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We present the first complete study of ϒ and prompt J=ψ production from single-parton scattering,
including the complete Oðα6SÞ color-singlet contribution, the Oðα2Sα2Þ electroweak contribution, and the
complete nonrelativistic S-wave and P-wave color-octet contribution as well as the feeddown contribution.
Our study was motivated by the recent evidence reported by the D0 Collaboration of prompt J=ψ and ϒ
simultaneous production at the Tevatron. With our complete evaluation, we are able to refine the
determination of the double-parton scattering contribution made by the D0 Collaboration. We find that the
effective cross section characterizing the importance of double-parton scatterings is σeff ≤ 8.2 mb at
68% confidence level from the D0 measurement.
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Introduction.—Heavy quarkonium production at col-
liders has been extensively studied (see, e.g., the reviews
Refs. [1,2]). On one hand, it contains a rich physics which
is interesting on its own; on the other hand, quarkonia are
used as tools of many facets of the standard model. Despite
the lack of consensus about its dominant mechanism,
associated-quarkonium production has attracted consider-
able theoretical attention because it provides a good
opportunity to study the multiple parton interactions.
Indeed, associated-quarkonium production offers relatively
large yields and is usually experimentally clean to measure.
The understanding of multiple parton interactions in
hadron-hadron collisions is very important, for it can be
an important background of multiparticle final-state proc-
esses. It impacts both the measurements of standard
model particles and the searching for new physics signals.
Many quarkonium-associated production processes, such
as J=ψ þW [3], J=ψ þ Z [4], J=ψ þ charm [5], ϒþ
charm [6], and J=ψ þ J=ψ [7–9], seem to be dominated
by double-parton scattering (DPS). However, one should
keep in mind that before concluding for DPS dominance,
one should always carefully examine the single-parton
scattering (SPS) contributions. The situation is usually
unclear since the quantification of the SPS for quarko-
nium-associated production is often challenging.
In this Letter, we focus on the theoretical studies of

prompt ψ þ ϒ production motivated by the recent claim
made by the D0 Collaboration [10] of the first evidence
of J=ψ þ ϒð1S; 2S; 3SÞ production at hadron colliders.

Unlike J=ψ-pair or ϒ-pair production [9,11–20], neither
Oðα4SÞ nor Oðα5SÞ contributions survive in the color-singlet
model (CSM). The process is thus sometimes considered as
a golden observable to probe the so-called color-octet
mechanism (COM) [16], which can be seen as a relativistic
correction via high Fock state contribution in the meson
wave function. However, the color-octet (CO) contributions
were quite underestimated until predictions were made
for AFTER@LHC energies

ffiffiffi
s

p ¼ 115 GeV [21] relying
on the automation in HELAC-ONIA [22,23]. The approxi-
mated loop-induced (LI) contribution in CSM at Oðα6SÞ
was estimated in Ref. [24] within the specific limit
ŝ ≫ jt̂j ≫ m2

ψ ;ϒ, where ŝ and t̂ are the Mandelstam vari-
ables. However, the exact calculations of the complete SPS
contributions were absent in the literature.
The aim of this Letter is to present the first complete study

of the simultaneous production of prompt ψ (ψ production
from b-hadron decay is excluded.) and ϒ mesons by
including all leading contributions, at order Oðα6SÞ or
equivalent.
Theoretical framework.—In general, the SPS cross

section for the simultaneous production of charmonium
C and bottomonium B in the nonrelativistic limit can be
written as

