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Abstract J/y- or T-pair production at the LHC are
promising processes to study the gluon transverse momen-
tum distributions (TMDs) which remain very poorly known.
In this article, we improve on previous results by including
the TMD evolution in the computation of the observables
such as the pair-transverse-momentum spectrum and asym-
metries arising from the linear polarization of gluons inside
unpolarized protons. We show that the azimuthal asymme-
tries generated by the gluon polarization are reduced com-
pared to the tree level case but are still of measurable size (in
the 5-10% range). Such asymmetries should be measurable
in the available data sets of J /1 pairs and in the future data
sets of the high-luminosity LHC for Y pairs.

1 Introduction

The three-dimensional structure of the composite hadrons
has widely been analyzed through the study of transverse-
momentum dependent parton distribution functions (TMDs)
in the framework of TMD factorization. The various TMDs
can be accessed in hadronic processes with a small trans-
verse momentum (TM), denoted by g, of the detected final
state [1-3]. TMDs need to be extracted from experimental
data for such processes as they are intrinsically nonperturba-
tive objects and therefore cannot be computed using perturba-
tive QCD. So far, the majority of data allowing for the extrac-
tion of TMDs have been acquired from SIDIS and Drell-
Yan measurements, two experimentally accessible processes
and for which TMD factorization was proved to hold [4—
6]. However, since such processes are primarily induced by
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quarks/antiquarks, they mostly provide information about the
quark TMDs. Currently our knowledge of gluon TMDs is still
very limited, due to the lack of data on processes that could
potentially be used for extractions. More specifically, glu-
ons inside unpolarized protons can be described at leading
twist using two TMDs [7]. The first one describes unpolar-
ized gluons, while the second one describes linearly polarized
gluons. The latter correlates the spin of the gluons with their
TM, and thus requires non-zero gluon TM. The presence of
polarized gluons inside the unpolarized proton has effects on
the cross-sections, such as modifications of the TM-spectrum
and azimuthal asymmetries.

Several processes have been proposed to extract gluon
TMDs, see e.g. [8-36]. Associated quarkonium production
(see [37] for arecent review) has in particular a great potential
to probe the gluon TMDs at the LHC, e.g. quarkonium plus
photon (Q+ y) or quarkonium-pair production. They mainly
originate from gluon fusion, and can be produced via a color-
singlet transition, avoiding then possible TMD-factorization-
breaking effects [38—40]. This is indeed our working hypoth-
esis, which is based on the fact that the produced systems are
very small color dipoles, produced directly at the hard scat-
tering and thus dominated by the color-singlet configuration.
Moreover, isolation cuts may be used to reduce the risk of
factorization breaking problems. In any case, comparing di-
J /v and di-Y with y*y* results would provide in the longer
run a good way to identify possible factorization breaking
effects.

Some quarkonium states, like the J /iy meson, are eas-
ily detected and a large number of events can be recorded.
Processes with two particles in the final state offer some inter-
esting advantages compared to those with a single detected
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particle. Since the TM of the final state needs to be small
for the cross-section to be sensitive to TMD effects, one-
particle final states are bound to stay close to the beam axis
and therefore difficult to detect, as the background level is
high and triggering is complicated. However, two particles
that are nearly back-to-back can each have large individual
transverse momenta that add up to a small one. Indeed, in
general a pair of particles can have a large invariant mass
and a small TM. Whereas the hard scale in a one-particle
final state is only its mass, and is thus constant, the invariant
mass of a two-particle final state can be tuned with their indi-
vidual momenta. This allows one to study the scale evolution
of the TMDs. Finally, a two-particle final state allows one to
define the azimuthal angle between these two particles, hence
to look for various azimuthal asymmetries. These are in fact
associated to specific convolutions of gluon TMDs.

It was thus recently proposed [30] to probe the gluon
TMDs using quarkonium-pair production at the LHC, and
more specifically J/v¢ + J /i production. Such a process
has already been measured by LHCb, CMS and ATLAS at
the LHC, as well as by DO at the Tevatron [41-45]. Also
it has recently been considered within the parton Reggeiza-
tion approach [46]. The size of some azimuthal asymmetries
associated with the linearly polarized gluon distribution are
nearly maximum in this process. In [30], the unpolarized-
gluon distribution was modelled by a simple Gaussian as a
function of the gluon TM. In order to see the maximal effect
of the linearly-polarized gluons on the yields, their distribu-
tion was taken to saturate its positivity bound [7]. The size
of the resulting maximum asymmetries was found to be very
large, especially at large pair invariant mass, Mg g. Yet, more
realistic estimates of the asymmetries require the inclusion
of higher-order corrections in « through TMD QCD evolu-
tion [21,47-49].

Very recently, a TMD-factorization proof has been estab-
lished for pseudoscalar 7., hadro-production at low TM [50]
(see also [51]). To date, this is the only one for quarkonium
hadroproduction. It was pointed out that new hadronic matrix
elements are involved for quarkonium production at low TM,
in addition to the TMDs. These encode the soft physics of
the process. It is not known how much these new hadronic
matrix elements impact the phenomenology. In this context,
we build on the previous work [30] by adding TMD evolu-
tion effects to the gluon TMDs. Such evolution effects are
expected to play a significant role (see e.g. [21]) and should
in any case be specifically analyzed. We will proceed like in
previous studies for H 0 production [9,18,21].

In this article, we first discuss the characteristics of
quarkonium-pair production at the LHC within the TMD
framework, as well as the associated cross-section and
observables sensitive to the gluon TMDs. We then detail
the evolution formalism used in our computations and the
resulting expressions for the TMD convolutions. Finally, we
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present our results for the P g gr-spectrum and the azimuthal
asymmetries for J /v -pair production at the LHC as well as
azimuthal asymmetries for Y -pair production.

2 Q-pair production within TMD factorization
2.1 TMD factorization description of the process

TMD factorization extends collinear factorization by taking
into account the intrinsic TM of the partons, usually denoted
by kr. As in collinear factorization, the hard-scattering
amplitude, which can be perturbatively computed, is multi-
plied by parton correlators that can be parametrized in terms
of parton distribution functions, but in this case k dependent.
The parametrization of parton correlators is an extension
from that used in collinear factorization, not only because
of the k dependence of the distribution functions, but also
because there are more distributions. The gluon correlator
inside an unpolarized proton with momentum P and mass
M, denoted by ®5" (x, k) [7,52,53], can be parametrized
in terms of two independent TMDs. The first one is the dis-
tribution of unpolarized gluons f]g (x, k?), the second one is
the distribution of linearly polarized gluons hll & (x, k% ). Here
the gluon 4-momentum is written using a Sudakov decom-
position: k = xP + ky + k™ n (where n is any light-like
vector (n2 = 0) such that n - P # 0), where k% = —k% and
the transverse metric is g = g"” — (P*n" + P"n*)/P-n.
For TMD factorization to hold, the hard scale of the process
should be much larger than the pair TM, gr.

The process we are interested in is the fusion of two glu-
ons coming from two colliding unpolarized protons, lead-
ing to the production of a pair of vector S-wave quarkonia:
gk1)+g(ky) = Q(Pgo,1)+9Q(Pg,2) . The cross-section for
this reaction involves the contraction of two gluon correla-
tors [30], @5 " (x1, ki7) and ®%° (x2, kor), with the squared
amplitude M*P (MY )* of the partonic scattering, integrated
over the gluon momenta. The expression of the tree-level
partonic amplitude M is available in Ref. [54], although
the earliest computations date back to 1983 [55,56]. The
hadronization process, i.e. the transition from a heavy-quark
pair to a quarkonium bound state, is described in our study
using the color singlet model (CSM) [57-59] or in this case
equivalently non-relativistic QCD (NRQCD) [60] at LO in
the velocity v of the heavy quarks in the bound-state rest
frame. Figure 1 represents the complete reaction with a typ-
ical Feynman diagram depicting the partonic subprocess.

2.2 Other contributions to quarkonium-pair production

The leading contribution to the hadronization of a Q Q pair
into a bound state in NRQCD is the color-singlet (CS) tran-
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Fig. 1 Representative Feynman graph for p(P))+p(P2) —
Q(Pg.1)+Q(Pg,2)+X via gluon fusion at LO in TMD factorisation

sition, for which the perturbatively-produced heavy-quark
pair has the same quantum numbers as the quarkonium and
directly binds without any extra soft interaction. Corrections
to this leading contribution involving higher color-octet (CO)
fock states are suppressed by powers of v, which is meant to
be much smaller than unity for heavy quarkonia.

The CS over CO dominance normally follows from this
power suppression in v encoded in the so-called NRQCD
long distance matrix elements (LDMEs). More precisely one
expects a relative suppression on the order of v* [60-62]
(see [37,63-65] for reviews) per quarkonium. For di-J /v
production with v2 ~ 0.25 and for which both the CO and
the CS yields are produced at a?, the CO/CS yield ratio,
which thus scales as vf, likely lies below the percent level.
Explicit computations [66—70] indeed show corrections from
the CO states below the percent level except in some corners
of the phase space (e.g. large rapidity separation Ay) where
some CO contributions can be kinematically enhanced, but
these can safely be avoided with appropriate kinematical cuts.
More details can be found in [70].

