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We show that the production of J/ψ or ϒ pairs in unpolarised pp collisions is currently the best process 
to measure the momentum distribution of linearly-polarised gluons inside unpolarised protons through 
the study of azimuthal asymmetries. Not only the short-distance coefficients for such reactions induce 
the largest possible cos 4φ modulations, but analysed data are already available. Among the various 
final states previously studied in unpolarised pp collisions within the TMD approach, di- J/ψ production 
exhibits by far the largest asymmetries, in the region studied by the ATLAS and CMS experiments. 
In addition, we use the very recent LHCb data at 13 TeV to perform the first fit of the unpolarised 
transverse-momentum-dependent gluon distribution.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

Probably one of the most striking phenomena arising from the 
extension of the collinear factorisation – inspired from Feynman’s 
and Bjorken’s parton model – to Transverse Momentum Depen-
dent (TMD) factorisation [1–4] is the appearance of azimuthal 
modulations induced by the polarisation of partons with nonzero 
transverse momentum – even inside unpolarised hadrons. In the 
case of gluons in a proton, which trigger most of the scatterings 
at high energies, this new dynamics is encoded in the distribu-
tion h⊥ g

1 (x, k2
T , μ) of linearly-polarised gluons [5]. In practice, they 

generate cos 2φ (cos 4φ) modulations in gluon-fusion scatterings 
where single (double) gluon-helicity flips occur. They can also alter 
transverse-momentum spectra, such as that of a H0 boson [6,7], 
via double gluon-helicity flips.

In this Letter, we show that di- J/ψ production, which among 
the quarkonium-associated-production processes has been the ob-
ject of the largest number of experimental studies at the LHC and 
the Tevatron [8–12], is in fact the ideal process to perform the 
first measurement of h⊥ g

1 (x, k2
T , μ). It indeed exhibits the largest 
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possible azimuthal asymmetries in regions already accessed by the 
ATLAS and CMS experiments where such modulations can be mea-
sured. Along the way of our study, we perform the first extraction 
of f g

1 (x, k2
T , μ) – its unpolarised counterpart – using recent LHCb 

data.

2. TMD factorisation for gluon-induced scatterings

TMD factorisation extends collinear factorisation by accounting 
for the parton transverse momentum, generally denoted by kT . It 
applies to processes in which a momentum transfer is much larger 
than |kT |, for instance at the LHC when a pair of particles (e.g.
two quarkonium states Q) is produced with a large invariant mass 
(MQQ) as compared to its transverse momentum (PQQ T ).

In practice, the gluon TMDs in an unpolarised proton with a 
momentum P and mass Mp are defined through the hadron cor-
relator �

μν
g (x, kT , μ) [5,13,14], parametrised in terms of two in-

dependent TMDs, the unpolarised distribution f g
1 (x, k2

T , μ) and the 
distribution of linearly-polarised gluons h⊥ g

1 (x, k2
T , μ) (see Fig. 1), 

where the gluon four-momentum k is decomposed as k = xP +
kT + k−n [n is any light-like vector (n2 = 0) such that n · P �= 0], 
k2

T = −k2
T and gμν

T = gμν − (Pμnν + Pνnμ)/P ·n and μ is the fac-
torisation scale.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. Representative Feynman diagram for p(P1) + p(P2) → Q(PQ,1) +Q(PQ,2) +
X via gluon fusion at LO in the TMD framework.

In the TMD approach and up to corrections suppressed by 
powers of the observed system transverse momentum over its 
invariant mass, the cross section for any gluon-fusion process 
(here g(k1) + g(k2) → Q(PQ,1) + Q(PQ,2)) can be expressed as 
a contraction and a convolution of a partonic short-distance con-
tribution, Mμρ , with two gluon TMD correlators evaluated at 
(x1, k1T , μ) and (x2, k2T , μ). Mμρ is simply calculated in pertur-
bative QCD through a series expansion in αs [15] using Feynman 
graphs (see Fig. 1).

Owing to process-dependent Wilson lines in the definition of 
the correlators which they parametrise, the TMDs are in general 
not universal. Physics wise, these Wilson lines describe the non-
perturbative interactions of the active parton – the gluon in our 
case – with soft spectator quarks and gluons in the nucleon before 
or after the hard scattering. For the production of di-leptons, γ γ , 
di-Q or boson-Q pairs via a Color-Singlet (CS) transitions [16–18]
– i.e. for purely colorless final states – in pp collisions, only initial-
state interactions (ISI) between the active gluons and the specta-
tors can occur. Mathematically, these ISI can be encapsulated [19]
in TMDs with past-pointing Wilson lines – the exchange can only 
occur before the hard scattering. Such gluon TMDs correspond to 
the Weizsäcker–Williams distributions relevant for the low-x re-
gion [20,21].

Besides, in lepton-induced production of colourful final states, 
like heavy-quark pair, dijet or J/ψ (via Colour Octet (CO) tran-
sitions or states) production [22–24], to be studied at a future 
Electron–Ion Collider (EIC) [25], only final-state interactions (FSI) 
take place. Yet, since f g

1 and h⊥ g
1 are time-reversal symmetric 

(T -even),1 TMD factorisation tells us that one in fact probes the 
same distributions in both the production of colourless systems 
in hadroproduction with ISI and of colourful systems in leptopro-
duction with FSI. In particular, one expects (see [29] for further 
discussions) that,

f g [γ 
 p→Q Q̄ X]
1 (x,k2

T ,μ) = f g [pp→QQX]
1 (x,k2

T ,μ),

h⊥,g [γ 
 p→Q Q̄ X]
1 (x,k2

T ,μ) = h⊥,g [pp→QQX]
1 (x,k2

T ,μ).

