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We present a twist expansion of differential cross sections of the forward
Drell–Yan process at the high energies. The expansion of all invariant
form factors is performed assuming Golec-Biernat and Wüsthof (GBW)
saturation model and the saturation scale plays the role of the hadronic
scale of Operator Product Expansion (OPE). Some explicit predictions for
LHC experiments are given. It is shown also how the Lam–Tung relation
is broken at twist 4 what provides a sensitive probe for searching of higher
twists.
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1. Introduction

The Large Hadron Collider (LHC) opens new kinematic regions in high
energy physics. The most promising process at the LHC for investigating
QCD effects for small Bjorken-x (' 10−6) and moderate energy scales is a
forward Drell–Yan (DY) scattering. Such a small x at parton density scale
µ2 > 6 GeV2 is about two orders of magnitude smaller than in measurements
at HERA. Due to the forward kinematics of the process, the LHCb detector
is the most suitable for those measurements [1].

The angular distribution of DY lepton–antilepton pairs may be param-
etrized in terms of four independent structure functions. There are two pos-
sible choices of these functions [2]. Lorentz-invariant structure functions are
basic ones. For our purpose, more convenient are so-called helicity structure
functionsWL,WT,WTT,WLT. In this approach, one contracts both hadronic
and leptonic tensors with virtual photon polarization vectors (PPVs). Then,
the leptonic degrees of freedom reduce to an angles Ω = (θ, φ) in lepton pair
center-of-mass frame. W structure functions correspond to the hadronic
degrees of freedom.
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The inclusive DY cross section is given by the formula

dσ

dxFdM2dΩd2q⊥
=

α2
emσ0

2(2π)4M4

[
WL

(
1− cos2 θ

)
+WT

(
1 + cos2 θ

)
+WTT

(
sin2 θ cos 2φ

)
+WLT (sin 2θ cosφ)

]
, (1)

where xF is a fraction of projectile’s longitudinal momentum taken by virtual
photon, M is an invariant mass of leptons pair, q⊥ is transverse momentum
of virtual photon and the constant σ0 gives the dimension.

Helicity structure functions, in contrast to invariant ones, depend on the
choice of axes in lepton pair center-of-mass frame. Here, the most conve-
nient one is the so-called t-channel helicity frame (see [2] for the detailed
definition).

2. Inclusive cross section for forward Drell–Yan

In Fig. 1, we plot leading diagrams for the forward Drell–Yan scattering
in hadron–hadron collisions. They are dominant due to the large gluon
density at small longitudinal momentum fraction of one hadron (x1 < 10−5).
The most convenient frame for calculating these diagrams is such that target
(proton with small x) is at rest. In this frame, the energy of projectile, E,
is much larger than other scales (such as M or q⊥) and we can drop in
calculations non-leading terms in 1/E expansion.

Fig. 1. Dominant diagrams for forward Drell–Yan process in target rest frame.
Photon carries xF part of projectile’s momentum. M2 is photon’s virtuality and
the square of invariant mass of lepton–antilepton pair. Transverse momenta of
photon and gluon are denoted as q⊥ and kT, respectively.

To calculate the diagrams from Fig. 1, we apply kT-factorization frame-
work, then the differential cross-section can be written it the following way:

dσ

dxFdM2dΩd2q⊥
=

αemαs

6π(P1 P2)2 M2

1∫
xF

dz
1

1− z
℘(xF/z)

x2F

×
∫
d2kT/k

4
T f

(
x̄g, k

2
T

)
Lττ

′
(Ω)Φ̃ττ ′(q⊥, kT, z) , (2)
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where ℘(xF/z) is a pdf for projectile P2, f(x̄g, k
2
T) is an unintegrated gluon

density of target P1, Lττ
′
(Ω) is a lepton tensor contracted with PPV which

reduces to angular coefficients from (1), the impact factor Φ̃ττ ′(q⊥, kT, z)
is a square of hard amplitudes of diagrams (describing emission of virtual
photon).

