

⇒ Condição de camada de massa:

(p1 − q)2 = −(1 − α)βs − q2 = 0
(p2 + q)2 = α(1 + β)s − q2 = 0

}

α = |β| ' q2

s
� 1

q2 ' −q2
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Amplitude de espalhamento

⇒ Consideração: “Soft Pomeron”

• Regras de Feynman:

iA
(0)
ijkl

(s, t) = ig2
s (ta

ij t
a
kl)ū(p1)γ

µu(p1)

(

gµν

q2

)

ū(p′
2)γ

νu(p2)
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Amplitude de espalhamento

⇒ Consideração: “Soft Pomeron”

• Regras de Feynman:

iA
(0)
ijkl

(s, t) = ig2
s (ta

ij t
a
kl)ū(p1)γ

µu(p1)

(

gµν

q2

)

ū(p′
2)γ

νu(p2)

⇒ Módulo Quadrado:

|A(0)|2 = 2g4
s

(

N2
c − 1

4N2
c

) (

s2 + u2

t2

)

s→∞
≡

s'−u

8g4
s

9

(

s2

t2

)
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Amplitude de espalhamento

⇒ Consideração: “Soft Pomeron”

• Regras de Feynman:

iA
(0)
ijkl

(s, t) = ig2
s (ta

ij t
a
kl)ū(p1)γ

µu(p1)

(

gµν

q2

)

ū(p′
2)γ

νu(p2)

⇒ Módulo Quadrado:

|A(0)|2 = 2g4
s

(

N2
c − 1

4N2
c

) (

s2 + u2

t2

)

s→∞
≡

s'−u

8g4
s

9

(

s2

t2

)

⇒ Fator de cor:

(ta
ij t

a
kl)(t

b
ij t

b
kl)

∗

N2
c

=
Tr(tatb)Tr(tatb)

N2
c

=
N2

c − 1

4N2
c

=
2

9
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• Vértice Eikonal: p1 + q ' p1
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Aproximação Eikonal

• Vértice qqg:

V µ = −igs ū(p1 + q)γµu(p1)

• Vértice Eikonal: p1 + q ' p1

V µ ' −igs ūγµu(p1) = −2igsp
µ
1

• Amplitude: A
(0)
ijkl = 4g2

s (ta
ij t

a
kl )

(

p1·p2

q2

)

= 8παs(t
a
ij t

a
kl)

(

s
t

)
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• Vértice qqg:

V µ = −igs ū(p1 + q)γµu(p1)

• Vértice Eikonal: p1 + q ' p1

V µ ' −igs ūγµu(p1) = −2igsp
µ
1

• Amplitude: A
(0)
ijkl = 4g2

s (ta
ij t

a
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(

p1·p2

q2

)

= 8παs(t
a
ij t

a
kl)
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t

)

• Módulo Quadrado:

|A(0)|2 =
8g4

s

9

(

s2
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)
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• Correções O(αs): “diagrama de loop”

⇒ Diagramas subdominantes → constante de acoplamento
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Troca de dois glúons

• Correções O(αs): “diagrama de loop”

⇒ Diagramas subdominantes → constante de acoplamento

• Regas de Cutkosky: t ≡ q2 (JMP 1, 429, 1960)

ImA(1)(s, t) =
1

2

∫

dΠ2A
(0)(s, k2)A(0)†(s, [k − q]2)
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Espaço de Fase

• Integral do Espaço de Fase para 2 corpos:

∫

dΠ2 =

∫

d4κ1

(2π)3
d4κ2

(2π)3
δ(κ2

1) δ(κ2
2) (2π)4 δ(p1 + p2 − κ1 − κ2)

=

∫

d4k

(2π)2
δ([p1 − k]2) δ([p2 + k]2)
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∫

d4κ1

(2π)3
d4κ2

(2π)3
δ(κ2

1) δ(κ2
2) (2π)4 δ(p1 + p2 − κ1 − κ2)

=

∫

d4k

(2π)2
δ([p1 − k]2) δ([p2 + k]2)

⇒ Variáveis de Sudakov:

k = αp1 + βp2 + k⊥ , d4k =
( s

2

)

dα dβ d2k
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Espaço de Fase

• Integral do Espaço de Fase para 2 corpos:

