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Abstract. In recent papers [1, 2], two new ways have been proposed to probe
the linear polarization of gluons in unpolarized proton: using the azimuthal
asymmetries and Callan-Gross ratio in heavy-quark pair leptoproduction, lN →
l′QQ̄X. In this talk, we discuss in details the sensitivity of the QCD predictions
for the azimuthal cosϕ and cos 2ϕ asymmetries to the contribution of linearly
polarized gluons inside unpolarized proton, where the azimuth ϕ is the angle
between the lepton scattering plane (l, l′) and the heavy quark production plane
(N,Q). Our analysis shows that the azimuthal distributions under consideration
vary from 0 to 1 depending on the value of the gluonic counterpart of the Boer-
Mulders function, h⊥g1 . We conclude that the cosϕ and cos 2ϕ asymmetries in
heavy-quark pair production in DIS processes are predicted to be large in wide
kinematic ranges and sensitive to the contribution of linearly polarized gluons.

1 Introduction

Transverse momentum dependent (TMD) distributions of the transversely polarized quarks,
h⊥q

1 (ζ,~k2
T ), and linearly polarized gluons, h⊥g1 (ζ,~k2

T ), in an unpolarized nucleon play an espe-
cial role in the studies of the spin-orbit couplings of partons. Measurements of these quanti-
ties could clarify in details the proton spin decomposition puzzle.

The h⊥q
1 and h⊥g1 densities have been introduced in [3] and [4], respectively. Contrary

to its quark counterpart (i.e. so-called Boer-Mulders function h⊥q
1 ) the gluon TMD distribu-

tion, h⊥g1 , is T - and chiral-even and thus can directly be probed in certain electroproduction
experiments.

In [5–7], it was proposed to probe the h⊥g1 density using the azimuthal correlations in
heavy-quark pair (and dijet) production in unpolarized electron–proton DIS. 1 The complete
angular structure of the QQ̄ production cross section has been obtained in terms of seven
azimuthal modulations. However, only two of these modulations are really independent [8].
In [1], the leading order (LO) QCD predictions for the cosϕ and cos 2ϕ distributions have
been provided, where ϕ is the heavy quark (or anti-quark) azimuthal angle. It was shown that
these azimuthal asymmetries (AAs) are expected to be large in wide kinematic ranges and
very sensitive to the function h⊥g1 . For this reason, measurements of the AAs at the proposed

∗e-mail: nikiv@yerphi.am
1The opportunities to measure the function h⊥g1 in unpolarized hadron-hadron collisions are discussed in [9].
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EIC [10] and LHeC [11] colliders seem to be very promising for determination of the linear
polarization of gluons inside unpolarized proton.

In the present talk, we discuss in details the pQCD predictions for the cosϕ and cos 2ϕ
asymmetries in charm and bottom pair leptoproduction. In particular, the p⊥- and z - distri-
butions of the AAs at LHeC energies are considered.

2 Production cross section

In [5–7], the contribution of the linearly polarized gluons to the reaction

l(`) + N(P)→ l′(` − q) + Q(pQ) + Q̄(pQ̄) + X(pX) (1)

with unpolarized initial states has been studied. To probe the TMD distributions, we need
to measure (reconstruct) the momenta of both heavy quark and anti-quark, ~pQ and ~pQ̄ in the
process (1). To describe the contributions of TMD densities, the sum and difference of the
transverse heavy quark momenta are used,

~K⊥ =
1
2

(~pQ⊥ − ~pQ̄⊥), ~qT = ~pQ⊥ + ~pQ̄⊥, (2)

in the plane perpendicular to the direction of the target and the exchanged photon. The
azimuthal angles of ~K⊥ and ~qT are denoted by φ⊥ and φT , respectively.