(1)

In practice, this means that one should measure these processes 
at similar scales, μ. The virtuality of the off-shell photon, Q , 
should be comparable to the invariant mass of the quarkonium 
pair, MQQ . If it is not the case, the extracted functions should be 
evolved to a common scale before comparing them.

1 Unlike other TMDs [26,27] such as the gluon distribution in a transversally po-
larised proton, also called the Sivers function [28].
Extracting these functions in different reactions is essential to 
test this universality property of the TMDs – akin to the well-
known sign change of the quark Sivers effect [19,30] –, in order 
to validate TMD factorisation.

3. Di-Q production & TMD factorisation

For TMD factorisation to apply, di-Q production should at least 
satisfy both following conditions. First, it should result from a 
Single-Parton Scattering (SPS). Second, FSI should be negligible, 
which is satisfied when quarkonia are produced via CS transi-
tions [15]. For completeness, we note that a formal proof of factori-
sation for such processes is still lacking. We also note that, in some 
recent works [31–33], TMD factorisation has been assumed in the 
description of processes in which both ISI and FSI are present. In 
that regard, as we discuss below, the processes which we consider 
here are safer.

The contributions of Double-parton-scatterings (DPSs) leading 
to di- J/ψ is below 10% for �y ∼ 0 in the CMS and ATLAS sam-
ples [11,34], that is away from the threshold with a PQT cut. In 
such a case, DPSs only become significant at large �y. In the LHCb 
acceptance, they cannot be neglected but can be subtracted [12]
assuming the J/ψ from DPSs to be uncorrelated; this is the stan-
dard procedure at LHC energies [35–41].

The CS dominance to the SPS yield is expected since each CO 
transition goes along with a relative suppression on the order of 
v4 [42–44] (see [45–47] for reviews) – v being the heavy-quark ve-
locity in the Q rest frame. For di- J/ψ production with v2

c � 0.25, 
the CO/CS yield ratio, scaling as v8

c , is expected to be below the 
per-cent level since both the CO and the CS yields appear at same 
order in αs , i.e. α4

s . This has been corroborated by explicit compu-
tations [34,48,49] with corrections from the CO states below the 
per-cent level in the region relevant for our study. Only in re-
gions where DPSs are anyhow dominant (large �y) [34,50,51] such 
CO contributions might become non-negligible because of spe-
cific kinematical enhancements [34] which are however irrelevant 
where we propose to measure di- J/ψ production as a TMD probe. 
We further note that the di- J/ψ CS yield has been studied up to 
next-to-leading (NLO) accuracy in αs [52–54] in collinear factorisa-
tion. The feed down from excited states is also not problematic for 
TMD factorisation to apply: J/ψ +χc production is suppressed [34]
and J/ψ + ψ ′ can be treated exactly like J/ψ + J/ψ . For di-ϒ, 
the CS yield should be even more dominant and the DPS/SPS ratio 
should be small.

Following [55], the structure of the TMD cross section for QQ
production reads

dσ

dMQQdYQQd2 PQQT d�
=

√
M2

QQ − 4M2
Q

(2π)28s M2
QQ

{
F1 C

[
f g
1 f g

1

]

+ F2 C
[

w2h⊥g
1 h⊥g

1

]
+ cos 2φCS

(
F3C

[
w3 f g

1 h⊥g
1

]

+ F ′
3C

[
w ′

3h⊥g
1 f g

1

])
+ cos 4φCS F4C

[
w4h⊥g

1 h⊥g
1

]}
, (2)

where d� = d cos θCSdφCS, {θCS, φCS} are the Collins–Soper (CS) an-
gles [56] and YQQ is the pair rapidity – PQQT and YQQ are 
defined in the hadron c.m.s. In the CS frame, the Q direction is 
along 	e = (sin θCS cosφCS, sin θCS sin φCS, cos θCS). The overall factor 
is specific to the mass of the final-state particles and the analysed 
differential cross sections, and the hard factors Fi depend neither 
on YQQ nor on PQQT . In addition, let us note that – away from 
threshold – cos θCS ∼ 0 corresponds to �y ∼ 0 in the hadron c.m.s., 
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that is our preferred region to avoid DPS contributions. The TMD 
convolutions in Eq. (2) are defined as

C[w f g] ≡
∫

d2k1T

∫
d2k2T δ2(k1T + k2T − PQQT )

× w(k1T ,k2T ) f (x1,k2
1T ,μ) g(x2,k2

2T ,μ) , (3)

where w(k1T , k2T ) are generic transverse weights and x1,2 =
exp[±YQQ] MQQ/

√
s, with s = (P1 + P2)

2. The weights in Eq. (2)
are identical for all the gluon-induced processes and can be found 
in [55].

4. The short-distance coefficients Fi

The factors Fi are calculable process by process and we re-
fer to [55] for details on how to obtain them from the helicity 
amplitudes. As such, they can be derived from the uncontracted 
amplitude given in [57]. For any process, F (′)