∫

dΠ2 =

∫

d4κ1

(2π)3
d4κ2

(2π)3
δ(κ2

1) δ(κ2
2) (2π)4 δ(p1 + p2 − κ1 − κ2)

=

∫

d4k

(2π)2
δ([p1 − k]2) δ([p2 + k]2)

⇒ Variáveis de Sudakov:

k = αp1 + βp2 + k⊥ , d4k =
( s

2

)

dα dβ d2k

⇒ Integral + Sudakov:

∫

dΠ2 =
s

8π2

∫

dα dβ d2k δ(−β[1−α]s+k2) δ(α[1+β]s−k2)
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Limite de Alta Energia

• No limite de s → ∞:

⇒ Variáveis de Sudakov: α = |β| ' k2

s
� 1

k2 ' −k2, (k − q)2 ' −(k − q)2

k2 ' (k − q2)2 ' q2
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Limite de Alta Energia

• No limite de s → ∞:

⇒ Variáveis de Sudakov: α = |β| ' k2

s
� 1

k2 ' −k2, (k − q)2 ' −(k − q)2

k2 ' (k − q2)2 ' q2

⇒ Integral do Espaço de Fase:

∫

dΠ2 =
1

8π2s

∫

dα dβ d2k δ

(

β +
k2

s

)

δ

(

α −
k2

s

)

=
1

8π2s

∫

d2k
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Limite de Alta Energia

• No limite de s → ∞:

⇒ Variáveis de Sudakov: α = |β| ' k2

s
� 1

k2 ' −k2, (k − q)2 ' −(k − q)2

k2 ' (k − q2)2 ' q2

⇒ Integral do Espaço de Fase:

∫

dΠ2 =
1

8π2s

∫

dα dβ d2k δ

(

β +
k2

s

)

δ

(

α −
k2

s

)

=
1

8π2s

∫

d2k

k = −
(

k2

s

)

p1 +
(

k2

s

)

p2 + k
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Diagrama Quadrado

⇒ Amplitudes:
A(0)(s, k2) = −8παs(t

a
mj t

a
nl )

[ s

k2

]

A(0)†(s, (k − q)2) = −8παs(t
b
mi t

b
nk)∗

[

s

(k − q)2

]
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Diagrama Quadrado

⇒ Amplitudes:
A(0)(s, k2) = −8παs(t

a
mj t

a
nl )

[ s

k2

]

A(0)†(s, (k − q)2) = −8παs(t
b
mi t

b
nk)∗

[

s

(k − q)2

]

⇒ Amplitude Imaginária:

ImA(1)
a (s, t) = 4α2

s (t
atb)ij(t

atb)kl s

∫

d2k

[

1

k2(k − q)2

]
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Amplitude Total

⇒ Relação de Dispersão → ordem dominante em ln s:

A(1)
a (s, t) = −

(

4α2
s

π

)

(tatb)ij (t
atb)kl s ln

( s

t

)

∫

d2k

k2(k − q)2
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Amplitude Total

⇒ Relação de Dispersão → ordem dominante em ln s:

A(1)
a (s, t) = −

(

4α2
s

π

)

(tatb)ij (t
atb)kl s ln

( s

t

)

∫

d2k

k2(k − q)2

⇒ Reescrevendo:

A(1)
a (s, t) = −

(

16παs

Nc

)

(tatb)ij(t
atb)kl

(s

t

)

ln
(s

t

)

ε(t)
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Amplitude Total

⇒ Relação de Dispersão → ordem dominante em ln s:

A(1)
a (s, t) = −

(

4α2
s

π

)

(tatb)ij (t
atb)kl s ln

( s

t

)

∫

d2k

k2(k − q)2

⇒ Reescrevendo:

A(1)
a (s, t) = −

(

16παs

Nc

)

(tatb)ij(t
atb)kl

(s

t

)

ln
(s

t

)

ε(t)

ε(t) =
Ncαs

4π2

∫

d2k

[

−q2

k2(k − q)2

]
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Amplitude Total

⇒ Relação de Dispersão → ordem dominante em ln s:

A(1)
a (s, t) = −

(

4α2
s

π

)

(tatb)ij (t
atb)kl s ln

( s

t

)

