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The partoni
 
ontent of the proton

The various regimes governing the perturbative 
ontent of the proton
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s

SATURATION
REGION

�usual� regime: xB moderate ( xB & .01):
Evolution in Q governed by the QCD renormalization group

(Dokshitser, Gribov, Lipatov, Altarelli, Parisi equation)

∑

n(αs lnQ2)n + αs
∑

n(αs lnQ2)n + · · ·
LLQ NLLQ

perturbative Regge limit: sγ∗p →∞ i.e. xB ∼ Q2/sγ∗p → 0
in the perturbative regime (hard s
ale Q2

)

(Balitski Fadin Kuraev Lipatov equation)

∑

n(αs ln s)n + αs
∑

n(αs ln s)n + · · ·
LLs NLLs

2 /27



Introdu
tion MN jets at full NLLx J/Ψ and jet produ
tion

QCD in the perturbative Regge limit

One of the important longstanding theoreti
al questions raised by QCD is

its behaviour in the perturbative Regge limit s≫ −t
Based on theoreti
al grounds, one should identify and test suitable

observables in order to test this pe
uliar dynami
s
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hard s
ales: M2
1 , M

2
2 ≫ Λ2

QCD or M ′2
1 , M

′2
2 ≫ Λ2

QCD or t≫ Λ2
QCD

where the t−
hannel ex
hanged state is the so-
alled hard Pomeron
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How to test QCD in the perturbative Regge limit?

What kind of observable?

perturbation theory should be appli
able:

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

=⇒ sele
t 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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Resummation in QCD: DGLAP vs BFKL

Dynami
s of resummations

Small values of αs (perturbation theory applies if there is a hard s
ale) 
an be


ompensated by large logarithmi
 enhan
ements.

DGLAP BFKL
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ements
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x2, kT2

kTn+1 ≪ kTn
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x1, kT1

x2, kT2

xn+1 ≪ xn

strong ordering in kT strong ordering in x
∑

(αs lnQ
2)n

∑

(αs ln s)
n

When

√
s be
omes very large, it is expe
ted that a BFKL des
ription is needed

to get a

urate predi
tions
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Perturbative QCD in a �xed order approa
h

Hard pro
esses in QCD and 
ollinear fa
torization

This is justi�ed if the pro
ess is governed by a hard s
ale:

Virtuality of the ele
tromagneti
 probe

in elasti
 s
attering e± p → e± p
in Deep Inelasti
 S
attering (DIS) e± p → e± X
in Deep Virtual Compton S
attering (DVCS) e± p → e± p γ

Total 
enter of mass energy in e+e− → X annihilation

t-
hannel momentum ex
hange in meson photoprodu
tion γ p → M p

Mass of a heavy bound state e.g. J/Ψ,Υ

A pre
ise treatment relies on 
ollinear fa
torization theorems

S
attering amplitude


onvolution

= partoni
 amplitude ⊗ non-perturbative hadroni
 
ontent

(
omputed at a given �xed order)
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Semi-hard pro
esses: resummed QCD at large s

QCD in the perturbative Regge limit

s≫M2
hard s
ale

≫ Λ2
QCD

The amplitude 
an be written as:

A = +






+ + · · ·






+






+ · · ·






+ · · ·

∼ s ∼ s (αs ln s) ∼ s (αs ln s)2

this 
an be put in the following form :

← Impa
t fa
tor

← Green's fun
tion

← Impa
t fa
tor

σh1 h2→anything
tot =

1

s
ImA ∼ sαP(0)−1

with αP(0)− 1 = C αs + C′ α2
s + · · ·

C > 0 : Leading Log Pomeron

Balitsky, Fadin, Kuraev, Lipatov
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Opening the boxes: Impa
t representation γ∗ γ∗ → γ∗ γ∗ as an example

Sudakov de
omposition: ki = αi p1 + βi p2 + k⊥i (p2
1

= p2
2

= 0, 2p1 · p2 = s)

write d4ki =
s
2
dαi dβi d

2k⊥i (k = Eu
l. ↔ k⊥ = Mink.)

t−
hannel gluons have non-sense polarizations at large s: ǫ
up/down
NS = 2

s p2/1

PSfrag repla
ements

⇒ set α1 = 0 and

∫

dβ1 ⇒ Φγ
∗→γ∗ (k1, r − k1)

impa
t fa
tor

⇒ set βn = 0 and

∫

dαn ⇒ Φγ
∗→γ∗ (−kn,−r + kn)