It is important for the applicability of TMD factorization
that the CS contributions dominate. Soft gluon interactions
between the hadrons and a colored initial or final state of the
hard scattering can be encapsulated within the definition of
the TMD through the use of Wilson lines. However, if both
initial and final states are subject to soft gluon interactions,
the resulting color entanglement may break TMD factoriza-
tion [38—40]. The dominance of the CS contributions should
therefore be ensured.

It is also important to take into account o corrections. In
the TMD region, P gor < Mgg, these introduce a renor-
malization scale (1) dependence in the TMD correlators and
a rapidity scale ¢ dependence [4-6]. At larger P 9o one
has to match onto the collinear factorization expression (see

e.g. [71]), which is calculated by taking real-gluon emissions
into account [68,72-74]. At finite P 9oy, such single real-
gluon emissions occur at af and the quarkonium pair effec-
tively recoils against this hard gluon, increasing the pair TM.
In this paper we will restrict to Pggr < Mgg/2 in order
to stay away from the matching region.

Thus far, we have focused our discussion on the single par-
ton scattering (SPS) case. However, since we look at a two-
particle final state, we should also consider the case where
the quarkonia are created in two separate hard scatterings,
i.e. double parton scattering (DPS). At LHC energies, the
gluon densities are typically high and the likelihood for two
hard gluon fusions to take place during the same proton-
proton scattering cannot be neglected.

In the case of di-J /v, it has been already anticipated
in 2011 [75] that DPS contributions may be dominant at
large rapidity difference Ay (thus large invariant masses
with same individual TM). This was corroborated [68] by
the CMS data [42] with an excess above the SPS predic-
tions at large Ay. ATLAS further [45] confirmed the DPS
relevance in di-J /v production with a dedicated DPS study.
One expects1 [45,68] that DPS contributions lie below 10%
for Ay ~ 0 in the CMS and ATLAS samples (characterized
by a Pgr cut away from the threshold My ~ 2My) and
that they only matter at large Ay. However, in the LHCb
acceptance (where My >~ 2My ), DPS contributions can-
not a priori be neglected, but can be subtracted [44] if one
assumes that, for the DPS sample, the kinematics of both
J/¥’s is uncorrelated. This yield a precise (yet, unnormal-
ized) prediction of the kinematical distributions.

Another source of quarkonium pairs is the feed-down from
excited states. For J /v -pair production, the main feed-down
sources are the x. and ¥'. The feed-down from . is expected
to be small, as gg — J/¥ + x. and gg — ¥’ + x. are
suppressed [68] at LO by C-parity and the vanishing of the x,
wave function at the origin, and gg — x. + xc is suppressed
by the squared x. — J /v branchingratio. The production of
a ' with a J /v likely contributes [37] 50% of the J /+/-pair
samples, owing to the large branching ratio for ' — J /¢
(O(60)%) and symmetry factors. Yet, ' + J /v pairs are

! Theory DPS studies advance [76-79], but not yet as to provide quan-
titative inputs to predict DPS cross sections as done for SPS. As such,
one usually assumes the DPS contributions to be independent. This
justifies factorizing the DPS cross section into individual ones with an
(inverse) proportionality factor, referred to as an effective cross-section
oefr. Under this assumption, oefr should be process independent, encod-
ing the magnitude of the parton interaction. oe¢ needs to be experimen-
tally extracted as it is a nonperturbative quantity. This is the standard
procedure at LHC energies [80—86]. Ideally, a single precise extraction
of oefr should suffice to provide predictions for any DPS cross section
under this factorized Ansatz. Yet, the current extraction seems to dif-
fer [87] with values ranging from 25 mb down to a few mb, which forces
us to restrict to qualitative considerations.
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produced exactly like J /v + J/i pairs and thus generate
the same TMD observables.”

In the case of Y-pair production, the main feed-down is
from Y (2,3S). According to Ref. [88], less than 30% of
the produced pairs would originate from feed-down at /s
=8 TeV. As in the J /1 case, C-parity suppresses the T + x;
reaction at leading order, and x5 + xp is suppressed by the
squared branching ratio. Regarding the CO contributions, the
relative velocity of the quarks inside the Y is smaller than for
the J /¢, meaning the NRQCD expansion used to describe
the hadronization has a better convergence. Therefore it is
highly unlikely that the CO channels overcome the CS ones
in the reachable phase space. The fraction of DPS events is
also expected to be less than 5% at low P 9o, and central
rapidity [37], making it an overall cleaner process.

2.3 The TMD differential cross-section

The general structure of the TMD-based differential cross-
section describing quarkonium-pair production from gluon
fusion reads [30]:

e 2
do Moo —4Mg

dMoodYood?Poord2 —  (27)28s M3,

{Fl (Mgo, bcs) C[flgflg](xl,z, Poor)
+ F2(Mgg. cs) C[wzhfghllg](m,z, Poor)

+ <F3(MQQa cs) C[w3f1gh1lg](m,2, Poor)
+ F3(Moo. fcs) C[wéhllgflg](xl,z, PQQT)> cos 2¢cs

+ Fa(Mgog, Ocs) C[w4h1lgh1lg] (x1,2, Pgor) cos 4¢cs} .
(D

with d2 = dcosfcsdeocs, {Ocs, ¢cs} being the Collins-
Soper (CS) angles [89], and Ygg is the rapidity of the
pair. x12 = Mgge*'eQ/ /s, with s = (P; + P»)>.
Here Pgor (= qr) and Yoo are defined in the hadron
c.m.s. The quarkonia move along (in the opposite direction)
e = (sinfcs cos ¢cs, sin Ocs sin Pcs, cos Ocs) in the CS
frame. The kinematical pre-factor is specific to the mass of
the quarkonia and the considered differential cross-sections,
while the hard-scattering coefficients F; only depend on
Ocs and the invariant mass of the system, here Mgg. Their
expression for quarkonium-pair production can be found at
tree level in Ref. [30]. When Pgr > Mg, small values of
cos Ocs correspond to small values of Ay in the hadron c.m.s.

2 Up to the small kinematical shift due to the decay which we neglect
in what follows.
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The TMD convolutions appearing in Eq. (1) are defined
as follows:

Clw f gl(x1,2, Pgor)
_ / kiy f sy 8201y + kar — Pooy)

x w(kir, kar) f(x1, k3,) g(x2, k3,) )

where w(kr, ka7) denotes a TMD weight. The weights in
Eq. (1) are common to all gluon-fusion processes originat-
ing from unpolarized proton collisions. They can be found in
Ref. [25]. Our aim in the present study is to study the impact
of QCD evolution effects in the above TMD convolutions.
Having at our disposal the computation of the hard-scattering
coefficients, the measurements of differential yields in prin-
ciple allow one to extract these TMD convolutions evolved
up to the natural scale of the process, on the order of Mgg
here.

In practice, one looks at specific observables sensitive to
these convolutions. First we note that when the cross-section
is integrated over the azimuthal angle ¢cs, the terms with a
cos(2,4¢cs)-dependence drop out from Eq. (1) such that

1 do
— [d
2w / des dMoodYood?*PoordS2

:Flc[flgflg]+cm[w2hfghfg], 3)

giving direct access to C [f]g flg] and C[wzh]L ghll g].

Furthermore, one can define, at fixed {Y, Pgor, Ocs,
Moo}, cos(ngcs)-weighted differential cross-sections, inte-
grated over ¢cs and normalized by their azimuthally-
independent component:

(cos(ngcs))

do
décs cos(ndcs)
,/ dMQQdYQdePQQTd.Q @
do ’

d
/ S M oodYood P ooy dS?

Such a variable, computed for n = 2 or 4 in our case, cor-
responds to (half of) the relative size of the cos(2,4¢cs)-
modulations present in the TMD cross-section in comparison
to its ¢cs-independent component:

F3C[w3flghf'g] + FéCI:wghf_gflg:I

(cos2¢cs) = F C[flgflg] + 5 C[wzhfghfg]

N =

FaClughni ]
(cos4pcs) =

&)

N =

F C[flgflg] s c[wzhfghfg] '
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When (cos n¢cs) is computed within a range of Moo,
Yoo, Pgor or cos(fcs), we define it as the ratio of cor-
responding integrals. Of course, the range in P 9o should
be such that one remains in the TMD region, i.e. Pggor <
Mgo.

For positive Gaussian hf‘g the (cos(2¢cs)) asymmetry
will be positive (note that in Ref. [30] the (cos(2¢cs)) plots
miss an overall minus sign).

3 TMD evolution formalism

TMD evolution has been considered in an increasing number
of TMD observables. It is usually implemented by Fourier
transforming to br-space, with by being the conjugate vari-
able to P ggr. When evolution effects are considered, the
TMDs acquire a dependence on two scales: arenormalization
scale u and a rapidity scale ¢ (whose evolution is governed
by the Collins-Soper equation). Below we present in a simple
way the results needed to perform the TMD evolution. For
more details, we refer to e.g. [21,47-49].