∫

d2k

k2(k − q)2

⇒ Reescrevendo:

A(1)
a (s, t) = −

(

16παs

Nc

)

(tatb)ij(t
atb)kl

(s

t

)

ln
(s

t

)

ε(t)

ε(t) =
Ncαs

4π2

∫

d2k

[

−q2

k2(k − q)2

]

Divergente em Infravermelho
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Quarks Confinados
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Quarks Confinados

• Consideração Inicial ⇒ quarks na camada de massa
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• Consideração Inicial ⇒ quarks na camada de massa

• Situação Real ⇒ quark confinados dentro de Hádrons!
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Quarks Confinados

• Consideração Inicial ⇒ quarks na camada de massa

• Situação Real ⇒ quark confinados dentro de Hádrons!

⇒ CUT OFF Infravermelho µ2:

ε(t) =
Ncαs

4π2

∫

d2k

[

−q2

(k2 + µ2)[(k − q)2 + µ2]

]
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Quarks Confinados

• Consideração Inicial ⇒ quarks na camada de massa

• Situação Real ⇒ quark confinados dentro de Hádrons!

⇒ CUT OFF Infravermelho µ2:

ε(t) =
Ncαs

4π2

∫

d2k

[

−q2

(k2 + µ2)[(k − q)2 + µ2]

]

ε(t) = −
Ncαs

2π
ln

(

k2

µ2

)
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Diagrama Cruzado
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Diagrama Cruzado
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Diagrama Cruzado

⇒ Amplitude Total:

A
(1)
b (s, t) = −

(

16πα2

Nc

)

(tatb)ij(t
bta)kl

(u

t

)

ln
(u

t

)

ε(t)
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Diagrama Cruzado

⇒ Amplitude Total:

A
(1)
b (s, t) = −

(

16πα2

Nc

)

(tatb)ij(t
bta)kl

(u

t

)

ln
(u

t

)

ε(t)

⇒ Aproximação de Alta Energia: s ' −u

A
(1)
b (s, t) =

(

16πα2

Nc

)

(tatb)ij(t
bta)kl

(s

t

)

ln

(

s

|t|

)

ε(t)
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Amplitude Total do Processo
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Amplitude Total do Processo

• Somando ambas as contribuições:

A(1)(s, t) = A(1)
a (s, t) + A

(1)
b (s, t)

= −

(

16παs

Nc

)

(tatb)ij

(s

t

)

×

{

[ta, tb]kl ln

(

s

|t|

)

− iπ(tatb)kl

}

ε(t)
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Amplitude Total do Processo

• Somando ambas as contribuições:

A(1)(s, t) = A(1)
a (s, t) + A

(1)
b (s, t)

= −

(

16παs

Nc

)

(tatb)ij

(s

t

)

×

{

[ta, tb]kl ln

(

s

|t|

)

− iπ(tatb)kl

}

ε(t)

ImA(1)(s, t) → subdominantes em ln s ⇒ Singleto de Cor!
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Diagramas de dois Loops
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Diagramas de dois Loops
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Diagramas de Emissão
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Diagramas de Emissão
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Diagramas de Emissão

⇒ Variáveis de Sudakov:

k1 = α1p1 + β1p2 + k1⊥

k2 = α2p1 + β2p2 + k2⊥
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Limites Cinemáticos
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Limites Cinemáticos

• Coeficientes de Sudakov:

1 � α1 � α2

1 � |β2| � |β1|
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Limites Cinemáticos

• Coeficientes de Sudakov:

1 � α1 � α2

1 � |β2| � |β1|

• Glúons na camada de massa:

(k1 − k2)
2 = k2

1 + k2
2 − 2(k1 · k2) = 0

= −k2
1 − k2

2 − α1β2s − α2β1s + k1 · k2 = 0

' −(k1 − k2)
2 − α1β2s = 0
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Limites Cinemáticos

• Coeficientes de Sudakov:

1 � α1 � α2

1 � |β2| � |β1|

• Glúons na camada de massa:

(k1 − k2)
2 = k2

1 + k2
2 − 2(k1 · k2) = 0

= −k2
1 − k2

2 − α1β2s − α2β1s + k1 · k2 = 0

' −(k1 − k2)
2 − α1β2s = 0

⇒ Logo,
α1β2s = −(k1 − k2)

