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Challenges in heavy quarkonia studies

✓  Quarkonia production in pp/pA, as well as high pT forward particle  
     production in pA, traditionally are very important probes for QCD dynamics  
     e.g. QCD factorisation, gluon resummations, higher order PT and non-PT effects, medium, CGC etc

✓  J/psi puzzle: highly uncertain production and evolution in hot environment  
     What is the dominating QCD mechanism and role of the medium? why RpA is close to one?

Quarkonia are suppressed in  
a deconfined medium which is believed 
to be due to a Debye screening of the 
heavy quark potential (Matsui-Satz’86)

heavy quarks provide a naturally hard 
enough scale to study the production 

mechanisms in perturbative QCD 
(factorisation breaking, CS vs CO etc)

★   probe for QCD in heavy quark production ★   probe for large-distance evolution and formation

✓  Charmonia are very special!

★   Charm quark mass scale is at the boundary between pQCD and soft QCD
★   Specific for heavy ions production and destruction mechanisms

★ Quarkonia are sensitive to all the stages, from early heavy quark production 
      to late time evolution and bound states’ formation

✓ recombination of c-quarks (Braun-Munzinger, Stachel’00) 
✓ sequential melting of excited states (Rafelski et al’09) 
✓modification of feeddown 
✓ formation time effects (Karsch-Petronzio’88) 
✓ cold nuclear matter effects (Vogt’05) 
✓ shadowing and nuclear absorption (Noble’81, Tram-Arleo’09) etc

Quantitative understanding of  
J/psi in pp/pA/AA at different 

energies is required!
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Good-Walker picture of a scattering

Dispersion of  
the eigenvalues  

distribution

Projectile has a substructure!

Hadron can be excited:  
not an eigenstate of interaction!

Completeness and orthogonality

Elastic and single diffractive amplitudes

Single diffractive cross section

Important basis for the dipole picture!
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TABLE I: Interplay between the probabilities of hard and soft fluctu-
ations in a highly virtual photon and the cross section of interaction
of these fluctuations.

|Cα|2 σα σtot =
hard
∑

α=so f t
|Cα|2σα σsd=

hard
∑

α=so f t
|Cα|2σ2α

Hard ∼ 1 ∼ 1
Q2 ∼ 1

Q2 ∼ 1
Q4

Soft ∼ m2q
Q2 ∼ 1

m2q
∼ 1

Q2 ∼ 1
m2qQ2

independent. One can test this picture studying the Q2 depen-
dence of the diffractive DIS [26].
Since diffraction is a source of nuclear shadowing [27], that

also should scale in x. Indeed, most of experiment have not
found any variation with Q2 of shadowing in DIS on nuclei.
Only the NMC experiment managed to find a weak scaling
violation which agrees with theoretical expectations [28].
Notice that in spite of independence of Q2, both diffraction

and shadowing are higher twist effects. This is easy to check
considering photoproduction of heavy flavors. In this case the
hard scale is imposed by the heavy quarkmass, and diffraction
becomes a hard process with cross section vanishing as 1/m4Q.
Nuclear shadowing also vanishes as 1/m2Q.
The true leading twist diffraction and shadowing are asso-

ciated with gluon radiation considered below.

B. Diffractive Drell-Yan reaction

The dipole description of the Drell-Yan reaction in many
respects is similar to DIS. This is not a surprize, since the
two processes are related by QCD factorization. The cross
section of heavy photon (γ∗ → l̄l) radiation by a quark reads
[29, 30, 31, 32],

dσ(qp→ γ∗X)

d lnα
=

∫
d2rT |ΨT,L

γ∗q(α,rT )|2σqq̄(αrT ,x), (20)

Hereα is the fraction of the quark light-conemomentum taken
away by the dilepton; rT is the photon-quark transverse sepa-
ration; and the light-cone distribution functionΨ is similar to
one in DIS, Eq. (16), and can be found in [29, 30, 31].
Notice that the dileptons are radiated only in the fragmen-

tation region of the quark and are suppressed at mid rapidi-
ties. Indeed, due to CT the dipole cross section vanishes as
σqq̄(αrT ,x) ∝ α2 at α→ 0.
There is an important difference between DIS and DY re-

action. In the inclusive DIS cross section one integrates over
0 < α < 1, this is why this cross section is always a mixture
of soft and hard contributions (see Table 1). In the case of
DY reaction there is a new variable, x1, which is fraction of
the proton momentum carried by the dilepton. Since α > x1,
one can enhance the soft part of the DY cross section selecting
events with x1→ 1. This soft part of the DY process is subject

to unitarity corrections [33] which are more important than in
DIS [34].
Another distinction between DIS and DY is suppression of

the DY diffractive cross section. Namely, the forward cross
section of diffractive radiation qp→ l̄lqp is zero [30]. Indeed,
according to (10) the forward diffractive cross section is given
by the dispersion of the eigen amplitude distribution. How-
ever, in both eigen states |q⟩ and |qγ∗⟩ only quark interacts.
So the two eigen amplitudes are equal, and the dispersion is
zero.
Nevertheless, in the case of hadronic collision diffractive

DY cross section does not vanish in the forward direction. In
this case the two eigen states are |q̄q⟩ and |q̄qγ∗⟩ (for the sake
of simplicity we take a pion). The interacting component of
these Fock states is the q̄q dipole, however it gets a different
size after the q or q̄ radiate the photon. Then the two Fock
states interact differently, and this leads to a nonvanishing for-
ward diffraction. Notice that the diffractive cross section is
proportional to the dipole size [35].

C. Diffractive Higgs production

Diffractive higgsstrahlung is rather similar to diffractive
DY, since in both cases the radiated particle does not take
part in the interaction [35]. However, the Higgs coupling
to a quark is proportional to the quark mass, therefore, the
cross section of higgsstrahlung by light hadrons is vanishingly
small.
A larger cross section may emerge due to admixture of

heavy flavors in ligt hadrons. A novel mechanism of exclu-
sive Higgs production, pp→ Hpp, due to direct coaliscence
of heavy quarks, Q̄Q→ H was proposed in [36]. The cross
section of Higgs production was evaluated ssuming 1% of in-
trinsic charm (IC) [37] and that heavier flavors scale as 1/m2Q
[38]. The results are shown in Fig. 7 as function of Higgs
mass for different intrinsic heavy flavors.

FIG. 7: Cross section of exclusive diffractive Higgs production,
pp→Hpp, from intrinsic charm (IC), bottom (IB) and top (IT) [36].

semi-hard/ 
semi-soft soft



Phenomenological dipole approach

Example: Naive GBW parameterization  
of HERA data

saturates at  
large separations

A point-like colorless object  
does not interact with  
external color field!

Theoretical calculation of  
the dipole CS is a challenge

see e.g. B. Kopeliovich et al, since 1981Eigenvalue of the total cross section is 
the universal dipole cross section

SD cross section

wave function of  
a given Fock state total DIS cross section

BUT! Can be extracted from data and used in ANY process!

color transparency

ANY inclusive/diffractive scattering is due to an interference of dipole scatterings!
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Eigenstates of interaction in QCD:  
color dipoles Dipole: 

•   cannot be excited 
•   experience only elastic scattering 
•   have no definite mass, but only separation 
•   universal – elastic amplitude can be  
    extracted in one process and used in another

γ (∗)γ (∗)γ ∗

σqq σqq

  
V

p p p p

Fig. 20: The dipole representation of the amplitudes for Compton scattering (a) and for meson production (b),
corresponding to the graphs in Figs. 17a and 18.

factorization schemes have been developed, which combine features of the collinear and kt factorization
formalisms.

The two different types of factorization implement different ways of separating different parts of
the dynamics in a scattering process. The building blocks in a short-distance factorization formula corre-
spond to either small or large particle virtuality (or equivalently to small or large transverse momentum),
whereas the separation criterion in high-energy factorization is the particle rapidity. Collinear and k t

factorization are based on taking different limits: in the former case the limit of large Q2 at fixed xB and
in the latter case the limit of small xB at fixed Q2 (which must however be large enough to justify the
use of QCD perturbation theory). In the common limit of large Q2 and small xB the two schemes give
coinciding results. Instead of large Q2 one can also take a large quark mass in the limits just discussed.

A far-reaching representation of high-energy dynamics can be obtained by casting the results of kt

factorization into a particular form. The different building blocks in the graphs for Compton scattering
and meson production in Figs. 17a and 18 can be rearranged as shown in Fig. 20. The result admits a
very intuitive interpretation in a reference frame where the photon carries large momentum (this may be
the proton rest frame but also a frame where the proton moves fast, see Fig. 14): the initial photon splits
into a quark-antiquark pair, which scatters on the proton and finally forms a photon or meson again. This
is the picture we have already appealed to in Sect. 1.2.

In addition, one can perform a Fourier transformation and trade the relative transverse momentum
between quark and antiquark for their transverse distance r, which is conserved in the scattering on the
target. The quark-antiquark pair acts as a color dipole, and its scattering on the proton is described by
a “dipole cross section” σqq̄ depending on r and on xIP (or on xB in the case of inclusive DIS). The
wave functions of the photon and the meson depend on r after Fourier transformation, and at small r
the photon wave function is perturbatively calculable. Typical values of r in a scattering process are
determined by the inverse of the hard momentum scale, i.e. r ∼ (Q2 + M2

V )−1/2. An important result of
high-energy factorization is the relation

σqq̄(r, x) ∝ r2xg(x) (7)

at small r, where we have replaced the generalized gluon distribution by the usual one in the spirit of the
leading log x approximation. A more precise version of the relation (7) involves the kt dependent gluon
distribution. The dipole cross section vanishes at r = 0 in accordance with the phenomenon of “color
transparency”: a hadron becomes more and more transparent for a color dipole of decreasing size.

The scope of the dipole picture is wider than we have presented so far. It is tempting to apply it
outside the region where it can be derived in perturbation theory, by modeling the dipole cross section
and the photon wave function at large distance r. This has been very been fruitful in phenomenology, as
we will see in the next section.

The dipole picture is well suited to understand the t dependence of exclusive processes, parameter-
ized as dσ/dt ∝ exp(−b|t|) at small t. Figure 21 shows that b decreases with increasing scale Q2 +M2

V

QCD factorisation

partonic interpretation of 
a scattering does depend on 

frame of reference!



Gluon distribution amplitudes and dipole CS

6

In most cases, a scattering cross section in the target rest frame  
can be represented in terms of three basic ingredients: 
 

Gluon to quark-antiquark splitting amplitude: 

 
Gluon Bremsstrahlung off a quark:  
 
 
 

Universal dipole cross section:

X
µ+

µ−Y

X
µ+

µ−

J/ψ

p

p

Y

Figure 1. Dominate mechanism for inclusive associated J/ψ → µ+µ− and forward jet high-pT
production in pp collisions (left) and the corresponding Drell-Yan background (right). Effective
amplitudes for G∗ +G → G+ cc̄ and q → q+(γ∗ → µ+µ−) hard subprocesses are denoted by filled
black and filled dark grey circles, respectively, described later in Fig. 4.

2 Inclusive heavy flavor production in pp collisions: the dipole approach

A detailed study of production mechanisms for a heavy quark pair in different color and

parity states giving rise to quarkonia production such as χc, J/ψ, ψ′, Υ etc is of particular

importance and has been discussed in many articles so far (see e.g. Refs. [? ? ]). Various

models were applied ranging from QCD factorisation approaches (also explicitly accounting

for higher order QCD corrections) [? ] to non-perturbative ones attemting to incorporate

complicated color screening and medium effects in heavy ion collisions such as color octet

mechanisms and CGC-based approaches [? ]. Despite a large variety of different approaches,

a universality between corresponding descriptions remains questionable, especially, when it

concerns to the underlined QCD mechanism for such C-odd states as J/ψ, ψ′ and Υ.

In this paper we aim at developing an alternative framework to C-parity negative S-

wave QQ̄ states based upon the universal color dipole approach [? ]. This framework has

earlier been proven to work quite well for P -wave quarkonia production such as χc(J+)

in both pp and pA collisions in Refs. [? ]. In the considering case the latter calculations

become more cumbersome due to an extra gluon emission off the produced QQ̄ state as

indicated in Fig. 1, and this is the leading-order contribution to the respective J/ψ and Υ

production. The major part of possible higher order contributions due to e.g. soft gluon

emissions is effectively taken into account through the universal dipole cross section as was

argued e.g. in Ref. [? ]. It is also rather straightforward to generalise the results in pp

collisons to pA and AA collisions in the dipole approach so the current analysis should

be considered as a baseline for that. Let us start with an overview of the color dipole

framework for heavy quark QQ̄ pair production.