When TMD evolution is incorporated to the gluon TMDs
in the tree-level result in Eq. (1), the convolutions take the
form

Clw f gl(x1,2, Poor; 1)
_ fdzklr f sy 8201y + kar — Pooy)

x wkir, kor) f(x1, k3 &1, 1) g(x2, k3,5 60, 1), (6)

where the two rapidity scales should fulfill the constraint
it =M 4Q o While the renormalization scale u in the hard-
scattering coefficients F; should be set here to u ~ Mgg in
order to avoid large logarithms, the TMDs should be eval-
uated at their natural scale & ~ /T ~ up = bo/br (with
by = 2¢7YE), in order to minimize both logarithms of ubr
and §b%, and then evolved up to u ~ /¢ ~ Mgg. The solu-
tion of the evolution equations results in the introduction of
the following Sudakov factor Sa:

~ 1 ) ~
FEGer, b7 g p) = e 25400l F8 (2 b g, )
~1 _1 . ~1
hy 8 (xn, b7 ¢ ) = e 25AOTER P (e b g wy) (7)
where the Fourier-transformed TMDs are
FEG b r ) = f Plep e TR £8 (e K2 ),
(br - kr)? — Jb7kF
2

b7 M3

x e OTRT 8 (k2 ), ®)

byt = fd2kT

and the perturbative Sudakov factor (applicable for suffi-
ciently small b7) is given by

Sa(br: ¢, 1) = 2D In %

b

-
12 / d#[F(amz)) In = + (e (;12))] O
w M M

We consider here the resummation at next-to-leading-
logarithmic accuracy, for which the Collins-Soper kernel D
and the non-cusp anomalous dimension y need to be taken
at leading-order, while the cusp anomalous dimension I at
next-to-leading-order (see [90] for a recent detailed analysis
of the two-dimensional evolution of TMDs). The perturba-
tive Sudakov factor then takes the form

Ca (M
Satbricowy =22 [ L <%) (10)
T Sy, it i
. 67 71'_2 B 20Tfnf)a§(,12)}
* [“‘V(“ )+ (( 5~ 3) 9 o
¥ h _
+ 22 dTMO,X(pﬂ) [_%} , (11)
b 6

with C4 = 3, Ty = 1/2 and ny the number of flavors (we
willusen y = 4fordi-J /vy andn y = 5 for di-Y production).
The running of «; is implemented at one loop. We note that
the Sudakov factor S4 is spin independent, and thus the same
for all (un)polarized TMDs [21,49].

The perturbative component of the TMDs for small br
can be computed at a given order in «;. At leading order, flg
is given by the integrated PDF:

FE, 0356, 1) = forp(x; ) + Olas) + O(br Agep) -
(12)

As said above, hllg describes the correlation between the
gluon polarization and its TM (kr) inside the unpolarized
proton. It requires a helicity flip and therefore an additional
gluon exchange. Consequently, its perturbative expansion
starts at O(ay) [9] (the NLO result was recently obtained
in Ref. [91]):

8 (e, b3 ¢, )

s(WCa [1dR (% .
Z—(Mf Tx<£_l>fg/P(x§M)
b x X \x

s(W)C Ydz (% .
§ HCE Z/ £ (;—‘ - 1) firp G u))
1=q.,q
+ O@@?) + O(br Agep) (13)

The above equations in principle allow one to derive a pertur-
bative expression of these TMDs. However, they are strictly
applicable only in a restricted by range, whereas we need
an expression for them from small to large br in order to
perform the corresponding Fourier transform.
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For large b7, one indeed leaves the domain of perturbation
theory. On the contrary, when b7 gets too small, 1, becomes
larger than Mg and the evolution should stop. The above
perturbative expression for the Sudakov factor should thus
not be used as it is.

One of the common solutions to continue to use the above
expressions consists in replacing br by a function of br
which freezes in both these limits such that one is not sen-
sitive to the physics there. For our numerical studies we use
the following b prescription [92]:

b.(b
b (be(br) = ——teT) (14)

1+ (’;T(”T))

where

bc(bT) =

i)

such that pp, = 0] always lies between by /b7, (reached

b
when by — 00) ;nc)i Moo (reached when by — 0). This
prescription is of course not unique, as it entails e.g. some
particular assumptions on the transition from the hard to the
soft regime. The ambiguity in the choice of this prescription
can however be absorbed in the nonperturbative modelling
of the TMDs, anyhow needed in the large by region, which
we discuss next.

Schematically each TMD convolution can be written in
br-space as

Xdb ~
Clw f g1 = / by dn(brar) Wbr. 0), (16)
0 T

for some integers n and m. Here W is a simple prod-
uct of Fourier-transformed TMDs. The nonperturbative
Sudakov factor Snp is now defined through W(br, Q) =
W(b’}, Q) e~ Ne(1.Q) " \yhere by construction W(b%, Q) is
perturbatively calculable for all b7 values. The value of
bt max in Eq. (14) (roughly) sets the separation between
the perturbative and nonperturbative domains. Its optimal
value depends on many factors, such as the functional form
chosen for b} and the parametrization of the nonperturba-
tive Sudakov factor Syp. For our numerical studies we take
brmax = 1.5 GeV1, inspired by previous fits from Drell—
Yan and W, Z production [93-97].

The functional form of Snp has been subject of debate,
but is usually chosen to be proportional to b% for all br. By
definition e~ NP7 Q) has to be equal to 1 for by = 0 and
for large b it has to vanish, at the very least to ensure con-
vergence of the results. It is usually assumed to be a mono-
tonically decreasing function of b7 and its change from 1
to 0 is assumed to happen within the confinement distance.

@ Springer

Table 1 Values of the parameter A used in Eq. (17) for e=\?, along
with the corresponding b7 1im and r at Mgo = 12 GeV

A (GeV?) briim (GeV™) r (fm ~ 1/(0.2 GeV)
0.64 2 0.2
0.16 4 0.4
0.04 8 0.8

Lacking experimental constraints, here we will assume a sim-
ple Gaussian form (of varying widths). In order to assess the
importance of the nonperturbative Sudakov factor for the size
of the asymmetries and to perform a first error estimate, we
consider several functions. For this purpose, we take a simple
formula for the nonperturbative Sudakov factor that encap-
sulates the expected M go-dependence [98] and the assumed
br-Gaussian behavior:

Sne(be(br)) = Aln( Qif) b2(br),  Onp=1GeV.

(7)

From this nonperturbative Sudakov factors a value briip
is defined at which ¢~SN? becomes negligible, to be spe-
cific, where it becomes ~ 1073. From this we furthermore
define a corresponding characteristic radius r = %brum
(considering brim the diameter, since it is conjugate to
Poor = kit + kor), which delimits the range over which
the interactions occur from the center of the proton. To esti-
mate the uncertainty associated with the largely unknown
nonperturbative Sudakov factor, we will consider three cases:
brim = 2, 4 and 8 GeV~!. This spans roughly from
brmax = 1.5 GeV~! to the charge radius of the proton, thus
giving a generous but sensible estimation of the nonperturba-
tive uncertainty. The corresponding values of the parameter
A and r for Mg = 12 GeV are given in Table 1.

The value Moo = 12 GeV is considered because the ratio
F3/F) peaks there (for J/y pair production), but we will
also consider larger values later on. When M gg increases,
the interaction radius r decreases. Figure 2 depicts e ~5NP as a
function of b7 for the three values of A previously mentioned
and for Mgg ranging from 12 to 30 GeV.

We point out that the nonperturbative Sudakov factor as
fitted by Aybat and Rogers [95] to low-energy SIDIS as well
as high-energy Drell-Yan and Z° production data, rescaled
by a color factor C4/CF to account for the different color
representation between quarks and gluons, is very close to
the case b7 jim = 2 GeV~!. Itis also very close to the Fourier
transform of the Gaussian model for fl (x, k2 7) with (k )y =
3.3 4+ 0.8 GeV? as extracted in Ref. [30] from a LO fit to
J /Yr-pair-production data from LHCb [44] from which the
DPS contributions was however approximately subtracted.
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A = 0.04 GeV?
0.16 GeV?
0.64 GeV?

