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Colisões hadrônicas em aceleradores
As análises de dados são feitas para um mecanismo de produção específico 
escolhendo um dos possíveis canais de decaimento; 

De forma geral, as colisões em aceleradores podem ser classificadas em: 

ND = não-difrativos (~60%): produção em todos os canais de produção central;
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Colisão genérica no CMS (I) [1]
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Colisão genérica no CMS (II)



Produção [2]
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Colisões em aceleradores
As análises de dados são feitas para um mecanismo de produção específico 
escolhendo um dos possíveis canais de decaimento; 

De forma geral, as colisões em aceleradores podem ser classificadas em: 

Elastic: prótons se mantém intactos sem produção central;
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Colisões em aceleradores
As análises de dados são feitas para um mecanismo de produção específico 
escolhendo um dos possíveis canais de decaimento; 

De forma geral, as colisões em aceleradores podem ser classificadas em: 

SD: processos difrativos com um próton intacto e sem produção central;
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Colisões em aceleradores
As análises de dados são feitas para um mecanismo de produção específico 
escolhendo um dos possíveis canais de decaimento; 

De forma geral, as colisões em aceleradores podem ser classificadas em: 

DD: processos difrativos com nenhum próton intacto e sem produção central;
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Colisões em aceleradores
As análises de dados são feitas para um mecanismo de produção específico 
escolhendo um dos possíveis canais de decaimento; 

De forma geral, as colisões em aceleradores podem ser classificadas em: 

CD: processos difrativos com dois prótons intactos e com produção central;
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Colisões em aceleradores
As análises de dados são feitas para um mecanismo de produção específico 
escolhendo um dos possíveis canais de decaimento; 

De forma geral, as colisões em aceleradores podem ser classificadas em:
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Colisões em aceleradores
As análises de dados são feitas para um mecanismo de produção específico 
escolhendo um dos possíveis canais de decaimento; 

De forma geral, as colisões em aceleradores podem ser classificadas em: 

Lacuna de partículas no detector: assinatura experimental da difração; 

Pseudo-rapidez:
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Problema
Processos difrativos são difíceis de observar nos detectores em 
aceleradores (particularmente colisão próton-próton); 

Prótons podem escapar do detector por serem espalhados muito 
próximos ao feixe; 

Falta de partículas no detector central. 

Essa informação incompleta leva a duas possibilidades: 

Remover o efeito difrativo para medir eventos não-difrativos; 
Modelar os eventos difrativos perdidos. 

MinimumBias: aplica-se uma seleção mínima para contabilizar um possível 
número de eventos difrativos; 

ZeroBias: gravação de todos os eventos onde há cruzamento do feixe.
13
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Como contabilizar eventos difrativos
A produção de partículas é calculada utilizando alguma teoria das 
interações já conhecidas: 

Cromodinâmica Quântica; 

Eletrodinâmica Quântica; 

etc. 

Estas teorias são descritas com o uso da teoria de perturbação 
(interação dura) em termos da constante de acoplamento da interação; 

Interações difrativas não se incluem nessa categoria, são não-perturbativas 
(interação macia) e devem ser tratadas em uma abordagem diferente; 

Como abordar a interação macia em colisões hadrônicas?
14



Teoria de Regge
A amplitude de espalhamento pode ser expressa em termos da expansão 
em ondas parciais: 

ℓ = momentum angular; 

Pℓ = polinomios de Legendre; 

aℓ = amplitude de onda parcial. 

Regge: estender a representação em ondas parciais para valores imaginários de ℓ: 

Singularidades (polos de Regge) de a(ℓ,k) são uma função da energia:
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Caso relativístico
A amplitude de onda parcial relativística A(ℓ,t) possui polos da forma: 

e o valor assintótico (            ) da amplitude pode ser escrito como: 

Partículas que obedecem essa relação são chamadas de Reggeons; 

Limite de crescimento de σtot: Limite de Froissart-Martin
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Fig. 5.1. Single meson exchange in the t-channel. 