Following [5–7], we use the approximation when ~q2
T �

~K2
⊥, ~p2

Q⊥ ' ~p2
Q̄⊥
' ~K2

⊥, and the
outgoing heavy quark and anti-quark are almost back-to-back in the transverse plane, see
Fig. 1.
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Figure 1. Definition of the azimuthal angles ϕQ and ϕQ̄ in the nucleon rest frame

The contribution of the photon-gluon fusion mechanism to the reaction (1) has the fol-
lowing factorized form:

dσ ∝ L(`, q) ⊗ Φg(ζ, kT ) ⊗
∣∣∣Hγ∗g→QQ̄X(q, kg, pQ, pQ̄)

∣∣∣2 , (3)

where Lαβ(`, q) = −Q2gαβ+2(`α`′β+`β`′α) is the leptonic tensor and Hγ∗g→QQ̄X(q, kg, pQ, pQ̄)
is the amplitude for the hard partonic subprocess. The symbol ⊗ stands for appropriate con-
volutions: the phase space integration and traces over the color and Dirac indices.
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Information about parton densities in unpolarized nucleon is formally encoded in corre-
sponding TMD parton correlators. In particular, the gluon correlator is usually parameterized
as [4]

Φ
µν
g (ζ, kT ) ∝ −gµνT f g1

(
ζ,~k2

T
)

+

gµνT − 2
kµT kνT
k2

T

 ~k2
T

2m2
N

h⊥g1
(
ζ,~k2

T
)
, (4)

where mN is the nucleon mass,

g
µν
T = gµν −

Pµnν + Pνnµ

P · n
, nµ =

qµ + xPµ

P · q
, r =

~k2
T h⊥g1

2m2
N f g1

. (5)

In Eq. (5), the tensor −gµνT is (up to a factor) the density matrix of unpolarized gluons. The
TMD distribution h⊥g1

(
ζ,~k2

T
)

describes the contribution of linearly polarized gluons. The

degree of their linear polarization is determined by the quantity r =
~k2

T h⊥g1
2m2

N f g1
. In particular, the

gluons are completely polarized along the ~kT direction at r = 1, ~kg = ζ ~P + ~kT .
The LO predictions for the azimuth-dependent cross section of the reaction (1) can be

written as [1]

d6σ

dy dx dz d~K2
⊥d~q2

T dϕ
=

e2
Qα

2
emαs

8 S̄ 2

f g1 (ζ, ~q2
T )B̂2

y3x ζz (1 − z)

{ [
1 + (1 − y)2

] 1 − 2r
B̂h

2

B̂2

 − y2 B̂L

B̂2

1 − 2r
B̂h

L

B̂L


+ 2(1 − y)

B̂A

B̂2

1 − 2r
B̂h

A

B̂A

 cos 2ϕ + (2 − y)
√

1 − y
B̂I

B̂2

1 − 2r
B̂h

I

B̂I

 cosϕ
}
, (6)

where eQ is the heavy quark charge; x, y and Q2 are the usual Bjorken variables; S̄ = 2 ` · P,
z =

pQ·P
q·P , ζ =

q·pQ

q·P and ϕ is the heavy quark azimuth, ϕ = ϕQ.
The coefficients B̂i (i = 2, L, A, I) originate from the contribution of unpolarized gluons,

while the quantities B̂h
i are associated with the function h⊥g1 . The LO results for B̂i and B̂h

i
(i = 2, L, A, I) are presented in [1].

3 Azimuthal cos 2ϕ asymmetry

Let us first consider the cos 2ϕ distribution in the case when the unpolarized gluons only con-
tribute to the reaction (1), i.e. for r = 0. At y � 1 and fixed values of Q2, the corresponding
asymmetry is:

Acos 2ϕ(z, ~K2
⊥) ' B̂A

/
B̂2. (7)

As shown in [1], the function Acos 2ϕ(z, ~K2
⊥) has an extremum at z = 1/2 and ~K2

⊥ = m2 +

Q2/4, where m is the heavy-quark mass. This maximum value is: Acos 2ϕ(z = 1/2, ~K2
⊥ =

m2 + Q2/4) = 1
3 . This implies that the maximum value of the azimuthal cos 2ϕ asymmetry is

the same for both charm and bottom quarks at arbitrary values of Q2.
The LO predictions for the asymmetry Acos 2ϕ(K⊥) ≡ Acos 2ϕ(z = 1/2,K⊥) in charm and

bottom production as a function of K⊥ =
∣∣∣~K⊥∣∣∣ at several values of Q2 are presented in Fig. 2.2

One can see from Fig. 2 that sizable values for the cos 2ϕ asymmetry are expected in wide
regions of K⊥ and Q2.

