Studying the gluon TMDs with J/ψ- and Υ-pair
production at the LHC

We report on how J/ψ- and Υ-pair production are promising processes to access the polarised
and unpolarised gluon TMDs at the LHC. We present the formalism used, as well as resulting
observables that could be extracted from data.
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1. Introduction

2. Quarkonium-pair production within TMD factorisation
TMD factorisation extends collinear factorisation by accounting for the parton transverse momenta. The hard-scattering amplitude is factorised into a short-distance coefficient and parton
correlators that contain the dependence on the partonic transverse momentum. The gluon correlator for an unpolarised proton can be parametrised in terms of two independent TMDs [18, 19]. The
g
first distribution is that of unpolarised gluons f1 (x, k2T ), the second one is that of linearly polarised
⊥g
gluons h1 (x, k2T ). The generic structure of the TMD cross-section for quarkonium-pair production
from gluon fusion is similar to that of quarkonium-photon production [20, 21] and reads [16]:
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with C[w f g](x1,2 , PQQT ) ≡ d2 k1T d2 k2T δ2 (k1T + k2T − PQQT ) w(k1T , k2T ) f (x1 , k21T ) g(x2 , k22T ) (the wi
are called TMD weights), dΩ = dcos θCS dφCS , {θCS , φCS } being the Collins-Soper (CS) angles [22],
YQQ is the pair rapidity and s = (P1 + P2 )2 . PQQT and YQQ are considered in the hadron c.m.s. The
Fi coefficients are functions of θCS and the invariant mass of the pair, denoted MQQ .
The weights in Eq. (2.1) are identical for all gluon-fusion processes in unpolarised proton
collisions and can be found in [21]. Having at hand the hard-scattering coefficients, one can extract
the TMD convolutions from measurements of the cross-section azimuthal modulations. To do so,
one defines cos(nφCS )-weighted differential cross-sections, integrated over φCS and normalized by
their azimuthally-independent component:
1
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Transverse-Momentum Dependent (TMD) factorisation allows one to study the correlations
between the parton spin and its transverse momentum, inside polarised and unpolarised hadrons
[1, 2, 3]. These correlations can manifest themselves through azimuthal modulations of the crosssections for various hadronic processes. At the LHC, the gluon density inside the proton is much
higher than the quark ones, making gluon fusion the main channel of heavy-flavoured hadron production. Quarkonium-pair production is a particularly interesting process for the study of gluon
TMDs. The quarkonia are dominantely produced via colour-singlet transitions [4, 5, 6, 7]. The
observed final state is thus colourless which is a necessary condition not to break TMD factorisation [8, 9]. Moreover, a two-particle final state allows for large individual momenta for each
quarkonium adding up to a small transverse momentum of the pair, a requirement for the use of
TMD factorisation.
J/ψ- and Υ- pair production has already been the object of several experimental studies at
the LHC and the Tevatron [10, 11, 12, 13, 14, 15]. This allowed to perform a first fit of the
width of a Gaussian-modelled TMD using the normalised transverse-momentum-spectrum of diJ/ψ production at LHCb hinting at the presence of QCD evolution effects [16]. More observables
could be extracted from data already acquired and to come and this motivates us advancing the
theory description of such processes by including TMD QCD evolution as we report on here along
the lines of [17].
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Z

(2.3)
In order to perform the Fourier transform, one needs to integrate over all bT values inside
the convolution while paying attention to the validity range of Eq. (2.3). Indeed, large bT values correspond to the non-perturbative region, and too small bT values would correspond to µb >
MQQ
the expression is not valid anymore. The TMD scale µb (bT ) is thus replaced by
 for which