For our purpose, it is convenient to use the color dipole model in which
the unitegrated gluon density f(x̄g, k

2
T) in (2) is replaced by an (equivalent in

the leading logarithmic approximation) color dipole cross section σ̂(r) [3–5]∫
d2kT/k

4
T f

(
x̄g, k

2
T

)
Φ̃ (q⊥, kT, z)→

∫
d2r σ̂(r)Φ(q⊥, r, z) . (3)

To perform twist expansion of helicity structure functions, we follow
methods developed in Refs. [6–8] and apply the Mellin transformation. Then,
(1) is given by

Wi =

1∫
xF

dz ℘(xF/z)

∫
C

ds

2πi

(
z2Q2

0

M2(1− z)

)s
σ̃(−s)Φ̂i(q⊥, s, z) , (4)

where σ̃(−s) and Φ̂i(q⊥, s, z) are Mellin transforms of dipole cross section
and impact factor. For the details, see [9], in particular expressions for
Φ̂i(q⊥, s, z).

3. Twist expansion

In formula (4), we have explicitly three energy scales: saturation scale
Q0 (coming from dipole cross section σ̂) which is a soft scale and two semi-
hard scales: M and q⊥. OPE is here given in terms of positive powers of
the Q0.

In order to perform twist expansion, one should choose a model of the
dipole cross section σ̂. We adopt the Golec-Biernat and Wüsthoff model [10]
which was proven to be successful in description of Deep Inelastic Scattering
(DIS) and diffractive DIS data from HERA.

Mellin transform of such function is particularly simple σ̃(−s)=−σ0Γ (−s)
and integral (4) is a sum of infinite number of residues which are propor-
tional to Q2k

0 with k = 1, 2, . . . Expressions for twist two W (2)
i and twist

four W (4)
i for all structure functions are given in [9].

To compare the twists, it is useful to introduce averaged cross section
over the angles (at the leading twist)

〈σ〉 =
1

4π

∫
dΩ

dσ

dxFdM2dΩd2q⊥
≡ 2

3

(
W

(2)
L + 2W

(2)
T

)
. (5)
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In Fig. 2, we show twists 2 (left) and 4 (right) divided by 〈σ〉. They are
plotted as functions of lepton-pair transverse momentum qT for fixed pair
mass M2 = 6 GeV2, which might be reachable at the LHCb experiment [1].
It can be seen that the WT is a dominant structure function at twist 2. The
same is at twist 4 for large qT, however, for small transverse momentum
W

(4)
L is larger. One should note that around qT ≈ 2 GeV twists 4 start to be

very large. This is, however, a region where qT ≈ Q0 and twist expansion
breaks.
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Fig. 2. Left: twist 2 divided by averaged cross section 〈σ〉 as a function of photon
transverse momentum qT for all helicity structure functions. Right: the same for
twist 4. Both plots for M2 = 6 GeV2 and xF = 0.1.

In Fig. 3, we plot ratios of twist 4 to twist 2. It can be seen that the
largest contribution to non-leading twist is forWL — up to 20% for small qT.
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Fig. 3. Twist 4 divided by twist 2 as a functions of photon transverse momentum
qT for all helicity structure functions. M2 = 6 GeV2 and xF = 0.1.
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4. Lam–Tung relation

For experimental searches of higher twists, the most interesting are quan-
tities that vanish at the leading twist and are nonzero at higher twists. In
the DY process, such a quantity might be constructed using the Lam–Tung
relation [11,12]

∆
(2)
LTT ≡W

(2)
L − 2W

(2)
TT = 0 . (6)

At the next-to-leading twist, namely twist 4, relation is broken (see [9]). It is
also violated by higher order QCD corrections, however, at the very small x,
the contribution coming from higher twists is sizable comparing to them.

In Fig. 4, we plot ∆(4)
LTT ≡W

(4)
L −2W

(4)
TT divided by 〈σ〉 (5) as a function

of qT for different massesM2. For the comparison, we plot also leading twist
of WL (black dotted line). We see that for small transverse momentum, the
ratio ∆(4)

LTT/W
(2)
L could be around 20%.
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Fig. 4. Ratio ∆(4)
LTT/ 〈σ〉 as a function of qT for three masses M2. For comparison:

leading twist of WL divided by 〈σ〉.

5. Conclusions and outlook

The forward Drell–Yan scattering is a promising process for searching
of higher twists at the LHC. Here, we presented several plots with predic-
tions for higher twists based on the GBW model. In particular, the quantity
WL − 2WTT should be very useful for searches of higher twists since it is
nonzero only at the next-to-leading twist. For the experimental searches, it
is essential to measure precise angular distribution at low mass and trans-
verse momentum of lepton pair. Then, as we showed, non-leading twists
contribution could be around 20%.
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