2,3,4 ≤ F1. For QQ pro-
duction, they read

F1 = N
DM2

Q

6∑
n=0

f1,n (cos θCS)
2n,

F2 = 243M2
QN

DM4
QQ

4∑
n=0

f2,n (cos θCS)
2n,

F ′
3 = F3 = −23(1 − α2)N

DM2
QQ

5∑
n=0

f3,n (cos θCS)
2n,

F4 = (1 − α2)2N
DM2

Q

6∑
n=0

f4,n (cos θCS)
2n, (4)

with α = 2MQ/MQQ , N = 2113−4(N2
c − 1)−2π2α4

s |RQ(0)|4, D =
M4

QQ(1 − (1 −α2) cos θ2
CS)

4 and where RQ(0) is the Q radial wave 
function at the origin and Nc = 3 . Note that the expressions are 
symmetric about θCS = π/2 since the process is forward-backward 
symmetric. The coefficient f i,n which are simple polynomials in 
α are given in the Appendix A. Like in collinear factorisation, the 
Born-order cross section scales as α4

s .
Both large and small QQ mass, MQQ , limits are very interest-

ing. Indeed, when MQQ becomes much larger than the quarko-
nium mass, MQ , one finds that, for cos θCS → 0,

F4 → F1 → 256N
M4

QQM2
Q

, (5)

F2 → 81M4
Q cos θ2

CS

2M4
QQ

× F1, (6)

F3 → −24M2
Q cos θ2

CS

M2
QQ

× F1. (7)

One first observes that F4 → F1, for cos θCS → 0 away from the 
threshold – where the CMS and ATLAS data lie. This is the most 
important result of this study and is, to the best of our knowledge, 
a unique feature of di- J/ψ and di-ϒ production. From this, it read-
ily follows that, for a given magnitude of h⊥g

1 , these processes will 
exhibit the largest possible cos 4φCS modulation, thus the highest 
possible sensitivity on h⊥g

1 .
One also observes that F2 (F3) scales like M−4

QQ (M−2
QQ) rela-

tive to F1 and F4. In other words, the modification of the PQQ T

dependence due to the linearly-polarised gluons encoded in F2

vanishes at large invariant masses. In fact, it is also small at thresh-
old, MQQ → 2MQ , where one gets:
F1 → 787N
16M6

Q
, F2 → 3F1

787
, F3,4 → 0. (8)

F2 can thus be neglected for all purposes in what follows.
Going back to the case where M2

QQ  4M2
Q , the mass scaling 

in Eq. (5) also indicates that the cos 4φCS modulation (double he-
licity flip) quickly takes over the cos 2φCS one (single helicity flip) 
and the cos θCS dependence indicates that F2,3 are suppressed near 
�y ∼ 0.

As such, and thanks to the collected di- J/ψ data, we con-
clude that this process is indeed the ideal one to extract the 
linearly-polarised gluon distributions. The previously studied γ γ
[58], H0 + jet [31], Q + γ [59], Q + γ 
 or Q + Z [55] processes 
show significantly smaller values of F4/F1, thus a strongly reduced 
sensitivity on h⊥g

1 .
Knowing the Fi and an observed differential yield, one can thus 

extract the various TMD convolutions of Eq. (3) from their az-
imuthal (in)dependent parts. When the cross section is integrated 
over φCS, the contribution from F3,4 drops out from Eq. (2) and 
only depends on C

[
f g
1 f g

1

]
and C

[
w2h⊥g

1 h⊥g
1

]
. To go further, we 

define cos nφCS [for n = 2, 4] weighted differential cross sections 
normalised to the azimuthally independent term as:

〈cosnφCS〉 =
∫

dφCS cosnφCS
dσ

dMQQdYQQd2 PQQT d�∫
dφCS

dσ
dMQQdYQQd2 PQQT d�

. (9)

It is understood that 〈cos nφCS〉 computed in a range of MQQ , 
YQQ , PQQT or cos θCS is the ratio of corresponding integrals. Us-
ing Eq. (2), one gets in a single phase-space point:

〈cos 2φCS〉 ∝ F3 C
[

w3 f g
1 h⊥g

1 + 1 ↔ 2
]

(10)

〈cos 4φCS〉 ∝ F4 C
[

w4h⊥g
1 h⊥g

1

]
(11)

5. The transverse-momentum spectrum

Before discussing the expected size of the azimuthal asymme-
tries, let us have a closer look at the transverse-momentum de-
pendence of Eq. (2), entirely encoded in the C[w f g], which are 
process-independent, unlike the Fi . Since the gluon TMDs are still 
unknown, we need to resort to models.

