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QCD in the Regge limit

DGLAP dynami
s : Q2 → ∞ ,

moderate xB
Governed by 
ollinear

dynami
s

Resummation of Q2
logs :

(αslnQ2)n, αs(αslnQ2)n...

BFKL dynami
s (Regge limit)

s≫ Q2 ≫ ΛQCD ( xB ≪ 1)
Governed by soft dynami
s

Resummation of

1
xB

∼ s logs :

(αslns)n, αs(αslns)n...
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How to test QCD in the perturbative Regge limit?

What kind of observable?

perturbation theory should apply :

sele
ting external or internal probes with transverse sizes ≪ 1/ΛQCD
(hard γ∗

, heavy meson (J/Ψ, Υ), energeti
 forward jets) or by 
hoosing

large t in order to provide the hard s
ale.

governed by the soft perturbative dynami
s of QCD

PSfrag repla
ements

p → 0

and not by its 
ollinear dynami
s

PSfrag repla
ements

m = 0

m = 0
θ → 0

=⇒ Semi-hard pro
esses with s≫ p2T i ≫ Λ2
QCD where p2T i are typi
al

transverse s
ale, all of the same order.
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How to test QCD in the perturbative Regge limit?

Some examples of pro
esses

in
lusive: DIS (HERA), di�ra
tive DIS, total γ∗γ∗

ross-se
tion (LEP,

ILC)

semi-in
lusive: forward jet and π0
produ
tion in DIS, Mueller-Navelet

double jets, di�ra
tive double jets, high pT 
entral jet, in hadron-hadron


olliders (Tevatron, LHC)

ex
lusive: ex
lusive meson produ
tion in DIS, double di�ra
tive meson

produ
tion at e+e− 
olliders (ILC), ultraperipheral events at LHC

(Pomeron, Odderon)
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The spe
i�
 
ase of QCD at large s

QCD in the perturbative Regge limit

Small values of αS (perturbation theory applies due to hard s
ales) 
an be


ompensated by large ln s enhan
ements. ⇒ resummation of

∑

n(αS ln s)n series (Balitsky, Fadin, Kuraev, Lipatov)

A = +






+ + · · ·






+






+ · · ·






+ · · ·

∼ s ∼ s (αs ln s) ∼ s (αs ln s)2

this results in the e�e
tive BFKL ladder

PSfrag repla
ements

gluon

reggeon = "dressed gluon"

e�e
tive vertex

=⇒ σh1 h2→anything
tot =

1

s
ImA ∼ sαP(0)−1

with αP(0)− 1 = C αs (C > 0) Leading Log Pomeron

Balitsky, Fadin, Kuraev, Lipatov
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Higher order 
orre
tions

Higher order 
orre
tions to the BFKL kernel are known at NLL order

(Lipatov Fadin; Cami
i, Ciafaloni), now for arbitrary impa
t parameter

αS
∑

n(αS ln s)n resummation

impa
t fa
tors are known in some 
ases at NLL

γ∗
→ γ∗

at t = 0 (Bartels, Colferai, Gieseke, Kyrieleis, Qiao;

Balitsky, Chirilli)

forward jet produ
tion (Bartels, Colferai, Va

a;

Caporale, Ivanov, Murda
a, Papa, Perri;

Cha
hamis, Hents
hinski, Madrigal, Sabio Vera)

in
lusive produ
tion of a pair of hadrons separated by a large interval of

rapidity (Ivanov, Papa)

γ∗

L → ρL in the forward limit (Ivanov, Kotsky, Papa)
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Mueller Navelet jets

Example of a test of the BFKL dynami
s

Mueller Navelet jet produ
tion

Mueller, Navelet

NLO impa
t fa
tor : Bartels, Colferai, Va

a

In traditionnal QCD approa
h : Caporale, Ivanov, Murda
a, Papa, Perri

In the small R limit in 
one algorithm : Ivanov, Papa

With Lipatov's e�e
tive a
tion : Hents
hinski, Sabio Vera

Cha
hamis, Hents
hniski, Madrigal Martinez, Sabio Vera

Phenomenologi
al appli
ation :

Caporale, Ivanov, Murda
a, Papa

Caporale, Murda
a, Sabio Vera, Salas

S
hwennsen, Szymanowski, Wallon

Du
loué , Szymanowski, Wallon

NLO �xed-order : Auren
he, Basu, Fontannaz
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Mueller-Navelet jets

Produ
tion of two jets with a large

rapidity di�eren
e.

Bartels, Colferai, Va

a

At LO in 
ollinear fa
torization,

these jets are ba
k to ba
k.
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Mueller-Navelet jets: LL vs NLL

LL BFKL

PSfrag repla
ements

rapidity gap

rapidity gap

jet 1

jet 2

∑

NLL BFKL

PSfrag repla
ements

rapidity gap

rapidity gap

jet 1

jet 2

∑

(α ln s)n + α
∑

(α ln s)n
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Comparison with the data

NLL BFKL vs NLO �xed-order

For large rapidity gap and unequal transverse momenta

PSfrag repla
ements

NLL vertex + NLL Green fun.

LO vertex

Azimuthal distribution

Du
loué, Szymanowski, Wallon

Azimuthal 
orrelation

〈cos2φ〉
〈cosφ〉

Compared with Auren
he, Basu, Fontannaz

The theoreti
al predi
tion for the azimuthal distribution in MN jet produ
tion

is in good agreement with the data.