MQQ =12 GeV —
30 GeV —

br (Gevl)

Fig. 2 ¢S from Eq. (17) vs by for A = 0.04 (purple), 0.16 (orange)
and 0.64 (magenta) GeV?, for values of Mg ranging from 12 to 30
GeV. The boundaries around the bands depict the exponential at Moo
=12 GeV (solid line) and at Moo = 30 GeV (dotted line)

We end this section by providing the expressions for the
TMD convolutions in br-space, which we actually use in the
numerical predictions in the next section:

el ]
o0
= [ OE braobran e Mae e
0 277.’
x eSS FE (e b3 12 wp) 1 (X2, b Ud )
1 1lg
Cluwa b nit]
o0
- / o brJo(brqr) ¢S4 TiMoo Moo)
0 27'[

— Nrlg ~1
x eSO P8 (xy b3, wp) hy S (x2, B2 2, ) s
Lo
C[w3fﬁh15]
Oodb *.g2
- / L by Iy (brgr) e 54 0riMao- M)
0 27'[
_ N xe ~ Lo
x eSO FE (e b2 2 wp) by S (e, B33 2, )
Cluwshinit]
oodb *.ag2
N / L by Ja(brqr) e 51 ¢ Mag Meo)
0 27'[

— Nrlg ~1
x eSO P8 (xy bEE Ul wp) iy f (xa, B2 Mi%-
(18)

4 The TM spectrum and the azimuthal asymmetries
4.1 J/+-pair production

As said, after integration over the azimuthal angle ¢¢g, one
gets to a good approximation do/dqr o« qr C[flgflg]. In
Fig. 3a we compare g7 C[ £, f,*] evaluated using the non-
evolved Gaussian TMD model of [30] with the evolved TMD
computed along the lines described in the previous section

Gaussian <k#> = 3.3 + 0.8 GeVZ2 —

Evolved @, byim € [2;8] GeV'1

T 05 LHCb data with DPS subtracted
5]
£ 04 -
>
o
©
£ 03 [
o -
k4
©
o 024/ J
A
z
Yo
0.1 |
%
~ <Myy> = 8 GeV
3
o 0 | | | | | | | |
Ke]
5 0 05 1 15 2 25 3 35 4
Pyy, [GeV]
(a)
12.106 o MQQ =12 GeV
_ 20 GeV
3 30 Gev
9
8.106
5
N
o
S 4,106
(j:'y_ ' Evolved f#
& brim € [2;8] Gev-!
O | | | | | | |
0 2 4 6 8 10 12 14
PQQT [GeV]
(b)

Fig. 3 (a) The normalised P ggor-spectrum for J /v -pair production
at My, =8 GeV using two gluon TMDs. The first is a Gaussian Ansatz
with (k?) = 3.3 & 0.8 GeV? obtained from the LHCb data [30] (the
red curve shows the central value and the gray band the associated
uncertainty). The second is the result of our present study with TMD
evolution. The green band results from the uncertainty on the b7 -width
of the nonperturbative Sudakov factor Sxp. The estimated DPS contri-
bution has been subtracted from the LHCb data (black crosses) which
were also normalized over the interval. (b) The P g o7-spectrum using
our evolved gluon TMDs at Mgo = 12, 20 and 30 GeV for the same
uncertainty on the br-width

for Moo =8 GeV using the range of b7 im between 2 and 8
GeV~!. The main difference one can observe is the broaden-
ing of the P g gr-spectrum when including evolution effects.
The curves are given as functions of P 9oy in the range from
0 up to Mgg/2, to be in the validity range of TMD factor-
ization.

The momentum fractions of the initial gluons, x; and x3,
are both fixed to 1073, Varying the momentum fractions does
not have any significant impact on the shape of the P ggr-
spectrum or the azimuthal asymmetries. The size of the asym-
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metries varies by a few percent with x. As such variations
do not change the conclusions of our analysis, we will keep
the values x; = x, = 1073 throughout this paper. This is
also convenient for an experimental study, as a binning of
the data in Yo is not necessary to be able to compare them
with predictions.

In Fig. 3b, we show evolved results for Mgg = 12, 20
and 30 GeV within the same b7y range as Fig. 3b. The
broadening of the P ggr-spectrum for increasing Moo is
then explicit.

The azimuthal asymmetries presented in Eq. (5) depend
on a rather complex ratio of TMD convolutions and hard-
scattering coefficients. In the case of J/v-pair produc-
tion, these expressions simplify for several reasons. The
first one, already mentioned previously, is that because
F> is small, the denominator can be approximated to be

F\C [ e ] Moreover, because of the symmetry of the

final state, one finds the coefficients F3 and Fé to be
equal, simplifying the numerator of (cos(2¢cs)) to be
F3(C[w3 flghf‘g] + C[w’3 hf‘gflg]). Finally, when one
takes the initial-parton-momentum fractions to be equal, i.e.
X1 = Xx2, these two convolutions become equal as well.
Since the P gor-dependence of the cross-section is con-
tained inside the convolutions, the P ggor-dependence of
the asymmetries can be studied via the convolution ratios
Clws fifny /e ¢ 1] and clwani e[ 18 1]
for (cos(2¢cs)) and (cos(4¢cs)), respectively.

The difference between both convolutions depends on
the kind of TMDs they contain, but also the type of Bessel
function generated by the angular integral and the weights.
Because ﬁll ¢ is of order a, it is naturally suppressed in com-
parison to flg. Moreover, s (14p) is growing with by (up toits
bound a5 (bg /b1 max)) and ﬁf‘ 8 is also broader in by than f lg.

The presence of ﬁng in a given convolution therefore con-
tributes to reduce the magnitude of the integrand, and to its
br-broadening. These effects contribute to strongly suppress
Clwa by éni ¢ [withrespecttoc| £ £ |- wa i Sny ¢ is
of order asz and its integrand is significantly broadened in b,
meaning it falls faster than C [ f]g flg]with increasing P 9o .

Indeed, as a consequence of the br-broadening, more oscil-
lations of the Jy Bessel function occur in the integrand of
C[wz hnghng] than of C[flg flg], before being dampened
by the Sudakov factors at large b7. Each additional oscilla-
tion in the integrand brings the convolution value closer to
zero. More oscillations are packed in a given br-range when
P oo increases, widening the gap between the two con-
volutions, and effectively making the ratio fall with Pgoy.
This additional effect renders the F> C|w» hllg hng] term

truly negligible in the cross-section for J/y-pair produc-
tion. It also means that in other processes where the hard-

@ Springer

scattering coefficient F> may be large, the convolution itself
would remain relatively small at scales larger than a few GeV.
Besides, its influence on the cross-section will be strongest
at the smallest TM.

The situation is different for the azimuthal asymmetries,
which involve convolutions in the numerator that contain
either the J> or J4 Bessel functions. Such functions are
0 at br=0 and then grow in magnitude. The consequence
is that the br-integrals containing such functions benefit
from unsuppressed intermediate b7 values. At some point,
undampened large-b7 oscillations will bring the integral

value down toward O in a similar way as for C [ flg flg]

and C[wz hllghfg]. Therefore, the C[w3 flghfg] and

L

C [w4 h; ghf‘g ] convolutions first grow with Pggor up to

a peak maximum, and then decrease in value like C [ flg flg]
does. Another crucial difference is that the envelopes of
J> and Jy tend slower toward O than the Jy one with
increasing b7. The consequence is that C[wg ff hllg ] and

Clws hy i fall slower than C[ ££ £¢] with Pooy.
Hence the convolution ratios, and the azimuthal asymme-
tries, always grow with Pggr, as can be seen in Fig. 4.
In addition, as the large b7 values are less suppressed than

in C [ i flg], the azimuthal asymmetries are also more
sensitive to the variations of the nonperturbative Sudakov
Snp. The effect is more pronounced for C [w4 hnghng]

since it contains l;f'g twice and a broader Bessel func-
tion.

Figure 4b displays the cos(2¢cs) asymmetry as a func-
tion of Pgor in the forward single J/vy rapidity region
(larger cos(6cs)) while 4c displays the cos(4¢cs) asym-
metry in the central rapidity region (small cos(fcs) with
X1 = x2). Such choices maximize the size of the asymme-
tries as the associated hard-scattering coefficients are larger
in these regions, without modifying the shapes of the asym-
metries in P gor (see [30] for a comparison between the
two rapidity regions for each asymmetry). The uncertainty
band associated with the width of Snp narrows with increas-
ing Moo as in Fig. 3; the uncertainty remains larger for

(cos(4¢cs)) as C[w4 hnghng] is more affected by Snp.

The curves for byjim = 8 GeV ™! (large dashes) are quite
close to the ones using br jim =4 GeV~! (solid line). Indeed,
when Snp is already significantly wider than Sy4, an addi-
tional increase in its width will not affect the asymmetries
anymore. Both convolutions in the ratios are larger with a
wide nonperturbative Sudakov factor, yet this benefits the

numerator (C[u)3 flghllg] or C[w4 hllghf‘g]) more than

the denominator (C [ 5 ]), and the asymmetries are of a
greater size for a wider Snp.
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Fig. 4 The azimuthal Myy = 12 GeV brim = 2 Gevl —- Myy = 12 GeV briim = 2 GeV'i -
asymmetries for di-J /v 21 GeV 4 Gevl — gé gex 4 GeV:l _
production as functions of ) | 30 Gev 8 Gev'l — € 8 GeV
P 5 or. The different plots show _ _ 0.25 < |cos B¢g| < 0.5
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We recall that the size of the asymmetries is also influ-
enced by the ratio of the hard-scattering coefficients which
are M go-dependent. F3/F; peaks around Moo = 12 GeV
which explains why the cos(2¢¢s) asymmetry is largest near
this value. As discussed in Ref. [30], the ratio F4/F keeps
growing with Mg g, approaching 1 at sufficiently large val-
ues. Yet the cos(4¢cs) asymmetry gets smaller with larger
Mgg. This can be better seen in Fig. 5 which depicts the
same asymmetries as functions of Mgg = My .