∗
µb bT bc (bT ) following [27] such that µb is bound to lie between b0 /bTmax and MQQ .
As far as the TMD expressions are concerned, they can be pertubatively computed at leading
order in α s as
g
f˜1 (x, b∗T2 ; ζ, µ) = fg/P (x; µ) + O(α s ),
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As h1 describes the correlation between the gluon polarisation and its transverse momentum kT
inside the unpolarised proton, it requires a helicity flip and thus an additional gluon emission.
Consequently, its perturbative expansion starts at O(α s ) [28]. Such a reasoning only applies for bT
⊥g
in the perturbative region, outside of which h1 is not computable.
One still needs to describe the large-bT behaviour of both the initial TMDs and the perturbative
Sudakov factor. The deviation between the components perturbatively evaluated at b∗T and their
actual value is encoded in what is called a nonperturbative Sudakov factor S NP . Including all these
ingredients, one gets the expressions for the different TMD convolutions in bT -space to be:
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The TMD QCD evolution introduces a dependence of the TMDs on two scales: a renormalization scale µ and a rapidity scale ζ [23, 24, 25, 26]. The evolution is most easily treated in the
impact-parameter space, bT being the conjugate variable to kT . TMDs are first computed at the
√
scale µ ∼ ζ ∼ µb = b0 /bT (with b0 = 2e−γE ) to minimise the logarithms of µbT and ζb2T , and then
√
evolved up to µ ∼ ζ ∼ MQQ , the natural scale of the hard part. Solving the renormalisation group
equation and the Collins-Soper equation one can show that such evolution introduces a Sudakov
factor S A in the convolution. This factor can be perturbatively evaluated for small values of bT , and
is given at next-to-leading-logarithmic accuracy by [26]:
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This S NP factor is unknown. We have used [17] a very simple
 M  form for it in order to estimate its

QQ
impact over TMD observables, namely S NP bc (bT ) = A ln QNP
b2c (bT ) with QNP = 1 GeV where
QNP is a reference scale and A the only free parameter in our model that parametrises the width
of the bT -Gaussian. We have performed computations for values of the parameter A equal to 0.64,
0.16 and 0.04 GeV2 , which respectively correspond to a factor e−S NP becoming smaller than 10−3
at bT lim = 2, 4 and 8 GeV−1 .

3. Results for J/ψ- and Υ-pair production
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Figure 1: The azimuthal asymmetries for di-J/ψ production as functions of PQQT . The different plots show
2hcos(2φCS )i at 0.25 < | cos(θCS )| < 0.5 (a) and 2hcos(4φCS )i at | cos(θCS )| < 0.25 (b). Results are presented
for Mψψ = 12, 21 and 30 GeV, and for bT lim = 2, 4 and 8 GeV−1 .
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Figure 2: The azimuthal asymmetries for di-Υ production as functions of PQQT . The different plots show
2hcos(2φCS )i at 0.25 < | cos(θCS )| < 0.5 (a) and 2hcos(4φCS )i at | cos(θCS )| < 0.25 (b). Results are presented
for MΥΥ = 30, 40 and 50 GeV, and for bT lim = 2, 4 and 8 GeV−1 . Results for MΥΥ = 30 GeV are not included
in Fig. 2d as they are below percent level.
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Using Eq. (2.6) and knowing the Fi , one can compute the cos(2, 4φ)-asymmetries. In Fig. 1,
we present the asymmetries for di-J/ψ production as functions of PQQT . One can see that the asym⊥g
metries grow rapidly with PQQT , as the convolutions containing h1 have a harder PQQT -spectrum
h g gi
than C f1 f1 . The Mψψ -dependence is mostly coming from the hard-scattering coefficients. We
observe that the uncertainty band generated by the variation of the width of S NP is narrower at
large scales, where the nonperturbative component of the TMDs is less relevant. The size of the
asymmetries can reach up to 10%. Fig. 2 displays the same asymmetries for di-Υ production, at
typically higher energies. At these scales, the S NP -width uncertainty is quite narrow.
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4. Conclusions
Quarkonium-pair production offers great opportunities to extract the gluon TMDs inside unpolarised protons. We reported on the formalism used to estimate the size of the related asymmetries,
including TMD evolution in the computations. The full analysis can be found in [17]. We note that
more efforts are needed to obtain rigorous factorisation theorems along the lines of [29]. Several
asymmetries could be observed at the LHC, both in di-J/ψ and di-Υ production. Accessing these
poorly known distributions would improve our understanding of the proton structure, in addition to
other TMDs.