5.2 Meson Exchange vs. Reggeon Exchange 

Regge theory belongs to the class of the so-called t-channel models. These 
models describe hadronic processes in terms of the t-channel exchange of 
'something', in the spirit of Yukawa's original proposal (for the alternative 
(or complementary), s-channel, point of view see Chap. 6). 

In the simplest version oft-channel models, this 'something' is a (virtual) 
particle. Thus, for instance, nuclear forces are usually attributed to the ex-
change of mesons ( 1r, p, etc.), just like electromagnetic interactions arise from 
exchanging virtual photons between electrons. 

This picture, however, becomes inapplicable at high energies. The reason 
is the following. Consider a generic reaction 1 + 2 3 + 4 mediated by a 
single-particle exchange in the t-channel (Fig. 5.1). 

The scattering amplitude for the exchange of a meson of mass M and 
spin J goes as 

Ames(s, t) "'AJ(t) PJ(CoS'!9t), 

where (m is the mass of the interacting particles) 

2s 
COS'!Jt = 1 + 4 2 t- m 

(5.4) 

(5.5) 

According to the general discussion in Sect. 4.4, the partial wave amplitude 
AJ(t) contains a pole singularity2 , thus 

A ( ) "' PJ(cos'!9t) 
mes s, t M 2 t-

(5.6) 

If we keep t fixed and let s oo, since Pe(z) "' ze, we have 
Z--+00 

(5.7) 

The amplitude for the exchange of a single resonance is real and hence does 
not contribute to the cross section, which is proportional to the imaginary 
part of the scattering amplitude. To calculate ImA(s, t = 0) for the process 

2 Exchanging more than one particle instead leads to cuts. 

Trajetória linear

teorema ótico



Trajetórias mesônicas
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100 5. Regge Theory 

role of a singularity in the complex angular momentum. Notice, incidentally, 
that this is in line with the original message from the Yukawa conjecture 
about the existence of the meson. The novelty is that this role of dominance 
of the exchange in the crossed channels is now transferred to the asymptotic 
behavior. 

Different processes will, in general, receive contribution from different 
trajectories. The contributions to a given reaction depend on the quantum 
numbers that this reaction exhibits in the crossed channels. 

A simple way to visualize the Regge trajectories, is to expand a(t) m 
power series around t = 0. In this case, for t small enough, we can write 

a(t) = a(O) +a' t , (5.71) 

where a(O) and a' are known as the intercept and the slope, respectively, of 
the trajectory. 

Quite unexpectedly, when interpolating resonances with the same quan-
tum numbers (other than the spin), one finds that the expansion (5.71), which 
was a priori justified only for small t, holds actually for rather large values of 
t (up to several units of GeV2 ). In addition, this is true for both mesonic and 
baryonic trajectories (i.e., for trajectories which interpolate between integer 
and half-integer spin, respectively). 

The situation is exemplified in Fig. 5.6 where the leading mesonic trajec-
tories (the ones with largest a(O), i.e. the p, the /2, the a 2 and thew, etc.) 
are shown (they are all superimposed). 

Each trajectory has the quantum numbers (parity, charge conjugation, 
G-parity, isospin, strangeness, etc.) of the first recurrence of which takes the 
name. More specifically, we have for /2, p, w, a2 
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Fig. 5.6. The leading mesonic trajectories, the p, the h, the a2, the w, etc. (all 
superimposed). 

possui os números quânticos do vácuo



Números quânticos dos reggeons
As trajetórias dos reggeons são equivalentes a troca de resonâncias mesônicas e posuem 
α(0) ≈ 0,5; 

Essa interseção não explica σtot a altas energias: 1960 σtot ~ cte; 

Proposta:  existe um reggeon chamado Pomeron com α(0) ≈ 1; 

Resultados mais atuais apontam um leve crescimento de σtot: 