Following [60], one can assume a simple Gaussian dependence 
on k2

T for f g
1 , namely

f g
1 (x,k2

T ,μ) = g(x,μ)

π〈k2
T 〉

exp
(

− k2
T

〈k2
T 〉

)
, (12)

where g(x) is the collinear gluon PDF and 〈k2
T 〉 implicitly depends 

on the scale μ.
Since F2 is always small compared to F1, the PQQT spec-

trum in practice follows from the TMD convolution C[ f1 f1] which 
only depends on 〈k2

T 〉. Conversely, one can thus fit 〈k2
T 〉 from the 

PQQT spectrum recently measured by the LHCb Collaboration at 
13 TeV [12] (see Fig. 2) from which we have the subtracted the DPS 
contributions evaluated by LHCb. Such DPSs are indeed expected to 
yield a different 〈P 2

QQT
〉 since they result from the convolution of 

two independent 2 → 2 scatterings.
We further note that, for TMD Ansätze with factorised depen-

dences on x and k2
T , the normalised PQQT spectrum depends 

neither on x nor on other variables. The data on the PQQ T spec-
trum are fitted up to MQQ/2, employing a non-linear least-square 
minimisation procedure with the LHCb experimental uncertainties 
used to weight the data. We obtain 〈k2

T 〉 = 3.3 ± 0.8 GeV2. The re-
sulting χ2 is 1.08.
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Fig. 2. The normalised PQQ T dependence of the di- J/ψ yield obtained with a 
Gaussian f g

1 with 〈k2
T 〉 fit to the normalised LHCb data at 13 TeV [12] [The data 

in the grey zone were not used for the fit since the TMD framework does not apply 
there].

This is the first time that experimental information on gluon 
TMDs is extracted from a gluon-induced process with a colourless 
final state, for which TMD factorisation should apply. The discrep-
ancy between the TMD curve and the data for PQQT � MQQ/2
is expected, as it leaves room for hard final-state radiations not 
accounted for in the TMD approach outside of its range of applica-
bility.

The data used for our 〈k2
T 〉 fit correspond to a scale, μ, close 

to MQQ ∼ 8 GeV. As such, it should be interpreted as an effec-
tive value, including both nonperturbative and perturbative con-
tributions. The latter, through TMD QCD evolution, increases 〈k2

T 〉
with μ [6,61,62]. Extracting a genuine nonpertubative 〈k2

T 〉 [at 
μ � 1 GeV] thus requires to account for TMD evolution along with 
a fit to data at different scales. Di- J/ψ data from LHCb, CMS and 
ATLAS should in principle be enough to disentangle these pertur-
bative and nonperturbative evolution effects, yet requiring a careful 
account for acceptance effects as well as perturbative contributions 
beyond TMD factorisation; these data are indeed not double differ-
ential in PQQT and Mψψ . This is left for a future study.

In the above extraction of 〈k2
T 〉, we have neglected the influ-

ence of h⊥g
1 on the PQQT spectrum. The LHCb measurement was 

made without any transverse-momentum cuts, thus near threshold 
where MQQ ∼ 2MQ and where F2/F1 is close to 0.4% (cf. Eq. (8)). 
The situation is analogous to Q + γ [59], Q + γ 
 or Q + Z [55]
with a negligible impact of h⊥g

1 on the TM spectra but significantly 
different from that for di-photon [58], single ηc [65], di-ηc [66] and 
H0 + jet [31] production. Data nonetheless do not exist yet for any 
of these channels. Unfortunately, the CMS di-ϒ sample [67] is not 
large enough (40 events) to perform a 〈k2

T 〉 fit at MQQ ∼ 20 GeV. 
With 100 fb−1 of 13 TeV data, this should be possible.

6. Azimuthal dependences

In the perturbative regime, particularly at large kT , h⊥g
1 can be 

connected [61,62] to g(x) with a αs pre-factor. In the nonperturba-
tive regime, this connection is lost and we currently do not know 
whether it is also αs-suppressed. As such, it remains useful to con-
sider the model-independent positivity bound [5,63]:

|h⊥g
1 (x,k2

T ,μ)| ≤ 2M2
p

k2
T

f g
1 (x,k2

T ,μ) (13)

holding for any value of x and k2
T .

This bound is satisfied [6] by

h⊥g
1 (x,k2

T ,μ) = 2M2
p

2

(1 − r)

r

g(x,μ)

2
exp

(
1 − k2

T

2

)
(14)
〈kT 〉 π〈kT 〉 r〈kT 〉
Fig. 3. Various ratios of the TMD convolutions using both our models of h⊥g
1 for 

〈k2
T 〉 = 3.3 GeV2 (central curves) varied by 0.8 GeV2 (bands).

with r < 1. We take r = 2/3 maximising the second kT moment 
of h⊥g

1 . We note that such a choice is motivated by previous TMD 
studies [6,65] where the effects of h⊥g

1 were also predicted. In gen-
eral, values of r smaller than 2/3 will lead to asymmetries which 
are narrower in PQQT , but with a larger maximum. On the other 
hand, for r > 2/3, the asymmetries will be broader and with a 
smaller peak. With this choice, all 4 TMD convolutions are sim-
ple analytical functions whose PQQT dependence is shown on 
Fig. 3. Beside, computations in the high-energy (low-x) limit (see 
e.g. [20,64]) suggest to take

h⊥g
1 (x,k2

T ,μ) = 2M2
p

k2
T

f g
1 (x,k2

T ,μ). (15)

The corresponding convolutions can easily be calculated nu-
merically. Their PQQT dependence is shown on Fig. 3 for 〈k2

T 〉 =
3.3 GeV2 (which follows from our fit of f g

1 ). As we discuss later, 
having both these models at hand is very convenient, as it allows 
us to assess the influence of the variation of h⊥g

1 – e.g. due to 
the scale evolution – on the observables. “Model 1” will refer to 
the Gaussian form with r = 2/3 and “Model 2” to the form sat-
urating the positivity bound. The bands in Fig. 3 correspond to a 
variation of 〈k2

T 〉 about 3.3 GeV2 by 0.8 GeV2 (which also results 
from our fit). We note that these bands are in general significantly 
smaller than the difference between the curves for Model 1 and 2. 
As such, we will use the results from Model 1 and 2 to derive un-
certainty bands which however should remain indicative since, as 
stated above, nearly nothing is known about these distributions.