See also the many papers of Caporale, Celiberto, Ivanov, Murda
a, Papa, Perri,

Sabio Vera, Salas on this subje
t.

10/22



BFKL dynami
s and Mueller-Navelet jets J/ψ and jet produ
tion

J/ψ and jet produ
tion

Produ
tion of a forward J/ψ and a ba
kward jet
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Why Jψ?

Numerous J/ψ mesons are produ
ed at LHC

J/ψ is easy to re
onstru
t experimentaly through its de
ay to µ+µ−
pairs

The me
hanism for the produ
tion of J/ψ mesons is still to be 
ompletely

understood (see dis
ussion later), although it was observed more than 40

years ago [E598 
ollab 1974℄, [SLAC-SP 
ollab 1974℄

The vast majority of J/ψ theoreti
al predi
tions are done in the 
ollinear

fa
torization framework : would kt fa
torization give something di�erent?

We will perform an MN-like analysis, 
onsidering a pro
ess with a rapidity

gap whi
h is large enough to use BFKL dynami
s but small enough to be

able to dete
t J/ψ mesons.
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An MN-like analysis

x1

J/Ψ

x2

k2

k1

Φ1

G

Φ2

dσ

d|kJ/ψ|d|kjet| dyJ/ψdyjet
=

∫

dφJ/ψdφjet

∫

d2
k1 d

2
k2

×
∫

dkgluonΦ1(kJ/ψ, xJ/ψ,−k1, kgluon)

×G(k1,k2, ŝ)

×Φ2(kjet, xjet,k2)
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Non Relativisti
 QCD
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The NRQCD formalism

J/ψ produ
tion in NRQCD

We will �rst use the Non Relativisti
 QCD (NRQCD) formalism [Bodwin,

Braaten, Lepage℄, [Cho, Leibovi
h℄.

Basi
ally, one expands the onium wavefun
tion wrt the velo
ity of its


onstituents v ∼ 1
logM

:

|Ψ〉 = O(1)
∣

∣

∣QQ̄[3S
(1)
1 ]

〉

+O(v)
∣

∣

∣QQ̄[3S
(8)
1 ]g

〉

+O(v2)

One assumes that all the non-perturbative physi
s is en
oded in this

wavefun
tion.

⇒ One 
omputes the hard part using the usual Feynman diagram methods and


onvolute it with the wavefun
tion afterwards.

Charge parity 
onservation → Hard part : cc̄ in a 
olor singlet state + g, cc̄ in
a 
olor o
tet state.

The relative importan
e of this additional 
olor-o
tet 
ontribution is still to be

determined.

There is no proof of NRQCD fa
torization at all orders.
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The J/ψ impa
t fa
tor for 
olor singlet produ
tion

αp2 + k1

q

x1p1 x1p1

αp2 + k1

q

qq

Two examples out of 6 diagrams

Quark-antiquark to J/ψ transition vertex from NRQCD expansion :

i

j

viα(q2)ū
j
β(q1) →

δij

4Nc

(

〈O1〉J/ψ
m

)
1

2
[

ε̂∗J/ψ

(

k̂J/ψ +M
)]

α, β
(1)
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The J/ψ impa
t fa
tor for 
olor o
tet produ
tion

αp2 + k1

q
q

qq

x1p1 x1p1

αp2 + k1

2 examples out of 3 diagrams

Quark-antiquark to J/ψ transition vertex from NRQCD expansion :

i

j

[

viα(q2)ū
j
α(q1)

]a

→
taij
4Nc

(

〈O8〉V
m

) 1

2
[

ε̂∗V

(

k̂J/ψ +M
)]

α, β
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Color Evaporation Model
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The Color Evaporation Model

The Color Evaporation Model

Relies on the lo
al duality hypothesis :

A heavy quark pair QQ̄ with an invariant mass below the threshold for the

produ
tion of a pair of the lightest meson whi
h 
ontains Q will eventually

produ
e a bound QQ̄ pair after a series of randomized soft intera
tions

between its produ
tion and its 
on�nement in

1
9

ases, independently of its


olor and spin.

It is assumed that the repartition between all the possible 
harmonium states is

universal.

Thus the pro
edure is the following :

Compute all the Feynman diagrams for open QQ̄ produ
tion

Sum over all spins and 
olors

Integrate over the QQ̄ invariant mass
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Then, negle
ting the 
ontributions from QQ̄ pairs with an invariant mass above

the threshold, use :

σJ/ψ = FJ/ψ

∫ 4m 2

D

4m 2
c

dM2 dσcc̄
dM2

αp2 + k

k1 k2

k1k2

x1p1 x1p1

αp2 + k

M2

M2

2 examples out of 3 diagrams to 
ompute in the CEM
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Numeri
al results [PRELIMINARY℄
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Di�erential 
ross se
tions from both models
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Summary

The produ
tion of Mueller-Navelet jets was su

essfully des
ribed using

the BFKL formalism

We applied the same formalism for the produ
tion of a forward J/Ψ
meson and a ba
kward jet, using both the NRQCD formalism and the

Color Evaporation Model

This new pro
ess 
ould 
onstitute a good probe of the 
olor o
tet


ontribution in NRQCD
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