2

k2
1 ' k2

2 ' q2
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Emissão Central
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Emissão Central

• Amplitude de Espalhamento:

iAρ
2→3,a = (−2igsp

µ
1 )ta

mj

(

−
i

k2
1

)

× gs fabc [(k1 + k2)
ρgµν + (k1 − 2k2)

µgνρ + (k2 − 2k1)
νgρµ]

×

(

−
i

k2
2

)

(−2igsp
ν
2 )tb

nl
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Emissão Central

• Amplitude de Espalhamento:

iAρ
2→3,a = (−2igsp

µ
1 )ta

mj

(

−
i

k2
1

)

× gs fabc [(k1 + k2)
ρgµν + (k1 − 2k2)

µgνρ + (k2 − 2k1)
νgρµ]

×

(

−
i

k2
2

)

(−2igsp
ν
2 )tb

nl

• Limites Cinemáticos:

Aρ
2→3,a = −2ig3

s fabc(t
a
mj t

b
nl)

(

1

k2
1k

2
2

)

[α1p
ρ
1 + β2p

ρ
2 − (kρ

1 + k
ρ
2 )]
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Emissão Anterior
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Emissão Anterior

• Amplitude de Espalhamento:

iAρ
2→3,b = (−2igsp

ρ
1)tc

j ′j

[

i

(p1 − k1 + k2)2

]

(−2igs)(p
µ
1 − k

µ
1 + k

µ
2 )tb

mj ′

×

(

−
i

k2
2

)

(−2igsp2µ)tb
nl
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Emissão Anterior

• Amplitude de Espalhamento:

iAρ
2→3,b = (−2igsp

ρ
1)tc

j ′j

[

i

(p1 − k1 + k2)2

]

(−2igs)(p
µ
1 − k

µ
1 + k

µ
2 )tb

mj ′

×

(

−
i

k2
2

)

(−2igsp2µ)tb
nl

⇒ Limites Cinemáticos:

Aρ
2→3,b = −4gs(t

btc)mj t
b
nl

[

1

β2sk2
2

]

p
ρ
1
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Emissão Posterior
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Emissão Posterior

• Amplitude de Espalhamento:

iAρ
2→3,c = (−2igsp1µ)tb

j ′j

(

−
i

k2
2

)

(−2igsp
µ
2 )tb

nl

×

[

i

(p1 − k2)2

]

(−2igs)(p
ρ
1 − k

ρ
2 )tc

mj ′
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Emissão Posterior

• Amplitude de Espalhamento:

iAρ
2→3,c = (−2igsp1µ)tb

j ′j

(

−
i

k2
2

)

(−2igsp
µ
2 )tb

nl

×

[

i

(p1 − k2)2

]

(−2igs)(p
ρ
1 − k

ρ
2 )tc

mj ′

• Limites Cinemáticos:

Aρ
2→3,c = 4g3

s s fabc(t
a
mj t

b
nl )

(

1

β2sk2
2p

ρ
1

)
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Emissão Posterior

• Amplitude de Espalhamento:

iAρ
2→3,c = (−2igsp1µ)tb

j ′j

(

−
i

k2
2

)

(−2igsp
µ
2 )tb

nl

×

[

i

(p1 − k2)2

]

(−2igs)(p
ρ
1 − k

ρ
2 )tc

mj ′

• Limites Cinemáticos:

Aρ
2→3,c = 4g3

s s fabc(t
a
mj t

b
nl )

(

1

β2sk2
2p

ρ
1

)

• Amplitude Total de Espalhamento:

[

tb, tc
]

= ifabct
a → Aρ

2→3,b+c = −4ig3
s s fabc(t

a
mj t

b
nl)

(

1

β2sk
2
2

)

p
ρ
1
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Emissão Inferior
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Emissão Inferior
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Emissão Inferior

• Amplitude Total de Espalhamento:

Aρ
2→3,d+e = −4ig3

s fabc(t
a
mj t

b
nl )

(

1

α1sk2
1

)

p
ρ
2
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Vértice Efetivo

Gustavo Silveira Seminários GFPAE - 13/Nov/2006



O Pomeron na QCD 29/ 44

Vértice Efetivo

• Amplitude Total em O(g3
s )