The work of MS was in part supported within the framework of the TMD Topical Collaboration and that of FS and JPL by the CNRS-IN2P3 project TMD@NLO. This project has received
funding from the European Union’s Horizon 2020 research and innovation programme under grant
agreement No 824093. MGE is supported by the Marie Skłodowska-Curie grant GlueCore (grant
agreement No. 793896).

References
[1] J. P. Ralston and D. E. Soper, “Production of Dimuons from High-Energy Polarized Proton Proton
Collisions,” Nucl. Phys. B152 (1979) 109.
[2] D. W. Sivers, “Single Spin Production Asymmetries from the Hard Scattering of Point-Like
Constituents,” Phys. Rev. D41 (1990) 83.
[3] R. D. Tangerman and P. J. Mulders, “Intrinsic transverse momentum and the polarized Drell-Yan
process,” Phys. Rev. D51 (1995) 3357–3372, arXiv:hep-ph/9403227 [hep-ph].
[4] J.-P. Lansberg and H.-S. Shao, “J/psi -pair production at large momenta: Indications for double parton
scatterings and large α5s contributions,” Phys. Lett. B751 (2015) 479–486, arXiv:1410.8822
[hep-ph].
[5] J.-P. Lansberg and H.-S. Shao, “Production of J/ψ + ηc versus J/ψ + J/ψ at the LHC: Importance of
Real α5s Corrections,” Phys. Rev. Lett. 111 (2013) 122001, arXiv:1308.0474 [hep-ph].
[6] J.-P. Lansberg, H.-S. Shao, N. Yamanaka, and Y.-J. Zhang, “Prompt J/ψ-pair production at the LHC:
impact of loop-induced contributions and of the colour-octet mechanism,” arXiv:1906.10049
[hep-ph].
[7] J.-P. Lansberg, “New Observables in Inclusive Production of Quarkonia,” arXiv:1903.09185
[hep-ph].
[8] J. Collins and J.-W. Qiu, “kT factorization is violated in production of high-transverse-momentum
particles in hadron-hadron collisions,” Phys. Rev. D75 (2007) 114014, arXiv:0705.2141
[hep-ph].
[9] T. C. Rogers and P. J. Mulders, “No Generalized TMD-Factorization in Hadro-Production of High
Transverse Momentum Hadrons,” Phys. Rev. D81 (2010) 094006, arXiv:1001.2977 [hep-ph].
[10] CMS Collaboration, V. Khachatryan et al., “Observation of Υ(1S) pair production in proton-proton
√
collisions at s = 8 TeV,” JHEP 05 (2017) 013, arXiv:1610.07095 [hep-ex].
[11] LHCb Collaboration, R. Aaij et al., “Observation of J/ψ pair production in pp collisions at
√
s = 7T eV,” Phys. Lett. B707 (2012) 52–59, arXiv:1109.0963 [hep-ex].
[12] D0 Collaboration, V. M. Abazov et al., “Observation and Studies of Double J/ψ Production at the
Tevatron,” Phys. Rev. D90 no.~11, (2014) 111101, arXiv:1406.2380 [hep-ex].