βր

αց

γ∗

γ∗

r − k1k1

k2

kn

α1

α2

M =
is

(2π)2

∫

d2k

k2
Φup(k, r − k)

∫

d2k′

k′2
Φdown(−k′, −r + k′)

×
δ+i∞
∫

δ−i∞

dω

2πi

(

s

s0

)ω

Gω(k, k
′, r)

αn−1 ←− multi-Regge kinemati
s

β2

βn

αq, q̄

βq, q̄
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Higher order 
orre
tions

Only a few higher order 
orre
tions are known

Higher order 
orre
tions to 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;

Balitski, 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: Basi
s

Mueller-Navelet jets

Consider two jets (hadrons �ying within a narrow 
one) separated by a

large rapidity, i.e. ea
h of them almost �y in the dire
tion of the hadron

�
lose� to it, and with very similar transverse momenta

Pure LO 
ollinear treatment: these two jets should be emitted ba
k to

ba
k at leading order:

ϕ ≡ ∆φ− π = 0 (∆φ = φ1 − φ2 = relative azimuthal angle)

k⊥1=k⊥2. No phase spa
e for (untagged) multiple (DGLAP) emission

between them

PSfrag repla
ements
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Mueller-Navelet jets: LL fails

Mueller Navelet jets at LL BFKL

PSfrag repla
ements

jet

jet

rapidity gap

rapidity gap

LL BFKL

Green fun
tion


ollinear

parton

(PDF)


ollinear

parton

(PDF)

Multi-Regge kinemati
s

(LL BFKL)

in LL BFKL (∼∑

(αs ln s)
n
),

emission between these jets

−→ strong de
orrelation

between the relative azimutal

angle jets, in
ompatible

with pp̄ Tevatron 
ollider data

a 
ollinear treatment

at next-to-leading order

(NLO) 
an des
ribe the data

important issue:

non-
onservation

of energy-momentum

along the BFKL ladder.

A LL BFKL-based

Monte Carlo 
ombined

with e-m 
onservation

improves dramati
ally

the situation (Orr and Stirling)
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Mueller-Navelet jets: beyond LL

Mueller Navelet jets at NLL BFKL

PSfrag repla
ements

jet NLL jet vertex

jet NLL jet vertex

rapidity gap

rapidity gap
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Green fun
tion
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Quasi Multi-Regge kinemati
s

(here for NLL BFKL)

up to ∼ 2010,

the subseries αs
∑

(αs ln s)
n
NLL was

in
luded only in the ex
hanged Pomeron

state, and not inside the jet verti
es

Sabio Vera, S
hwennsen

Marquet, Royon

our studies have shown was

that these 
orre
tions are very important

Colferai, S
hwennsen, Szymanowski, S. W.

Du
loué, Szymanowski, S. W.

for similar studies and results:

Caporale, Ivanov, Murda
a, Papa

Caporale, Murda
a, Sabio Vera, Salas
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Mueller-Navelet jets at NLL: master formulas

kT -fa
torized di�erential 
ross se
tion
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k1, φ1

k2, φ2

→
→

kJ,1, φJ1, xJ1

kJ,2, φJ2, xJ2

dσ

d|kJ,1|d|kJ,2| dyJ,1 dyJ,2
=

∫

dφJ,1 dφJ,2

∫

d2
k1 d

2
k2

×Φ(kJ,1, xJ1,−k1)

×G(k1,k2, ŝ)

×Φ(kJ,2, xJ2,k2)

with Φ(kJ,2, xJ2,k2) =
∫

dx2 f(x2)V (k2, x2) f ≡ PDF xJ = |kJ |√
s
eyJ
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Mueller-Navelet jets at NLL: Renormalization s
ale �xing

Renormalization s
ale un
ertainty

We used the Brodsky-Lepage-Ma
kenzie (BLM) pro
edure to �x the

renormalization s
ale

The BLM pro
edure resums the self-energy 
orre
tions to the gluon

propagator at one loop into the running 
oupling.

First attempts to apply BLM s
ale �xing to BFKL pro
esses lead to

problemati
 results. Brodsky, Fadin, Kim, Lipatov and Pivovarov

suggested that one should �rst go to a physi
al renormalization s
heme

like MOM and then apply the 'traditional' BLM pro
edure, i.e. identify

the β0 dependent part and 
hoose µR su
h that it vanishes.

