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We calculate the cross sections of associated J/y + y’ and J/w + J /w production in pp collisions at
/s = 13 TeV in the forward kinematic region. The high-energy factorization (k;-factorization) framework
supplemented with the Catani-Ciafaloni-Fiorani-Marchesini evolution of gluon densities in a proton is
applied. We demonstrate that the latest data on J/w + J/y production and first experimental data on
J/w + ' events taken very recently by the LHCb Collaboration can be described well by the color singlet
terms and contributions from double parton scattering (DPS) with the standard choice for o.¢ parameter.
The relative production rate o(J/y + y')/o(J/y + J /) is found to be sensitive to the DPS terms as well

as to feeddown contributions.
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Inclusive and associated production of quarkonium
states in hadron-hadron collisions at high energies attracts
much attention from both theoretical and experimental
sides. It probes quantum chromodynamics (QCD) in
perturbative and nonperturbative regimes and provides
important information about the interaction dynamics.
New data, as soon as they appear, trigger theoretical activity
aimed at their understanding and description. Our present
paper is motivated by the first measurement [1] of the
associated J/w + y' production and very recent data [2]
on J/w + J/y production in pp collisions taken by the
LHCb Collaboration in the forward kinematic region at
/s = 13 TeV. These data include contributions from both
single and double parton scattering production mechanisms
(SPS and DPS, respectively). The data on J/y + v’ events
present the differential cross sections as functions of several
kinematic variables, namely, the rapidity and azimuthal
angle differences between the J/yw and y’ mesons
Ay(J/y,y') and Ap(J/w,y'), the transverse momentum
pr(J/w,y'), rapidity y(J/w,w’) and invariant mass
M(J/y,y') of the J/w + ' system. Similar observables
as well as transverse momentum, rapidity of either J/y
meson, and transverse momentum asymmetry 4, of the
two J/yw mesons have been investigated in the latest J /y +
J/w analysis [2]. Moreover, the relative production rate

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2024/110(5)/054001(7)

054001-1

o(J/w+vy')/o(J/w + J/w) has been reported [1] for the
first time.

A commonly accepted framework for the description of
heavy quarkonia production and decays is provided by
nonrelativistic  QCD (NRQCD) approximation [3,4].
Explicit calculations [5] show that the main role in the
production of quarkonium pairs at forward rapidities is
played by the color singlet (CS) mechanism, whereas the
color octet (CO) contributions are much smaller. The tree-
level next-to-leading order (NLO*) CS calculations for the
SPS mechanism performed with the HELAC-ONIA tool [6,7]
tend to overestimate the LHCb data [1], especially at low
Ay(J/y,y'), low M(J [y, "), and moderate pr(J/y,y'),
though they still remain consistent with them within the
large theoretical uncertainties. The latest data [2] on
forward J/w + J/y events can also be described by the
NLO* CS calculations within the large uncertainties,
although the DPS contributions were not subtracted from
the measurements.'

In the present paper we analyze the LHCb data [1,2]
on double charmonia production in the framework of the
kr-factorization [10] or, equivalently, the high-energy
factorization [11] formalism. This formalism has certain
technical advantages in the ease of including higher-order
radiative corrections that can be taken into account in the
form of transverse momentum dependent (TMD) gluon

'Note that at the moment the leading-order NRQCD predic-
tions J/w +J/w production are available [8], and the
NLO* contributions to the CS and CO mechanisms have been
calculated [9].
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FIG. 1.

distributions in a proton.2 Recently, it has been successfully
applied to the double J/y production at the LHC [13-15].
In particular, it was demonstrated [14,15] that the early data
on J/w + J/y events collected at /s =7 and 13 TeV at
forward rapidities can be described well by the sum of
color-singlet SPS and DPS mechanisms. It was also
confirmed that the CO contributions at the LHC conditions
can be safely omitted in the region of small invariant
masses M(J/y,J/y) in the forward rapidity region. Now,
in addition to J/y pairs, we consider J/y + y’ production.
Our study is even more stimulated by the fact that previous
theoretical attempts [6,7,9,16] were not fairly successful.

We preserve full consistency with our previous inves-
tigations [13—15] and employ the kp-factorization QCD
approach [10,11], as it was mentioned above. This approach
is based on the Balitsky-Fadin-Kuraev-Lipatov [17] or
Catani-Ciafaloni-Fiorani-Marchesini (CCFM) [18] gluon
evolution equations and can be used as a convenient
alternative to explicit higher-order perturbative QCD
calculations.