Figure 2. Typical contributions to the non-relativistic heavy quark pair QQ̄ production in
G → QQ̄ splitting subprocess in the color background of the target in the target rest frame.
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Figure 3. Dominating gluon shadowing contributions to the non-relativistic color singlet C-odd
heavy quark pair {QQ̄}1+ production with a soft gluon γ ≪ 1 (upper two lines) and amplitudes for
q → q + γ fluctuation (bottom line).

Under the above conditions one can derive the amplitudes for inclusive production of

heavy quark {QQ̄} pair separately in color-singlet 1± and color-octet 8± states in association

with soft gluon Gb in impact parameter representation in factorised form

Ã(s⃗, r⃗, ρ⃗) =

∫

d2k

(2π)2
d2κ

(2π)2
d2k3
(2π)2

A(k⃗, κ⃗, k⃗3) e
−ik⃗s⃗−iκ⃗r⃗−ik⃗3ρ⃗ , (2.6)

Ã1−(s⃗, r⃗, ρ⃗) =
i

2
ΦQQ̄(r⃗,β)Φ

1−
QG(r⃗, ρ⃗,β) δ

i
j

N2
c−1
∑

d=1

fdbaĈ
(d)(s⃗, ρ⃗) ,

Ã1+(s⃗, r⃗, ρ⃗) =
i

2
ΦQQ̄(r⃗,β)Φ

1+
QG(r⃗, ρ⃗,β) δ

i
j

N2
c−1
∑

d=1

ddbaĈ
(d)(s⃗, γρ⃗) ,

Ã8−(s⃗, r⃗, ρ⃗) =
3

2
ΦQQ̄(r⃗,β)Φ

8−
QG(r⃗, ρ⃗,β) (τg)

i
j

N2
c−1
∑

d=1

fdbedaegĈ
(d)(s⃗, ρ⃗) ,

Ã8+(s⃗, r⃗, ρ⃗) = −
3

2
ΦQQ̄(r⃗,β)Φ

8+
QG(r⃗, ρ⃗,β) (τg)

i
j

N2
c−1
∑

d=1

fdbefaegĈ
(d)(s⃗, ρ⃗) ,

where the limit small QQ̄ dipole and soft final gluon is adopted, i.e. |r⃗| ∼ m−1
Q ≪ |ρ⃗| ∼

|s⃗| ∼ λ−1, γ ≪ β, and do not expand!!!

Φ1−
QG(r⃗, ρ⃗,β) = Φ8−

QG(r⃗, ρ⃗,β) = ΦQG(ρ⃗+ βr⃗)− ΦQG(ρ⃗− β̄r⃗) ≃ r⃗ · ∇⃗ρΦQG(ρ⃗) , (2.7)

Φ1+
QG(r⃗, ρ⃗,β) =

1

2

{ 1

β̄
ΦQG(ρ⃗+ βr⃗) +

1

β
ΦQG(ρ⃗− β̄r⃗)

}

≃
1

2ββ̄
ΦQG(ρ⃗) ,

Φ8+
QG(r⃗, ρ⃗,β) = ΦQG(ρ⃗+ βr⃗) + ΦQG(ρ⃗− β̄r⃗)− 2ΦQG(ρ⃗) ≃ (2β − 1)r⃗ · ∇⃗ρΦQG(ρ⃗) ,
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such that C-odd states 8+ and 1+ are symmetric w.r.t. momenta of Q and Q̄, namely,

β ↔ β̄, r⃗ ↔ −r⃗, while C-even ones 8− and 1− are anti-symmetric. Function Ĉ(d)(s⃗, ρ⃗) is

the interference between the gluon-nucleon Gd + N → N∗ interaction amplitudes γ(d)(s⃗)

defined as

Ĉ(d)(s⃗, ρ⃗) =
2√
3

(

γ(d)(s⃗)− γ(d)(s⃗+ ρ⃗)
)

, (2.8)
∫

d2s
∑

X

⟨i|Ĉ(d)(s⃗, ρ⃗)Ĉ(d′)(s⃗, ρ⃗)|i⟩ = δdd′ σq̄q(ρ⃗) , (2.9)

The distribution amplitudes for gluon splitting Ga → {QQ̄} and subsequent gluon

radiation Q(Q̄) → Q(Q̄)+Gb for transversely (T) polarised Ga,b (λini,f = ±1) are given by

[? ]

ΦT
QQ̄ =

√
αs

∫

d2κ

(2π)2
(ξµQ)

†mQ(e⃗ini · σ⃗) + (1− 2β)(σ⃗ · n⃗)(e⃗ini · κ⃗) + i(e⃗ini × n⃗) · κ⃗
κ2 + ϵ2

ξ̃µ̄
Q̄
e−iκ⃗r⃗

=

√
αs

2π
(ξµQ)

†
{

mQ(e⃗ini · σ⃗) + i(1 − 2β)(σ⃗ · n⃗)(e⃗ini · ∇⃗r)− (e⃗ini × n⃗) · ∇⃗r

}

ξ̃µ̄
Q̄
K0(ϵr) ,

ΦT
QG =

√
αs

∫

d2k3
(2π)2

2(e⃗f · k⃗3)
k23 + τ2

e−ik⃗3ρ⃗ =
i
√
αs

π
(e⃗f · ∇⃗ρ)K0(τρ) , (2.10)

respectively, where ξ̃µ̄
Q̄
= iσy(ξ

µ̄
Q̄
)∗, n⃗ is the unit vector along the momentum, and

ϵ = mQ , τ2 = λ2 + γM2
QQ̄ , M2

QQ̄ =
m2

Q + κ2

ββ̄
.

The differential cross section of the process Ga + p → {QQ̄}Gb +X is then given by

dσ

dβ d ln γ
=

∫

d2rd2ρ |ΨQQ̄G(β, γ, r⃗, ρ⃗)|
2 Σ(β, γ, r⃗, ρ⃗) , (2.11)

|ΨQQ̄G|
2 =

1

8

1

2

∑

λini,f

∑

µ,µ̄

Nc
∑

i,j=1

N2
c−1
∑

a,b=1

ΨQQ̄GΨ
∗
QQ̄G ,

where summation over final-state Q, Q̄, Gb spin µ, µ̄ ,λf and color i, j, b indices and aver-

aging over intial gluon Ga spin λi and color a indices, respectively, is explicitly performed.

In Eq. (2.11), the effective dipole cross sections for each C-parity and color configuration

are given by

Σ1−(β, γ, r⃗, ρ⃗) = Σ8−(β, γ, r⃗, ρ⃗) = Σ8+(β, γ, r⃗, ρ⃗) = σGG(ρ) ≡
9

4
σq̄q(ρ) ,

Σ1+(β, γ, r⃗, ρ⃗) =
5

4
σq̄q(γρ) . (2.12)

It thus appears that 1− and 8± states get non-vanishing gluon shadowing corrections in

the limit γ → 0 governed by the soft scale ρ ≫ r which determines the size of effective

gluonic dipole while the QQ̄ dipole is vanishingly small. The gluonic dipole cross section

σGG differs from the quark one σq̄q by the Casimir factor 2N2
c /(N

2
c − 1) = 9/4 for Nc = 3.
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Figure 4. Heavy quark pair production in association with a forward quark: “Bramsstrahlung”
(upper line) vs “Fusion” mechanism (bottom line).

The differential cross section of the process q + p → q + {QQ̄}Gb +X is then given by

dσ

d lnα dβ d ln γ
=

∫

d2π⃗

(2π)2

∫

d2rd2ρ |Ψq{QQ̄}G(α,β, γ, π⃗, r⃗, ρ⃗)|
2 Σ(β, γ, r⃗, ρ⃗) , (2.15)

|Ψq{QQ̄}G|
2 =

1

3

1

2

∑

λ∗,f

∑

s,s′

∑

µ,µ̄

Nc
∑

l,m,i,j=1

N2
c−1
∑

b=1

Ψq{QQ̄}GΨ
∗
q{QQ̄}G ,

where λ∗ = T,L is the intermediate gluon polarisation, s, s′ and l,m are the spin indices

of the initial and final light quark, respectively, and the averaging over these indices in

the quark in the initial state is performed explicitly. Here, since there are no shifts in

positions of the projectile quark induced by interactions with the t-channel gluon from the

target nucleon, the effective dipole cross section Σ is the same as in Eq. (2.12) and it is

thus convenient to keep the distribution amplitude for the gluon bremsstrahlung off the

projectile light quark ΦqG∗ in momentum representation, i.e.

ΦL
qG∗(α, π⃗) =

√
αs

2(1 − α)Q

π⃗2 + α2m2
q
(ηsQ)

† ηs
′

Q , (2.16)

ΦT
qG∗(α, π⃗) =

√
αs (η

s
Q)

† (2− α)(e⃗∗ · π⃗) + imqα2(n⃗× e⃗∗) · σ⃗ − iα(π⃗ × e⃗∗) · σ⃗
π⃗2 + α2m2

q
ηs

′

Q ,(2.17)

for longitudinally (L) and transversely (T) polarised gluon G∗
a with polarisation vector

e⃗∗(λ∗ = ±1), respectively. Then, in Eq. (2.15) the total distribution amplitude Ψq{QQ̄}G is

– 9 –
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Figure 3. Dominating gluon shadowing contributions to the non-relativistic color singlet C-odd
heavy quark pair {QQ̄}1+ production with a soft gluon γ ≪ 1 (upper two lines) and amplitudes for
q → q + γ fluctuation (bottom line).

Under the above conditions one can derive the amplitudes for inclusive production of

heavy quark {QQ̄} pair separately in color-singlet 1± and color-octet 8± states in association

with soft gluon Gb in impact parameter representation in factorised form

Ã(s⃗, r⃗, ρ⃗) =

∫

d2k

(2π)2
d2κ

(2π)2
d2k3
(2π)2

A(k⃗, κ⃗, k⃗3) e
−ik⃗s⃗−iκ⃗r⃗−ik⃗3ρ⃗ , (2.6)

Ã1−(s⃗, r⃗, ρ⃗) =
i

2
ΦQQ̄(r⃗,β)Φ

1−
QG(r⃗, ρ⃗,β) δ

i
j

N2
c−1
∑

d=1

fdbaĈ
(d)(s⃗, ρ⃗) ,

Ã1+(s⃗, r⃗, ρ⃗) =
i

2
ΦQQ̄(r⃗,β)Φ

1+
QG(r⃗, ρ⃗,β) δ

i
j

N2
c−1
∑

d=1

ddbaĈ
(d)(s⃗, γρ⃗) ,

Ã8−(s⃗, r⃗, ρ⃗) =
3

2
ΦQQ̄(r⃗,β)Φ

8−
QG(r⃗, ρ⃗,β) (τg)

i
j

N2
c−1
∑

d=1

fdbedaegĈ
(d)(s⃗, ρ⃗) ,

Ã8+(s⃗, r⃗, ρ⃗) = −
3

2
ΦQQ̄(r⃗,β)Φ

8+
QG(r⃗, ρ⃗,β) (τg)

i
j

N2
c−1
∑

d=1

fdbefaegĈ
(d)(s⃗, ρ⃗) ,

where the limit small QQ̄ dipole and soft final gluon is adopted, i.e. |r⃗| ∼ m−1
Q ≪ |ρ⃗| ∼

|s⃗| ∼ λ−1, γ ≪ β, and do not expand!!!