Fatos importantes: 

trajetória dominante para processos elásticos e difrativos; e 
 possui os números quânticos do vácuo.
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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)

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

Gustavo Silveira Seminários GFPAE - 13/Nov/2006

(1996)
(1997)



Abordagem fenomenológica
Donnachie e Landshoff efetuaram um fit para os dados de σtot utilizando 
uma abordagem baseada na Teoria de Regge:
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Fig. 7.2a-d. Total cross sections fitted versus s0 ·08 , plus a subdominant reggeon 
contribution (from Donnachie and Landshoff 1992) . 

where the sum is over the exchanged trajectories, we can interpret the first 
term in (7.5) as due to the pomeron exchange, with aJP(O) = 1.0808, and 
the second term as due to a reggeon exchange (a mesonic trajectory), with 
am(O) = 0.5475. 

The pomeron, as it emerges from the fits to total cross sections, with an 
intercept aJP(O) :::- 1.08, is often called soft pomeron. More recent analyses 
of total cross sections (Cudell, Kang and Kim 1997), still based on simple-
pole exchanges, give slightly larger values for aJP(O). In particular, Covolan, 
Montanha and Goulianos (1996) obtain aJP(O) = 1.104±0.002, whereas Cud-
ell, Kang and Kim (1997) find aJP(O) = It has been observed 
(Covolan, Montanha and Goulianos 1996) that using eikonalized Regge am-
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Física antes da QCD
Processos difrativos eram tratados com a abordagem de Regge até 1960: 

Mais tarde, com o advento da QCD, começou a se pensar como 
representar o Pomeron através da interação via troca de glúons;
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A F́ısica antes da QCD

pré-QCD ⇒ Espalhamento Hádron-Hádron

Gustavo Silveira Seminários GFPAE - 13/Nov/2006



Física depois da QCD
Processos difrativos eram tratados com a abordagem de Regge até 1960: 

Com o advento da QCD, surgiram ideias novas para uma interação difrativa, 
como a de Low e Nussinov (1975–76): 

Garante que tenha os números quânticos do vácuo: singleto de cor
21
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Introduzindo o Pomeron na QCD

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

(PRL 34, 1286; PRD 14, 246)

Gustavo Silveira Seminários GFPAE - 13/Nov/2006

O Pomeron na QCD 10/ 44

QCD Perturbativa

Espalhamento quark-quark ⇒ Pomeron: s ≫ |t|

Gustavo Silveira Seminários GFPAE - 13/Nov/2006



Troca de glúons
Apesar de os glúons não possuírem os números quânticos do vácuo, uma 
troca de dois glúons poderia representar isso; 

Para se poder calcular esses diagramas, utilizamos as regras de Cutkosky: 

dΠ2: espaço de fase para dois corpos
22
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Troca de dois glúons

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

Gustavo Silveira Seminários GFPAE - 13/Nov/2006
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In the large-s limit the delta functions of (8.34) imply 
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Fig. 8.8. The imaginary part of the box diagram. 
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Let us now consider the box diagram (Fig. 8.8). Using (8.38) and the 
results of Sect. 8.3.1 for A (o), that is- see (8.17) 

we get from (8.30) the imaginary part of the box amplitude Im 

I A(l) ( ) _ 4 2 ( a b) .. ( a b) J d2 k m a s, t - a 8 t t ,1 t t kl s k2 (k _ q) 2 · 

(8.39) 

(8.40) 

(8.41) 

The full amplitude is reconstructed by means of a dispersion relation (see 
Sect. 4.6). In leading ln s one finds 

A(l)( ) __ 4a; (a b)··( a b) l j d2 k 
a s, t - 7f t t ,1 t t kl s n t k2 ( k _ q )2 · (8.42) 

Equation (8.42) yields immediately the real and imaginary parts if one uses 
ln( -s) = lns- in, 