In the NRQCD framework, the colliding gluons produce
heavy quark-antiquark pairs which further evolve into real
mesons. At forward rapidities, the leading CS contribution
to associated J/y + J/y or J/y + ' production is rep-
resented by an O(a}) partonic subprocess

g (ki) + g (ko) = ce S (p1) + e[S ] (p2). (1)

where the four-momenta of all particles are indicated in the
parentheses. This subprocess includes also feeddown con-
tributions (namely, J/y + ' and/or y' 4+ v’ production),

|

J X)) = —
olpp > J/y +v' +X) /16ﬂ(x1x25)

(b)

Examples of Feynman diagrams, contributing to the CS production of charmonium pairs.

where excited charmonium state y’ decays into J/y meson.
Other subleading subprocesses which involve the produc-
tion of intermediate P-wave states and/or additional gluons
(see Ref. [15] for more details) were found to be small and
not taken into account here. In accordance with the kp-
factorization, the initial gluons have nonzero transverse
momenta k7 = —k?, # 0, k3 = —k3; # 0 and are off shell.
Some examples of the relevant Feynman diagrams are
shown in Fig. 1.

The gauge invariant expression for off shell (depending
on the virtualities of incoming gluons) production ampli-
tude (1) has been calculated earlier [13]. It contains spin
and color projection operators [19-23] which guarantee the
proper quantum numbers of the final state charmonia. In the
NRQCD approximation which we are using the meson
mass must be strictly equal to the sum of the constituent
quark masses. However, this cannot be fulfilled simulta-
neously for both J/y and y’ so that, for the associated
J/w + ' production we used a compromise value m, =
(my, +m,)/4 (see the discussion below). In all other
respects our present theoretical scheme is identical to that
used in previous studies [13—15]. We only note that the initial
gluon spin density matrix is taken in the form of so-called
“nonsense gauge,” namely, > ‘e = k7k%/k%. This
expression converges to the ordinary —¢** /2 in the collinear
limit k; — O after averaging over the azimuthal angle.

According to the kr-factorization prescription [10,11],
the contribution from CS production mechanism (1) to the
J/w + ' cross section is calculated as a convolution of the
corresponding off-mass shell production amplitudes and
TMD gluon densities in a proton:

Al + g = Ty + )]

de, dep, dy,

X fo(xr, Kig #2) fo (2, K3p, 1) dKipdK3pdpipdy dy, - ————=— (2)

2See, for example, review [12] for more information.

2r 2xn 2x
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FIG.2. The JH2013 set 2 and LLM’2022 gluon densities in a proton calculated as functions of transverse momentum k?. at different

values of longitudinal momentum fraction x and hard scale y?.

where y; is the azimuthal angle of the outgoing J/w
meson, ¢; and ¢, are the azimuthal angles of the initial off
shell gluons having the longitudinal momentum fractions
x; and x,, and y; and y, are the center of mass rapidities
of the produced particles. Note that the cross section of
associated J/w + J/y production can be calculated in a
similar way. Here f,(x, k7, 4*) is the TMD gluon density
in a proton taken at the scale /,52. For the latter, we have tried
two recent sets, referred to as JH’2013 set 2 [24] and
LLM’2022 [25]. These gluon densities have been obtained
from a numerical solution of the CCFM equation and are
now widely used in phenomenological applications (see,
for example, [26-30] and references therein). The para-
meters of (rather empirical) input distributions employed
in the JH’2013 gluon were derived from a fit to the
HERA data on the proton structure functions F,(x, Q%)
and F5(x, Q%) at small x. An analytical expression for the
input gluon density in the very recent LLM’2022 set was
suited to the best description of the LHC data on the
charged hadron production at low transverse momenta in
the framework of the modified soft quark-gluon string
model [31,32] taking into account the gluon saturation
effects important at low scales. The necessary phenom-
enological parameters were deduced from the LHC and
HERA data on several hard QCD processes (see Ref. [25]
for more information). Both the JH’2013 and LLM’2022
sets are available from the popular TMDLIB package [33] and
Monte-Carlo generator PEGASUS [34]. They are shown in
Fig. 2 as functions of x and transverse momentum k2 for
different values of 4%. One can see that these gluon densities
have remarkably different behavior in the region of small
transverse momenta. Later on we will discuss some phe-
nomenological consequences of such a difference.