Having fixed the functional form of the TMDs and 〈k2
T 〉 and 

having computed the factors Fi , we are now ready to provide 
predictions for the azimuthal modulations through 〈cos nφCS〉 as a 
function of PQQ T , cos θCS or MQQ . Figs. 4a & 4b show 〈cos nφCS〉
(n = 2, 4) as a function of PQQ T for both our models of h⊥ g

1 for 
3 values of MQQ , 8, 12 and 21 GeV for | cos θCS| < 0.25. These 
values are relevant respectively for the LHCb [12], CMS [10] and 
ATLAS [11] kinematics. Still to keep the TMD description applica-
ble, we have plotted the spectra up to MQQ/2. Let us also note 
that with our factorised TMD Ansätze, 〈cos nφCS〉 do not depend 
on YQQ . Indeed, the pair rapidity only enters the evaluation of dσ
via the momentum fractions x1,2 in the TMDs. It thus simplifies in 
the ratios.

The size of the expected azimuthal asymmetries is particularly 
large, e.g. for P 2

QQT
� 〈k2

T 〉. 〈cos 4φCS〉 even gets close to 50% in 
the PQQT region probed by CMS and ATLAS for | cos θCS| < 0.25; 
this is probably the highest value ever predicted for a gluon-fusion 
process which directly follows from the extremely favourable hard 
coefficient F4 – as large as F1. Such values are truly promising 
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Fig. 4. 〈cos nφCS〉 for n = 2, 4 computed for | cos θCS| < 0.25 and for 0.25 < cos θCS < 0.5 for 〈k2
T 〉 = 3.3 GeV2 for 3 values of MQQ (8, 12 and 21 GeV) relevant respectively 

for the LHCb [12], CMS [10] and ATLAS [11] kinematics. The spectra are plotted up to MQQ/2. Our results do not depend on YQQ . The uncertainty bands result from the 
use of both our models of h⊥g

1 . The solid line, which shows the largest asymmetries corresponds to the Model 2 (saturation of the positivity bound) and the dashed line to 
Model 1.
to extract the distribution h⊥g
1 of linearly-polarised gluons in the 

proton which appears quadratically in 〈cos 4φCS〉. In view of these 
results, it becomes clear that the kinematics of CMS and ATLAS are 
better suited with much larger expected asymmetries than that of 
LHCb, not far from threshold, unless LHCb imposes PψT cuts.

〈cos 2φCS〉 allows one to lift the sign degeneracy of h⊥g
1 in 

〈cos 4φCS〉 but is below 10% for | cos θCS| < 0.25 (Fig. 4a). This is 
expected since F3 vanishes for small cos θCS (Eq. (5)). It would 
thus be expedient to extend the range of | cos θCS| pending the DPS 
contamination. Indeed, in view of recent di- J/ψ phenomenologi-
cal studies [34,68,69], one expects the DPSs to become dominant 
at large �y while these cannot be treated along the lines of our 
analysis. To ensure the SPS dominance, it is thus judicious to avoid 
the region �y > 2, and probably �y > 1 to be on the safe side. 
Even though the relation between �y – measured in the hadronic 
c.m.s. – and cos θCS is in general not trivial, it strongly simpli-
fies when P 2

QT  (M2
Q, P 2

QQT
), such that cos θCS = tanh �y/2.2

Up to | cos θCS| ∼ 0.5, the sample should thus remain SPS domi-
nated in particular with the CMS and ATLAS PQT cuts. In fact, in 
a bin 0.25 < | cos θCS| < 0.5, 〈cos 2φCS〉 nearly reaches 30% (Fig. 4c). 
On the contrary, 〈cos 4φCS〉 exhibits a node close to cos θCS ∼ 0.3
(Fig. 4d). As such, measuring 〈cos 4φCS〉 for | cos θCS| < 0.25 and 
0.25 < | cos θCS| < 0.5 would certainly be instructive. If our models 
for h⊥g

1 are realistic, this is definitely within the reach of CMS and 
ATLAS, probably even with data already on tape.

TMD evolution will affect the size of these asymmetries, al-
though in a hardly quantifiable way. In fact, TMD evolution has 
never been applied to any 2 → 2 gluon-induced process and is 
beyond the scope of our analysis. One can however rely on an 
analogy with a ηb-production study [62] (a 2 → 1 gluon-induced 
process at μ ∼ 9 GeV) where the ratio C[w2 h⊥ g

1 h⊥ g
1 ]/C[ f g

1 f g
1 ]

2 In fact, �y/2 then coincides with the usual definition of the pseudorapidity of 
one quarkonium since �y is not sensitive to the longitudinal boost between the CS
frame and the c.m.s.
was found to range between 0.2 and 0.8. This arises from a sub-
tle interplay between the evolution and the nonperturbative be-
haviour of f g

1 and h⊥ g
1 . We consider that the uncertainty spanned 

by our Model 1 and 2 gives a fair account of the typical uncer-
tainty of an analysis with TMD evolution, hence the bands in our 
plots.