Cálculo (rápido) da amplitude
Aplicando as Regras de Feynman para cada lado do diagrama: 

Fazemos o mesmo para o diagrama cruzado; 

Utilizando as regras de Cutkosky, chegamos a amplitude total:

23

A(0)(s, k2) = �8⇡↵s(t
a
mjt

a
nl)

h s

k2

i

A(0)†(s, [k � q]2) = �8⇡↵s(t
b
mit

b
nk)

⇤


s

(k� q)2

�

8.3 Quark-Quark Scattering in Leading Ins Approximation 173 

In the large-s limit the delta functions of (8.34) imply 

k2 
a = 1;31 ::- - « 1 , 

s 

with 
k2 :::' (k- q)2 :::' q2 . 

Thus Eq. (8.34) simplifies to 

Pl,j l"i:1,m 
I . 

P1, 

k,a k- q,b 

P2, l 

Fig. 8.8. The imaginary part of the box diagram. 

(8.35) 

(8.36) 

(8.37) 

Let us now consider the box diagram (Fig. 8.8). Using (8.38) and the 
results of Sect. 8.3.1 for A (o), that is- see (8.17) 

we get from (8.30) the imaginary part of the box amplitude Im 

I A(l) ( ) _ 4 2 ( a b) .. ( a b) J d2 k m a s, t - a 8 t t ,1 t t kl s k2 (k _ q) 2 · 

(8.39) 

(8.40) 

(8.41) 

The full amplitude is reconstructed by means of a dispersion relation (see 
Sect. 4.6). In leading ln s one finds 

A(l)( ) __ 4a; (a b)··( a b) l j d2 k 
a s, t - 7f t t ,1 t t kl s n t k2 ( k _ q )2 · (8.42) 

Equation (8.42) yields immediately the real and imaginary parts if one uses 
ln( -s) = lns- in, 

consideram-se os quarks 
confinados dentro dos hádrons

A(1)(s, t) = A(1)
⇤ (s, t) +A(1)

⇥ (s, t)

= �16⇡↵s

Nc
(tatb)ij

s

t

⇢
[ta, tb]kl ln

✓
s

|t|

◆
� i⇡(tatb)kl

�
✏(t)

✏(t) = �Nc↵s

2⇡
ln

✓
q2

µ2

◆



Singleto de cor
Para garantir que o Pomeron na QCD possua os números quânticos do 
vácuo, projeta-se a amplitude na configuração de singleto de cor: 

Não haverá fluxo de carga de cor na troca de glúons entre os quarks. 

A amplitude da troca de glúons fica na forma: 

As funções δ garantem que os quarks não troquem carga de cor.
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Mais altas ordens
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(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

+ ... 
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Fig. 8.10a-k. A sample of two-loop diagrams contributing to qq scattering. 

The leading ln s contributions come from the kinematical regime 

The on-shellness of the outgoing gluon implies 

and therefore 
k2 "' k2 2-- 2. 

All transverse momenta are of the same order of magnitude 

(8.68) 

(8.69) 

(8. 70) 

(8.71) 

(8.72) 

Using eikonal couplings and working in Feynman gauge, the amplitude 
corresponding to the diagram of Fig. 8.11a is 



Radiação real de glúons
No caso de glúons serem irradiados no canal s (horizontal):
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Fig. 8.11a-c. Diagrams for the process qq--> qqg (real gluon emission). 
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With the kinematics (8.68-8.71) this becomes 

= -2ig; !abc k;k2 [a1Pi + (k'{ + · 
1 2 

(8.74) 

Consider now the diagrams with gluon emission from the quark lines 
(Fig. 8.1lb,c). We have 

= (-2ig8 pi)tj'j ( ki k )2 (-2igs)(p'j' 
P1- 1 + 2 

X (- ( -2iQsP2J-t) , 

for the diagram of Fig. 8.11b, and 

= ( -2igs P1J-t) tL (- ( 

(8.75) 