4

PoS(DIS2019)201

Acknowledgements

Studying the gluon TMDs with J/ψ- and Υ-pair production at the LHC

Florent Scarpa

5

PoS(DIS2019)201

[13] ATLAS Collaboration, M. Aaboud et al., “Measurement of the prompt J/ ψ pair production
√
cross-section in pp collisions at s = 8 TeV with the ATLAS detector,” Eur. Phys. J. C77 no.~2,
(2017) 76, arXiv:1612.02950 [hep-ex].
[14] LHCb Collaboration, R. Aaij et al., “Measurement of the J/ψ pair production cross-section in pp
√
collisions at s = 13 TeV,” JHEP 06 (2017) 047, arXiv:1612.07451 [hep-ex]. [Erratum:
JHEP10,068(2017)].
[15] CMS Collaboration, V. Khachatryan et al., “Measurement of prompt J/ψ pair production in pp
√
collisions at s = 7 Tev,” JHEP 09 (2014) 094, arXiv:1406.0484 [hep-ex].
[16] J.-P. Lansberg, C. Pisano, F. Scarpa, and M. Schlegel, “Pinning down the linearly-polarised gluons
inside unpolarised protons using quarkonium-pair production at the LHC,” Phys. Lett. B784 (2018)
217–222, arXiv:1710.01684 [hep-ph]. [Erratum: Phys. Lett.B791,420(2019)].
[17] F. Scarpa, D. Boer, M. G. Echeverria, J.-P. Lansberg, C. Pisano, and M. Schlegel, “Gluon TMD
studies with QCD evolution using quarkonium-pair production at the LHC,” To appear.
[18] P. J. Mulders and J. Rodrigues, “Transverse momentum dependence in gluon distribution and
fragmentation functions,” Phys. Rev. D63 (2001) 094021, arXiv:hep-ph/0009343 [hep-ph].
[19] S. Meissner, A. Metz, and K. Goeke, “Relations between generalized and transverse momentum
dependent parton distributions,” Phys. Rev. D76 (2007) 034002, arXiv:hep-ph/0703176
[HEP-PH].
[20] W. J. den Dunnen, J. P. Lansberg, C. Pisano, and M. Schlegel, “Accessing the Transverse Dynamics
and Polarization of Gluons inside the Proton at the LHC,” Phys. Rev. Lett. 112 (2014) 212001,
arXiv:1401.7611 [hep-ph].
[21] J.-P. Lansberg, C. Pisano, and M. Schlegel, “Associated production of a dilepton and a Υ(J/ψ) at the
LHC as a probe of gluon transverse momentum dependent distributions,” Nucl. Phys. B920 (2017)
192–210, arXiv:1702.00305 [hep-ph].
[22] J. C. Collins and D. E. Soper, “Angular Distribution of Dileptons in High-Energy Hadron Collisions,”
Phys. Rev. D16 (1977) 2219.
[23] J. Collins, “New definition of TMD parton densities,” Int. J. Mod. Phys. Conf. Ser. 4 (2011) 85–96,
arXiv:1107.4123 [hep-ph].
[24] M. G. Echevarria, A. Idilbi, A. Schäfer, and I. Scimemi, “Model-Independent Evolution of Transverse
Momentum Dependent Distribution Functions (TMDs) at NNLL,” Eur. Phys. J. C73 no.~12, (2013)
2636, arXiv:1208.1281 [hep-ph].
[25] M. G. Echevarria, A. Idilbi, and I. Scimemi, “Unified treatment of the QCD evolution of all
(un-)polarized transverse momentum dependent functions: Collins function as a study case,” Phys.
Rev. D90 no.~1, (2014) 014003, arXiv:1402.0869 [hep-ph].
[26] M. G. Echevarria, T. Kasemets, P. J. Mulders, and C. Pisano, “QCD evolution of (un)polarized gluon
TMDPDFs and the Higgs qT -distribution,” JHEP 07 (2015) 158, arXiv:1502.05354 [hep-ph].
[Erratum: JHEP05,073(2017)].
[27] J. Collins, L. Gamberg, A. Prokudin, T. C. Rogers, N. Sato, and B. Wang, “Relating Transverse
Momentum Dependent and Collinear Factorization Theorems in a Generalized Formalism,” Phys.
Rev. D94 no.~3, (2016) 034014, arXiv:1605.00671 [hep-ph].
[28] P. Sun, B.-W. Xiao, and F. Yuan, “Gluon Distribution Functions and Higgs Boson Production at
Moderate Transverse Momentum,” Phys. Rev. D84 (2011) 094005, arXiv:1109.1354 [hep-ph].
[29] M. G. Echevarria, “Proper TMD factorization for quarkonia production: pp → ηc as a study case,”
arXiv:1907.06494 [hep-ph].