One first observes that, at large Mg g, the growth of the
asymmetries with Pggr is slower. Indeed, in such a sit-
uvation, the Sudakov factors broaden the P ggr-shapes of
the convolutions, hence the ratio varies slower. This slower
increase is compensated by the fact that larger values of
Moo allow for an extended growth of the asymmetry over
a greater P gor-range of validity for the TMD formalism.
Secondly, the convolution ratios at a fixed value of Pggor
also evolve with Mgg. The computable M go-dependence
is encoded in the perturbative Sudakov factor S4, while Snp
is also logarithmically varying with Mgg [98]. Both S4 and
Snp get narrower in by with increasing Mgg, leading to

a decrease of the value of the convolutions. C[w3 f hng ]

and C [w4 h]Lghng] are more sensitive to the large br-
value dampening and therefore fall faster with Mgg than
C [ f lg f lg ] . This results in decreasing convolution ratios, with

a steeper fall for C[w4 hi Sh® ] However the azimuthal

asymmetries also depend on the evolution with Mg of the
hard-scattering coefficients ratios. Since Fy/F keeps grow-
ing while F3/F; falls after peaking at Mgg ~ 12 GeV,
(cos(4¢cs)) will actually decrease slower than (cos(2¢cs)).

The large variations of the width of Syp generate mod-
erate uncertainties on the size of the asymmetries. The lat-
ter, although consequently smaller than when computed in
a bound-saturating model [30], still reach reasonable sizes,
up to 5%-10%. We used the same nonperturbative Sudakov
factor for all TMD convolutions in these computations, but
the Mgo-independent part is actually expected to be non-
universal. We checked that individually changing the width
of Snp within the b7 jim-ranges used in this study inside the
different types of convolutions, does not bring any significant
modification on the observables.

So far, there are still no experimental data allowing for
an extraction of the gluon TMDs inside unpolarized protons.
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Fig. 5 The azimuthal Pyy; = 4 GeV by = 2 Gevl - Pyy; = 4 GeV briim = 2 GeV‘i -
asymmetries for di-J /v 7 GeV 4 Geyl — 13 gex 4 Gevl —
production as functions of 10 GeV 8 Gevl — € 8 Gev'! —
My . The different plots show 2r 8 0.25 < |cos 8¢g| < 0.5
2(cos(2¢cs)) (a,b) and 9 cos Bcs| < 0.25 9
2(cos(4¢cs)) (c,d), at £ ; £
| cos(Bcs)| < 0.25 (a,c) and at 6
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We believe that the numerous J /v -pair-production events
recorded at the LHC can give us access to information about
the nonperturbative components of flg and hf‘g , provided
the events are selected with kinematics within the validity
range of TMD factorization, Pgor < Mgg/2.

4.2 Y -pair production

It is also of interest to look at Y-pair production. The par-
tonic subprocess is identical to that of di-J /v production. In
the non-relativistic limit, where My = 2my, the main dif-
ference comes from the mass of the heavy quark. We note
that the value of the non-relativistic wave function at the ori-
gin (or equivalently the NRQCD LDME for the CS transi-
tion) also differs but cancels in the ratios which we consider.
The feed-down pattern is also clearly different. However, as
announced, we will neglect the resulting (small) feed-down
effects.

Owing to this larger mass, such a process probes the evo-
lution at generally higher scales. The coupling constant o
is also smaller which increases the precision of the pertur-
bative expansion. Higher scales also mean that the process

@ Springer

is less sensitive to the (large br) nonperturbative behav-
ior of the gluon TMDs. Hence, it is also less affected by
the uncertainties associated with this unconstrained compo-
nent.

On the experimental side, Y'-pair production is admittedly
arare process. Yet, it starts to be accessible at the LHC. The
first analysis by the CMS collaboration at /s = 8 TeV only
comprised a 40-event sample [99] but a second one is forth-
coming. During the future high luminosity LHC runs, it will
definitely be possible to record a sufficient number of events
for a TMD analysis of both the P g, and azimuthal depen-
dences of the yield. Figure 6 depicts the azimuthal modu-
lations for Y-pair production as functions of P gor up to
Mog/2, for values of Mgg of 30, 40 and 50 GeV.

The uncertainty bands associated with the width of Syp
are clearly narrower than in the J/y case. The cos(2¢cs)
asymmetry in Fig. 6b reaches 10% at Mg g =40 GeV, which
is the value for which the corresponding hard-scattering coef-
ficient ratio F3/F7 peaks for Y-pair production. Moreover,
the decrease of the hard-scattering coefficient past the peak
is slower, allowing the asymmetry to remain of similar size
at Mgg =40 and 50 GeV.
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Fig. 6 The azimqthal Myy =30 GeV by = 2 Gev'l —- Myy = 30 GeV briim = 2 Gev-i -
asymmetries for di-Y 40 GeV 4 Geyl — 40 GeV 4 GeV'1 —
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5 Conclusions

In this paper we discussed the potential of double J /v and
Y production for the study of the gluon TMDs inside unpo-
larized protons at the LHC. We presented the advantages of
quarkonia as probes of these TMDs. We improved on pre-
vious results [30] by including TMD evolution effects, ren-
dering the results more realistic and effectively taking into
account QCD corrections that describe the evolution with
the invariant mass Moo of the quarkonium pair. We used
a simple br-Gaussian of variable width to parametrize the
nonperturbative Sudakov factor Syp in order to estimate how
important its impact is on the predicted yield and asymme-
tries, as it currently remains unconstrained in the gluon case.

We discussed the broadening of the P ggy-spectrum due
to the evolution in the case of double-J /v production, as well
as the uncertainty associated with a variation of the width of
Snp between 2 and 8 GeV~!. As expected, we found that its
influence decreases at large Moo as the perturbative com-
ponent of the TMDs becomes dominant. We also computed
the (cos(2,4¢cs)) asymmetries as functions of P ggr and
Mgogo. We found a notable suppression of the asymmetries

in comparison to [30], caused by the fact that hf‘ & appears at
order «; in the evolution formalism. We nevertheless found
that such asymmetries still reach reasonable sizes for larger
P ooy values and could be observed in the events already
collected and to be recorded in the future. We found that the
size of the asymmetries increases with P 9. Such a behav-
ior is explained by the relative slower fall in Pgg; of the
TMD convolutions containing hy %.

TMD factorization needs to be matched onto its collinear
counterpart when P g7 approaches Mgg. Since the latter
generates no asymmetries at leading twist, a Y -term becomes
necessary at some point in order to neutralize the growth
of the asymmetries and force them toward zero. We also
observed that, in spite of the hard-scattering coefficient ratio
Fy4/ F1 approaching 1 at large energy, the cos(4¢) asymmetry
actually falls with Mgg.

Overall we conclude that J /v -pair production is a promis-
ing process to measure azimuthal asymmetries related to
gluon TMDs as well as the effect of the evolution on the
P 5 or-spectrum. The energy threshold for this process is
relatively low, making it sensitive to the nonperturbative com-
ponent of the TMDs. The large event sample to be collected
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by the different collaborations at the LHC should give enough
statistics to constrain them. Y -pair production presents the
interesting opportunity to measure sizeable asymmetries at
scales where perturbative contributions dominate, with a
reduced necessity to include higher-order corrections. We
also presented predictions for the asymmetries as functions
of P 9oy for Y -pair production. With sufficient data to come,
it would allow for a complementary extraction of the gluon
TMDs, while the expected size of asymmetries remain simi-
lar. Although Y pairs remain extremely rare at the LHC, the
future high-luminosity runs will make it possible to acquire
enough statistics.

Accessing information about the gluon TMDs can thus
already be done at the LHC using quarkonium production,
although more efforts in the direction of Ref. [50] are needed
in order to obtain rigorous factorization theorems and expres-
sions beyond tree level. It would give us a preview of what
we can expect to find at a future electron-ion collider [100] or
fixed-target experiments at the LHC [101-105], where these
distributions should be accessible through different reactions.
Because of the fundamental differences in these experimen-
tal setups, it is of great interest to measure the same TMDs
using both of them, in order to be able to check fundamental
predictions of the formalism such as the evolution and the
universality.

Acknowledgements 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 is also sup-
ported by the European Union’s Horizon 2020 research and innova-
tion programme under Grant agreement no. §24093. MGE is supported
by the Marie Sktodowska-Curie Grant GlueCore (Grant agreement no.
793896).

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: All data (numbers
and plots) generated in our study have been included in this paper. We
do not have additional data to show.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

References

1. J.P.Ralston, D.E. Soper, Production of dimuons from high-energy
polarized proton proton collisions. Nucl. Phys. B 152, 109 (1979)

@ Springer

10.

11.

12.

13.

16.

19.

20.

21.