180 8. The Pomeron in QCD 

X ( i k )2 ( -2igs)(Pi- , 
P1- 2 

(8.76) 

for the diagram of Fig. 8.llc. With the simplifications arising from the kine-
matics (8.68-8.71) we get 

Ap - 4 3 (tbtc) tb 1 p 
2->3 b - - gs 8 mj nl {3 k2 P1 ' 

' 28 2 
(8.77) 

Ap - 4 3 (tctb) tb 1 p 
2->3c- gs 8 mj nl {3 k2 P1 · 

' 28 2 
(8.78) 

Summing these two contributions, we find, using [tb, tc] = ifabcta, 

(8.79) 

The two similar diagrams with the real gluon attached to the lower quark 
line (Fig. 8.12) give 

4. 3 f ta tb 1 P 
- lg8 8 Jabc mj nl -k2 P2 · 

a18 1 
(8.80) 

Putting (8.74), (8.79) and (8.80) together, we obtain the full O(g;) contribu-
tion to the amplitude for qq scattering with emission of a real gluon, namely 

/1> l/ 

AP _ 4. 3 P1 P2 ta tb + rP 
2->3-- 1gs k2k2 mj nl Jabc /l>V ' 

1 2 

where rtv is the Lipatov effective vertex 

(8.81) 

(8.82) 

This vertex, which is non-local as it incorporates the propagators of the 
emitted gluon in the diagrams of Fig. 8.llb,c and Fig. 8.12, has the important 

P1,j 

·f 
J 

·f 
J P2, l 

Fig. 8.12. Diagrams for the process qq--> qqg (real gluon emission). 
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Pt,j 

Fig. 8.13. The Lipatov effective vertex. 

property of being gauge-invariant. It is easy to verify in fact that it satisfies 
the Ward identity 

(8.83) 

The lesson we learned is that all graphs with one gluon in the final state 
are summed up by the effective diagram of Fig. 8.13, where the Lipatov three-
gluon vertex is represented by the fat dot. The Feynman rule for this vertex 
is 9s!abcFffv and the amplitude for the diagram of Fig. 8.13 is consequently 
written as 

= (-2igspi)t':n1 ( -:r) !abc9sFff)kl,k2) 

X (- ( -2igs , 

which coincides with (8.81). 
For future convenience we introduce the quantity 

p ( ) _ ( 2 kr) p ( 2 p ( p p ) C k1, k2 - a1 + (328 P1 + fJ2 + a 1s P2- ku_ + k21_ , 

so that 

and 
FP - s CP 

!-LV - 2 · 
The amplitude (8.84 then reads 

= 2igst':n1 (:r) !abc9sCP(kl,k2) 

(8.84) 

(8.85) 

(8.86) 

(8.87) 

(8.88) 

Using the unitarity relations, the contribution of the diagrams of Fig. 8.11 
and 8.12 to the imaginary part of the qq scattering amplitude- that we call 
real-gluon contribution- is given by (see Fig. 8.14) 

Vértice efetivo de Lipatov
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Fig. 8.12. Diagrams for the process qq--> qqg (real gluon emission). 



Radiação virtual de glúons
Após adicionar a contribuição radiativa, o diagrama da troca de dois 
glúons pode ser expressa em termos do vértices efetivo de Lipatov; 

Ainda precisamos incluir a radiação virtual de glúons no canal t (vertical):
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P1,j I . 
P1, 

k1- q,a' 

k2- q, b' 

P2,l k 

Fig. 8.14. The real-gluon contribution to qq scattering at order 

The sum over the helicity of the intermediate gluon has been done by means 
of 

L = -g'w' (8.90) 
.A 

since the Lipatov vertex is gauge invariant. 
The three-body phase space in (8.89) is (see Fig. 8.14 for notations) 

and, with the parametrizations (8.66) and (8.67), we have 

J dll3 = 4(;:)5 J do:1 d,61 d2k1 J da2 d,62 d2k 2 

x 6( -,61 (1- al)s- ki) 6(a2(1 + ,62)s- kD 
x 6((a1- a2)(,61- ,62)s- (k1- k2) 2) . 