In addition to the above, we also take into account the
contributions from the DPS mechanism, which is now
widely discussed in the literature. In contrast with the SPS
subprocess (1), where every quarkonium pair is produced

in a single gluon-gluon collision, the DPS events origi-
nate from two independent parton interactions and are
expected to be important at forward rapidities (see, for
example, [35-37]). We apply a commonly used factoriza-
tion formula:

opps(pp = Q1 + Q, +X)

_mo(pp = Qi + X)o(pp = O +X)
2 Oeff ’

(3)

where Q;, = J/y, v/, or y.;, and o is the effective cross
section which represents the degree of overlap in the
transverse space between two partonic interactions that
constitute the DPS process. Note that m =1 if Q; = O,
and m =2 if Q; and O, are different, thus preventing
double counting for identical particles. The effective DPS
cross section can be considered as a normalization constant
which incorporates all “DPS unknowns” into a single
phenomenological parameter. The derivation of formula (3)
relies on two approximations: first, the double parton
distribution function can be decomposed into longitudinal
and transverse components, and, second, the longitudinal
component reduces to the diagonal product of two inde-
pendent single parton densities. The latter is generally
acceptable for the conditions of the LHCb experiment. The
inclusive cross sections o(pp — J/w + X) and/oro(pp —
v’ + X) involved in (3) are calculated within the NRQCD
framework supplemented with kp-factorization (see, for
example, [38] and references therein). The effective cross
section is chosen as 6. = 15 mb, which is a commonly
accepted value.” Our calculation incorporates all possible

A very close value o = 13.8 mb has been extracted [14]
from a fit to the LHCb data on the double J/y production.
However, some other works on the double quarkonia production
may seem to favor much smaller values: o, ~ 5 mb [39-42]. We
argue that this could be due to an incomplete treatment of the SPS
contributions; see Ref. [14] for more details.
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FIG. 3. Differential cross sections of forward J/w + J/w production at /s = 13 TeV as functions of their rapidity difference

Ay(J /y, J/w), azimuthal angle difference A (J /w, J /), transverse momentum asymmetry A, transverse momentum py(J /y, J /w),

rapidity y(J/y, J/w), invariant mass M(J/y, J/y) and transverse

momentum py(J/y), and rapidity y(J/y) of either of J/y meson.

Separately shown contributions from the DPS production mechanism. The data are of LHCb [2].

feeddown contributions to the DPS cross section except the
X o production due to its low branching fraction to the J /.

The meson masses were taken in our calculations as
m(J/w) = 3.096 GeV, m(y.)=3.511 GeV, m(y,) =
3.556 GeV, and m(y') = 3.686 GeV (see Ref. [43]). A
complete list of used CS and CO long-distance nonpertur-
bative matrix elements (LDMEs) can be found [15]. The
branching fractions are Br(y. — J/w +7y) = 0.339,
Br(y. = J/w+y) =0.192, and Br(y/' - J/y + X) =
0.529. The renormalization and factorization scales were

calculated as % = p% = £2(5 + Q%), where Qy is the total
transverse momentum of the initial off shell gluon pair. This
choice observes full consistency with our previous work [14]
and is dictated by the CCFM evolution. It comes from the
kinematics of gluon radiation, namely from the gluon
angular ordering condition. The quantity § + Q3 describes
the phase space available for the (angular ordered) gluon
radiation and sets the upper bound both for the emitted and
exchanged transverse momentum (see Ref. [18] for more
information). We use a two-loop formula for QCD strong
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FIG. 4. Differential cross sections of associated J/y and y’ production as functions of their rapidity difference Ay(J/y, y’), azimuthal
angle difference A¢(J/y,y’), transverse momentum py(J/w,y'), rapidity y(J/w,y’), and invariant mass M (J/w,y’). Separately
shown are the contributions from DPS production mechanism. The data are of LHCb [1].

coupling with N, =4 active quark flavors and Agcp =
200 MeV. To estimate the theoretical uncertainties of our
calculations, we varied the parameter & between 1/2 and 2.

Our simulations closely follow the experimental setup
[1,2]. In particular, the produced J/w and ' mesons are
required to be in the region of 2 <y <4.5 and pr <
14 GeV, where y is the rapidity of a final state particle. All
these conditions have been implemented in our numerical
program.

The results of our calculations of the differential cross
sections for forward J/y + J/yw and J/yw + y' production
are shown in Figs. 3 and 4, respectively. The theoretical
uncertainty bands (represented by the shaded regions) are
shown for the JH’2013 set 2 gluon density and related with
scale uncertainties, which have been estimated in a usual
way, by varying the £ parameter around its default value
& =1 by a factor of 2. This was accompanied with using
the JH’2013 set 2+ and JH’2013 set 2— gluon densities in
place of default distribution, in accordance with [24]. We
also include the mass uncertainties for the CS J/y + v/
subprocess by varying the c¢-quark mass between
m(J/w)/2 < m. < m(y')/2. These effects are added in
quadratures with scale uncertainties and represented by the
light shaded bands in Fig. 4. To highlight the role of the

DPS mechanism, we separately show the corresponding
contributions. One can see that our predictions agree well
with the latest LHCb data. The only exception is seen at
larger invariant masses M (J/y,J/w) and M(J/w,y'),
where the calculated cross sections systematically under-
estimate the experimental results. Note that additional
contributions related to multiple gluon radiation in the
initial gluon evolution cascade® could still play a role at
large M(J )y, J/y) and M(J /y,y'). However, an accurate
account of all these terms needs rather lengthy numerical
calculations and is therefore left out of our present scope.