Φ1−
QG(r⃗, ρ⃗,β) = Φ8−

QG(r⃗, ρ⃗,β) = ΦQG(ρ⃗+ βr⃗)− ΦQG(ρ⃗− β̄r⃗) ≃ r⃗ · ∇⃗ρΦQG(ρ⃗) , (2.7)

Φ1+
QG(r⃗, ρ⃗,β) =

1

2

{ 1

β̄
ΦQG(ρ⃗+ βr⃗) +

1

β
ΦQG(ρ⃗− β̄r⃗)

}

≃
1

2ββ̄
ΦQG(ρ⃗) ,

Φ8+
QG(r⃗, ρ⃗,β) = ΦQG(ρ⃗+ βr⃗) + ΦQG(ρ⃗− β̄r⃗)− 2ΦQG(ρ⃗) ≃ (2β − 1)r⃗ · ∇⃗ρΦQG(ρ⃗) ,
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The 3× 3 matrices T
(l)
abd(ij) in (A.3) act in the color space of the c̄c quarks, and the

indexes i, j correspond to the c and c̄, respectively

T
(1)
abd = τaτdτb, T

(2)
abd = τbτdτa, T

(3)
abd = τaτbτd,

T
(4)
abd = τdτbτa, T

(5)
abd = τdτaτb, T

(6)
abd = τbτaτd,

T
(7)
abd = i

N2
c −1∑

e=1
febdτaτe, T

(8)
abd = i

N2
c −1∑

e=1
fedbτeτa, T

(9)
abd = i

N2
c −1∑

e=1
fadeτeτb,

T
(10)
abd = i

N2
c −1∑

e=1
fadeτbτe, T

(11)
abd = i

N2
c −1∑

e=1
fabeτeτd ,

T
(12)
abd = i

N2
c −1∑

e=1
fabeτdτe, T

(13)
abd = i

N2
c −1∑

e,g=1
fabefedgτg,

T
(14)
abd = i

N2
c −1∑

e,g=1
fadefebgτg, T

(15)
abd = i

N2
c −1∑

e,g=1
febdfaegτg. (A.8)

Here λa = τa/2 are the Gell-Mann matrices.
Note that the matrices T

(l)
abd are not independent, but connected by linear relations (we

skip the indexes abd),

T (3) − T (1) + T (7) = 0, T (5) − T (1) + T (9) = 0,
T (4) − T (2) + T (8) = 0, T (6) − T (2) + T (10) = 0,
T (13) − T (11) + T (13) = 0, T (13) + T (14) + T (15) = 0,
T (15) − T (7) + T (8) = 0, T (14) − T (10) + T (9) = 0. (A.9)

The c-quark spinors ξ in (A.3) are defined in (11); {X} is the set of variables describing
the state X; the 15 vertex functions Γ̂l read

Γ̂1 = Û1(k⃗1,α1)V̂1(k⃗23,α2,α3),

Γ̂2 = V̂2(k⃗13,α1,α3)Û2(k⃗2,α2),

Γ̂3 = −α1Û1(k⃗1,α1)V̂1(k⃗23 − α3k⃗T ,α2,α3),

Γ̂4 = −α2V̂2(k⃗13 − α3k⃗T ,α1,α3)Û2(k⃗2,α2),

Γ̂5 = −α2α3Û1(k⃗1 − k⃗T ,α1)V̂1(k⃗23,α2,α3),

Γ̂6 = −α1α3V̂2(k⃗13,α1,α3)Û2(k⃗2 − k⃗T ,α2),

Γ̂7 = −α1Û1(k⃗1,α1)V̂1(k⃗23 + α2k⃗T ,α2,α3),

Γ̂8 = −α2V̂2(k⃗13 + α1k⃗T ,α1,α3)Û2(k⃗2,α2),

Γ̂9 = −α2α3Û1(k⃗1 − α1k⃗T ,α1)V̂1(k⃗23,α2,α3),

Γ̂10 = −α1α3V̂2(k⃗13,α1,α3)Û2(k⃗2 − α2k⃗T ,α2),

Γ̂11 = α3Û0(k⃗12 + α1k⃗T ,α1,α2)V̂0(k⃗3),

B.Z. Kopeliovich, A.V. Tarasov / Nuclear Physics A 710 (2002) 180–217 209

The 3× 3 matrices T
(l)
abd(ij) in (A.3) act in the color space of the c̄c quarks, and the

indexes i, j correspond to the c and c̄, respectively

T
(1)
abd = τaτdτb, T

(2)
abd = τbτdτa, T

(3)
abd = τaτbτd,

T
(4)
abd = τdτbτa, T

(5)
abd = τdτaτb, T

(6)
abd = τbτaτd,

T
(7)
abd = i

N2
c −1∑

e=1
febdτaτe, T

(8)
abd = i

N2
c −1∑

e=1
fedbτeτa, T

(9)
abd = i

N2
c −1∑

e=1
fadeτeτb,

T
(10)
abd = i

N2
c −1∑

e=1
fadeτbτe, T

(11)
abd = i

N2
c −1∑

e=1
fabeτeτd ,

T
(12)
abd = i

N2
c −1∑

e=1
fabeτdτe, T

(13)
abd = i

N2
c −1∑

e,g=1
fabefedgτg,

T
(14)
abd = i

N2
c −1∑

e,g=1
fadefebgτg, T

(15)
abd = i

N2
c −1∑

e,g=1
febdfaegτg. (A.8)

Here λa = τa/2 are the Gell-Mann matrices.
Note that the matrices T

(l)
abd are not independent, but connected by linear relations (we

skip the indexes abd),

T (3) − T (1) + T (7) = 0, T (5) − T (1) + T (9) = 0,
T (4) − T (2) + T (8) = 0, T (6) − T (2) + T (10) = 0,
T (13) − T (11) + T (13) = 0, T (13) + T (14) + T (15) = 0,
T (15) − T (7) + T (8) = 0, T (14) − T (10) + T (9) = 0. (A.9)

The c-quark spinors ξ in (A.3) are defined in (11); {X} is the set of variables describing
the state X; the 15 vertex functions Γ̂l read
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Dipole approach vs NLO QCD: Drell-Yan

10−7

10−6

10−5

10−4

10−3

10−2

10−1

100

1 σ
d
σ
(p
p
→

Z
0→

l+
l−

)
d
P
⊥

−
1

P⊥

Mz/2 < µ < 2MZ

|η| < 2.1 P⊥ > 20

b = 0 ×(1− x)7

10−7

10−6

10−5

10−4

10−3

10−2

10−1

100

1 σ
d
σ
(p
p
→

Z
0→

l+
l−

)
d
2
P
⊥
d
η

−
1

P⊥

Pt > 20 |η| < 2.1

MZ/2 < µ < 2MZ

dipole approach NLO pQCD 
parton model

longitudinal momentum fractions of the projectile (target) parton, x1 (x2), can be expressed
in terms of Lorentz invariant scalar products as

x1 =
2P2 · q

s
; x2 =

2P1 · q
s

, (2)

where P µ
1 (P µ

2 ) is the projectile (target) four momentum, qµ is the four momentum of the
dilepton, q2 = M2 > 0, and xF is the Feynman-x, xF = x1 − x2.

For most qualitative descriptions, it is sufficient to consider the DY process in terms of
the lowest order annihilation process, Eq. (1). Calculations with Eq. (1), however, under-
estimate measured DY cross sections by an overall factor. It is necessary to employ the
NLO framework for the DY process, in order to make quantitative predictions, see [11] for a
review. In addition, the DY cross section differential in the dileptons transverse momentum
receives huge corrections from higher order processes. Indeed, to lowest order, one would
not expect dileptons with large transverse momentum q⊥, in contrast to what is observed
in experiment. Even though the occurrence of perturbatively large transverse momenta can
be explained in NLO, it is not straightforward to calculate the shape of the q⊥-distribution
in the parton model. A resummation of large logarithms in q⊥/M [12] or alternatively the
introduction of an intrinsic transverse momentum [13] is necessary to avoid the divergence
of the differential cross section at q⊥ = 0.

In the parton model, all nonperturbative effects are parameterized in the parton distri-
bution functions qf , q̄f , which evolve according to the DGLAP evolution equations. For
DY in nuclear collisions, the parton distribution functions of the proton are simply replaced
by empirical nuclear parton distribution functions [14]. This approach does not explain the
dynamical origin of the nuclear effects

Figure 1: In the target rest frame, DY dilepton production looks like
bremsstrahlung. A quark or an antiquark from the projectile hadron scat-
ters off the target color field (denoted by the shaded circles) and radiates
a massive photon, which subsequently decays into the lepton pair. The
photon decay is not shown. The photon can be radiated before or after
the quark (antiquark) scatters.

Nuclear effects, effects from higher orders in perturbation theory, as well as other possible
nonperturbative effects, are more readily treated when the Drell-Yan process is viewed in
the target rest frame. Note that although cross sections are Lorentz invariant, the partonic
interpretation of high energy scattering processes does depend on the reference frame. In the
rest frame of the target, the production mechanism for high mass continuum dileptons looks

3

like bremsstrahlung [3, 4], see Fig. 1. In the high energy limit, when one can neglect terms
that are suppressed by a factor 1/energy, each of the two graphs factorizes into a production
vertex for the virtual photon times an amplitude for scattering a quark off the target. These
scattering amplitudes combine in the squared matrix element in exactly the same way as
in DIS, which makes it possible to express the DY cross section in terms of the same cross
section σN

qq̄ for scattering a qq̄-dipole off a nucleon (N) as in low-xBj DIS,

dσ(qN → γ∗X)

d ln α
=

∫
d2ρ |Ψγ∗q(α, ρ)|2 σN

qq̄(αρ, x) . (3)

Here, α is the light-cone momentum fraction the virtual photon takes away from its parent
quark, and ρ is the transverse separation between γ∗ and final quark. The electromagnetic
radiation, q → γ∗q, is described by the light-cone wavefunction Ψγ∗q(α, ρ), see Eqs. (A.18)
– (A.20), which can be calculated perturbatively. Summation over photon polarizations is
understood in Eq. (3). The dipole cross section σN

qq̄ is of nonperturbative origin and has to be
taken from phenomenology. The energy scale x of the dipole cross section will be discussed
in the next section. A detailed derivation of Eq. (3) is given in the appendix.

Using a phenomenological parameterization for the dipole cross section in Eq. (3) is a
very economical way to account for higher order and nonperturbative effects. The dipole
approach can even be applied at low values of M where perturbative QCD is not valid [15]. It
was found in a recent analysis [10] that most of E772 DY data (except some points at low M)
are reasonably well described in the dipole approach without introducing an arbitrary overall
normalization factor. In addition it was found that the transverse momentum distribution
does not diverge at q⊥ = 0, even without intrinsic transverse momentum.

We emphasize that the dipole approach does not describe an additional production mech-
anism for heavy dileptons. Rather, the two approaches are believed to describe the same
physics in different reference frames. Therefore, calculations in the NLO parton model and
in the dipole approach should give similar results for the DY cross section. This is what we
numerically check in this paper. In the following section, we compare numerical calculations
of the DY cross section (integrated over the transverse momentum of the dilepton) in both
approaches. In section 3, we also compare the predictions of dipole approach and parton
model for the DY transverse momentum distribution at RHIC.

2 Numerical comparison of the two approaches

In order to perform calculations that can be compared with experimental data, one has
to embed the partonic cross section, Eq. (3), into the hadronic environment. In the infinite
momentum frame, the momentum fraction of the projectile quark is x1, see Eq. (2). However,
when the scalar product defining x1 is evaluated in the target rest frame, one finds x1 = αz,
where z = x1/α is the momentum fraction of the incoming proton carried by the projectile
quark. The different meanings of x1 in the target rest frame and in the infinite momentum
frame is a manifestation of the frame dependence of partonic mechanisms. In the target rest
frame, x1 is the momentum fraction that the lepton pair takes from the projectile proton.

4

Thus, one obtains for the proton-nucleon DY cross section

d2σ(pN → l+l−X)

dM2dxF

=
αem

3πM2

x1

x1 + x2

∫ 1

x1

dα

α2

Nf∑

f=1

Z2
f

[
qf

(x1

α
, Q̃

)
+ q̄f

(x1

α
, Q̃

)]

×
∫

d2ρ |Ψγ∗q(α, ρ)|2 σN
qq̄(αρ, x) . (4)

We still need to know the scale Q̃ at which the projectile parton distributions are probed
and the energy x at which the dipole cross section enters. These quantities are not known
exactly, instead we have to rely on plausible arguments to determine their values. In order
to find Q̃, note that the transverse distances ρ that contribute to the DY cross section are
controlled by the extension parameter

η2 = (1 − α)M2 + α2m2
f . (5)

The numerically dominant term in the LC wavefunctions, Eqs. (A.18, A.19), is the one
that contains the Bessel function K1(ηρ). Since this function decays exponentially at large
arguments, the largest distances that can numerically contribute are of order ∼ 1/η. For
fluctuations with α → 1, these distances can become of the order of a typical hadronic radius,
in analogy to the aligned jet configurations in DIS [16]. On the other hand, the minimal value
of α is x1, so that the largest virtuality entering the calculation is Q̃2 = η2

max = (1− x1)M2.
We choose this quantity to be the hard scale at which the projectile parton distribution
is probed. The parton distribution functions (PDFs) are taken from CERNLIB [17]. The
quark mass is set to mf = 0 in all our calculations, see [10] for its numerical influence.

For the quark density of the projectile, we employ the leading order parameterization that
corresponds to the NLO parameterization used in the parton model calculation. This means
e.g. we use CTEQ5L in the dipole approach when comparing it with a NLO parton model
calculation using CTEQ5M. One should use leading order PDFs in the dipole approach,
because they are scheme independent and have a probabilistic interpretation.