Using (8.68, 8.69, 8.71) we can approximate (8.92) by 

J dll3 = 4(;:) 5 J da1 d,61 d2k1 J da2 d,62 d2k 2 

x 6( -,61s- ki) 6(a2s- 6( -a1,62s- (k1 - k2)2) 

= -( 1 )511 
da1 {

1 
da2 /d2k1 /d2k26(a2s-

4 21r a 2 a1 Jo 

(8.92) 

= 1 11 
da1 /d2k 1 /d2k 2 . (8.93) 

4(27r) 5 s q2js a1 

The amplitude to the right of the cut in the diagram of Fig. 8.14 is 
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' . P1, 

pz, l K2,n K2,n 

P1,j K1,m K1,m ' P1 

kl kl- k2 

k2- q 

' P2 

Fig. 8.15. Virtual-gluon contributions to qq scattering at order 

(1) 2 - b b s ( s ) A (s, k2) - 81ra 8 trnjtnl ln E(t) , (8.100) 

A (O)t( (k )2) - 8 ta* ta* S s, 2 - q - 1l"O:s rni nk (k2 _ q)Z ' (8.101) 

and recalling (8.38) and the definition (8.45), we find 

(2) _ Nca; ( s ) 
ImAvirt,a(s, t)- Yvirt S ln ItT 

x J d2kl J d2k2 ki(k2- q);(kl- k2)2 , (8.102) 

where we used ln(s/ltl) and the color factor is 

Yvirt = ( tatb) ij ( tatb )kl . (8.103) 

The second term in (8.99) - that we call Im - is computed analo-
gously and reads 

(2) Nca; ( s) 
ImAvirt,b(s, t) = Yvirt S ln ItT 

X J d2kl J d2k2 q);(kl- k2)2 . (8.104) 

The full virtual-gluon discontinuity is obtained by summing (8.102) and 
(8.104) and is given by 

+



Todas as ordens
Podemos ampliar a troca de glúons em todas as ordens em teoria da 
perturbação a fim de obter o resultado exato para o Pomeron na QCD, o 
que significa:
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P1,j I • 
P1, t 

ki-1- q 

k;- q 

Fig. 8.18. The imaginary part of the quark-quark elastic scattering amplitude 
with exchange of a gluon ladder. 

where d1In+2 is the volume element of the (n + 2)-body phase space, which 
will be specified later. The sums over the helicities of the intermediate gluons 
are performed by means of Eq. (8.90). The amplitude to the right of the cut 
of Fig. 8.18 is 

(8.138) 

Escada 
de glúons

✶  
significa que 

correções virtuais 
foram adicionadas



Equação BFKL
Um processo envolvendo a troca de um 
Pomeron da QCD pode ser representado 
como: 

A função F é a chamada equação BFKL: 

a qual descreve a evolução da escada de glúons 
com a energia de colisão; 

Equação integro-diferencial projetada na configuração de singleto de cor:
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aiP(O) - 1 :::::: 0.5 , (8.210) 

which is much larger than the value attributed to the soft pomeron intercept, 
a]prt(o)- 1::::::0.1. 

Inserting the solution (8.208) into (8.180) gives the imaginary part of 
the color-singlet amplitude. Reconstructing the full amplitude (which must 
include also the crossed channel contribution) is straightforward . We already 
learned, in fact, that the color-singlet amplitude is purely imaginary, and is 
suppressed, order by order in as, by a power of In s compared to the color-
octet amplitude. This is due to the even-signature factor (1 + e-i?raJP(t)) 
coming from Eq. (8.149) -with = 1 and w = aJP(t) - 1. In conclusion, 
the amplitude for quark-quark scattering via pomeron exchange is given, in 
leading ln s approximation, by 