Aρ
2→3 = −4ig3

s

(

p
µ
1 pν

2

k2
1k

2
2

)

(ta
mj t

b
nl)fabcΓ

ρ
µν
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Vértice Efetivo

• Amplitude Total em O(g3
s )

Aρ
2→3 = −4ig3

s

(

p
µ
1 pν

2

k2
1k

2
2

)

(ta
mj t

b
nl)fabcΓ

ρ
µν

• Vértice Efetivo de Lipatov:

Γρ
µν(k1, k2) =

(

2p2µp1ν

s

)[(

α1 +
2k2

1

β2s

)

p
ρ
1 +

(

β2 +
2k2

2

α1s

)

p
ρ
2 −

(

k
ρ
1⊥ + k

ρ
2⊥

)

]
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Vértice Efetivo

• Amplitude Total em O(g3
s )

Aρ
2→3 = −4ig3

s

(

p
µ
1 pν

2

k2
1k

2
2

)

(ta
mj t

b
nl)fabcΓ

ρ
µν

• Vértice Efetivo de Lipatov:

Γρ
µν(k1, k2) =

(

2p2µp1ν

s

)[(

α1 +
2k2

1

β2s

)

p
ρ
1 +

(

β2 +
2k2

2

α1s

)

p
ρ
2 −

(

k
ρ
1⊥ + k

ρ
2⊥

)

]

⇒ Invariante de Gauge: (k1ρ − k2ρ) Γρ
µν(k1, k2) = 0
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Diagrama Efetivo
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Diagrama Efetivo
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Diagrama Efetivo

• Amplitude Efetiva de Emissão:

iAρ
2→3 = (−2igsp

µ
1 )ta

mj

(

−
i

k2
1

)

fabc gs Γρ
µν(k1, k2)

×

(

−
i

k2
2

)

(−2igsp
ν
2 )tb

nl
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Diagrama Efetivo

Gustavo Silveira Seminários GFPAE - 13/Nov/2006



O Pomeron na QCD 31/ 44

Diagrama Efetivo

• Amplitude Efetiva Total :

Aρ
2→3 = 2igst

a
mj

(

i

k2
1

)

fabcgsC
ρ(k1, k2)

(

i

k2
2

)

gs t
b
nl
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Diagrama Efetivo

• Amplitude Efetiva Total :

Aρ
2→3 = 2igst

a
mj

(

i

k2
1

)

fabcgsC
ρ(k1, k2)

(

i

k2
2

)

gs t
b
nl

onde

Γρ
µν =

(

2

s

)

p2µp1νC
ρ

C ρ =

(

2

s

)

p
µ
1 pν

2Γρ
µν
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Contribuição de Glúon Real
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Contribuição de Glúon Real
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Contribuição de Glúon Real

• Amplitude Total ⇒ Regras de Cutkosky

ImA
(2)
real(s, t) = −

gρσ

2

∫

dΠ3 A
ρ
2→3(k1, k2)A

σ †
2→3(k1−q, k2−q)
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Espaço de Fase
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Espaço de Fase

⇒ Integral do Espaço de Fase de três corpos:

∫

dΠ3 =

∫

d4κ1

(2π)3
d4κ2

(2π)3
d4κ3

(2π)3
δ(κ2

1) δ(κ2
2) δ(κ2

3) (2π)4 δ4(p1 + p2 − κ1 − κ2 − κ3)

=
1

(2π)5

∫

d4κ1 d4κ3 δ(κ2
1) δ(κ2

3) δ([p1 + p2 − κ1 − κ3]
2)

=
1

(2π)5

∫

d4k1 d4k2 δ([p1 − k1]
2) δ([p2 + k2]

2) δ([k1 − k2]
2)
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Espaço de Fase

⇒ Integral do Espaço de Fase de três corpos:

∫

dΠ3 =

∫

d4κ1

(2π)3
d4κ2

(2π)3
d4κ3

(2π)3
δ(κ2

1) δ(κ2
2) δ(κ2

3) (2π)4 δ4(p1 + p2 − κ1 − κ2 − κ3)