The energy scale x of the dipole cross section in Eq. (4) is determined from the analogy
to DIS. In DIS, the argument of the dipole cross section is xBj = Q2/W 2, where Q is
the virtuality of the photon and W is the γ∗-proton cm energy. Therefore, we choose
x = M2/ŝ = αx2, where ŝ = sx1/α is the quark-proton cm energy squared.

Note that in the previous analysis [10], M2 and x2, instead of Q̃2 and x, were used. The
different choice of scales in this paper has the effect of increasing the cross section by a factor
of up to 2 for dilepton mass M ∼ 4 GeV. This is mostly due to the different choice of Q̃2.
Using αx2 instead of x2 is only a ∼ 10% effect at x2 < 0.1. These uncertainties vanish at
larger masses, M ∼ 8 GeV.
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Figure 2: Calculations in the dipole approach to DY and its modifica-
tion Eq. (9) compared to NLO parton model results at fixed target energy
(
√

s = 38.8 GeV). The CTEQ5M parameterization [22] is used for the
parton model calculation. The data are from E772 [23]. The curves and
data for the different mass bins have been rescaled for better visibility. In
all calculations, none of the free parameters of the dipole approach were
adjusted to DY data. Only DIS data have been used.
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Dipole framework for heavy flavor production

“Fusion” 
components
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gluon antishadowing. We provide predictions of nuclear effects plotted in Fig. 5 for open
charm production in p–W collisions at the energy of the HERA-B experiment.
In the same Section 4 we provide predictions for shadowing for charm production in

heavy ion collisions at the energies of RHIC (
√

s = 200 GeV) and LHC (
√

s = 5500 GeV)
depicted in Figs. 6 and 7.We found quite a sizeable contribution from the higher twist effect
of shadowing related to size of the c̄c pair. A most interesting observation is nearly identical
shadowing effects predicted for minimal bias and central collisions, what has been, indeed,
observed recently by the PHENIX experiment at RHIC. We identify the source of such a
coincidence, and emphasize that this observation should not be interpreted as an indication
for weak nuclear effects. Indeed, Figs. 7 demonstrate a substantial nuclear shadowing even
for RHIC.
In Section 5 we consider the case of medium high energies when noshadowing is

possible since the coherence length is short. Then the c̄c pair is produced momentarily
on a bound nucleon and then undergoes final state interactions. On the contrary to wide
spread believe, we argue that these interactions lead to absorption related to an unusual
configuration in which the heavy flavored hadron is created.
We summarize the results of calculations and observations in the concluding Section 6.

2. Light-cone dipole formalism for charm production

2.1. NN collisions

For the sake of concreteness in what follows we consider charm c̄c pair production,
unless otherwise specified. Our results are easily generalized to the case of heavier quarks.
The parton model treats this process in the rest frame of the produced pair as glue–glue
fusion,GG → c̄c. At the same time, in the rest frame of the nucleus it looks like interaction
of a c̄c fluctuationwhich has emerged from a projectile gluon. Thus, the problem is reduced
to the process,

G + N → c̄c + X. (5)

In the LC dipole approach the cross section is represented by a sum over different Fock
components of the projectile gluon whose LC wave functions squared are convoluted
with proper dipole cross sections. The cross section corresponding to Feynman graphs
depicted in Fig. 1 was calculated in [22] and it was found that it needs a dipole cross
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LC momenta

2.1 Gluon-initiated QQ̄ pair production

To the leading order, the typical hard subprocesses describing non-relativistic QQ̄ pair

production due to gluon splitting into QQ̄ dipole in the color backgroun field of the target

proton (or nucleus) in target rest frame are depicted in Fig. 2. Such diagrams provide a

dominant contribution to inclusive heavy flavor production, both in open charm and P-wave

quarkonia production channels which have been extensively studied in the dipole framework

in Refs. [? ]. Here we wish to provide a brief outlook into these results which will be used

later.

Let k1,2 be the 4-momenta of the produced heavy quarks Q and Q̄ (Q = c, b) with mass

mQ, respectively, determined by dominant Sudakov components as1

k1 ≃ β̄k − κ , k2 ≃ βk + κ ,

in terms of the relative κ⃗ and total k 4-momenta of the QQ̄ dipole, and longitudinal

(anti)quark fractions taken off the parent gluon, 0 < β < 1 and β̄ = 1 − β. Note, in

non-relativistic case the quarkonia wave function is peaked at β = 1/2. Furthermore, the

corresponding transverse momenta

κ⃗ = β̄k⃗2 − βk⃗1 , k⃗ = k⃗1 + k⃗2 , (2.1)

are used as independent kinematical variables in what follows. In this section the parent

gluon is considered to be transversely polarised unless noted otherwise.

Since C-transformation cannot be applied to colored states, instead, one employs parity

relative to interchange of (non-color) spatial and spin indices of the Q and Q̄ quarks. Then

negative parity w.r.t. such an interchange corresponds to QQ̄ state with positive C-parity

and denoted as {QQ̄}1− for color singlet and {QQ̄}8− for color octet, and vice verca.

Production of colorless C-odd 1+ is forbidden in reaction G+G → QQ̄ by selection rules,

so in order to study S-wave quarkonia production such as J/ψ and Υ one has to account

for production of higher Fock states, e.g. G+G → QQ̄+G.

In what follows, we employ the corresponding framework previously developed for in-

clusive Drell-Yan and DIS processes in color dipole formalism in Refs. [? ? ]. To start

with, one writes the amplitude in the impact parameter representation as follows (c.f. e.g.

Ref. [? ])

Â(s⃗, r⃗) =
1

(2π)4

∫

d2q⃗ d2κ⃗ Â(q⃗, κ⃗) e−iq⃗·s⃗−iκ⃗·r⃗ . (2.2)

The amplitude of the gluon exchange in a gluon-target scattering summed over target

valence quarks j = 1, 2, 3 reads

B̂(Gp → {X}) =
∑

j,a

τ (j)a ⟨f |γ̂a(R⃗j)|i⟩ ,

1Sub-dominant components are readily eliminated from the forthcoming expressions by the use of mo-

mentum conservation.

– 3 –

impact parameter 
representation

2.1 Gluon-initiated QQ̄ pair production

To the leading order, the typical hard subprocesses describing non-relativistic QQ̄ pair

production due to gluon splitting into QQ̄ dipole in the color backgroun field of the target

proton (or nucleus) in target rest frame are depicted in Fig. 2. Such diagrams provide a

dominant contribution to inclusive heavy flavor production, both in open charm and P-wave

quarkonia production channels which have been extensively studied in the dipole framework

in Refs. [? ]. Here we wish to provide a brief outlook into these results which will be used

later.

Let k1,2 be the 4-momenta of the produced heavy quarks Q and Q̄ (Q = c, b) with mass

mQ, respectively, determined by dominant Sudakov components as1

k1 ≃ β̄k − κ , k2 ≃ βk + κ ,

in terms of the relative κ⃗ and total k 4-momenta of the QQ̄ dipole, and longitudinal

(anti)quark fractions taken off the parent gluon, 0 < β < 1 and β̄ = 1 − β. Note, in

non-relativistic case the quarkonia wave function is peaked at β = 1/2. Furthermore, the

corresponding transverse momenta

κ⃗ = β̄k⃗2 − βk⃗1 , k⃗ = k⃗1 + k⃗2 , (2.1)

are used as independent kinematical variables in what follows. In this section the parent

gluon is considered to be transversely polarised unless noted otherwise.

Since C-transformation cannot be applied to colored states, instead, one employs parity

relative to interchange of (non-color) spatial and spin indices of the Q and Q̄ quarks. Then

negative parity w.r.t. such an interchange corresponds to QQ̄ state with positive C-parity

and denoted as {QQ̄}1− for color singlet and {QQ̄}8− for color octet, and vice verca.

Production of colorless C-odd 1+ is forbidden in reaction G+G → QQ̄ by selection rules,

so in order to study S-wave quarkonia production such as J/ψ and Υ one has to account

for production of higher Fock states, e.g. G+G → QQ̄+G.

In what follows, we employ the corresponding framework previously developed for in-

clusive Drell-Yan and DIS processes in color dipole formalism in Refs. [? ? ]. To start

with, one writes the amplitude in the impact parameter representation as follows (c.f. e.g.

Ref. [? ])
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where R⃗j is the impact parameter of a quark j, and the matrices γ̂a are the operators in

coordinate and color space for the target quarks

γ̂a(R⃗j) =
∑

i

τ (i)a χ(R⃗j − s⃗i) , χ(s⃗) =

√
αs

2π
√
6

∫

d2k
FGN→X(k⃗, {X})

k2 + λ2
e−ik⃗s⃗ ,

in terms of a non-perturbative gluon-nucleon coupling FGN→X , a gluon mass λ and the

transverse distance between t-th valence quark in the target nucleon and its center of gravity

s⃗i. The total amplitude for inclusive Ga + p → {QQ̄}Gb + X production in gluon-target

scattering is given by the sum of three contributions in Fig. 2

Â ≃
√
3

2

∑

r

{

τr τa⟨f |γ̂r (⃗b11)|i⟩ − τa τr⟨f |γ̂r (⃗b12)|i⟩

− i
∑

c

fcraτc⟨f |γ̂r(⃗b13)|i⟩
}

ΦQQ̄(r⃗,β) ,

where ΦQQ̄(r⃗,β) is the distribution amplitude of the Ga → QQ̄ splitting. The target gluon

attaches QQ̄ system at the following impact distances from the center-of-gravity of the

target proton

b⃗11 = b⃗+ β̄r⃗ , b⃗12 = b⃗− βr⃗ , b⃗13 = b⃗ .

When taking square of the total inclusive Ga + p → QQ̄+X amplitude

|A|2 ≡
1

8

1

2

∑

λ∗,µ,µ̄

⟨Â†Â⟩|3q⟩1

one performs an averaging over color indices and polarisation λ∗ of the incoming projectile

gluon Ga as well as valence quarks and their relative coordinates in the target nucleon |3q⟩1.
The color averaging over the target provides

⟨τ (j)a · τ (j
′)

a′ ⟩|3q⟩1 =

{

1
6δaa′ : j = j′

− 1
12δaa′ : j ̸= j′

Finally, averaging over quark relative coordinates s⃗i in the initial nucleon wave function

and summing over all intermediate states leads to

∑

X

⟨i|γ̂a(⃗bk)γ̂a′ (⃗bl)|i⟩|3q⟩1 =
3

4
δaa′S(⃗bk, b⃗l) ,

where S(⃗bk, b⃗l) is a scalar function which can be expressed in terms of the quark-target

scattering amplitude χ(r⃗) and the proton wave function. This function is directly related

to the qq̄ dipole cross section known from phenomenology as follows

σq̄q(r⃗1 − r⃗2) ≡
∫

d2b
[

S(⃗b+ r⃗1, b⃗+ r⃗1) + S(⃗b+ r⃗2, b⃗+ r⃗2)− 2S(⃗b+ r⃗1, b⃗+ r⃗2)
]

. (2.3)

Following to this scheme one obtains the amplitude squared |A|2 in analytic form as a linear

combination of the dipole cross sections for different dipole separations, with coefficients

given by color structure and distribution amplitudes.
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where S(⃗bk , b⃗l ) is a scalar function which can be expressed in terms of the quark-target

scattering amplitude χ(r⃗) and the proton wave function. This function is directly related

to the qq̄ dipole cross section known from phenomenology as follows
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Following to this scheme one obtains the amplitude squared |A|2 in analytic form as a linear

combination of the dipole cross sections for di! erent dipole separations, with coe" cients

given by color structure and distribution amplitudes.
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???The result is

! (G + p ! cøc + X ) =
!

µ øµ

" 1

0
d"

"
d2r ! 3(r, " , x2) |! Q øQ(#r, " )|2 , (2.4)

where

! 3(r, " , x2) =
9
8

#
! øqq( ø" r, x 2) + ! øqq(" r, x 2)

$
"

1
8

! øqq(r, x 2) , x2 =
M 2

cøc

2mpEG
, (2.5)

in the target rest frame.

2.2 Gluon shadowing and color singlet C-odd Q øQ states

From the perturbation theory point of view corrections arising from an additional (initial

and final state) gluon radiation off G + G ! Q øQ subprocess is formally of the higher order

in QCD coupling but can be rather important, especially, in the limit of soft radiated gluon

(a constituent mass $ # " QCD as an infrared regulator). Such effects can be consistently

incorporated in the dipole framework (for more details, see e.g. Ref. [? ]). In production

of Q øQ pairs in color singlet C-even 1− as well as color octet C-odd 8− and C-even 8+

states considered above these corrections are of the next-to-leading order and contribute to

such important effect as the gluon shadowing in P -wave quarkonia and open heavy flavor

production discussed e.g. in Ref. [? ]. However, the color singlet C-odd Q øQ state giving

rise to such important S-wave quarkonia states as J/ %, %′ and # can only be produced

when, at least, three gluons are coupled to the quark line so diagrams with three-gluon

couplings are automatically excluded in this case. Thus, the considered Q øQ+ G production

subprocess is of the leading order for the S-wave quarkonia and should be discussed in

detail.