A ( ) ( 2 )2 N'i_ - 1 . 
l s , t = 81r as 4N OijlhtiS 

c 

X ' ' ' J d2 k j d2 k' F(s k k' q) 
(27r)2 (27r)2 k'2(k- q)2 

(8.211) 

(We used (8.52) and (8.54) to obtain A1 from AI-) The diagrammatic repre-
sentation of (8.211) is shown in Fig. 8.l9. -

In the case of gluon-gluon scattering, the color-singlet amplitude has the 
same structure as (8.211), but with a different color factor. One finds (see, 
e.g., DelDuca 1995) 

(8.212) 

k k-q 

k' k' - q 

P2 

Fig. 8.19. BFKL diagram for quark- quark scattering. 
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For zero momentum transfer the BFKL equation (8.178) reduces to (we 
omit the argument q = 0 in F) 

(8.181) 

This has the form 

wF(w,k,k') = 62 (k- k') + J d2 t>: K(k,t>:)F(w,t>:,k'), (8.182) 

where the BFKL kernel K(k, t>:) is 

(8.183) 

In (8.183) we recognize two terms: the virtual-radiative-correction contribu-
tion 

(8.184) 

and the real-radiative-correction contribution 

(8.185) 

The BFKL equation (8.181) can be transformed into an integra-differential 
equation describing the evolution of the BFKL amplitude F(s, k, k') = 
F(s,k,k',O) in Ins. Using 

8F(s k k') 1 lc+ioo s w 

= 2ni c-ioo dw (k2) wF(w,k,k')' (8.186) 

we get from (8.181) 

8F(s, k, k') Ncas J d2 t>: 
8ln(s/k2 ) = (k- t>:)2 

x [F(s,t>:,k')- t>:2+(:2_t>:) 2 F(s,k,k')] (8.187) 

8. 7 Solution of the BFKL Equation for t = 0 

We now want to solve the BFKL equation for t = 0, that we rewrite symbol-
ically as 

wF = n +K C9 F, (8.188) 

8.7 Solution of the BFKL Equation fort= 0 203 

1 l+oo ei v 
F(w,k,k') = 1 dv . 

21r2 (k2k'2)2 _00 w- w0 (v) 
(8.202) 

Let us now study the v-dependence of w0 (v). This function has its maximum 
at v = 0. Expanding around this point we have 

( ) NcO:s 2 
w0 v = -- ( 4 ln 2 - 14 ( ( 3) v + ... ) , 

7r 

with ((3) 1.202. We rewrite Eq. (8.203) as 

( ) 1 I 2 w0 v .A - -.A v , 
2 

where the constants 

). = Ncas 4 ln2 
' 

.A' = NcO:s 28 ((3) ' 
7r 7r 

will repeatedly appear in the remainder of the book. 
Integrating (8.202) over v, with wo(v) given by (8.204), we find 

F(w,k,k') 
w-.A 

which explicitly shows the existence of a branch point at w = .A. 

(8.203) 

(8.204) 

(8.205) 

(8.206) 

We are mainly interested in the s-dependence of the amplitude, so we 
take the inverse Mellin transform of (8.202), which gives the leading ln s 
color-singlet amplitude in the form 

F(s k k') = 1 l+oo dv wo(v) ei v ln ( . 
' ' 27r2 (k2k'2)! -oo k2 

(8.207) 

Now, using (8.204) in (8.207), and integrating over v yields 

(8.208) 

This is the LLA pomeron solution of the BFKL equation. 
The 1 j v'lnS factor arises from the cut of the amplitude at w = w0 . The 

quantity 
NcO:s 

O:JP(O) = 1 +.A = 1 + -- 4 ln 2 , 
7r 

(8.209) 

is the intercept of the perturbative QCD pomeron (the so-called BFKL 
pomeron) in leading logarithm approximation. Setting, quite arbitrarily, a 8 

