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Introduction/Motivation

J/ψ suppression as evidence of quark-gluon plasma. The
measure of the suppression:

RJ/ψ(y, pt) =

dσAA→J/ψX

dyd2pt
(y, pt)

Ncoll
dσpp→J/ψX

dyd2pt
(y, pt)

(1)

However, even the elementary reaction is not fully
understood.

The collinear pQCD does not give a good description
of J/ψ production in elementary reactions.
The way out – color-octet contribution (fitted to the
data). Polarization observables in conflict with the
color-octet “explanation”.
kt-factorization explains the elementary production at
the Tevatron energy.
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Introduction/Motivation
pQCD motivation:
Dynamics of gluon/parton ladders – a theoretical chalange.
The QCD dynamics (collinear, kt-factorization) is usually
investigated for inclusive reactions:

γ∗-proton total cross section (or F2)
Inclusive production of jets
Inclusive production of mesons (pions)
Inclusive production of open charm, bottom, top
Inclusive production of direct photons
Inclusive production of quarkonia
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Introduction/Motivation
Very interesting are:

Dijet correlations (Leonidov-Ostrovsky, Bartels et al.)
QQ̄ correlations (Luszczak-Szczurek)
γ∗ – jet correlations (Pietrycki-Szczurek)
jet – J/ψ correlations (Baranov-Szczurek)
Exclusive reactions: pp→ pXp where
X = J/ψ, χc, χb, η

′, ηc, ηb
(Matrin-Khoze-Ryskin, Szczurek-Pasechnik-Teryaev)

They contain much more information about QCD ladders.
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QCD motivation
HERA γ∗p total cross section (F2(x,Q

2))

x,~κ x,~κ

γ∗
qq̄

γ∗

p X p
′
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p1
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′
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Unintegrated gluon distributions (part 1)
Gaussian smearing

Fnaive(x, κ
2, µ2

F ) = xgcoll(x, µ2
F ) · fGauss(κ2) , (2)

fGauss(κ
2) =

1

2πσ2
0

exp
(

−κ2
t/2σ

2
0

)

/π . (3)

BFKL UGDF

−x∂f(x, q2
t )

∂x
=
αsNc

π
q2
t

∫

∞

0

dq2
1t

q2
1t

[

f(x, q2
1t)− f(x, q2

t )

|q2
t − q2

1t|
+

f(x, q2
t )

√

q4
t + 4q4

1t

]

.

(4)
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Unintegrated gluon distributions (part 2)
Golec-Biernat-Wuesthoff saturation model
from dipole-nucleon cross section to UGDF

αsF(x, κ2
t ) =

3σ0

4π2
R2

0(x)κ2
t exp(−R2

0(x)κ2
t ) , (5)

R0(x) =

(

x

x0

)λ/2
1

GeV
. (6)

Parameters adjusted to HERA data for F2.

Kharzeev-Levin gluon saturation

F(x, κ2) =

{

f0 if κ2 < Q2
s,

f0 · Q
2
s

κ2 if κ2 > Q2
s.

(7)

f0 adjusted by Szczurek to HERA data for F2.
Describes nicely inclusive pion production at RHIC.
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Kwiecinski parton distributions
QCD-most-consistent approach – CCFM.

For LO (2→ 1) processes convenient to use UPDFs in
a space conjugated to transverse momentum (Kwieciński
et al.)

f̃(x, b, µ2) =
1

2π

∫

d2κ exp
(

−i~κ ·~b
)

F(x, κ2, µ2)

F(x, κ2, µ2) =
1

2π

∫

d2 b exp
(

i~κ ·~b
)

f̃(x, b, µ2)

The relation between
Kwieciński UPDF and the collinear PDF:

xpk(x, µ
2) =

∫

∞

0

dκ2
tfk(x, κ

2
t , µ

2)
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Kwiecinski parton distributions
At b = 0 the functions fj are related to the familiar
integrated parton distributions, pj(x,Q), as follows:

fj(x, 0, Q) =
x

2
pj(x,Q).

pNS = u− ū, d− d̄,
pS = ū+ u+ d̄+ d+ s̄+ s+ ...,

psea = 2d̄+ 2u+ s̄+ s+ ...,

pG = g,

where . . . stand for higher flavors.
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Kwiecinski equations
for a given impact parameter:

∂fNS(x, b,Q)

∂Q2
=
αs(Q2)

2πQ2

Z

1

0

dz Pqq(z)

»

Θ(z − x) J0((1 − z)Qb) fNS

“x

z
, b,Q

”

− fNS(x, b,Q)

–

∂fS(x, b,Q)

∂Q2
=
αs(Q2)

2πQ2

Z

1

0

dz



Θ(z − x) J0((1 − z)Qb)

»

Pqq(z) fS

“x

z
, b,Q

”

+ Pqg(z) fG

“x

z
, b,Q

”

–

− [zPqq(z) + zPgq(z)] fS(x, b,Q)

ff

∂fG(x, b,Q)

∂Q2
=
αs(Q2)

2πQ2

Z

1

0

dz



Θ(z − x) J0((1 − z)Qb)

»

Pgq(z) fS

“x

z
, b,Q

”

+ Pgg(z) fG

“x

z
, b,Q

”

–

− [zPgg(z) + zPqg(z)] fG(x, b,Q)

ff
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Nonperturbative effects
Transverse momenta of partons due to:

perturbative effects
(solution of the Kwieciński- CCFM equations),
nonperturbative effects
(intrinsic momentum distribution of partons)

Take factorized form in the b-space:

f̃q(x, b, µ
2) = f̃CCFMq (x, b, µ2) · F np

q (b) .

We use a flavour and x independent form factor

F np
q (b) = F np(b) = exp

(−b2
4b20

)

May be too simplistic ?
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Unintegrated gluon distributions (comparison)
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Processes included
1) direct singlet production

g + g → J/ψ + g; (8)

2) direct production of ψ′ meson

g + g → ψ′ + g and ψ′ → J/ψ (9)

3) direct production of χc mesons

g + g → χcJ and χc → J/ψ + γ (10)

4) production of b quarks and antiquarks

g + g → b+ b̄ and b→ B and B → J/ψ +X (11)

5) associate production

g + g → J/ψ + c+ c̄ (12)
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Processes included

Figure 1:
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kt-factorization approach

Figure 2: Application of the kt-factorization approach.
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How the cross sections are calculated
NR pQCD methods
operators J(S, L), which guarantee the proper quantum
numbers of the cc̄ state under consideration.

J(1S0) ≡ J(S=0, L=0) = γ5 (6 pc +mc)/m
1/2
ψ (13)

J(3S1) ≡ J(S=1, L=0) = 6 ε(Sz) (6 pc +mc)/m
1/2
ψ (14)

J(3PJ) ≡ J(S=1, L=1) = (6 pc̄ −mc) 6 ε(Sz) (6 pc +mc)/m
3/2
ψ(15)

mc = mψ/2,
pc = pψ/2 + q, pc̄ = pψ/2− q

matrix elements multiplied by Ψ(q),
integration with respect to q,
expansion in q

M(q) = M|q=0 + (∂M/∂qα)|q=0q
α + . . . (16)

∫

d3q

(2π)3
Ψ(q) =

1√
4π

(x = 0), (17)

∫

d3q

(2π)3
qαΨ(q) = −iεα(Lz)

√
3√

4π
′(x = 0), (18)

The first term contributes only to S-waves, but vanishes for
P -waves because RP (0) = 0. On the contrary, the second
term contributes only to P -waves, but vanishes for S-waves
because R′

S(0) = 0.
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How the cross sections are calculated
For the direct production mechanism:

dσ(pp→ ψX) =
πα3

s |R(0)|2
ŝ2

1

4

∑

spins

1

64

∑

colors
|M(gg → ψg)|2

×Fg(x1, k
2
1T , µ

2) Fg(x2, k
2
2T , µ

2) dk2
1T dk

2
2T dp

2
ψT dy3 dyψ

dφ1

2π

dφ2

2π

dφψ
2π

,(19)

where φ1, φ2 and φ3 are the azimuthal angles of the initial
and final gluons, and yψ and φψ the rapidity and the
azimuthal angle of J/ψ particle.