Consider the Ga+ Gd ! { Q øQ} + Gb subprocess in the limit of small momentum fraction

& and transverse momentum #k3 of the radiated soft gluon Gb, i.e. in the limit & $ " and

|#k3| % $ & |#k1,2|. The invariant mass of the produced { Q øQ} + Gb system

M 2 #
m2

Q + #k 2
1

ø"
+

m2
Q + #k 2

2

"
+

$2 + #k 2
3

&

serves as a hard scale of the process. In general, its amplitude is given by the sum of fifteen

different diagrams which were shown and thoroughly discussed in Appendix of Ref. [? ]

in the zeroth order in small & ! 0. In this limit, however, only 1− and 8± states acquire

non-zeroth contributions whereas 1+ amplitude vanishes linearly with small & and thus

have not been discussed before. The leading order contributions to the 1+ amplitude linear

in & & 1 come from the diagrams presented in Fig. 3 (upper two lines). Other diagrams

with real gluon emission off a quark different from that coupled to the t-channel gluon

turn out to be of a higher order in small & & " fraction and are thus suppressed in the

considering kinematics. Finally, we have omitted the diagrams of a bremsstrahlung type

where the target gluon is coupled to the projectile quark before or after gluon radiation

since these diagrams are suppressed by a high mass in the gluon propagator [? ]. Also, the

latter diagrams do not contribute to production of S-wave C-odd quarkonia states.
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considering kinematics. Finally, we have omitted the diagrams of a bremsstrahlung type

where the target gluon is coupled to the projectile quark before or after gluon radiation

since these diagrams are suppressed by a high mass in the gluon propagator [? ]. Also, the

latter diagrams do not contribute to production of S-wave C-odd quarkonia states.

– 5 –

The total 
cross section

8



Gluon shadowing corrections and direct J/psi208 B.Z. Kopeliovich, A.V. Tarasov / Nuclear Physics A 710 (2002) 180Ð217

Fig. 8. Born graphs contributing toøcc pair production accompanied with radiation of a gluon.

Here

x =
M 2( øc, c,G)

s
, (A.5)

M 2
øccG =

m2
c + k2

1

! 1
+

m2
c + k2

2

! 2
+

" 2 + k2
3

! 3
, (A.6)

where!k1, !k2, !k3 and! 1, ! 2, ! 3 are the transverse momenta and fractions of the initial light-
cone momentum of the projectile gluon carried by the producedøc, c andG (see Fig. 2),
respectively, and

!kT = !k1 + !k2 + !k3. (A.7)

2.1 Gluon-initiated QQ̄ pair production

To the leading order, the typical hard subprocesses describing non-relativistic QQ̄ pair

production due to gluon splitting into QQ̄ dipole in the color backgroun field of the target

proton (or nucleus) in target rest frame are depicted in Fig. 2. Such diagrams provide a

dominant contribution to inclusive heavy flavor production, both in open charm and P-wave

quarkonia production channels which have been extensively studied in the dipole framework

in Refs. [? ]. Here we wish to provide a brief outlook into these results which will be used

later.

Let k1,2 be the 4-momenta of the produced heavy quarks Q and Q̄ (Q = c, b) with mass

mQ, respectively, determined by dominant Sudakov components as1

k1 ≃ β̄k − κ , k2 ≃ βk + κ ,

in terms of the relative κ⃗ and total k 4-momenta of the QQ̄ dipole, and longitudinal

(anti)quark fractions taken off the parent gluon, 0 < β < 1 and β̄ = 1 − β. Note, in

non-relativistic case the quarkonia wave function is peaked at β = 1/2. Furthermore, the

corresponding transverse momenta

κ⃗ = β̄k⃗2 − βk⃗1 , k⃗ = k⃗1 + k⃗2 , (2.1)

are used as independent kinematical variables in what follows. In this section the parent

gluon is considered to be transversely polarised unless noted otherwise.

Since C-transformation cannot be applied to colored states, instead, one employs parity

relative to interchange of (non-color) spatial and spin indices of the Q and Q̄ quarks. Then

negative parity w.r.t. such an interchange corresponds to QQ̄ state with positive C-parity

and denoted as {QQ̄}1− for color singlet and {QQ̄}8− for color octet, and vice verca.

Production of colorless C-odd 1+ is forbidden in reaction G+G → QQ̄ by selection rules,

so in order to study S-wave quarkonia production such as J/ψ and Υ one has to account

for production of higher Fock states, e.g. G+G → QQ̄+G.

In what follows, we employ the corresponding framework previously developed for in-

clusive Drell-Yan and DIS processes in color dipole formalism in Refs. [? ? ]. To start

with, one writes the amplitude in the impact parameter representation as follows (c.f. e.g.

Ref. [? ])

Â(s⃗, r⃗) =
1

(2π)4

∫

d2q⃗ d2κ⃗ Â(q⃗, κ⃗) e−iq⃗·s⃗−iκ⃗·r⃗ . (2.2)

The amplitude of the gluon exchange in a gluon-target scattering summed over target

valence quarks j = 1, 2, 3 reads

B̂(Gp → {X}) =
∑

j,a

τ (j)a ⟨f |γ̂a(R⃗j)|i⟩ ,

1Sub-dominant components are readily eliminated from the forthcoming expressions by the use of mo-

mentum conservation.

– 3 –

Direct J/psi (singlet/C-odd) production 
is not possible via

2.1 Gluon-initiated Q øQ pair production

To the leading order, the typical hard subprocesses describing non-relativistic Q øQ pair
production due to gluon splitting into Q øQ dipole in the color backgroun Þeld of the target
proton (or nucleus) in target rest frame are depicted in Fig.2. Such diagrams provide a
dominant contribution to inclusive heavy ßavor production, both in open charm and P-wave
quarkonia production channels which have been extensivelystudied in the dipole framework
in Refs. [? ]. Here we wish to provide a brief outlook into these results which will be used
later.

Let k1,2 be the 4-momenta of the produced heavy quarksQ and øQ (Q = c, b) with mass
mQ, respectively, determined by dominant Sudakov componentsas1

k1 ≃ øβk − κ , k2 ≃ βk + κ ,

in terms of the relative κ⃗ and total k 4-momenta of the Q øQ dipole, and longitudinal
(anti)quark fractions taken o! the parent gluon, 0 < β < 1 and øβ = 1 − β. Note, in
non-relativistic case the quarkonia wave function is peaked at β = 1 / 2. Furthermore, the
corresponding transverse momenta

κ⃗ = øβk⃗2 − βk⃗1 , k⃗ = k⃗1 + k⃗2 , (2.1)

are used as independent kinematical variables in what follows. In this section the parent
gluon is considered to be transversely polarised unless noted otherwise.

SinceC-transformation cannot be applied to colored states, instead, one employs parity
relative to interchange of (non-color) spatial and spin indices of theQ and øQ quarks. Then
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and denoted as{ Q øQ} 1! for color singlet and { Q øQ} 8! for color octet, and vice verca.
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The amplitude of the gluon exchange in a gluon-target scattering summed over target
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in the target rest frame.

2.2 Gluon shadowing and color singlet C-odd Q øQ states

From the perturbation theory point of view corrections arising from an additional (initial
and Þnal state) gluon radiation off G + G ! Q øQ subprocess is formally of the higher order
in QCD coupling but can be rather important, especially, in the limit of soft radiated gluon
(a constituent mass$ # " QCD as an infrared regulator). Such effects can be consistently
incorporated in the dipole framework (for more details, seee.g. Ref. [? ]). In production
of Q øQ pairs in color singlet C-even 1− as well as color octetC-odd 8− and C-even 8+

states considered above these corrections are of the next-to-leading order and contribute to
such important effect as the gluon shadowing inP-wave quarkonia and open heavy ßavor
production discussed e.g. in Ref. [? ]. However, the color singletC-odd Q øQ state giving
rise to such important S-wave quarkonia states asJ/ %, %′ and # can only be produced
when, at least, three gluons are coupled to the quark line so diagrams with three-gluon
couplings are automatically excluded in this case. Thus, the consideredQ øQ+ G production
subprocess is of the leading order for theS-wave quarkonia and should be discussed in
detail.

Consider theGa+ Gd ! { Q øQ} + Gb subprocess in the limit of small momentum fraction
& and transverse momentum#k3 of the radiated soft gluon Gb, i.e. in the limit & $ " and
|#k3| % $ & |#k1,2|. The invariant mass of the produced{ Q øQ} + Gb system

M 2 #
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Q + #k 2
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$2 + #k 2
3

&

serves as a hard scale of the process. In general, its amplitude is given by the sum of Þfteen
different diagrams which were shown and thoroughly discussed in Appendix of Ref. [? ]
in the zeroth order in small & ! 0. In this limit, however, only 1− and 8± states acquire
non-zeroth contributions whereas1+ amplitude vanishes linearly with small & and thus
have not been discussed before. The leading order contributions to the 1+ amplitude linear
in & & 1 come from the diagrams presented in Fig.4 (upper two lines). Other diagrams
with real gluon emission off a quark different from that coupled to the t-channel gluon
turn out to be of a higher order in small & & " fraction and are thus suppressed in the
considering kinematics. Finally, we have omitted the diagrams of a bremsstrahlung type
where the target gluon is coupled to the projectile quark before or after gluon radiation
since these diagrams are suppressed by a high mass in the gluon propagator [? ]. Also, the
latter diagrams do not contribute to production of S-wave C-odd quarkonia states.
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σ3(r,β, x2) =
9

8

(

σq̄q(β̄r, x2) + σq̄q(βr, x2)
)

−
1

8
σq̄q(r, x2) , x2 =

M2
cc̄

2mpEG
, (2.5)

in the target rest frame.

2.2 Gluon shadowing and color singlet C-odd QQ̄ states

From the perturbation theory point of view corrections arising from an additional (initial

and final state) gluon radiation off G+G → QQ̄ subprocess is formally of the higher order

in QCD coupling but can be rather important, especially, in the limit of soft radiated gluon

(a constituent mass λ ≃ ΛQCD as an infrared regulator). Such effects can be consistently

incorporated in the dipole framework (for more details, see e.g. Ref. [? ]). In production

of QQ̄ pairs in color singlet C-even 1− as well as color octet C-odd 8− and C-even 8+

states considered above these corrections are of the next-to-leading order and contribute to

such important effect as the gluon shadowing in P -wave quarkonia and open heavy flavor

production discussed e.g. in Ref. [? ]. However, the color singlet C-odd QQ̄ state giving

rise to such important S-wave quarkonia states as J/ψ, ψ′ and Υ can only be produced

when, at least, three gluons are coupled to the quark line so diagrams with three-gluon

couplings are automatically excluded in this case. Thus, the considered QQ̄+G production

subprocess is of the leading order for the S-wave quarkonia and should be discussed in
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Consider the Ga+Gd → {QQ̄}+Gb subprocess in the limit of small momentum fraction

γ and transverse momentum k⃗3 of the radiated soft gluon Gb, i.e. in the limit γ ≫ β and

|⃗k3| ∼ λ≪ |⃗k1,2|. The invariant mass of the produced {QQ̄}+Gb system

M2 ≃
m2

Q + k⃗ 2
1

β̄
+

m2
Q + k⃗ 2

2

β
+
λ2 + k⃗ 2

3

γ

serves as a hard scale of the process. In general, its amplitude is given by the sum of fifteen

different diagrams which were shown and thoroughly discussed in Appendix of Ref. [? ]

in the zeroth order in small γ → 0. In this limit, however, only 1− and 8± states acquire

non-zeroth contributions whereas 1+ amplitude vanishes linearly with small γ and thus

have not been discussed before. The leading order contributions to the 1+ amplitude linear

in γ ≪ 1 come from the diagrams presented in Fig. 4 (upper two lines). Other diagrams

with real gluon emission off a quark different from that coupled to the t-channel gluon

turn out to be of a higher order in small γ ≪ β fraction and are thus suppressed in the

considering kinematics. Finally, we have omitted the diagrams of a bremsstrahlung type

where the target gluon is coupled to the projectile quark before or after gluon radiation

since these diagrams are suppressed by a high mass in the gluon propagator [? ]. Also, the

latter diagrams do not contribute to production of S-wave C-odd quarkonia states.
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such that C-odd states 8+ and 1+ are symmetric w.r.t. momenta of Q and Q̄, namely,