We find special interest in the correlation observables
AP(J )y, '), Ap(J )y, J/w) and in the p; balance observ-
ables pr(J/w,J/y) and pr(J/y,y') as they are known
to be particularly sensitive to the noncollinear gluon
evolution dynamics in a proton (see, for example, [44]
and references therein). We point out a good description
(within the uncertainties) of all these distributions with the
JH’2013 set 2 gluon density. The LLM-based predictions,
in general, tend to slightly underestimate the LHCb
data [1,2] and JH’2013 set 2 predictions. In fact, the
measured fiducial cross sections of forward J/y + J/w

*Such terms are extremely important at central rapidities [14,15].
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and J/y + ' production are o(J/w + J/w) = 16.36 £+
0.92 nb and o(J/y +y’') =4.5+0.8 nb. They can be
compared with the JH’2013 set 2 and LLM 2022 results,
which are ¢™M(J/y + J/y) = 16.27](scale unc.) nb,
NIy + y') = 6.173](scale unc.)"$Z(mass unc.) nb
and HM(J /)y + J/w) = 12.1133(scale unc.) nb,
MM(J/y + ') = 4.5723 (scale unc.) 713 (mass unc.) nb,
respectively.

One can see a notable difference between the JH2013
set 2 and LLM’2022 predictions in the shape of azimuthal
angle correlations and transverse momenta correlations of
the produced mesons. If there were no initial gluon
radiation (as it is in the collinear model), both distribu-
tions would reduce to delta functions at A¢ =z and
pr(J/w,J/w) = 0. The presence of initial gluon radiation,
which is encoded in the CCFM-evolved gluon densities,
smears this collinear pattern. The smearing is large, and the
difference between the different TMDs is clearly visible.
Indeed, the A¢ and py(J/y, J/y) distributions reflect the
behavior of TMD gluon densities. As we have seen in
Fig. 2, the LLM’2022 functions are depleted at small k;
compared to JH’2013 functions. Small k;’s evidently
translate into small p;(J/w,J/w) and into back-to-back
J/wJ [y kinematics. Accordingly, the predictions based on
LLM’2022 show certain deficit at p;(J/y,J/w) — 0 and
A¢ — n. It demonstrates again that such observables could
be useful to discriminate the different approaches or TMD
evolution scenarios.

The interplay between the adjustable parameters in
TMDs is rather complex, so that one can hardly attribute
any particular TMD feature to a certain parameter or group
of parameters. Besides that, the parameters are all fixed
(very often, with almost no flexibility) since the model is
fitted to the data. So, it is better to say that we check the
TMD set (which represents a certain model of the parton
evolution) as a whole, rather than extract particular para-
meter values.

Of course, new data introduce new restrictions, and any
data are useful for selecting the TMDs. The production of
quarkonium pairs is sensitive to some specific corners of
the phase space. So, the processes of this kind luckily
complement other measurements. However, one has to
keep in mind that the kinematic range of LHCD is rather
limited, while the conclusion on the validity or nonvalidity
of a given TMD set can only be done after exploring the
whole kinematic area.

The estimated contributions from the DPS production
mechanism are typically small and only become important in
some specific regions like low pr(J/w, J/w), pr(J/w,y")
and large M(J/w,J/w)>15GeV, M(J/y,p')>15GeV,
|Ay(J/w, J/w)| > 1.5, |Ay(J/w,y')| > 1.5. Our calcula-
tions clearly show that taking these terms into account
improves the quality of the data description and becomes
necessary in the forward kinematic region. The role of DPS
and feeddown contributions is exhibited in Fig. 5, where the
ratio o(J/w + ') /o(J )y + J/y) is shown as a function of

FIG. 5.
The data are of LHCDb [1].

yJhyy')
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the different kinematic variables. We find that the relative
production rate is very sensitive to the DPS and feeddown
yields.” Finally, we can conclude that the first LHCb
measurement [1] of the associated J/w + v’ production

’Note that only the SPS terms are affected by the choice of
TMD gluon density in a proton. The DPS predictions are stable,
because when we switch to a different set of TMD gluons we
have to accordingly change the LDME values, thus making the
net result the same.

and the very recent experimental data [2] on J/y + J/w
production at /s = 13 TeV can be well described by the
color singlet SPS mechanism and DPS contributions calcu-
lated with the standard choice of o4 parameter.
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