The quantity Acos 2ϕ(z) ≡ Acos 2ϕ(z,K2
⊥ = m2 + Q2/4) in heavy-quark leptoproduction as a

function of z at several values of λ = m2/Q2 is presented in Fig. 3 (left panel). One can see
that this distribution is practically independent of Q2 for both charm and bottom quarks.

2We use mc = 1.25 GeV and mb = 4.5 GeV.
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Figure 2. Azimuthal cos 2ϕ asymmetry Acos 2ϕ(K⊥) ≡ Acos 2ϕ(z = 1/2,K⊥) in charm (left panel) and
bottom (right panel) production as a function of K⊥ =

∣∣∣~K⊥∣∣∣ at several values of Q2

Figure 3. Left panel: azimuthal cos 2ϕ asymmetry Acos 2ϕ(z) ≡ Acos 2ϕ(z,K2
⊥ = m2 + Q2/4) in heavy-

quark leptoproduction as a function of z at several values of λ = m2/Q2. Right panel: maximum value
of the cos 2ϕ asymmetry with the contribution of linearly polarized gluons, Ah

cos 2ϕ(r), as a function of r

Let us now discuss the contribution of the linearly polarized gluons to the cos 2ϕ distribu-
tion. In this case, the corresponding asymmetry, containing the contributions of both f g1 and
h⊥g1 densities, is a function of three variables:

Ah
cos 2ϕ(z, ~K2

⊥, r) '
B̂A

B̂2

1 − 2rB̂h
A
/
B̂A

1 − 2rB̂h
2
/
B̂2
. (8)

Our analysis shows that the function Ah
cos 2ϕ(z, ~K2

⊥, r) has a maximum at z = 1/2 and ~K2
⊥ =

m2 + Q2/4 for all values of r in the interval −1 ≤ r ≤ 1. We find [1]

Ah
cos 2ϕ(r) ≡ Ah

cos 2ϕ(z = 1/2, ~K2
⊥ = m2 + Q2/4, r) =

1 + r
3 − r

. (9)

One can see from Eq. (9) that the maximum value of the cos 2ϕ asymmetry with the contribu-
tion of linearly polarized gluons is a simple function of only variable r (i.e. it is independent
of m2 and Q2). The function Ah

cos 2ϕ(r) is depicted in Fig. 3 (right panel) where its strong
dependence on the variable r is seen.
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4 Azimuthal cos ϕ asymmetry

The azimuthal cosϕ asymmetry due to the contribution of unpolarized gluons only has the
following form:

Acosϕ(z, ~K2
⊥) ' B̂I

/
B̂2. (10)

Contrary to the cos 2ϕ distribution, the quantity Acosϕ(z, ~K2
⊥) is an alternating function of both

z and ~K2
⊥. In particular, Acosϕ(z, ~K2

⊥) = −Acosϕ(1 − z, ~K2
⊥) and

∫
dz Acosϕ(z, ~K2

⊥) = 0.
Our analysis shows that the function (10) has four extrema in the physical region of z and

~K2
⊥: two maxima and two minima. We describe the extrema points in the (z, k̂2) plane with the

help of four functions of λ: z± ≡ z±(λ) and k̂2
± ≡ k̂2

±(λ), where k̂2 ≡
K2
⊥

Q2 and λ ≡ m2

Q2 . The cosϕ
asymmetry takes its maximum and minimum values at (z±, k̂2

±) and (z±, k̂2
∓), respectively.

Exact results for the functions z±(λ) and k̂2
±(λ) at arbitrary λ are presented in [1]. At high

Q2 � m2, we have

z±(λ→ 0) '
{

0.841
0.159

, k̂2
±(λ→ 0) '

{
0.707
0.025

. (11)

The K⊥- behavior of the cosϕ asymmetry, A(±)
cosϕ(K⊥) ≡ Acosϕ(z = z±,K⊥), has been con-

sidered in details in [1]. In Fig. 4 (left panel), we present the quantity A(+)
cosϕ(z) ≡ Acosϕ(z,K⊥ =

Q2k̂2
+) as a function of z at several values of Q2. One can see that the maximum and minimum

values of the asymmetry grow with Q2.
At arbitrary m2 and Q2, the quantities Acosϕ(z = z±, ~K2

⊥ = k̂2
±Q2) are complicated functions

of λ which take their maximum and minimum values at λ→ 0:

Acosϕ(z = z+, ~K2
⊥ = Q2k̂2

±) = −Acosϕ(z = z−, ~K2
⊥ = Q2k̂2

±) λ→0
= ±

√
3 − 1
2

' ±0.366. (12)

So, this value of the cosϕ asymmetry, (
√

3− 1)/2, is the maximal one allowed by the photon-
gluon fusion with unpolarized initial gluons.