β ↔ β̄, r⃗ ↔ −r⃗, while C-even ones 8− and 1− are anti-symmetric. Function Ĉ(d)(s⃗, ρ⃗) is

the interference between the gluon-nucleon Gd + N → N∗ interaction amplitudes γ(d)(s⃗)

defined as

Ĉ(d)(s⃗, ρ⃗) =
2√
3

(

γ(d)(s⃗)− γ(d)(s⃗+ ρ⃗)
)

, (2.8)
∫

d2s
∑

X

⟨i|Ĉ(d)(s⃗, ρ⃗)Ĉ(d′)(s⃗, ρ⃗)|i⟩ = δdd′ σq̄q(ρ⃗) , (2.9)

The distribution amplitudes for gluon splitting Ga → {QQ̄} and subsequent gluon

radiation Q(Q̄) → Q(Q̄)+Gb for transversely (T) polarised Ga,b (λini,f = ±1) are given by

[? ]

ΦT
QQ̄ =

√
αs

∫

d2κ

(2π)2
(ξµQ)

†mQ(e⃗ini · σ⃗) + (1− 2β)(σ⃗ · n⃗)(e⃗ini · κ⃗) + i(e⃗ini × n⃗) · κ⃗
κ2 + ϵ2

ξ̃µ̄
Q̄
e−iκ⃗r⃗

=

√
αs

2π
(ξµQ)

†
{

mQ(e⃗ini · σ⃗) + i(1 − 2β)(σ⃗ · n⃗)(e⃗ini · ∇⃗r)− (e⃗ini × n⃗) · ∇⃗r

}

ξ̃µ̄
Q̄
K0(ϵr) ,

ΦT
QG =

√
αs

∫

d2k3
(2π)2

2(e⃗f · k⃗3)
k23 + τ2

e−ik⃗3ρ⃗ =
i
√
αs

π
(e⃗f · ∇⃗ρ)K0(τρ) , (2.10)

respectively, where ξ̃µ̄
Q̄
= iσy(ξ

µ̄
Q̄
)∗, n⃗ is the unit vector along the momentum, and

ϵ = mQ , τ2 = λ2 + γM2
QQ̄ , M2

QQ̄ =
m2

Q + κ2

ββ̄
.

The differential cross section of the process Ga + p → {QQ̄}Gb +X is then given by

dσ

dβ d ln γ
=

∫

d2rd2ρ |ΨQQ̄G(β, γ, r⃗, ρ⃗)|
2 Σ(β, γ, r⃗, ρ⃗) , (2.11)

|ΨQQ̄G|
2 =

1

8

1

2

∑

λini,f

∑

µ,µ̄

Nc
∑

i,j=1

N2
c−1
∑

a,b=1

ΨQQ̄GΨ
∗
QQ̄G ,

where summation over final-state Q, Q̄, Gb spin µ, µ̄ ,λf and color i, j, b indices and aver-

aging over intial gluon Ga spin λi and color a indices, respectively, is explicitly performed.

In Eq. (2.11), the effective dipole cross sections for each C-parity and color configuration

are given by

Σ1−(β, γ, r⃗, ρ⃗) = Σ8−(β, γ, r⃗, ρ⃗) = Σ8+(β, γ, r⃗, ρ⃗) = σGG(ρ) ≡
9

4
σq̄q(ρ) ,

Σ1+(β, γ, r⃗, ρ⃗) =
5

4
σq̄q(γρ) . (2.12)

It thus appears that 1− and 8± states get non-vanishing gluon shadowing corrections in

the limit γ → 0 governed by the soft scale ρ ≫ r which determines the size of effective

gluonic dipole while the QQ̄ dipole is vanishingly small. The gluonic dipole cross section

σGG differs from the quark one σq̄q by the Casimir factor 2N2
c /(N

2
c − 1) = 9/4 for Nc = 3.
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β ↔ β̄, r⃗ ↔ −r⃗, while C-even ones 8− and 1− are anti-symmetric. Function Ĉ(d)(s⃗, ρ⃗) is

the interference between the gluon-nucleon Gd + N → N∗ interaction amplitudes γ(d)(s⃗)

defined as

Ĉ(d)(s⃗, ρ⃗) =
2√
3

!
γ(d)(s⃗)− γ(d)(s⃗+ ρ⃗)

"
, (2.8)

#
d2s

$

X

⟨i|Ĉ(d)(s⃗, ρ⃗)Ĉ(d! )(s⃗, ρ⃗)|i⟩ = δdd! σq̄q(ρ⃗) , (2.9)

The distribution amplitudes for gluon splitting Ga → {QQ̄} and subsequent gluon

radiation Q(Q̄) → Q(Q̄)+Gb for transversely (T) polarised Ga,b (λini,f = ± 1) are given by

[? ]

! T
QQ̄ =

√
αs

#
d2κ

(2π)2
(ξµQ)

  mQ(e⃗ini áσ⃗) + (1− 2β)(σ⃗ án⃗)(e⃗ini á⃗κ) + i(e⃗ini × n⃗) á⃗κ
κ2 + ϵ2

ξ̃µ̄
Q̄
e−i!"! r

=

√
αs

2π
(ξµQ)

 
%
mQ(e⃗ini áσ⃗) + i(1 − 2β)(σ⃗ án⃗)(e⃗ini á∇⃗r)− (e⃗ini × n⃗) á∇⃗r

&
ξ̃µ̄
Q̄
K0(ϵr) ,

! T
QG =

√
αs

#
d2k3
(2π)2

2(e⃗f á⃗k3)
k23 + τ2

e−i!k3 !# =
i
√
αs

π
(e⃗f á∇⃗#)K0(τρ) , (2.10)

respectively, where ξ̃µ̄
Q̄
= iσy(ξ

µ̄
Q̄
)∗, n⃗ is the unit vector along the momentum, and

ϵ = mQ , τ2 = λ2 + γM2
QQ̄ , M2

QQ̄ =
m2

Q + κ2

ββ̄
.

The di! erential cross section of the process Ga + p → {QQ̄}Gb +X is then given by

dσ

dβ d ln γ
=

#
d2rd2ρ |" QQ̄G(β, γ, r⃗, ρ⃗)|

2 # (β, γ, r⃗, ρ⃗) , (2.11)

|" QQ̄G|2 =
1

8

1

2

$

$ini,f

$

µ,µ̄

Nc$

i,j=1

N2
c−1$

a,b=1

" QQ̄G" ∗
QQ̄G ,

where summation over final-state Q, Q̄, Gb spin µ, µ̄ ,λf and color i, j, b indices and aver-

aging over intial gluon Ga spin λi and color a indices, respectively, is explicitly performed.
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9

4
σq̄q(ρ) ,

# 1+ (β, γ, r⃗, ρ⃗) =
5

4
σq̄q(γρ) . (2.12)

It thus appears that 1− and 8± states get non-vanishing gluon shadowing corrections in

the limit γ → 0 governed by the soft scale ρ ≫ r which determines the size of e! ective

gluonic dipole while the QQ̄ dipole is vanishingly small. The gluonic dipole cross section

σGG di! ers from the quark one σq̄q by the Casimir factor 2N2
c /(N

2
c − 1) = 9/4 for Nc = 3.
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color-singlet {QQ̄}1 pair onto a vector J/ψ or Υ state is often taken in a similar form as

to DIS γ → QQ̄ wave function such that

Ψ
λJ/ψ
QQ̄→J/ψ

(β, ρ⃗ ) ≃ (3.1)

J/ψ, ψ′, Υ

χc,b

Σ1− = Σ8− = Σ8+ =
9

4
σq̄q(ρ) , Σ1+ =

5

4
σq̄q(γρ) .
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DIS-like cross section

…dynamics of soft radiated gluon determines  
yields for gluon shadowing and J/psi 
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S- and P-wave quarkonia wave functions
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Figure 2: The dipole cross section as function of r2
T at energies

√
s = 10, 30, 100

and 300 GeV for GBW (left) and KST (right) parameterizations.

(∝ r2
T ) for the dipole cross section is used. For the coefficient in front of r2

T we employ the

expression obtained by the first term of Taylor expansion of Eq. (9):

“r2
T ”: σq̄q(rT , s) =

σ0(s)

r2
0(s)

· r2
T . (12)

2.2 Charmonium wave functions

The spatial part of the cc̄ pair wave function satisfying the Schrödinger equation

(
−

∆

mc
+ V (r)

)
Ψnlm(r⃗ ) = Enl Ψnlm(r⃗ ) (13)

is represented in the form

Ψ(r⃗ ) = Ψnl(r) · Ylm(θ,ϕ) , (14)

where r⃗ is 3-dimensional cc̄ separation, Ψnl(r) and Ylm(θ,ϕ) are the radial and orbital parts

of the wave function. The equation for radial Ψ(r) is solved with the help of the program

[13]. The following four potentials V (r) have been used (see Fig. 3):
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2.3 Light-cone wave functions for the bound states

As has been mentioned, the lowest Fock component|cøc! in the inÞnite momentum frame

is not related by simple Lorentz boost to the wave function ofcharmonium in the rest

frame. This makes the problem of building the light-cone wave function for the lowest

|cøc! component difficult, no unambiguous solution is yet known. There are only recipes

in the literature, a simple one widely used [19], is the following. One applies a Fourier

transformation from coordinate to momentum space to the known spatial part of the non-

relativistic wave function (14), Ψ(r⃗ ) " Ψ(p⃗ ), which can be written as a function of the

effective mass of thecøc, M 2 = 4( p2 + m2
c), expressed in terms of light-cone variables

M 2(α, pT ) =
p2

T + m2
c

α(1 # α)
. (18)
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2.3 Light-cone wave functions for the bound states

As has been mentioned, the lowest Fock component|cøc⟩ in the inÞnite momentum frame

is not related by simple Lorentz boost to the wave function ofcharmonium in the rest

frame. This makes the problem of building the light-cone wave function for the lowest

|cøc⟩ component di! cult, no unambiguous solution is yet known. There are only recipes

in the literature, a simple one widely used [19], is the following. One applies a Fourier

transformation from coordinate to momentum space to the known spatial part of the non-

relativistic wave function (14), " (r⃗ ) ⇒ " (p⃗), which can be written as a function of the

e#ective mass of thecøc, M 2 = 4( p2 + m2
c), expressed in terms of light-cone variables

M 2(α, pT ) =
p2

T + m2
c

α(1 − α)
. (18)
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Figure 4: The radial part of the wave function Ψnl(r) for the 1S and 2S states
calculated with four di! erent potentials (see text).

In order to change integration variablepL to the light-cone variable! one relates them via

M , namelypL = ( ! ! 1/2)M(pT , ! ). In this way the cøc wave function acquires a kinematical

factor

Ψ("p ) "
#

2
(p2 + m2

c)
3/4

(p2
T + m2

c)1/2
áΨ(! , "pT ) $ Φ! (! , "pT ) . (19)

This procedure is used in [20] and the result is applied to calculation of the amplitudes

(1). The result is discouraging, since the# ′ to J/# ratio of the photoproduction cross sections

are far too low in comparison with data. However, the oversimpliÞed dipole cross section

$qøq(rT ) % r2
T has been used, and what is even more essential, the importantingredient of

Lorentz transformations, the Melosh spin rotation, has been left out. The spin transforma-

tion has also been left out in the recent publication [21] which repeats the calculations of

[20] with a more realistic dipole cross section which levelsoff at large separations. This leads

to suppression of the node-effect (less cancelation) and enhancement ofΨ′ photoproduction.
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Schrodinger equation for spatial  ccbar wave function

”Terentiev trick”
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Figure 4: The radial part of the wave function ! nl (r ) for the 1S and 2S states
calculated with four different potentials (see text).

In order to change integration variablepL to the light-cone variableα one relates them via

M , namelypL = ( α−1/ 2)M (pT ,α). In this way the cøc wave function acquires a kinematical

factor
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· ! (α, p⃗T ) ≡ " ! (α, p⃗T ) . (19)

This procedure is used in [20] and the result is applied to calculation of the amplitudes

(1). The result is discouraging, since theψ! to J/ψ ratio of the photoproduction cross sections

are far too low in comparison with data. However, the oversimpliÞed dipole cross section

σqq̄(rT ) ∝ r 2
T has been used, and what is even more essential, the importantingredient of

Lorentz transformations, the Melosh spin rotation, has been left out. The spin transforma-

tion has also been left out in the recent publication [21] which repeats the calculations of

[20] with a more realistic dipole cross section which levelso# at large separations. This leads

to suppression of the node-e#ect (less cancelation) and enhancement of! ! photoproduction.