7. Conclusions

We have found out that the short-distance coefficients to 
the azimuthal modulations of J/ψ (ϒ) pair yields equate the az-
imuthally independent terms, which renders these processes ideal 
probes of the linearly-polarised gluon distributions in an unpo-
larised proton, h⊥g

1 . Experimental data already exist – more will be 
recorded in the near future – and it only remains to analyse them 
along the lines discussed above, by evaluating the ratios 〈cos 2φCS〉
and 〈cos 4φCS〉. In fact, we have already highlighted the relevance 
of the LHC data for di- J/ψ production by constraining, for the first 
time, the transverse-momentum dependence of f g

1 at a scale close 
to 2Mψ .

Let us also note that similar measurements can be carried out 
at fixed-target set-ups where luminosities are large enough to de-
tect J/ψ pairs. The COMPASS experiment with pion beams may 
also record di- J/ψ events as did NA3 in the 80’s [70,71]. Whereas 
single- J/ψ production may partly be from quark-antiquark anni-
hilation, di- J/ψ production should mostly be from gluon fusion 
and thus analysable along the above discussions. Using the 7 TeV 
LHC beams [72] in the fixed-target mode with a LHCb-like detec-
tor [73–75], one can expect 1000 events per 10 fb−1, enough to 
measure a possible x dependence of 〈k2

T 〉 as well as to look for az-

imuthal asymmetries generated by h⊥g
1 . Such analyses could also 

be complemented with target-spin asymmetry studies [76–78], to 
extract the gluon Sivers function f ⊥g

1T as well as the gluon transver-
sity distribution hg

1T or the distribution of linearly-polarised gluons 
in a transversely polarised proton, h⊥g

1T , paving the way for an in-
depth gluon tomography of the proton.
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Appendix A. The full expressions of the f i,n

The factors f i,n are simple polynomials in α, i.e.

f1,0 = 6α8 − 38α6 + 83α4 + 480α2 + 256,

f1,1 = 2(1 − α2)(6α8 + 159α6 − 2532α4 + 884α2 + 208),

f1,2 = 2(1 − α2)2(3α8 + 19α6 + 7283α4 − 8448α2 − 168),

f1,3 = −2(1 − α2)3(159α6 + 6944α4 − 17064α2 + 3968),

f1,4 = (1 − α2)4(4431α4 − 27040α2 + 17824),

f1,5 = 504(1 − α2)5(15α2 − 28),

f1,6 = 3888(1 − α2)6, (A.1)

f2,0 = α4,

f2,1 = −2(α6 + 17α4 − 126α2 + 108),

f2,2 = (1 − α2)2(α4 + 756),

f2,3 = −36(1 − α2)3(α2 + 24),

f2,4 = 324(1 − α2)4, (A.2)

f3,0 = α2(16 − 3α2),

f3,1 = 6α6 + 159α4 − 1762α2 + 1584,

f3,2 = (1 − α2)(3α6 + 19α4 + 5258α2 − 6696),

f3,3 = −(1 − α2)2(159α4 + 5294α2 − 10584),

f3,4 = 18(1 − α2)3(99α2 − 412),

f3,5 = 1944(1 − α2)4, (A.3)

f4,0 = 3α4 − 32α2 + 256,

f4,1 = −(6(α4 + 36α2 − 756)α2 + 4768),

f4,2 = 3α8 + 38α6 + 11994α4 − 32208α2 + 20400,

f4,3 = −2(1 − α2)(105α6 + 5512α4 − 23120α2 + 19520),

f4,4 = (1 − α2)2(3459α4 − 30352α2 + 38560),

f4,5 = 72(1 − α2)3(105α2 − 268),

f4,6 = 3888(1 − α2)4. (A.4)

References

[1] J. Collins, Foundations of Perturbative QCD, Cambridge University Press, 2013.
[2] S.M. Aybat, T.C. Rogers, Phys. Rev. D 83 (2011) 114042.
[3] M.G. Echevarria, A. Idilbi, I. Scimemi, J. High Energy Phys. 07 (2012) 002.
[4] R. Angeles-Martinez, et al., Acta Phys. Pol. B 46 (2015) 2501.
[5] P.J. Mulders, J. Rodrigues, Phys. Rev. D 63 (2001) 094021.
[6] D. Boer, W.J. den Dunnen, C. Pisano, M. Schlegel, W. Vogelsang, Phys. Rev. Lett. 

108 (2012) 032002.