We followed this pres
ription for the full amplitude at NLL.
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Mueller-Navelet jets at NLL: 
omparison with the data

Comparison with the data

NLL BFKL
NLL BFKL+BLM
CMS

 0.01

 0.1

 1

 0  0.5  1  1.5  2  2.5  3

PSfrag repla
ements

1
σ
dσ
dϕ

ϕ

NLL vertex + NLL Green fun.

LO vertex

Du
loué, Szymanowski, S. W.

re
all: ϕ = 0 ⇔ ba
k-to-ba
k

1

σ
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{

1 + 2

∞
∑

n=1
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.
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35 GeV

2 < kJ,1,kJ,2
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Mueller-Navelet jets at NLL
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Sudakov resummation e�e
ts:
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A. H. Mueller, L. Szymanowski, S. W., B.-W. Xiao, F. Yuan, JHEP 1603 (2016) 096
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In
lusive forward J/Ψ and ba
kward jet produ
tion at the LHC

Why J/Ψ?

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

Any improvement of the understanding of these me
hanisms is important

in view of QGP studies sin
e J/Ψ suppression (melting) is one of the best

probe. Cold nu
lear e�e
ts are numerous and known to make life more


ompli
ate

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

di�eren
e whi
h is large enough to use BFKL dynami
s but small enough

to be able to dete
t J/ψ mesons at LHC (ATLAS, CMS).
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Master formula

k⊥-fa
torization des
ription of the pro
ess

ŝ = xx′ s

PSfrag repla
ements
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d2k⊥ d
2k′⊥

×
∫ 1

0

dx fa(x)VV,a(k⊥, x)

×G(−k⊥,−k′⊥, ŝ)

×
∫ 1

0

dx′ fb(x
′)VJ,b(−k′⊥, x′),
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Master formula

k⊥-fa
torization des
ription of the pro
ess

ŝ = xx′ s

PSfrag repla
ements
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dx fa(x)VV,a(k⊥, x)

×G(−k⊥,−k′⊥, ŝ)

×
∫ 1

0

dx′ fb(x
′)VJ,b(−k′⊥, x′),
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The NRQCD formalism

Quarkonium 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

:

|V 〉 = O(1)
∣

∣

∣QQ̄[3S
(1)
1 ]

〉

+O(v)
∣

∣

∣QQ̄[3S
(8)
1 ]g

〉

+O(v2)

Assumption: all the non-perturbative physi
s is en
oded in |V 〉
⇒ One 
omputes the hard part using the usual Feynman diagram methods

and 
onvolute it with the wavefun
tion afterwards.

Charge parity 
onservation → Hard part M :

QQ̄ in a 
olor singlet state + g, QQ̄ in a 
olor o
tet state.

In NRQCD, the two Q and Q̄ share the quarkonium momentum: pV = 2q
this would not be the 
ase for a light meson

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: NRQCD 
olor singlet 
ontribution

From open quark-antiquark gluon produ
tion to J/ψ produ
tion

NRQCD 
olor-singlet transition vertex: −→

[v(q)ū(q)]ijαβ →
δij

4N

(

〈O1〉V
m

)1/2

[ǫ̂∗V (2q̂ + 2m)]αβ
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The J/ψ impa
t fa
tor: NRQCD 
olor o
tet 
ontribution

From open quark-antiquark produ
tion to J/ψ produ
tion

NRQCD 
olor-o
tet transition vertex: −→

[v(q)ū(q)]ij→d
αβ → tdijd8

(

〈O8〉V
m

)1/2

[ǫ̂∗V (2q̂ + 2m)]αβ
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The Color Evaporation Model

Quarkonium produ
tion in the 
olor evaporation model

Relies on the lo
al duality hypothesis

Fritzs
h, Halzen ...

Consider a heavy quark pair QQ̄ with mQQ̄ < 2mQq̄

Qq̄ = lightest meson whi
h 
ontains Q
e.g D−meson for Q = c

it 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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The J/ψ impa
t fa
tor: relying on the 
olor evaporation model

From open quark-antiquark gluon produ
tion to J/ψ produ
tion

PSfrag repla
ements
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∫ 4m 2

D

4m 2
c

dM2 dσcc̄
dM2
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Numeri
al results [PRELIMINARY℄

Di�erential 
ross se
tions from both models
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Introdu
tion MN jets at full NLLx J/Ψ and jet produ
tion

Summary

The produ
tion of Mueller-Navelet 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

More to 
ome about azimuthal 
orrelations

A 
omparison with a �xed order treatment is planned

A 
omplete NLL study is very 
hallenging: requires to 
ompute the NLO

vertex for J/Ψ produ
tion

Preliminary experimental studies (ATLAS) are very promising
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