=
1

(2π)5

∫

d4κ1 d4κ3 δ(κ2
1) δ(κ2

3) δ([p1 + p2 − κ1 − κ3]
2)

=
1

(2π)5

∫

d4k1 d4k2 δ([p1 − k1]
2) δ([p2 + k2]

2) δ([k1 − k2]
2)

⇒ Parametrização de Sudakov:

∫

dΠ3 =
s2

4(2π)5

∫

dα1 dβ1 d2k1

∫

dα2 dβ2 d2k2

× δ(−β1[1 − α1]s − k2
1) δ(α2[1 + β2]s − k2

2)

× δ([α1 − α2][β1 − β2]s − [k1 − k2]
2)
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Aproximações
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Aproximações

⇒ Aproximações: 1 � α1 � α2, 1 � |β2| � |β1|, k2
i ' −k2

i
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Aproximações

⇒ Aproximações: 1 � α1 � α2, 1 � |β2| � |β1|, k2
i ' −k2

i

∫

dΠ3 =
s2

4(2π)5

∫

dα1 dβ1 d2k1

∫

dα2 dβ2 d2k2

× δ(−β1s − k2
1) δ(α2s − k2

2) δ(−α1β2s − [k1 − k2]
2)

=
1

4(2π)5

∫ 1

α2

dα1

α1

∫ 1

0
dα2

∫

d2k1

∫

d2k2 δ(α2 − k2
2)

=
1

4(2π)5s

∫ 1

q2/s

dα1

α1

∫

d2k1

∫

d2k2
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Amplitude Total
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Amplitude Total

• Amplitude do lado direito do diagrama:

Aρ †
2→3 = −2igs t

a′

im

[

−
i

(k1 − q)2

]

× (−fa′bc′gs)C ρ(−[k1 − q],−[k2 − q])

(

−i

k2
2

)

gs t
b′

kn
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Amplitude Total

• Amplitude do lado direito do diagrama:

Aρ †
2→3 = −2igs t

a′

im

[

−
i

(k1 − q)2

]

× (−fa′bc′gs)C ρ(−[k1 − q],−[k2 − q])

(

−i

k2
2

)

gs t
b′

kn

• Amplitude Total:

Atotal = Aρ
2→3(k1, k2)A

†
2→3,ρ(k1 − q, k2 − q) =

= 4g6
s s2Greal

[

C ρ(k1, k2)Cρ(−k1 + q,−k2 + q)

k2
1k

2
2(k1 − q)2(k1 − q)2

]
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Amplitude Total

• Amplitude do lado direito do diagrama:

Aρ †
2→3 = −2igs t

a′

im

[

−
i

(k1 − q)2

]

× (−fa′bc′gs)C ρ(−[k1 − q],−[k2 − q])

(

−i

k2
2

)

gs t
b′

kn

• Amplitude Total:

Atotal = Aρ
2→3(k1, k2)A

†
2→3,ρ(k1 − q, k2 − q) =

= 4g6
s s2Greal

[

C ρ(k1, k2)Cρ(−k1 + q,−k2 + q)

k2
1k

2
2(k1 − q)2(k1 − q)2

]

⇒ Fator de cor: Greal = −(ta′ta)ij (t
b′

tb)kl fabc fa′b′c
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Amplitude Imaginária

Gustavo Silveira Seminários GFPAE - 13/Nov/2006



O Pomeron na QCD 36/ 44

Amplitude Imaginária

• (dΠ3) ⊕Atotal e,

C = C ρ(k1, k2)Cρ(−k1 + q,−k2 + q) =

= −2

[

q2 −
k2

1(k
2
2 − q)2

(k1 − k2)2
−

k2
2(k1 − q)2

(k1 − k2)2

]
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Amplitude Imaginária

• (dΠ3) ⊕Atotal e,

C = C ρ(k1, k2)Cρ(−k1 + q,−k2 + q) =

= −2

[

q2 −
k2

1(k
2
2 − q)2

(k1 − k2)2
−

k2
2(k1 − q)2

(k1 − k2)2

]

obtemos,

ImA
(2)
real(s, t) =

(

2α3
s

π2

)