0.2. one finds 

≈ 1,5
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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)

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

Gustavo Silveira Seminários GFPAE - 13/Nov/2006

duro macio



Seção de choque total com BFKL [4]
Para descrever os processos observados
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Fig. 7.1. Total pp and j5p cross sections fitted to a (ln s p behavior (from TOTEM 
1997). 

authors. Note that there is a discrepancy between the two Tevatron determi-
nations at y's = 1.8 TeV. The E710 result (Amos et al. 1990, 1992) tends to 
favor a ln s increase, while the CDF result (Abe et al. 1994) favors the ln2 s 
dependence. Cosmic ray data (Baltrusaitis et al. 1984; Honda et al. 1993) are 
too uncertain to be really conclusive (for a critical discussion of these data see 
Kopeliovich, Nikolaev and Potashnikova 1989; Nikolaev 1993; Engel, Gaisser 
and Lipari 1998). At y's = 14 TeV (the energy to be explored at LHC) the 
difference between the ln s and the ln2 s fits amounts to about 15 mb. The 
measurement of the TOTEM experiment (TOTEM 1997) is expected to have 
an accuracy of "' 1 mb and will certainly put a much stronger constraint on 
the fits. 

The available total cross section data can be also fitted quite well by 
a mild power dependence, as shown by Donnachie and Landshoff (1992) in 
their analysis based on Regge theory. The total cross sections for pp, pp, K±p, 
1r±p and IP scattering are fitted (see Fig. 7.2) with the simple Regge-inspired 
expression 

atot = X 8 o.0808 + y 8 -0.4525 , (7.5) 

where X andY are reaction-dependent free parameters. Recalling that Regge 
theory predicts 

"'A· s"'(o)-1 O"tot rv L..-t l , (7.6) 

ln� s

�
tot
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Mais recentes [5]
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FIG. 6: Total and inelastic data for pp and p̄p scattering compared with the prediction from our

model (dashed curve)[4], in the two-channel case, when the same eikonal function is used both for

the total and the inelastic cross-sections, from low to high energy. The upper band is the same as

in Fig.2, the lower band for the inelastic cross-section is the same as in the left panel of Fig. 4.

Comparison is made with theoretical predictions by Block and Halzen [5], with TOTEM data [8]

for the total cross-section, ATLAS inelastic data extrapolated to ⇠ > m2

p

/s and with ATLAS data

in the range 5⇥ 10�6, where ⇠ = M2

X

/s (star symbol) [2].

values for the singularity parameter p in Eqs. (6) and (7). By comparing with previous

data, Figs. 5 and 6 indicate that the value p = 0.5, with the present LO parameterization

(LO GRV and MRST), gives the best description of the total inelastic cross-section, while

the above discussion, following the one in in Sec. II, indicates that values with p = 0.75

would only include uncorrelated inelastic processes.

For the future, once the parameters of the model have been tuned to the measured total

cross-section, more precise predictions for the totality of uncorrelated inelastic events could

be extracted from our model.

25



Colisões em aceleradores

LHC: 20% elástico, 80% inelástico — Difrativo 20—30% do inelástico 

Modelos para seção de choque difrativa em aceleradores: 

Block & Halzen (2011); 

Minimum Bias Rockefeller (MBR); 

Geradores: PYTHIA, PHOJET, … 

etc.
33
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Conclusões
A Teoria de Regge tem sucesso em descrever processos difrativos numa faixa 
de energias considerável; 

Esta abordagem resolve problemas da região não-perturbativa; 

Existe uma boa concordância com os dados experimentais (mesmo pós-LHC); 

Demonstra uma nova classe de processos a serem estudados; 

Questões a serem ainda abordadas: 

Odderon (?); 
Aplicações em fenomenologia; 
Outras abordagens para o Pomeron; 
Comparativos com resultados experimentais; 
Equação BFKL em mais altas ordem e suas soluções.
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