12

..from the rest frame to the LC frame Melosh spin rotation

Nevertheless, the calculated! ! to J/! ratio is smaller than the data by a factor of two.

The 2-dimensional spinors" c and " øc describingc and øc respectively in the inÞnite mo-

mentum frame are known to be related via the Melosh rotation [22, 19] to the spinors ø" c

and ø" øc in the rest frame:

" c = !R(#, $pT ) " c ,

" øc = !R(1 ! #, ! $pT ) " øc , (20)

where the matrix R(#, $pT ) has the form:

!R(#, $pT ) =
mc + # M ! i [$%" $n] $pT"

(mc + # M )2 + p2
T

. (21)

Since the potentials we use in section 2.2 contain no spin-orbit term, the cøc pair is in

S-wave. In this case spatial and spin dependences in the wave function factorize and we

arrive at the following light cone wave function of thecøc in the inÞnite momentum frame

! (µ, øµ)
! (#, $pT ) = U(µ, øµ)(#, $pT ) á! ! (#, $pT ) , (22)

where

U(µ, øµ) (#, $pT ) = " µ 
c

!R  (#, $pT ) $%á$e! %y
!R" (1 ! #, ! $pT ) %# 1

y #" øµ
øc (23)

and #" øc is deÞned in (4).

Note that the wave function (22) is di" erent from one used in [23, 24, 25] where it was

assumed that the vertex! # cøc has the structure! µ øu &µ u like the for the photon &" # cøc.

The rest frame wave function corresponding to such a vertex contains S wave andD wave.

The weight of the latter is dictated by the structure of the vertex and cannot be justiÞed by

any reasonable nonrelativistic potential model for thecøc interaction.

Now we can determine the light-cone wave function in the mixed longitudinal momentum

- transverse coordinate representation:

! (µ, øµ)
! (#,$rT ) =

1
2'

$
d2$pT e# i "pT "r T ! (µ, øµ)

! (#, $pT ) . (24)
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Nevertheless, the calculated ψ′ to J/ψ ratio is smaller than the data by a factor of two.

The 2-dimensional spinors χc and χc̄ describing c and c̄ respectively in the infinite mo-

mentum frame are known to be related via the Melosh rotation [22, 19] to the spinors χ̄c

and χ̄c̄ in the rest frame:

χ
c

= R̂(α, p⃗T )χc ,

χ
c̄

= R̂(1 − α,−p⃗T )χc̄ , (20)

where the matrix R(α, p⃗T ) has the form:

R̂(α, p⃗T ) =
mc + αM − i [σ⃗ × n⃗] p⃗T√

(mc + αM)2 + p2
T

. (21)

Since the potentials we use in section 2.2 contain no spin-orbit term, the cc̄ pair is in

S-wave. In this case spatial and spin dependences in the wave function factorize and we

arrive at the following light cone wave function of the cc̄ in the infinite momentum frame

Φ(µ,µ̄)
ψ (α, p⃗T ) = U (µ,µ̄)(α, p⃗T ) · Φψ(α, p⃗T ) , (22)

where

U (µ,µ̄)(α, p⃗T ) = χµ†
c R̂†(α, p⃗T ) σ⃗ · e⃗ψ σy R̂∗(1 − α,−p⃗T ) σ−1

y χ̃µ̄
c̄ (23)

and χ̃c̄ is defined in (4).

Note that the wave function (22) is different from one used in [23, 24, 25] where it was

assumed that the vertex ψ → cc̄ has the structure ψµ ū γµ u like the for the photon γ∗ → cc̄.

The rest frame wave function corresponding to such a vertex contains S wave and D wave.

The weight of the latter is dictated by the structure of the vertex and cannot be justified by

any reasonable nonrelativistic potential model for the cc̄ interaction.

Now we can determine the light-cone wave function in the mixed longitudinal momentum

- transverse coordinate representation:

Φ(µ,µ̄)
ψ (α, r⃗T ) =

1

2 π

∫
d2p⃗T e−ip⃗T r⃗T Φ(µ,µ̄)

ψ (α, p⃗T ) . (24)
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”Bremsstrahlung” component

Associated QQ-q: “Bremsstrahlung” vs “Fusion”

Basis for heavy quarkonia production in association with a forward particle

Gauge!invariant sub!sets of diagrams

+

+ +

+=

(1) (2)

(3) (4) (5)

Figure 4. Heavy quark pair production in association with a forward quark: ÒBramsstrahlungÓ
(upper line) vs ÒFusionÓ mechanism (bottom line).

The di! erential cross section of the process q+ p ! q+ { Q øQ} Gb + X is then given by

d!
d ln " d# d ln $

=
∫

d2%&
(2&)2

∫

d2rd2' |! q{QQ̄}G(" , #, $, %&,%r, %')|2 " (#, $,%r, %') , (2.15)

|! q{QQ̄}G|2 =
1
3

1
2

∑

λ! ,f

∑

s,s"

∑

µ, µ̄

Nc
∑

l,m,i,j =1

N 2
c ! 1
∑

b=1

! q{QQ̄}G! "
q{QQ̄}G ,

where ( " = T, L is the intermediate gluon polarisation, s, s# and l, m are the spin indices

of the initial and final light quark, respectively, and the averaging over these indices in

the quark in the initial state is performed explicitly. Here, since there are no shifts in

positions of the projectile quark induced by interactions with the t-channel gluon from the

target nucleon, the e! ective dipole cross section " is the same as in Eq. (2.12) and it is

thus convenient to keep the distribution amplitude for the gluon bremsstrahlung o! the

projectile light quark # qG! in momentum representation, i.e.

# L
qG! (" , %&) =

"
" s

2(1 # " )Q
%&2 + " 2m2

q
() s

Q)† ) s"

Q , (2.16)

# T
qG! (" , %&) =

"
" s () s

Q)†
(2 # " )(%e" á%&) + im q" 2(%n $ %e" ) á%! # i " (%&$ %e" ) á%!

%&2 + " 2m2
q

) s"

Q ,(2.17)

for longitudinally (L) and transversely (T) polarised gluon G"
a with polarisation vector

%e" (( " = ± 1), respectively. Then, in Eq. (2.15) the total distribution amplitude ! q{QQ̄}G is
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The remaining 1+ state has a special status since its production cross section vanishes as
! ! 2 at ! " 0 and is given by an interplay of small! and large" in the dipole cross section.
The effective distribution amplitudes in Eq. ( 2.11) ! Q øQG are then deÞned as

! 1±

Q øQG (#, ! ,$r, $") =
1

#
3

%ab%i
j " Q øQ($r, #)" 1±

QG ($r, $" , #) ,

! 8!

Q øQG (#, ! ,$r, $") =
#
3

N 2
c ! 1!

g=1

dabg(&g)
i
j " Q øQ($r, #)" 8!

QG ($r, $" , #) ,

! 8+

Q øQG (#, ! ,$r, $") = i
#
3

N 2
c ! 1!

g=1

f abg(&g)
i
j " Q øQ($r, #)" 8+

QG ($r, $" , #) .

Consider now associatedQQ̄ state and forward parton (quark and gluon) production.

2.3 Quarkonia production in association with a forward high- p" hadron

At high- p" , the initial-state gluon could likely arise from a small vicinity of a valence/sea
quark or a gluon in the projectile proton. The latter parton may thus get a high-p" kick in
opposite direction and give rise to a leading hadron possibly measurable in a forward detec-
tor. The lowest order contribution to this process is then given by the light (sea/valence)
quark or gluon splitting q/g " q/g + G#

a and where the virtual gluon G#
a gives rise to the

heavy { QQ̄} + Gb system. Furthermore, we are interested in the kinematic conÞguration
when the projectile parton acquires a signiÞcant transverse momentum and loses only a
small fraction of its initial momentum ' $ 1. This parton then fragments into a jet with
a forward leading hadron (e.g. pion) taking most of the initial parton momentum. If we
require in addition that this hadron should be detected in the fragmentation region of the
projectile proton, then the initial parton should carry a signiÞcant momentum fraction of
the projectile proton and thus the corresponding cross section will be dominated essentially
by quark density function peaked at largexq ! 1. Also, since this process is expected to
be studied at not too high energies at RHIC, the valence quarkdensities strongly dominate
over the gluon one and thus the processq " q+ G#

a should be sufficient for our purposes
here.

Let p1,2 are the 4-momenta of the projectile and Þnal parent light quark, respectively.
Then introduce the relative momentum $( between the Þnal parent parton, p2, and the
center-of-gravity of the producedQ̄Q + Gb system

$( = '$p2 %'̄ $k , $k =
!

i

$ki . (2.13)

At sufficiently large quark $p2 & ) the recoiled QQ̄ + Gb system has$k ' % $p2 such that
$( ' $p2 without a loss of generality. The radiated gluonG#

a has a space-like virtuality given
by

(p2 %p1)
2 ( % Q2 , Q2 =

$( 2 + ' 2m2
q

'̄
, (2.14)

where the consituent quark massmq can be taken to be) 300 MeV.
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providing the complete set of ingredients for analysis of the di! erential observables.
In the meantime, it is well-known that all the gluons in the incoming proton are accu-

mulated mostly in a close vicinity of valence quarks in the so-called Ògluonic spotsÓ which
have maximal size of aboutr 0 " 0.3 fm which is much smaller than distance between va-
lence quarks. Such a two-scale structure of the proton is supported by numerous evidences
in theoretical and experimental observations [? ]. The projectile gluon Ga which splits into
the heavy { Q øQ} + Gb system is radiated mostly at a rather soft scale|$p2| " mq. At not
very large energies available at RHIC the maximal rapidity di! erence between particles in
the projectile fragmentation region and central rapidities does not exceed a few units. So
there is not a large phase space available for the perturbative gluon radiation o! the emitted
(hardest) gluon in case of a few GeV maximal di! erence in transverse momenta relevant for
RHIC measurements. At the same time, by a naive assumption the initial-state soft radi-
ation can be entirely absorbed into the non-perturbativeq # q + Ga transition amplitude
in the projectile proton (see Fig. ??) which has a Gaussian form with a scale parameter
phenomenologically given by the e! ective size of the Ògluonic spotsÓ in the projectile proton
[? ], i.e.

! qg(#,$r ) =
i
!

#s

%
$r á$e"

r 2 exp($ r 2/ 2r 2
0) , # % 1, (2.18)

which for not very large c.m.s. energies is expected to be a good approximation. Similar
situation applies to the last gluon emission o! a heavy Q or øQ.

Putting all the ingredients together, we are able to write down the inclusive J/ ( pro-
duction in association with forward light quark. The cross section at the hadron level is
related to the one of quark-target scattering as follows
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3 S- and P-wave quarkonia distribution amplitudes

Here, we follow previous studies in the literature and employ the vector-meson wave func-
tions model previously developed in Refs. [? ]. The projection of a C-parity negative
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3 S- and P-wave quarkonia distribution amplitudes

Here, we follow previous studies in the literature and employ the vector-meson wave func-
tions model previously developed in Refs. [? ]. The projection of a C-parity negative
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Forward-central pion-J/psi correlations at RHIC
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We propose a new measurement:  
    central J/psi or Upsilon production in association with forward high-pT leading pion

Mechanism I Mechanism II
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cøc ! J/ !

" A1/ 3

– 2 –

enhanced as

cøc → J/!

∼ A1/ 3

xG → 0

pT → 0
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cc̄ → J/!

∼ A1/ 3

xG → 0

pT → 0

Ð 2 Ð

triggerable!

Differential correlations are usually more sensitive to troublesome  
soft QCD/medium effects than inclusive observables!

Two mechanisms for associated  
J/psi + pion production
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Physics motivation for forward-central correlations study

J/ !

p

Mueller graph:

BFKL Pomeron

Contents

1 Introduction 1

1 Introduction

! 0

"

"

X

A

µ+

µ!
J/ #

! 0

"

"

X

Y
p, A

µ+

µ!

J/ #

Figure 1 .

J/ #

p

Figure 2 .

