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We demonstrate that current experimental data on γ/Z0 and heavy quarkonium production in pp
collisions at RHIC and LHC energies can be described by the color dipole formalism. Three
different phenomenological models based on saturation physics are used to estimate the Drell-
Yan (DY) dilepton spectra in such processes. In order to further constrain QCD dynamics we
suggest to measure the azimuthal correlation function C(∆φ) between mid-rapidity DY pairs and
central/forward pions. On the other hand, this is a key background for C-odd heavy quarkonia
(e.g. J/ψ and ϒ) production at high pT ’s which can be accompanied by a high-pT hadron from
fragmentation of an additional gluon according to the Color-Singlet model (CSM). As a first step,
we have estimated the transverse momentum distributions J/ψ and ϒ in the dipole CSM and
found a reasonable agreement with data at various energies. Similarly to the DY case we suggest
to study correlations between a high-pT jet and J/ψ or ϒ in the dilepton channel at mid-rapidities.
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Study of dynamics of colored partons at small/medium momentum transfers is one of the im-
portant frontiers of Quantum Chromo Dynamics (QCD) today. The DY pair production process in
pp/pA/AA collisions is a prominent tool in studies of strong interaction dynamics in an extended
kinematical range of energies and rapidities (for a recent review see, e.g. Ref. [1]). In particu-
lar, such a process directly probes the parton distribution functions (PDFs) as well as soft QCD
dynamics and non-linear effects.

On the other hand, the DY process is a background process in studies of production of such
heavy quarkonia as J/ψ and ϒ in the dilepton decay channel. The latter serves as an efficient probe
for non-perturbative properties of the color medium. A detailed study of production mechanisms
of heavy quark pair in different color and parity states resulting in χc, J/ψ , ψ ′, etc. is of particular
interest and has been discussed in many articles so far (see e.g. Refs. [2, 3]). Despite a large variety
of different approaches, a universality between corresponding descriptions remains questionable,
especially, when it concerns an underlying QCD production mechanism for C-odd states such as
J/ψ , ψ ′ and ϒ.

Since both types of the processes, virtual gauge γ∗/Z0 boson and heavy quarkonia production,
are typically studied in the DY channel, we propose to investigate their common signatures, in
particular, the pT spectra and azimuthal dilepton-leading hadron correlations on the same footing.
For this purpose, we employ the phenomenological color dipole approach which effectively takes
into account the major part of the higher-order QCD corrections [4]. At high energies, color dipoles
with a definite transverse separation are eigenstates of interaction. The main ingredient of the dipole
formalism is the process-independent universal dipole-target scattering cross section. It can thus
be determined phenomenologically, for example, from the Deep Inelastic Scattering (DIS) data [5].
The dipole approach is formulated in the target rest frame where the DY process can be viewed as a
bremsstrahlung of a virtual γ∗/Z0 boson off a projectile quark line [6, 7]. In the high-energy limit,
the projectile quark looses a small fraction of its momentum and can further fragment into a forward
leading hadron, e.g. a pion, which can then be efficiently detected at RHIC Run II experiment in
the π0 → 2γ channel. Such an important observable as the correlation function in azimuthal angle
between the forward pion and the mid-rapidity dilepton is sensitive to the saturation effects and
thus probes the properties of the dense gluonic field in the target [8, 9, 10].

The differential cross section for inclusive γ , Z0 production with invariant mass M and trans-
verse momentum pT is expressed in terms of the projectile quark (antiquark) densities qf (q̄ f )

dσ(pp → G∗X)

d2 pT dxF
=

x1

x1 + x2
∑
f , f̄

∑
λG=L,T

∫ 1

x1

dα
α2 qf (x1/α ,µ2

F)
dσ f

λG
(qN → qG∗X)

d lnαd2 pT
(1)

where xF = x1 − x2 is the Feynman variable, α and x1 are the light-cone momentum fractions
carried by the gauge G = γ , Z0 boson off the projectile (anti)quark and proton, respectively, µ2