Greal s ln

(

s

|t|

)
∫

d2k2
1

∫

d2k2
2

×

[

q2

k2
1k

2
2(k1 − q)2(k2 − q)2

−
1

k2
2(k1 − q)2(k1 − k2)2

−
1

k2
1(k2 − q)2(k1 − k2)2

]
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Contribuição Imaginária
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Contribuição Imaginária
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Contribuição Imaginária

• Amplitude Imaginária:

ImA
(2)
virtual(s, t) =

1

2

∫

dΠ2A
(1)(s, k2

2 )A(0)†(s, [k2 − q]2)

+
1

2

∫

dΠ2A
(0)(s, k2

1 )A(1)†(s, [k1 − q]2)
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Diagrama Quadrado
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Diagrama Quadrado

• Amplitude de Espalhamento:

A(1)(s, k2
2 ) = 8παs(t

b
mj t

b
nl )

(

s

k2
2

)

ln

(

s

k2
2

)

ε(t)

A(0)†(s, [k2 − q]2) = 8παs(t
a∗
mi t

a∗
nk)

[

s

(k2 − q)2

]
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Diagrama Quadrado

• Amplitude de Espalhamento:

A(1)(s, k2
2 ) = 8παs(t

b
mj t

b
nl )

(

s

k2
2

)

ln

(

s

k2
2

)

ε(t)

A(0)†(s, [k2 − q]2) = 8παs(t
a∗
mi t

a∗
nk)

[

s

(k2 − q)2

]

• Amplitude do subprocesso: ln(s/k2
2) ' ln(s/|t|), Gvirtual = (tatb)ij (t

atb)kl

ImA
(2)
virtual,a(s, t) = −

(

Ncα
3
s

π2

)

Gvirtual s ln

(

s

|t|

)

×

∫

d2k1

∫

d2k2

[

1

k2
1(k2 − q)2(k1 − k2)2

]
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Diagrama Cruzado e Amplitude Total
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Diagrama Cruzado e Amplitude Total

• Amplitude do subprocesso:

ImA
(2)
virtual,b(s, t) = −

(

Ncα
3
s

π2

)

Gvirtual s ln

(

s

|t|

)

×

∫

d2k1

∫

d2k2

[

1

k2
2(k1 − q)2(k1 − k2)2

]
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Diagrama Cruzado e Amplitude Total

• Amplitude do subprocesso:

ImA
(2)
virtual,b(s, t) = −

(

Ncα
3
s

π2

)

Gvirtual s ln

(

s

|t|

)

×

∫

d2k1

∫

d2k2

[

1

k2
2(k1 − q)2(k1 − k2)2

]

• Amplitude Total do Processo:

ImA
(2)
virtual(s, t) = −

(

Ncα
3
s

π2

)

Gvirtual s ln

(

s

|t|

)
∫

d2k1

∫

d2k2

×

[

1

k2
1(k2 − q)2(k1 − k2)2

+
1

k2
2(k1 − q)2(k1 − k2)2

]

Gustavo Silveira Seminários GFPAE - 13/Nov/2006



O Pomeron na QCD 40/ 44

Octeto de Cor
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Octeto de Cor

⇒ Contribuição da emissão do glúon real:

ImA
(2)
8,real(s, t) =

(

2α3
s

π2

)[

2

(

N2
c

8

)

(ta
ij t

a
kl)

]

s ln

(

s

|t|

)
∫

d2k2
1

∫

d2k2
2

×

[

q2

k2
1k

2
2(k1 − q)2(k2 − q)2

−
1

k2
2(k1 − q)2(k1 − k2)2

−
1

k2
1(k2 − q)2(k1 − k2)2

]
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Octeto de Cor

⇒ Contribuição da emissão do glúon real:

ImA
(2)
8,real(s, t) =

(

2α3
s

π2

)[

2

(

N2
c

8

)

(ta
ij t

a
kl)

]

s ln

(

s

|t|

)
∫

d2k2
1

∫

d2k2
2

×

[

q2

k2
1k

2
2(k1 − q)2(k2 − q)2

−
1

k2
2(k1 − q)2(k1 − k2)2

−
1

k2
1(k2 − q)2(k1 − k2)2

]

⇒ Contribuição do glúon virtual:

ImA
(2)
8,virtual(s, t) = −

(

Ncα
3
s

π2

)[

2

(

−
Nc

4

)

(ta
ij t

a
kl)

]

s ln

(

s

|t|

)
∫

d2k1

∫

d2k2

×

[

1

k2
1(k2 − q)2(k1 − k2)2

+
1

k2
2(k1 − q)2(k1 − k2)2

]

Gustavo Silveira Seminários GFPAE - 13/Nov/2006



O Pomeron na QCD 41/ 44

Contribuição Total
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Contribuição Total

• Contribuição Total do octeto de cor → REAL!