D.W. Sivers, Single spin production asymmetries from the hard
scattering of point-like constituents. Phys. Rev. D 41, 83 (1990)
R.D. Tangerman, P.J. Mulders, Intrinsic transverse momentum
and the polarized Drell-Yan process. Phys. Rev. D 51, 3357-3372
(1995). arXiv:hep-ph/9403227 [hep-ph]

J. Collins, Foundations of perturbative QCD. Camb. Monogr. Part.
Phys. Nucl. Phys. Cosmol. 32, 1-624 (2011)

M.G. Echevarria, A. Idilbi, I. Scimemi, Factorization theorem for
Drell-Yan at low g7 and transverse momentum distributions on-
the-light-cone. JHEP 07, 002 (2012). arXiv:1111.4996 [hep-ph]
M.G. Echevarria, A. Idilbi, I. Scimemi, Soft and collinear factor-
ization and transverse momentum dependent parton distribution
functions. Phys. Lett. B 726, 795-801 (2013). arXiv:1211.1947
(hep-ph]

P.J. Mulders, J. Rodrigues, Transverse momentum dependence in
gluon distribution and fragmentation functions. Phys. Rev. D 63,
094021 (2001). arXiv:hep-ph/0009343 [hep-ph]

D. Boer, W.J. den Dunnen, C. Pisano, M. Schlegel, W. Vogel-
sang, Linearly polarized gluons and the Higgs transverse
momentum distribution. Phys. Rev. Lett. 108, 032002 (2012).
arXiv:1109.1444 [hep-ph]

P. Sun, B.-W. Xiao, F. Yuan, Gluon distribution functions and
higgs boson production at moderate transverse momentum. Phys.
Rev. D 84, 094005 (2011). arXiv:1109.1354 [hep-ph]

J.-W. Qiu, M. Schlegel, W. Vogelsang, Probing gluonic spin-
orbit correlations in photon pair production. Phys. Rev. Lett. 107,
062001 (2011). arXiv:1103.3861 [hep-ph]

R.M. Godbole, A. Misra, A. Mukherjee, V.S. Rawoot, Sivers effect
and transverse single spin asymmetry ine 4 pt — e+ J /¥ + X.
Phys. Rev. D 85, 094013 (2012). arXiv:1201.1066 [hep-ph]

D. Boer, C. Pisano, Polarized gluon studies with charmonium and
bottomonium at LHCb and AFTER. Phys. Rev. D 86, 094007
(2012). arXiv:1208.3642 [hep-ph]

R.M. Godbole, A. Misra, A. Mukherjee, V.S. Rawoot, Transverse
single spin asymmetry in e + p1 — e+ J /¥ + X and transverse
momentum dependent evolution of the sivers function. Phys. Rev.
D 88(1), 014029 (2013). arXiv:1304.2584 [hep-ph]

R.M. Godbole, A. Kaushik, A. Misra, V.S. Rawoot, Transverse
single spin asymmetry in e + pt — e + J/¥ + X and Q? evo-
lution of Sivers function-1I. Phys. Rev. D 91(1), 014005 (2015).
arXiv:1405.3560 [hep-ph]

. G.-P. Zhang, Probing transverse momentum dependent gluon dis-

tribution functions from hadronic quarkonium pair production.
Phys. Rev. D 90(9), 094011 (2014). arXiv:1406.5476 [hep-ph]
D. Boer, C. Pisano, Impact of gluon polarization on Higgs boson
plus jet production at the LHC. Phys. Rev. D 91(7), 074024 (2015).
arXiv:1412.5556 [hep-ph]

. W.J. den Dunnen, J.P. Lansberg, C. Pisano, M. Schlegel, Access-

ing the transverse dynamics and polarization of gluons inside
the proton at the LHC. Phys. Rev. Lett. 112, 212001 (2014).
arXiv:1401.7611 [hep-ph]

. D. Boer, W.J. den Dunnen, TMD evolution and the Higgs

transverse momentum distribution. Nucl. Phys. B 886, 421-435
(2014). arXiv:1404.6753 [hep-ph]

G.-P. Zhang, Transverse momentum dependent gluon fragmen-
tation functions from J /v production at eTe™ colliders. Eur.
Phys. J. C 75(10), 503 (2015). arXiv:1504.06699 [hep-ph]

A. Mukherjee, S. Rajesh, Probing transverse momentum depen-
dent parton distributions in charmonium and bottomonium pro-
duction. Phys. Rev. D 93(5), 054018 (2016). arXiv:1511.04319
(hep-ph]

M.G. Echevarria, T. Kasemets, P.J. Mulders, C. Pisano, QCD
evolution of (un)polarized gluon TMDPDFs and the Higgs g7-
distribution. JHEP 07, 158 (2015). arXiv:1502.05354 [hep-ph].
[Erratum: JHEP05,073(2017)]


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/hep-ph/9403227
http://arxiv.org/abs/1111.4996
http://arxiv.org/abs/1211.1947
http://arxiv.org/abs/hep-ph/0009343
http://arxiv.org/abs/1109.1444
http://arxiv.org/abs/1109.1354
http://arxiv.org/abs/1103.3861
http://arxiv.org/abs/1201.1066
http://arxiv.org/abs/1208.3642
http://arxiv.org/abs/1304.2584
http://arxiv.org/abs/1405.3560
http://arxiv.org/abs/1406.5476
http://arxiv.org/abs/1412.5556
http://arxiv.org/abs/1401.7611
http://arxiv.org/abs/1404.6753
http://arxiv.org/abs/1504.06699
http://arxiv.org/abs/1511.04319
http://arxiv.org/abs/1502.05354

Eur. Phys. J. C (2020) 80:87

Page 13 of 14 87

22.

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

A. Mukherjee, S. Rajesh, J /¢ production in polarized and unpo-
larized ep collision and Sivers and cos 2¢ asymmetries. Eur. Phys.
J.C77(12), 854 (2017). arXiv:1609.05596 [hep-ph]

. A. Mukherjee, S. Rajesh, Linearly polarized gluons in charmo-
nium and bottomonium production in color octet model. Phys.
Rev. D 95(3), 034039 (2017). arXiv:1611.05974 [hep-ph]

D. Boer, Gluon TMDs in quarkonium production. Few Body Syst.
58(2), 32 (2017). arXiv:1611.06089 [hep-ph]

J.-P. Lansberg, C. Pisano, M. Schlegel, Associated production of a
dilepton and a Y"(J /) at the LHC as a probe of gluon transverse
momentum dependent distributions. Nucl. Phys. B 920, 192-210
(2017). arXiv:1702.00305 [hep-ph]

R.M. Godbole, A. Kaushik, A. Misra, V. Rawoot, B. Sonawane,
Transverse single spin asymmetry in p + pt — J/¥ 4 X. Phys.
Rev. D 96(9), 096025 (2017). arXiv:1703.01991 [hep-ph]

U. D’Alesio, F. Murgia, C. Pisano, P. Taels, Probing the gluon
Sivers function in p'p — J/¥ X and p'p — D X. Phys. Rev.
D 96(3), 036011 (2017). arXiv:1705.04169 [hep-ph]

S. Rajesh, R. Kishore, A. Mukherjee, Sivers effect in Inelastic
J /4 photoproduction in ep collision in color octet model. Phys.
Rev. D 98(1), 014007 (2018). arXiv:1802.10359 [hep-ph]

A. Bacchetta, D. Boer, C. Pisano, P. Taels, Gluon TMDs
and NRQCD matrix elements in J /v production at an EIC.
arXiv:1809.02056 [hep-ph]

J.-P. Lansberg, C. Pisano, F. Scarpa, M. Schlegel, Pinning down
the linearly-polarised gluons inside unpolarised protons using
quarkonium-pair production at the LHC. Phys. Lett. B 784, 217-
222(2018). arXiv:1710.01684 [hep-ph] ([Erratum: Phys. Lett.B
791, 420 (2019)])

R. Kishore, A. Mukherjee, Accessing linearly polarized gluon
distribution in J /v production at the electron-ion collider. Phys.
Rev. D 99(5), 054012 (2019). arXiv:1811.07495 [hep-ph]

P. Sun, C.P. Yuan, F. Yuan, Heavy quarkonium production at low
pt in NRQCD with soft gluon resummation. Phys. Rev. D 88,
054008 (2013). arXiv:1210.3432 [hep-ph]

J.P. Ma, J.X. Wang, S. Zhao, Transverse momentum depen-
dent factorization for quarkonium production at low transverse
momentum. Phys. Rev. D 88(1), 014027 (2013). arXiv:1211.7144
[hep-ph]

J.P. Ma, J.X. Wang, S. Zhao, Breakdown of QCD factorization
for P-wave quarkonium production at low transverse momentum.
Phys. Lett. B 737, 103-108 (2014). arXiv:1405.3373 [hep-ph]
J.P. Ma, C. Wang, QCD factorization for quarkonium production
in hadron collisions at low transverse momentum. Phys. Rev. D
93(1), 014025 (2016). arXiv:1509.04421 [hep-ph]

R. Kishore, A. Mukherjee, S. Rajesh, Sivers asymmetry in photo-
production of J /¢ and jet at the EIC. arXiv:1908.03698 [hep-ph]
J.-P. Lansberg, New observables in inclusive production of
Quarkonia. arXiv:1903.09185 [hep-ph]

J. Collins, J.-W. Qiu, k7 factorization is violated in production of
high-transverse-momentum particles in hadron-hadron collisions.
Phys. Rev. D 75, 114014 (2007). arXiv:0705.2141 [hep-ph]

J. Collins, 2-Soft-gluon exchange and factorization breaking.
arXiv:0708.4410 [hep-ph]

T.C. Rogers, P.J. Mulders, No generalized TMD-factorization in
hadro-production of high transverse momentum hadrons. Phys.
Rev. D 81, 094006 (2010). arXiv:1001.2977 [hep-ph]

DO Collaboration, V.M. Abazov et al., Observation and studies
of double J /v production at the tevatron. Phys. Rev. D 90(11),
111101 (2014). arXiv:1406.2380 [hep-ex|

CMS Collaboration, V. Khachatryan et al., Measurement of
prompt J /v pair production in pp collisions at /s = 7 Tev. JHEP
09, 094 (2014). arXiv:1406.0484 [hep-ex]