Let us now consider the contribution of the linearly polarized gluons inside unpolarized
nucleon to the cosϕ distribution. The corresponding asymmetry, containing the contributions
of both f g1 and h⊥g1 densities, is described by

Ah
cosϕ(z, ~K2

⊥, r) '
B̂I

B̂2

1 − 2rB̂h
I
/
B̂I

1 − 2rB̂h
2
/
B̂2
. (13)

We denote the values of this function at (z±, k̂2
±) and (z±, k̂2

∓) as Ah(+)
cosϕ(r) and Ah(−)

cosϕ(r), respec-
tively:3

Ah(+)
cosϕ(r) ≡ Ah

cosϕ(z = z±, ~K2
⊥ = Q2k̂2

±, r), Ah(−)
cosϕ(r) ≡ Ah

cosϕ(z = z±, ~K2
⊥ = Q2k̂2

∓, r). (14)

Contrary to the quantity Ah
cos 2ϕ(r) given by Eq. (9), the functions Ah(±)

cosϕ(r) depend explicitly
on λ. For high Q2 � m2, we have

Ah(±)
cosϕ(r) λ→0

= ±

(√
3 − 1

) (
1 − r

)
2 − r

(
1 − 2

/√
3
) . (15)

3At the same values of λ, Ah(−)
cosϕ(r) = −Ah(+)

cosϕ(r).

, 0 (201E Web of Conferences https://doi.org/10.1051/e onf /201920402006PJ pjc9)204
Baldin ISHEPP XXIV

2006 

5



Figure 4. Left panel: cosϕ asymmetry due to the contribution of unpolarized gluons only, A(+)
cosϕ(z) ≡

Acosϕ(z,K⊥ = Q2k̂2
+), as a function of z at several values of Q2. Right panel: cosϕ asymmetry with the

contribution of linearly polarized gluons, Ah(+)
cosϕ(r) ≡ Ah

cosϕ(z = z±, ~K2
⊥ = Q2k̂2

±, r), as a function of r at
several values of λ

In Fig. 4 (right panel), the cosϕ asymmetry with the contribution of linearly polarized
gluons, Ah(+)

cosϕ(r) ≡ Ah
cosϕ(z = z±, ~K2

⊥ = Q2k̂2
±, r), is depicted as a function of r at several

values of λ. One can see from Fig. 4 strong dependence of the asymmetry on both r and
λ. In particular, the upper bound on the absolute value of the function Ah(+)

cosϕ(r) is equal to
2(
√

3−1)
3−2/

√
3
' 0.793 (the case of r → −1 and λ→ 0), while the lower bound vanishes (the case of

r → 1).

5 Conclusion

Our main conclusion is that both the cosϕ and cos 2ϕ asymmetries in heavy-quark pair lep-
toproduction could be good probes of the linear polarization of gluons inside unpolarized
nucleon. First, these asymmetries are predicted to be large within pQCD: maximal values al-
lowed by the photon-gluon fusion with unpolarized gluons (i.e. when h⊥g1 = 0) are (

√
3 − 1)/2

and 1/3, respectively. Second, the azimuthal distributions are very sensitive to the linear po-
larization of gluons: maximum values of both cosϕ and cos 2ϕ asymmetries vary from 0 to 1
depending on h⊥g1 .

Unfortunately, the AAs in heavy-quark electroproduction are presently unmeasured. At
the same time, the cos 2ϕ asymmetry is well defined in 1PI kinematics within pQCD: it is
stable both perturbatively and parametrically [12, 13]. For this reason, it seems to be good
probe of the heavy-quark densities [14, 15] (both intrinsic [16] and perturbative [17]) and
linearly polarized gluon distribution, h⊥g1 , in unpolarized proton [1].
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