ImA
(2)
8 (s, t) = ImA

(2)
8,real(s, t) + ImA

(2)
8,virtual(s, t) =

=

(

N2
c α3

s

2π3

)

(ta
ij t

a
kl) s ln

(

s

|t|

)

×

∫

d2k1

∫

d2k2

[

q2

k2
1k

2
2(k1 − q)2(k2 − q)2

]
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Contribuição Total

• Contribuição Total do octeto de cor → REAL!

ImA
(2)
8 (s, t) = ImA

(2)
8,real(s, t) + ImA

(2)
8,virtual(s, t) =

=

(

N2
c α3

s

2π3

)

(ta
ij t

a
kl) s ln

(

s

|t|

)

×

∫

d2k1

∫

d2k2

[

q2

k2
1k

2
2(k1 − q)2(k2 − q)2

]

ImA
(2)
8 (s, t) = 8π2αs(t

a
ij t

a
kl)

(

s

|t|

)

ln

(

s

|t|

)

ε2(t)
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Contribuição Total

• Contribuição Total do octeto de cor → REAL!

ImA
(2)
8 (s, t) = ImA

(2)
8,real(s, t) + ImA

(2)
8,virtual(s, t) =

=

(

N2
c α3

s

2π3

)

(ta
ij t

a
kl) s ln

(

s

|t|

)

×

∫

d2k1

∫

d2k2

[

q2

k2
1k

2
2(k1 − q)2(k2 − q)2

]

ImA
(2)
8 (s, t) = 8π2αs(t

a
ij t

a
kl)

(

s

|t|

)

ln

(

s

|t|

)

ε2(t)

• Amplitude Dominante:

A
(2)
8 (s, t) = 4παs(t

a
ij t

a
kl )

( s

t

)

ln2

(

s

|t|

)

ε2(t)
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Amplitude em ordem O(α3
s )
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Amplitude em ordem O(α3
s )

• Amplitude Total do Octeto de cor no Limite LLA:

A8(s, t) = 8παs

( s

t

)

(ta
ij t

a
kl )

×

[

1 + ε(t) ln

(

s

|t|

)

+
1

2
ε2(t) ln2

(

s

|t|

)

+ ...

]
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Amplitude em ordem O(α3
s )

• Amplitude Total do Octeto de cor no Limite LLA:

A8(s, t) = 8παs

( s

t

)

(ta
ij t

a
kl )

×

[

1 + ε(t) ln

(

s

|t|

)

+
1

2
ε2(t) ln2

(

s

|t|

)

+ ...

]

• Expansão:

A8(s, t) = 8παs(t
a
ij t

a
kl)

( s

t

)

(

s

|t|

)ε(t)

= 8παs(t
a
ij t

a
kl)

(

s

|t|

)αs (t)
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Amplitude em ordem O(α3
s )

• Amplitude Total do Octeto de cor no Limite LLA:

A8(s, t) = 8παs

( s

t

)

(ta
ij t

a
kl )

×

[

1 + ε(t) ln

(

s

|t|

)

+
1

2
ε2(t) ln2

(

s

|t|

)

+ ...

]

• Expansão:

A8(s, t) = 8παs(t
a
ij t

a
kl)

( s

t

)

(

s

|t|

)ε(t)

= 8παs(t
a
ij t

a
kl)

(

s

|t|

)αs (t)
αs(t) = 1 + ε(t)
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Conclusões

Gustavo Silveira Seminários GFPAE - 13/Nov/2006



O Pomeron na QCD 43/ 44

Conclusões

⇒ Concordância com os dados experimentais;

⇒ Análise de processos Difrativos;

⇒ Descrição necessária;

⇒ Dados de LHC.
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