LHCb Collaboration, R. Aaij et al., Observation of J /v pair pro-
duction in pp collisions at /s = 7T eV . Phys. Lett. B 707, 52-59
(2012). arXiv:1109.0963 [hep-ex]

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

LHCb Collaboration, R. Aaij et al., Measurement of the J/y
pair production cross-section in pp collisions at /s = 13 TeV.
JHEP 06, 047 (2017). arXiv:1612.07451 [hep-ex] [Erratum:
JHEP10,068(2017)]

ATLAS Collaboration, M. Aaboud et al., Measurement of the
prompt J/ v pair production cross-section in pp collisions at /s =
8 TeV with the ATLAS detector. Eur. Phys. J. C77(2), 76 (2017).
arXiv:1612.02950 [hep-ex]

Z.G.He, B.A. Kniehl, M.A. Nefedov, V.A. Saleev, Phys. Rev. Lett.
123(16), 162002 (2019). https://doi.org/10.1103/PhysRevLett.
123.162002. [arXiv:1906.08979 [hep-ph]]

J. Collins, New definition of TMD parton densities. Int. J. Mod.
Phys. Conf. Ser. 4, 85-96 (2011). arXiv:1107.4123 [hep-ph]
M.G. Echevarria, A. Idilbi, A. Schaefer, I. Scimemi, Model-
independent evolution of transverse momentum dependent distri-
bution functions (TMDs) at NNLL. Eur. Phys. J. C 73(12), 2636
(2013). arXiv:1208.1281 [hep-ph]

M.G. Echevarria, A. Idilbi, I. Scimemi, Unified treatment of the
QCD evolution of all (un-)polarized transverse momentum depen-
dent functions: collins function as a study case. Phys. Rev. D90(1),
014003 (2014). arXiv:1402.0869 [hep-ph]

M.G. Echevarria, Proper TMD factorization for quarkonia pro-
duction: pp — 1, as a study case. arXiv:1907.06494 [hep-ph]
S. Fleming, Y. Makris, T. Mehen. arXiv:1910.03586 [hep-ph]

S. Meissner, A. Metz, K. Goeke, Relations between generalized
and transverse momentum dependent parton distributions. Phys.
Rev. D 76, 034002 (2007). arXiv:hep-ph/0703176 [HEP-PH]

D. Boer, S. Cotogno, T. van Daal, P.J. Mulders, A. Signori, Y.-J.
Zhou, Gluon and Wilson loop TMDs for hadrons of spin < 1.
JHEP 10, 013 (2016). arXiv:1607.01654 [hep-ph]

C.-E. Qiao, L.-P. Sun, P. Sun, Testing charmonium production
mechamism via polarized J/psi pair production at the LHC. J.
Phys. G37, 075019 (2010). arXiv:0903.0954 [hep-ph]

V.G. Kartvelishvili, S.M. Esakiya, On hadronic production of
pairs of J/psi mesons. Sov. J. Nucl. Phys. 38(3), 430-432 (1983)
B. Humpert, P. Mery, Psi psi production at collider energies. Z.
Phys. C 20, 83 (1983)

C.-H. Chang, Hadronic production of J/y associated with a
gluon. Nucl. Phys. B 172, 425-434 (1980)

R. Baier, R. Ruckl, Hadronic production of J/psi and upsilon:
transverse momentum distributions. Phys. Lett. 102B, 364-370
(1981)

R. Baier, R. Ruckl, Hadronic collisions: a quarkonium factory. Z.
Phys. C 19, 251 (1983)

G.T. Bodwin, E. Braaten, G.P. Lepage, Rigorous QCD analysis of
inclusive annihilation and production of heavy quarkonium. Phys.
Rev. D 51, 1125-1171 (1995). arXiv:hep-ph/9407339 [hep-ph]
[Erratum: Phys. Rev. D55, 5853 (1997)]

P.L. Cho, A.K. Leibovich, Color octet quarkonia production 2.
Phys. Rev. D 53, 6203-6217 (1996). arXiv:hep-ph/9511315 [hep-
ph]

P.L.Cho, A.K. Leibovich, Color octet quarkonia production. Phys.
Rev. D 53, 150-162 (1996). arXiv:hep-ph/9505329 [hep-ph]

A. Andronic et al., Heavy-flavour and quarkonium production in
the LHC era: from proton-proton to heavy-ion collisions. Eur.
Phys. J. C 76(3), 107 (2016). arXiv:1506.03981 [nucl-ex]

N. Brambilla et al., Heavy quarkonium: progress, puzzles, and
opportunities. Eur. Phys. J. C 71, 1534 (2011). arXiv:1010.5827
(hep-ph]

J.P. Lansberg, J/¥, ¥ * and Y production at hadron collid-
ers: a review. Int. J. Mod. Phys. A 21, 3857-3916 (2006).
arXiv:hep-ph/0602091 [hep-ph]

P. Ko, C. Yu, J. Lee, Inclusive double-quarkonium production at
the large hadron collider. JHEP 01, 070 (2011). arXiv:1007.3095
[hep-ph]

@ Springer


http://arxiv.org/abs/1609.05596
http://arxiv.org/abs/1611.05974
http://arxiv.org/abs/1611.06089
http://arxiv.org/abs/1702.00305
http://arxiv.org/abs/1703.01991
http://arxiv.org/abs/1705.04169
http://arxiv.org/abs/1802.10359
http://arxiv.org/abs/1809.02056
http://arxiv.org/abs/1710.01684
http://arxiv.org/abs/1811.07495
http://arxiv.org/abs/1210.3432
http://arxiv.org/abs/1211.7144
http://arxiv.org/abs/1405.3373
http://arxiv.org/abs/1509.04421
http://arxiv.org/abs/1908.03698
http://arxiv.org/abs/1903.09185
http://arxiv.org/abs/0705.2141
http://arxiv.org/abs/0708.4410
http://arxiv.org/abs/1001.2977
http://arxiv.org/abs/1406.2380
http://arxiv.org/abs/1406.0484
http://arxiv.org/abs/1109.0963
http://arxiv.org/abs/1612.07451
http://arxiv.org/abs/1612.02950
https://doi.org/10.1103/PhysRevLett.123.162002
https://doi.org/10.1103/PhysRevLett.123.162002
http://arxiv.org/abs/1906.08979
http://arxiv.org/abs/1107.4123
http://arxiv.org/abs/1208.1281
http://arxiv.org/abs/1402.0869
http://arxiv.org/abs/1907.06494
http://arxiv.org/abs/1910.03586
http://arxiv.org/abs/hep-ph/0703176
http://arxiv.org/abs/1607.01654
http://arxiv.org/abs/0903.0954
http://arxiv.org/abs/hep-ph/9407339
http://arxiv.org/abs/hep-ph/9511315
http://arxiv.org/abs/hep-ph/9505329
http://arxiv.org/abs/1506.03981
http://arxiv.org/abs/1010.5827
http://arxiv.org/abs/hep-ph/0602091
http://arxiv.org/abs/1007.3095

87 Page 14 of 14

Eur. Phys. J. C (2020) 80:87

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Y.-J. Li, G.-Z. Xu, K.-Y. Liu, Y.-J. Zhang, Relativistic correc-
tion to J/psi and upsilon pair production. JHEP 07, 051 (2013).
arXiv:1303.1383 [hep-ph]

J.-P. Lansberg, H.-S. Shao, J/v-pair production at large
momenta: Indications for double parton scatterings and
large Ol;j contributions. Phys. Lett. B 751, 479-486 (2015).
arXiv:1410.8822 [hep-ph]

Z.-G. He, B.A. Kniehl, Complete nonrelativistic-QCD prediction
for prompt double J/psi hadroproduction. Phys. Rev. Lett. 115(2),
022002 (2015). arXiv:1609.02786 [hep-ph]

J.-P. Lansberg, H.-S. Shao, N. Yamanaka, Y.-J. Zhang, Prompt
J /r-pair production at the LHC: impact of loop-induced con-
tributions and of the colour-octet mechanism. arXiv:1906.10049
(hep-ph]

M.G. Echevarria, T. Kasemets, J.-P. Lansberg, C. Pisano, A.
Signori, Matching factorization theorems with an inverse-error
weighting. Phys. Lett. B 781, 161-168 (2018). arXiv:1801.01480
[hep-ph]

J.-P. Lansberg, H.-S. Shao, Production of J /v +n, versus J /¥ +
J /¢ at the LHC: importance of real af. corrections. Phys. Rev.
Lett. 111, 122001 (2013). arXiv:1308.0474 [hep-ph]

L.-P. Sun, H. Han, K.-T. Chao, Impact of J/ pair production
at the LHC and predictions in nonrelativistic QCD. Phys. Rev. D
94(7), 074033 (2016). arXiv:1404.4042 [hep-ph]

A.K. Likhoded, A.V. Luchinsky, S.V. Poslavsky, Production of
J/¥ + xc and J /¢ + J /Y with real gluon emission at LHC.
Phys. Rev. D 94(5), 054017 (2016). arXiv:1606.06767 [hep-ph]
C.H. Kom, A. Kulesza, W.J. Stirling, Pair production of J/psi as a
probe of double parton scattering at LHCb. Phys. Rev. Lett. 107,
082002 (2011). arXiv:1105.4186 [hep-ph]