F =

p2
T +(1− x1)M2 ≃ M2 is the factorization scale in quark PDFs. The dilepton cross section is then

related to the inclusive G = γ , Z0 production cross section (1) as follows

dσ(pp → [G∗ → ll̄]X)

d2 pT dM2dxF
= FG(M)

dσ(pp → G∗X)

d2 pT dxF
, (2)

where

Fγ(M) =
αem

3πM2 , FZ(M) = Br(Z0 → ll̄)ρZ(M) . (3)
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Here, the branching ratio Br(Z0 → ll̄)≃ 0.101, and ρZ(M) is the invariant mass distribution of the
Z0 boson in the narrow width approximation

ρZ(M) =
1
π

MΓZ(M)

(M2 −m2
Z)

2 +[MΓZ(M)]2
, ΓZ(M)/M ≪ 1 , (4)

in terms of the on-shell Z0 boson mass, mZ ≃ 91.2 GeV, and the generalized total Z0 decay width

ΓZ(M) =
αemM

6sin2 2θW

(160
3

sin4 θW −40sin2 θW +21
)
, (5)

where θW is the Weinberg gauge boson mixing angle in the SM, sin2 θW ≃ 0.23, and αem =

e2/(4π) = 1/137 is the fine structure constant.
In the framework of the dipole approach, the gauge boson transverse momentum distribution

can be obtained by a straightforward generalization of the well-known formulas for the photon
bremsstrahlung [7, 11]. For a given incoming quark flavour f it reads

dσ f
T,L(qN → qG∗X)

d lnαd2 pT
=

1
(2π)2 ∑

quark pol.

∫
d2ρ1d2ρ2eipT ·(ρρρ1−ρρρ2) ΨV−A

T,L (α ,ρρρ1,m f )ΨV−A,∗
T,L (α ,ρρρ2,m f )

× 1
2
[σqq̄(αρρρ1,x2)+σqq̄(αρρρ2,x2)−σqq̄(α |ρρρ1 −ρρρ2|,x2)] , (6)

where ΨV,A
T,L are the vector (V) and axial (A) distribution amplitudes for the bremsstrahlung q →

q+G with transversely (T) and longitudinally (L) polarised gauge boson (found e.g. in Ref. [10]),
respectively, ρρρ1 and ρρρ2 are the quark-G transverse separations in the total radiation amplitude and
its conjugated counterpart, respectively, σqq̄(r,x2) is the universal dipole cross section known from
phenomenology.

(1)

(4) (6)

(2)

(5)

(3)

Figure 1: The leading-order contributions to the C-odd S-wave (e.g. J/ψ , ψ ′ and ϒ) quarkonia production.

Moving now to the heavy quarkonia production let us note that replacement of virtual photon
with a gluon allows us to describe it as a process when the projectile hadron develops a fluctuation
which contains a heavy quark pair QQ̄. Interaction with the color field of the target proton (nucleus)
then may release these heavy quarks [12]. Leading order contribution to C-odd S-wave quarkonium
production is shown on Fig. 1. The extra gluon emission off the produced heavy quark QQ̄ pair
which is needed to prepare {QQ̄}1+ state goes beyond simple Born approximation valid for P-wave
quarkonia and open charm production. In analogy to the gauge boson production cross section (6),
the corresponding Born amplitudes for the G → {QQ̄}1+ +G fluctuation (where QQ̄ is in the C-odd
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state) can be straightforwardly generalised to the dipole formula (dipole CSM). For that purpose,
it is sufficient to assume that the radiated gluon fraction α3 is small compared to the charm quark
fraction α in the quarkonium wave function, i.e. α3 ≪ α , as was done in Ref. [13].
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Figure 2: The transverse momentum distributions of Z0 bosons in pp collisions at
√

s = 1.96 TeV (left
panel) and 7 TeV (right panel) versus data from the D0 [14] and CMS [15] Collaborations. The CT10 PDFs
[16] were used.