[7]

[8]
[9]

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]

[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
[58]
[59]

[60]
[61]
[62]

[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
D. Boer, W.J. den Dunnen, C. Pisano, M. Schlegel, Phys. Rev. Lett. 111 (2013) 
032002.
R. Aaij, et al., Phys. Lett. B 707 (2012) 52.
V.M. Abazov, et al., Phys. Rev. D 90 (2014) 111101.
V. Khachatryan, et al., J. High Energy Phys. 09 (2014) 094.
M. Aaboud, et al., Eur. Phys. J. C 77 (2017) 76.
R. Aaij, et al., J. High Energy Phys. 06 (2017) 047.
S. Meissner, A. Metz, K. Goeke, Phys. Rev. D 76 (2007) 034002.
D. Boer, et al., J. High Energy Phys. 10 (2016) 013.
J.P. Ma, J.X. Wang, S. Zhao, Phys. Rev. D 88 (2013) 014027.
C.-H. Chang, Nucl. Phys. B 172 (1980) 425.
R. Baier, R. Ruckl, Phys. Lett. B 102 (1981) 364.
R. Baier, R. Ruckl, Z. Phys. C 19 (1983) 251.
J.C. Collins, Phys. Lett. B 536 (2002) 43.
A. Dumitru, T. Lappi, V. Skokov, Phys. Rev. Lett. 115 (2015) 252301.
F. Dominguez, C. Marquet, B.-W. Xiao, F. Yuan, Phys. Rev. D 83 (2011) 105005.
D. Boer, S.J. Brodsky, P.J. Mulders, C. Pisano, Phys. Rev. Lett. 106 (2011) 132001.
D. Boer, P.J. Mulders, C. Pisano, J. Zhou, J. High Energy Phys. 08 (2016) 001.
S. Rajesh, R. Kishore, A. Mukherjee, 2018.
A. Accardi, et al., Eur. Phys. J. A 52 (2016) 268.
D. Boer, P.J. Mulders, Phys. Rev. D 57 (1998) 5780.
D. Boer, P.J. Mulders, F. Pijlman, Nucl. Phys. B 667 (2003) 201.
D.W. Sivers, Phys. Rev. D 41 (1990) 83.
D. Boer, Few-Body Syst. 58 (2017) 32.
S.J. Brodsky, D.S. Hwang, I. Schmidt, Nucl. Phys. B 642 (2002) 344.
D. Boer, C. Pisano, Phys. Rev. D 91 (2015) 074024.
A. Mukherjee, S. Rajesh, Phys. Rev. D 95 (2017) 034039.
U. D’Alesio, F. Murgia, C. Pisano, P. Taels, Phys. Rev. D 96 (2017) 036011.
J.-P. Lansberg, H.-S. Shao, Phys. Lett. B 751 (2015) 479.
T. Akesson, et al., Z. Phys. C 34 (1987) 163.
J. Alitti, et al., Phys. Lett. B 268 (1991) 145.
F. Abe, et al., Phys. Rev. D 47 (1993) 4857.
F. Abe, et al., Phys. Rev. D 56 (1997) 3811.
V.M. Abazov, et al., Phys. Rev. D 81 (2010) 052012.
G. Aad, et al., New J. Phys. 15 (2013) 033038.
S. Chatrchyan, et al., J. High Energy Phys. 03 (2014) 032.
G.T. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D 51 (1995) 1125;
G.T. Bodwin, E. Braaten, G.P. Lepage, Phys. Rev. D 55 (1997) 5853, Erratum.
P.L. Cho, A.K. Leibovich, Phys. Rev. D 53 (1996) 6203.
P.L. Cho, A.K. Leibovich, Phys. Rev. D 53 (1996) 150.
A. Andronic, et al., Eur. Phys. J. C 76 (2016) 107.
N. Brambilla, et al., Eur. Phys. J. C 71 (2011) 1534.
J.P. Lansberg, Int. J. Mod. Phys. A 21 (2006) 3857.
P. Ko, C. Yu, J. Lee, J. High Energy Phys. 01 (2011) 070.
Y.-J. Li, G.-Z. Xu, K.-Y. Liu, Y.-J. Zhang, J. High Energy Phys. 07 (2013) 051.
Z.-G. He, B.A. Kniehl, Phys. Rev. Lett. 115 (2015) 022002.
S.P. Baranov, A.H. Rezaeian, Phys. Rev. D 93 (2016) 114011.
J.-P. Lansberg, H.-S. Shao, Phys. Rev. Lett. 111 (2013) 122001.
L.-P. Sun, H. Han, K.-T. Chao, Phys. Rev. D 94 (2016) 074033.
A.K. Likhoded, A.V. Luchinsky, S.V. Poslavsky, Phys. Rev. D 94 (2016) 054017.
J.-P. Lansberg, C. Pisano, M. Schlegel, Nucl. Phys. B 920 (2017) 192.
J.C. Collins, D.E. Soper, Phys. Rev. D 16 (1977) 2219.
C.-F. Qiao, L.-P. Sun, P. Sun, J. Phys. G 37 (2010) 075019.
J.-W. Qiu, M. Schlegel, W. Vogelsang, Phys. Rev. Lett. 107 (2011) 062001.
W.J. den Dunnen, J.P. Lansberg, C. Pisano, M. Schlegel, Phys. Rev. Lett. 112 
(2014) 212001.
P. Schweitzer, T. Teckentrup, A. Metz, Phys. Rev. D 81 (2010) 094019.
D. Boer, W.J. den Dunnen, Nucl. Phys. B 886 (2014) 421.
M.G. Echevarria, T. Kasemets, P.J. Mulders, C. Pisano, J. High Energy Phys. 07 
(2015) 158;
M.G. Echevarria, T. Kasemets, P.J. Mulders, C. Pisano, J. High Energy Phys. 05 
(2017) 073, Erratum.
S. Cotogno, T. van Daal, P.J. Mulders, J. High Energy Phys. 11 (2017) 185.
A. Metz, J. Zhou, Phys. Rev. D 84 (2011) 051503.
D. Boer, C. Pisano, Phys. Rev. D 86 (2012) 094007.
G.-P. Zhang, Phys. Rev. D 90 (2014) 094011.
V. Khachatryan, et al., J. High Energy Phys. 05 (2017) 013.
C.H. Kom, A. Kulesza, W.J. Stirling, Phys. Rev. Lett. 107 (2011) 082002.
S.P. Baranov, A.M. Snigirev, N.P. Zotov, Phys. Lett. B 705 (2011) 116.
J. Badier, et al., Phys. Lett. B 114 (1982) 457.
J. Badier, et al., Phys. Lett. B 158 (1985) 85 [401(1985)].
J.-P. Lansberg, H.-S. Shao, Nucl. Phys. B 900 (2015) 273.
L. Massacrier, et al., Adv. High Energy Phys. 2015 (2015) 986348.
L. Massacrier, et al., Int. J. Mod. Phys. Conf. Ser. 40 (2016) 1660107.
J.P. Lansberg, et al., EPJ Web Conf. 85 (2015) 02038.
D. Kikola, et al., Few-Body Syst. 58 (2017) 139.
J.P. Lansberg, et al., PoS DIS2016 (2016) 241.
J.-P. Lansberg, et al., PoS PSTP2015 (2016) 042.