M. Diehl, P. Plossl, A. Schafer, Proof of sum rules for double
parton distributions in QCD. Eur. Phys. J. C 79(3), 253 (2019).
arXiv:1811.00289 [hep-ph]

M.G.A. Buffing, M. Diehl, T. Kasemets, Transverse momentum
in double parton scattering: factorisation, evolution and matching.
JHEP 01, 044 (2018). arXiv:1708.03528 [hep-ph]

M. Diehl, J.R. Gaunt, K. Schonwald, Double hard scattering with-
out double counting. JHEP 06, 083 (2017). arXiv:1702.06486
[hep-ph]

M. Diehl, J.R. Gaunt, Double parton scattering theory overview.
Adv. Ser. Direct. High Energy Phys. 29, 7-28 (2018).
arXiv:1710.04408 [hep-ph]

Axial Field Spectrometer Collaboration, T. kesson et al., Double
parton scattering in pp collisions at /s = 63-GeV. Z. Phys. C
34, 163 (1987)

UAZ2 Collaboration, J. Alitti et al., A study of multi-jet events at the
CERN anti-p p collider and a search for double parton scattering.
Phys. Lett. B 268, 145-154 (1991)

CDF Collaboration, F. Abe et al., Study of four jet events and
evidence for double parton interactions in p p collisions at /s =
1.8 TeV. Phys. Rev. D 47, 4857-4871 (1993)

CDF Collaboration, F. Abe et al., Double parton scattering in p p
collisions at /s = 1.8TeV. Phys. Rev. D 56, 3811-3832 (1997)
DO Collaboration, V.M. Abazov et al., Double parton interactions
in y+3 jet events in pp~ bar collisions /s = 1.96 TeV. Phys.
Rev. D 81, 052012 (2010). arXiv:0912.5104 [hep-ex]

ATLAS Collaboration, G. Aad et al., Measurement of hard double-
parton interactions in W(— [v)+ 2 jet events at /s=7 TeV
with the ATLAS detector. New J. Phys. 15, 033038 (2013).
arXiv:1301.6872 [hep-ex]

C.M.S. Collaboration, S. Chatrchyan et al., Study of double parton
scattering using W + 2-jet events in proton-proton collisions at /s
=7 TeV. JHEP 03, 032 (2014). arXiv:1312.5729 [hep-ex]

@ Springer

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

J.-P. Lansberg, H.-S. Shao, N. Yamanaka, Indication for double
parton scatterings in W+ prompt J /v production at the LHC.
Phys. Lett. B 781, 485-491 (2018). arXiv:1707.04350 [hep-ph]
A.V. Berezhnoy, A.K. Likhoded, A.A. Novoselov, Y-meson
pair production at LHC. Phys. Rev. D 87(5), 054023 (2013).
arXiv:1210.5754 [hep-ph]

J.C. Collins, D.E. Soper, Angular distribution of dileptons in high-
energy hadron collisions. Phys. Rev. D 16, 2219 (1977)

I. Scimemi, A. Vladimirov, Systematic analysis of double-
scale evolution. JHEP 1808, 003 (2018). https://doi.org/10.1007/
JHEPO08(2018). [arXiv:1803.11089 [hep-ph]]. 003

D. Gutierrez-Reyes, S. Leal-Gomez, I. Scimemi, A. Vladimirov,
Linearly polarized gluons at next-to-next-to leading order and the
Higgs transverse momentum distribution. JHEP 1911, 121 (2019).
https://doi.org/10.1007/JHEP11(2019). [arXiv:1907.03780 [hep-
ph]]. 121

J. Collins, L. Gamberg, A. Prokudin, T.C. Rogers, N. Sato, B.
Wang, Relating transverse momentum dependent and collinear
factorization theorems in a generalized formalism. Phys. Rev. D
94(3), 034014 (2016). arXiv:1605.00671 [hep-ph]

F. Landry, R. Brock, PM. Nadolsky, C.P. Yuan, Tevatron run-1 Z
boson data and Collins-Soper-Sterman resummation formalism.
Phys. Rev. D 67, 073016 (2003). arXiv:hep-ph/0212159 [hep-ph]
A.V. Konychev, P.M. Nadolsky, Universality of the Collins-Soper-
Sterman nonperturbative function in gauge boson production.
Phys. Lett. B 633, 710714 (2006). arXiv:hep-ph/0506225 [hep-
ph]

S.M. Aybat, T.C. Rogers, TMD parton distribution and fragmen-
tation functions with QCD evolution. Phys. Rev. D 83, 114042
(2011). arXiv:1101.5057 [hep-ph]

J. Collins, T. Rogers, Understanding the large-distance behav-
ior of transverse-momentum-dependent parton densities and the
Collins-Soper evolution kernel. Phys. Rev. D 91(7), 074020
(2015). arXiv:1412.3820 [hep-ph]

U. D’Alesio, M.G. Echevarria, S. Melis, I. Scimemi, Non-
perturbative QCD effects in g7 spectra of Drell-Yan and Z-boson
production. JHEP 11, 098 (2014). arXiv:1407.3311 [hep-ph]
J.C. Collins, D.E. Soper, Back-to-back jets: fourier transform from
B to K-transverse. Nucl. Phys. B 197, 446476 (1982)

C.M.S. Collaboration, V. Khachatryan et al., Observation of
Y(1S) pair production in proton-proton collisions at /s = 8
TeV. JHEP 05, 013 (2017). arXiv:1610.07095 [hep-ex]

A. Accardi et al., Electron ion collider: the next QCD frontier.
Eur. Phys. J. A 52(9), 268 (2016). arXiv:1212.1701 [nucl-ex]

C. Hadjidakis et al., A fixed-target programme at the LHC: physics
case and projected performances for heavy-ion, hadron, spin and
astroparticle studies. arXiv:1807.00603 [hep-ex]

J.-P. Lansberg, H.-S. Shao, Double-quarkonium production at a
fixed-target experiment at the LHC (AFTER @LHC). Nucl. Phys.
B 900, 273-294 (2015). arXiv:1504.06531 [hep-ph]

L. Massacrier, B. Trzeciak, F. Fleuret, C. Hadjidakis, D. Kikola,
J.P. Lansberg, H.S. Shao, Feasibility studies for quarkonium pro-
duction at a fixed-target experiment using the LHC proton and lead
beams (AFTER@LHC). Adv. High Energy Phys. 2015, 986348
(2015). arXiv:1504.05145 [hep-ex]

J.P.Lansberg, S.J. Brodsky, F. Fleuret, C. Hadjidakis, Quarkonium
physics at a fixed-target experiment using the LHC beams. Few
Body Syst. 53, 11-25 (2012). arXiv:1204.5793 [hep-ph]

S.J. Brodsky, F. Fleuret, C. Hadjidakis, J.P. Lansberg, Physics
opportunities of a fixed-target experiment using the LHC beams.
Phys. Rep. 522, 239-255 (2013). arXiv:1202.6585 [hep-ph]


http://arxiv.org/abs/1303.1383
http://arxiv.org/abs/1410.8822
http://arxiv.org/abs/1609.02786
http://arxiv.org/abs/1906.10049
http://arxiv.org/abs/1801.01480
http://arxiv.org/abs/1308.0474
http://arxiv.org/abs/1404.4042
http://arxiv.org/abs/1606.06767
http://arxiv.org/abs/1105.4186
http://arxiv.org/abs/1811.00289
http://arxiv.org/abs/1708.03528
http://arxiv.org/abs/1702.06486
http://arxiv.org/abs/1710.04408
http://arxiv.org/abs/0912.5104
http://arxiv.org/abs/1301.6872
http://arxiv.org/abs/1312.5729
http://arxiv.org/abs/1707.04350
http://arxiv.org/abs/1210.5754
https://doi.org/10.1007/JHEP08(2018)
https://doi.org/10.1007/JHEP08(2018)
http://arxiv.org/abs/1803.11089
https://doi.org/10.1007/JHEP11(2019)
http://arxiv.org/abs/1907.03780
http://arxiv.org/abs/1605.00671
http://arxiv.org/abs/hep-ph/0212159
http://arxiv.org/abs/hep-ph/0506225
http://arxiv.org/abs/1101.5057
http://arxiv.org/abs/1412.3820
http://arxiv.org/abs/1407.3311
http://arxiv.org/abs/1610.07095
http://arxiv.org/abs/1212.1701
http://arxiv.org/abs/1807.00603
http://arxiv.org/abs/1504.06531
http://arxiv.org/abs/1504.05145
http://arxiv.org/abs/1204.5793
http://arxiv.org/abs/1202.6585

	Studies of gluon TMDs and their evolution using quarkonium-pair production at the LHC
	Abstract 
	1 Introduction
	2 calQ-pair production within TMD factorization
	2.1 TMD factorization description of the process
	2.2 Other contributions to quarkonium-pair production
	2.3 The TMD differential cross-section

	3 TMD evolution formalism
	4 The TM spectrum and the azimuthal asymmetries
	4.1 J/ψ-pair production
	4.2 Υ-pair production

	5 Conclusions
	Acknowledgements
	References