In what follows, we consider two distinct phenomenological models taking into account the
DGLAP evolution of the gluon PDF in the target as well as the saturation effects. The BGBK
dipole cross section proposed in Ref. [17] reads

σqq̄(ρ ,x) = σ0

[
1− exp

(
− π2

σ0Nc
ρ2αs(µ2)xg(x,µ2)

)]
, (7)

where Nc = 3 is the number of colors, αs(µ2) and xg(x,µ2) are the strong coupling constant and
the gluon PDF, respectively, determined at the scale µ2 which is related to the dipole size ρ as
µ2 = C/ρ2 + µ2

0 , with C, µ0 and σ0 parameters fitted to HERA data. The gluon density at initial
scale µ2

0 is parametrized as
xg(x,µ2

0 ) = Agx−λg(1− x)5.6 . (8)

The best fit values of the model parameters are the following: Ag = 1.2, λg = 0.28, µ2
0 = 0.52

GeV2, C = 0.26 and σ0 = 23 mb. The second version called IP-SAT is a generalization of the
BGBK cross section accounting for the impact parameter dependence in Ref. [18]. Finally, the DY
cross sections results of the BGBK and IP-SAT models are compared to the corresponding GBW
predictions [5].

Let us turn to a discussion of numerical results. In Fig. 2 we present our predictions for the
dilepton pT distribution of Z0 bosons in pp/pp̄ collisions at Tevatron

√
s = 1.96 TeV (left panel)

and 7 TeV (right panel). At large pT > 5 GeV the data are well described by the DGLAP-evolved
dipole models IP-SAT and BGBK, but not GBW. At low pT ’s the data are not described which may
indicate an importance of the Sudakov resummation and primordial transverse momentum effects
not accounted for in this calculation.

Now let us switch to investigation of the correlation function in pp collisions. Fig. 3 shows our
predictions for the azimuthal dilepton-pion correlation function C(∆φ) in the range of low invariant
masses dominated by the virtual photon channel, γ∗ → ll̄. The figure demonstrates that the double
peak structure emerges in pp collisions at RHIC and LHC energies considering different values
of the photon (central) and pion (forward) rapidities. The double-peak structure of C(∆φ) arises

4



P
o
S
(
E
P
S
-
H
E
P
2
0
1
5
)
1
9
1

Dilepton in association with leading hadron Michal Šumbera

0

5e-06

1e-05

1.5e-05

2e-05

2.5e-05

3e-05

π
2 π 3π

2

C
(∆

φ
)

∆φ

Y = 0 and yπ = 3

pT , pπT > 1.5 GeV √
s = 200 GeV

µF = M

M = 2 GeV
M = 4 GeV

0

1e-05

2e-05

3e-05

4e-05

5e-05

6e-05

7e-05

8e-05

π
2 π 3π

2

C
(∆

φ
)

∆φ

Y = 0 and yπ = 3

pT , pπT > 1.5 GeV √
s = 500 GeV

µF = M

M = 2 GeV
M = 4 GeV

Figure 3: The correlation functionC(∆φ) for the the associated DY pair and pion production in pp collisions
at RHIC (

√
s = 200, 500 GeV) for different values of the photon and pion rapidities. The GBW model is

used here. Constraints on dilepton pT and rapidity Y and on pion pπ
T and rapidity yπ are indicated.
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Figure 4: The transverse momentum distributions of the J/ψ → µ+µ− (top row) and ϒ → µ+µ− (bottom
row) versus data from the STAR [19] and CMS [20] collaborations for prompt J/ψ uproduction and from
Tevatron [21] and ATLAS [22] collaborations for ϒ production, respectively. The GBW model is used here.

only for pions at large forward rapidities, where the saturation scale takes values of the order of the
dilepton invariant mass. At the same time, the width of a double peak arround ∆φ ≃ π is strongly
correlated with the magnitude of the saturation scale Qs. It is important to emphasize that such
forward-central correlations can be experimentally studied by the STAR Collaboration in both pp
and pA collisions.

Finally, in Fig. 4 the preliminary results for the transverse momentum distributions of J/ψ
(upper row) and ϒ (lower row) in association with an unobserved (gluonic) jet in the dipole CSM
versus available data are shown for various energies. While the predicted shapes appeared to be
somewhat flatter than the data, an overall normalisation for both types of C-odd quarkonia and
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its energy dependence are well reproduced. A further more detailed analysis of the primordial
transverse momentum effects and other theory uncertainties is necessary.
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