http://refhub.elsevier.com/S0370-2693(18)30607-5/bib436F6C6C696E733A323031317A7A64s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib41796261743A323031317A76s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib476172636961456368657661727269613A323031317262s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib416E67656C65732D4D617274696E657A3A32303135736561s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4D756C646572733A323030307368s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A323031316B66s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A323031316B66s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A32303133666361s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A32303133666361s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4161696A3A323031317963s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4162617A6F763A32303134716261s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4B6861636861747279616E3A32303134696961s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4161626F75643A32303136667A74s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4161696A3A32303136627171s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4D656973736E65723A323030377278s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A32303136787172s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4D613A323031326868s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4368616E673A313937396E6Es1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib42616965723A31393831756Bs1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib42616965723A313938337661s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib436F6C6C696E733A323030326B6Es1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib44756D697472753A32303135676161s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib446F6D696E6775657A3A32303131776Ds1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A323031307A66s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A32303136667164s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib416363617264693A32303132717574s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A313939376E74s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A32303033636Ds1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib5369766572733A313938396363s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A3230313662666As1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib42726F64736B793A323030327276s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A323031346C6B61s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4D756B6865726A65653A32303136636A77s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib44416C6573696F3A32303137727A6As1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4C616E73626572673A32303134737761s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib416B6573736F6E3A313938366976s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib416C697474693A313939317264s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4162653A313939337276s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4162653A31393937786Bs1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4162617A6F763A323030396763s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4161643A32303133626A6Ds1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4368617472636879616E3A32303133787861s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F6477696E3A313939346A68s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F6477696E3A313939346A68s2
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib43686F3A313939356365s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib43686F3A313939357668s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib416E64726F6E69633A32303135776D61s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4272616D62696C6C613A323031306373s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4C616E73626572673A323030366468s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4B6F3A323031307879s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4C693A32303133637361s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib48653A32303135717961s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426172616E6F763A32303135636C65s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4C616E73626572673A32303133716B61s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib53756E3A32303134676361s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4C696B686F6465643A323031367A6D6Bs1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4C616E73626572673A32303137746C63s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib436F6C6C696E733A313937376976s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib5169616F3A323030396B67s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib5169753A323031316169s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib44756E6E656E3A32303134657461s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib44756E6E656E3A32303134657461s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib536368776569747A65723A323031307474s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A32303134746B61s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib456368657661727269613A32303135756161s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib456368657661727269613A32303135756161s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib456368657661727269613A32303135756161s2
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib456368657661727269613A32303135756161s2
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib436F746F676E6F3A32303137707579s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4D65747A3A323031317762s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426F65723A323031326274s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib5A68616E673A32303134766D68s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4B6861636861747279616E3A3230313679646Ds1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4B6F6D3A323031316264s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib426172616E6F763A323031316368s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4261646965723A313938326165s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4261646965723A313938357269s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4C616E73626572673A323031356C7661s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4D6173736163726965723A32303135716261s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4D6173736163726965723A323031356E736Ds1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4C616E73626572673A323031346D7967s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4B696B6F6C613A32303137686E70s1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4C616E73626572673A3230313667776Ds1
http://refhub.elsevier.com/S0370-2693(18)30607-5/bib4C616E73626572673A32303136757268s1

	Pinning down the linearly-polarised gluons inside unpolarised protons using quarkonium-pair production at the LHC
	1 Introduction
	2 TMD factorisation for gluon-induced scatterings
	3 Di-Q production & TMD factorisation
	4 The short-distance coefﬁcients Fi
	5 The transverse-momentum spectrum
	6 Azimuthal dependences
	7 Conclusions
	Acknowledgements
	Appendix A The full expressions of the fi,n
	References