" ! s(µ) ln x

Ð 1 Ð

resummed low-x gluons

valence quark PDF 
dominates the Reggeon  
at large x ~ 1

J/psi wave function 
accounts for suppression, 
energy loss, polarisation, 

non-PT effects, etc
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Pomeron becomes important for  
a large rapidity difference 
between pion and quarkonium,  
but less important for harder  
scale and lower energy

In the dipole approach: 
a superposition of universal 
elastic dipole amplitudes times 
q->qG, G->ccbar and c->cG  
wave functions
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✓  nearly back-to-back azimuthal  
     correlation broadened by  
     soft gluon emissions etc 

✓  background due to Drell-Yan is 
     is strongly reduced due to a harder 
     pion pT spectrum 

✓  uncertainties are cancelled in RpA  

✓  improved test of quarkonia  
     production mechanisms
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Feasibility study: forward quark pT distribution

14

where theqp! q+ J/ ! + X production cross section integrated over transverse momenta
of real gluon and quarkonium state reads
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Figure 4 . Forward quark transverse momentum distribution of the pp ! q + J/ ! + X process.
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3 S- and P-wave quarkonia distribution amplitudes

Here, we follow previous studies in the literature and employ the vector-meson wave func-
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Figure 4 . Heavy quark pair production in association with a forward quark: ÒBramsstrahlungÓ
(upper line) vs ÒFusionÓ mechanism (bottom line).

The di! erential cross section of the processq+ p ! q+ { Q øQ} Gb + X is then given by
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where ( " = T, L is the intermediate gluon polarisation, s, s# and l, m are the spin indices
of the initial and Þnal light quark, respectively, and the averaging over these indices in
the quark in the initial state is performed explicitly. Here, since there are no shifts in
positions of the projectile quark induced by interactions with the t-channel gluon from the
target nucleon, the e! ective dipole cross section" is the same as in Eq. (2.12) and it is
thus convenient to keep the distribution amplitude for the gluon bremsstrahlung o! the
projectile light quark # qG! in momentum representation, i.e.
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for longitudinally (L) and transversely (T) polarised gluon G"
a with polarisation vector

%e" (( " = ± 1), respectively. Then, in Eq. (2.15) the total distribution amplitude ! q{ Q øQ} G is
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(upper line) vs ÒFusionÓ mechanism (bottom line).

The di! erential cross section of the processq+ p ! q+ { Q øQ} Gb + X is then given by
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where ( " = T, L is the intermediate gluon polarisation, s, s# and l, m are the spin indices
of the initial and Þnal light quark, respectively, and the averaging over these indices in
the quark in the initial state is performed explicitly. Here, since there are no shifts in
positions of the projectile quark induced by interactions with the t-channel gluon from the
target nucleon, the e! ective dipole cross section" is the same as in Eq. (2.12) and it is
thus convenient to keep the distribution amplitude for the gluon bremsstrahlung o! the
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for longitudinally (L) and transversely (T) polarised gluon G"
a with polarisation vector

%e" (( " = ± 1), respectively. Then, in Eq. (2.15) the total distribution amplitude ! q{ Q øQ} G is
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taken in the mixed impact parameter Ð transverse momentum representation
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providing the complete set of ingredients for analysis of the di! erential observables.
In the meantime, it is well-known that all the gluons in the incoming proton are accu-

mulated mostly in a close vicinity of valence quarks in the so-called Ògluonic spotsÓ which
have maximal size of aboutr 0 " 0.3 fm which is much smaller than distance between va-
lence quarks. Such a two-scale structure of the proton is supported by numerous evidences
in theoretical and experimental observations [? ]. The projectile gluon Ga which splits into
the heavy { Q øQ} + Gb system is radiated mostly at a rather soft scale|$p2| " mq. At not
very large energies available at RHIC the maximal rapidity di! erence between particles in
the projectile fragmentation region and central rapidities does not exceed a few units. So
there is not a large phase space available for the perturbative gluon radiation o! the emitted
(hardest) gluon in case of a few GeV maximal di! erence in transverse momenta relevant for
RHIC measurements. At the same time, by a naive assumption the initial-state soft radi-
ation can be entirely absorbed into the non-perturbativeq # q + Ga transition amplitude
in the projectile proton (see Fig. ??) which has a Gaussian form with a scale parameter
phenomenologically given by the e! ective size of the Ògluonic spotsÓ in the projectile proton
[? ], i.e.

! qg(#,$r ) =
i
!

#s

%
$r á$e"

r 2 exp($ r 2/ 2r 2
0) , # % 1, (2.18)

which for not very large c.m.s. energies is expected to be a good approximation. Similar
situation applies to the last gluon emission o! a heavy Q or øQ.

Putting all the ingredients together, we are able to write down the inclusive J/ ( pro-
duction in association with forward light quark. The cross section at the hadron level is
related to the one of quark-target scattering as follows
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d ln #

. (2.19)

3 S- and P-wave quarkonia distribution amplitudes

Here, we follow previous studies in the literature and employ the vector-meson wave func-
tions model previously developed in Refs. [? ]. The projection of a C-parity negative

Ð 10 Ð

hadron-level CS

taken in the mixed impact parameter Ð transverse momentum representation

! 1±

q{ Q øQ} G =
1

!
3

(! b)
l
m " i

j

!

! ! = L,T

" ! !
qG! (#, $%)" ! !

Q øQ($r, &)" 1±

QG ($r, $' , &) ,

! 8"

q{ Q øQ} G =
!

3
N 2

c ! 1!

g=1

dabg(! a)l
m (! g)i

j

!

! ! = L,T

" ! !
qG! (#, $%)" ! !

Q øQ($r, &)" 8"

QG ($r, $' , &) ,

! 8+

q{ Q øQ} G = i
!

3
N 2

c ! 1!

g=1

f abg(! a)l
m (! g)i

j

!

! ! = L,T

" ! !
qG! (#, $%)" ! !

Q øQ($r, &)" 8+

QG ($r, $' , &) ,

providing the complete set of ingredients for analysis of the di! erential observables.
In the meantime, it is well-known that all the gluons in the incoming proton are accu-

mulated mostly in a close vicinity of valence quarks in the so-called Ògluonic spotsÓ which
have maximal size of aboutr 0 " 0.3 fm which is much smaller than distance between va-
lence quarks. Such a two-scale structure of the proton is supported by numerous evidences
in theoretical and experimental observations [? ]. The projectile gluon Ga which splits into
the heavy { Q øQ} + Gb system is radiated mostly at a rather soft scale|$p2| " mq. At not
very large energies available at RHIC the maximal rapidity di! erence between particles in
the projectile fragmentation region and central rapidities does not exceed a few units. So
there is not a large phase space available for the perturbative gluon radiation o! the emitted
(hardest) gluon in case of a few GeV maximal di! erence in transverse momenta relevant for
RHIC measurements. At the same time, by a naive assumption the initial-state soft radi-
ation can be entirely absorbed into the non-perturbativeq # q + Ga transition amplitude
in the projectile proton (see Fig. ??) which has a Gaussian form with a scale parameter
phenomenologically given by the e! ective size of the Ògluonic spotsÓ in the projectile proton
[? ], i.e.

! qg(#,$r ) =
i
!

#s

%
$r á$e"

r 2 exp($ r 2/ 2r 2
0) , # % 1, (2.18)

which for not very large c.m.s. energies is expected to be a good approximation. Similar
situation applies to the last gluon emission o! a heavy Q or øQ.

Putting all the ingredients together, we are able to write down the inclusive J/ ( pro-
duction in association with forward light quark. The cross section at the hadron level is
related to the one of quark-target scattering as follows

d) (pp # q + J/ ( + X )
dxF

=
x1

x1 + x2

" 1

x1

d#
#2 &

!

q

#
' q

$ x1

#
, µ2

%
+ ' øq

$ x1

#
, µ2

%&d) (qp# q + J/ ( + X )
d ln #

. (2.19)

3 S- and P-wave quarkonia distribution amplitudes

Here, we follow previous studies in the literature and employ the vector-meson wave func-
tions model previously developed in Refs. [? ]. The projection of a C-parity negative
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Figure 3 . Dominating gluon shadowing contributions to the non-relativistic color singlet C-odd
heavy quark pair { Q øQ} 1+ production with a soft gluon ! ! 1 (upper two lines) and amplitudes for
q " q + ! ßuctuation (bottom line).

Under the above conditions one can derive the amplitudes forinclusive production of
heavy quark{ Q øQ} pair separately in color-singlet1± and color-octet8± states in association
with soft gluon Gb in impact parameter representation in factorised form
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Figure 3 . Dominating gluon shadowing contributions to the non-relativistic color singlet C-odd
heavy quark pair { Q øQ} 1+ production with a soft gluon ! ! 1 (upper two lines) and amplitudes for
q " q + ! ßuctuation (bottom line).
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C-even/C-odd amplitudes

such that C-odd states 8+ and 1+ are symmetric w.r.t. momenta of Q and øQ, namely,
! ! ø! , "r ! " "r , while C-even ones8! and 1! are anti-symmetric. Function öC(d) ("s, "#) is
the interference between the gluon-nucleonGd + N # N " interaction amplitudes $(d) ("s)
deÞned as
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$
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, (2.8)
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The distribution amplitudes for gluon splitting Ga # { Q øQ} and subsequent gluon
radiation Q( øQ) # Q( øQ) + Gb for transversely (T) polarised Ga,b (' ini,f = ± 1) are given by
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respectively, where÷+øµ
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= i&y(+øµ
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)" , "n is the unit vector along the momentum, and

, = mQ , - 2 = ' 2 + $M 2
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Q + ) 2
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.

The di! erential cross section of the processGa + p # { Q øQ} Gb + X is then given by

d&
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where summation over Þnal-stateQ, øQ, Gb spin µ, øµ , ' f and color i, j, b indices and aver-
aging over intial gluon Ga spin ' i and color a indices, respectively, is explicitly performed.
In Eq. (2.11), the e! ective dipole cross sections for eachC-parity and color conÞguration
are given by

# 1" (! , $, "r, "#) = # 8" (! , $, "r, "#) = # 8+ (! , $, "r, "#) = &GG(#) )
9
4

&øqq(#) ,

# 1+ (! , $, "r, "#) =
5
4

&øqq($#) . (2.12)

It thus appears that 1! and 8± states get non-vanishing gluon shadowing corrections in
the limit $ # 0 governed by the soft scale# * r which determines the size of e! ective
gluonic dipole while the Q øQ dipole is vanishingly small. The gluonic dipole cross section
&GG di! ers from the quark one&øqq by the Casimir factor 2N 2

c / (N 2
c " 1) = 9 / 4 for Nc = 3 .
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Figure 3 . Dominating gluon shadowing contributions to the non-relativistic color singlet C-odd
heavy quark pair {QQ̄}1+ production with a soft gluon γ ≪ 1 (upper two lines) and amplitudes for
q → q + γ fluctuation (bottom line).

Under the above conditions one can derive the amplitudes for inclusive production of

heavy quark {QQ̄} pair separately in color-singlet 1± and color-octet 8± states in association

with soft gluon Gb in impact parameter representation in factorised form
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where the limit small QQ̄ dipole and soft final gluon is adopted, i.e. |r⃗| ∼ m! 1
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J/psi production is driven by 
semi-soft dynamics!
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the limit $ # 0 governed by the soft scale# * r which determines the size of e! ective
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)" , "n is the unit vector along the momentum, and
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! ø!
.

The di! erential cross section of the processGa + p # { Q øQ} Gb + X is then given by
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where summation over Þnal-stateQ, øQ, Gb spin µ, øµ , ' f and color i, j, b indices and aver-
aging over intial gluon Ga spin ' i and color a indices, respectively, is explicitly performed.
In Eq. (2.11), the e! ective dipole cross sections for eachC-parity and color conÞguration
are given by

# 1" (! , $, "r, "#) = # 8" (! , $, "r, "#) = # 8+ (! , $, "r, "#) = &GG(#) )
9
4

&øqq(#) ,

# 1+ (! , $, "r, "#) =
5
4

&øqq($#) . (2.12)

It thus appears that 1! and 8± states get non-vanishing gluon shadowing corrections in
the limit $ # 0 governed by the soft scale# * r which determines the size of e! ective
gluonic dipole while the Q øQ dipole is vanishingly small. The gluonic dipole cross section
&GG di! ers from the quark one&øqq by the Casimir factor 2N 2

c / (N 2
c " 1) = 9 / 4 for Nc = 3 .
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Summary

✓    The dipole approach to semi-hard/semi-soft reactions such as gluon  
       shadowing corrections to quarkonia production and J/psi production  
       beyond QCD factorisation is justified  

✓    New class of measurements of forward-central correlations both in pp  
       and pA feasible at both RHIC experiments is proposed 

✓    These observables enable to probe with high precision such QCD  
       aspects as BFKL evolution, QCD factorisation, proton structure  
       at low and large x, quarkonia production mechanisms and  
       (potentially) polarisation and CNM effects 

✓    The proposed measurement provides a good way to reduce backgrounds 
       and uncertainties in studies of quarkonia production in pp/pA and thus 
       allows to test higher order effects in pQCD at RHIC and disentangle them 
       from e.g. CGC and other multi-particle effects.
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