(k1 + k2)E+p|| = x1

√
s = mψT exp(yψ) + |k3T | exp(y3),

(20)
(k1 + k2)E−p|| = x2

√
s = mψT exp(−yψ) + |k3T | exp(−y3),

mψT = (m2
ψ + |pψT |2)1/2.

|RJ/ψ(0)|2 = 0.8 GeV3 for J/ψ, |Rψ′(0)|2 = 0.4 GeV3 for ψ′.
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How the cross sections are calculated
For the production of χc mesons

dσ(pp→ χcJX) =
12π2α2

s |R′(0)|2
ŝ2

1

4

∑

spins

1

64

∑

colors
|M′(gg → χcJ)q=0|2

×Fg(x1, k
2
1T , µ

2) Fg(x2, k
2
2T , µ

2) dk2
1T dk

2
2T dyχ

dφ1

2π

dφ2

2π
. (21)

|R′

χ(0)|2 = 0.075 GeV5 (potential models).
Br(χcJ → J/ψγ) = 0.006, 0.35, and 0.135 for J = 0, 1, 2.
For the production of beauty quarks

dσ(pp→ bb̄X) =
4πα2

s

ŝ2

1

4

∑

spins

1

64

∑

colors
|M(gg → bb̄)|2

×Fg(x1, k
2
1T , µ

2) Fg(x2, k
2
2T , µ

2) dk2
1T dk

2
2T dp

2
bT dyb dyb̄

dφ1

2π

dφ2

2π

dφb
2π

.(22)
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How the cross sections are calculated
For the charm-associated production:

dσ(pp→ ψcc̄X) =
α4
s

4ŝ2
|R(0)|2 1

4

∑

spins

1

64

∑

colors
|M(gg → ψcc̄)|2

×Fg(x1, k
2
1T , µ

2) Fg(x2, k
2
2T , µ

2) dk2
1Tdk

2
2Tdp

2
ψTdp

2
cTdyψdycdyc̄

dφ1

2π

dφ2

2π

dφψ
2π

dφc
2π

.(23)

Parton level matrix elements |M(gg → ψcc̄)|2 (Baranov)
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Contributions of different processes

Figure 3: Monte Carlo method, “derivative UGDF”.
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Contributions of different processes

Figure 4: “derivative UGDF”, the full range of rapidity,
Monte Carlo method. July 2007, Manchester – p. 22



Direct color-singlet production

Figure 5:
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Direct singlet production

Figure 6: (a) -0.35 < y < 0.35 (left panel),
(b) 1.2 < |y| < 2.2 (right panel).
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Direct χc meson production

Figure 7:
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Direct χc meson production

Figure 8: (a) -0.35 < y < 0.35 (left panel),
(b) 1.2 < |y| < 2.2 (right panel).
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Sum of dominant mechanisms

Figure 9:
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Sum of dominant mechanisms

Figure 10: (a) -0.35 < y < 0.35 (left panel),
(b) 1.2 < |y| < 2.2 (right panel).
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Kwiecinski UGDF

Figure 11: Kwieciński UGDF with running scale.
(a) (-0.35 < y < 0.35)
(b) (1.2 < y < 2.2).
direct – dashed line, χc(2+)-decay – dotted line and the sum
– solid line.
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Kwiecinski UGDF

Figure 12: pJ/ψ,t × pg,t.
left panel: µ2 = 10 GeV2

right panel: µ2 = 100 GeV2.
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Exclusive photoproduction of J/ψ

h1

t1
h1

γ∗

1
(q2

1
)

V

h2
t2

h2

EM

I

h1 h1

h2 h2

V

t1

t2

γ∗

2
(q2

2
)

EM

I

Schäfer, Szczurek
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Exclusive photoproduction of J/ψ

Figure 13: left panel for (-0.35 < y < 0.35)
right panel for (1.2 < y < 2.2).
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Predictions for χc production

BR(χc(0+)→ π+π−) = (7.5 ± 2.1) × 10−3,
BR(χc(0+)→ K+K−) = (7.1 ± 2.4) ×10−3,
BR(χc(2+)→ π+π−) = (1.9 ± 1.0) ×10−3,
BR(χc(2+)→ K+K−) = (1.5 ± 1.1) ×10−3.
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Summary/Conclusions

The distributions of J/ψ in y and pt were calculated in
the kt-factorization approach.
Different UGDFs were used. The results depend on
UGDFs.
The contributions from direct color-singlet and radiative
χc(2

+) decays dominate the inclusive cross section.
There is no much room for color-octet contribution.
The analysis of kinematical correlations of J/ψ - jet
was proposed.
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