σðh1h2 → C þ B þ XÞ
¼

X
a;b;n1;n2

fa=h1 ⊗ fb=h2

⊗ σ̂ðab → cc½n1� þ bb½n2� þ XÞ
× hOCðn1ÞihOBðn2Þi;

where fa=h is the parton distribution function (PDF),
hOQðnÞi is the nonperturbative long-distancematrix element
(LDME) of the quarkonium Q (It has the simple physical
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probability interpretation at leading order.), and σ̂ðab →
cc½n1� þ bb½n2� þ XÞ is the perturbatively calculable short-
distance coefficient for the simultaneous production of the
charm-quark pair in the Fock state n1 and the bottom-quark
pair in the Fock staten2. The contributions fromvarious Fock
states can be organized in the nonrelativistic limit; i.e., the
importance can be ordered in powers of vq, where vq is the
relative velocity of the heavy-flavor quark pair qq that
formed the heavy quarkonium Q. Approximately, one has
v2c ≃ 0.3 in charmonium and v2b ≃ 0.1 in bottomonium. The
leading contribution invq for S-wave quarkonium is from the
color-singlet (CS) production.
The Oðα4SÞ and Oðα5SÞ contributions to ϒ and ψ direct

production in CSM vanish because of P-parity andC-parity
conservation. Other production mechanisms a priori con-
sidered to be subleading can be relevant. In the following,
we will consider all the contributions which can compete
with the Oðα6SÞ CSM ones. Besides the possible DPS
contribution, there are five relevant classes of production
mechanisms, which are summarized in Table I.
As announced, we have evaluated the complete Oðα6SÞ

CS contribution, which includes the double real (DR)
emission diagrams gg → ψ þ ϒþ gg and the LI diagrams
gg → ψ þ ϒ [see, respectively, Figs. 1(a) and 1(b) for
representative graphs]. Such a complete calculation has
never been performed before, in particular, as what regards
the LI contributions, which are beyond tree-level techniques.
For the latter, we have performed two independent compu-
tations. For the LI contribution, we have used FEYNARTS [25]
to generate the one-loop amplitude and applied two methods
to calculate it. The first consisted in using FEYNCALC [26,27]
and LOOPTOOLS [28] to calculate the loop integrals in

mass regularization, the second in using the in-house
MATHEMATICA program to reduce the dimensional-
regularized one-loop tensor integrals and to evaluate the
one-loop scalar integrals with the help of QCDLOOP [29].
As what regards the electroweak (EW) contribution in

the CSM, they appear at Oðα2Sα2Þ, where α is the electro-
magnetic coupling constant. If one considers that α ∼ α2S,
Oðα2Sα2Þ contributions are on the same order as Oðα6SÞ CS
contributions and should thus be taken into account in our
calculations. We also naturally consider the interference
(INTER) term between LI diagrams and EW diagrams.
Such anOðα4SαÞ interference term is also on the same order
as the Oðα6SÞ CS term considering α ∼ α2S.
The last possible relevant contribution from SPSs is from

the CO contributions. They consist of both the CSþ CO
and COþ CO channels with 66 different nonvanishing
channels (see the Appendix of Ref. [21]). We have taken
into account all S-wave and P-wave Fock states up to
Oðv4qÞ in nonrelativistic QCD [30], including the χc þ χb
production [diagram like Fig. 1(e)], which contribute to
the feeddown (FD) yield. (The simultaneous production
of χc and χb mesons was first considered in Ref. [24].)
The calculation of this piece will be restricted to Oðα4SÞ.
We labeled it as COM. Such a complete computation of
the CO contributions was first presented in Ref. [21] for the
kinematics of AFTER@LHC [31]. If one assumes v2q ∼ αS,
we arrived at the same order Oðα6SÞ again.
Besides the SPSs, one can expect a significant amount of

the yields from the DPS, in which ψ and ϒ are produced
separately in two partonic scattering processes. Despite the
absence of a complete proof of DPS factorization (The
cancellation of the Glauber gluon in DPS has been proven
recently in the double Drell-Yan process [32].), we use as a
first approximation the well-known “pocket formula,”
which assumes the complete factorization and independ-
ence of both hard processes

σDPSðh1h2 → C þ B þ XÞ

¼ σðh1h2 → C þ XÞσðh1h2 → B þ XÞ
σeff

; ð1Þ

where the effective parameter σeff accounts for an effective
transverse overlapping area of the two initial colliding
hadrons h1 and h2. Such an approximation is considered to
be reasonable in the low-x regime, i.e., at LHC energies.
DPS studies are still currently in an “exploration” phase,
and DPS factorization still needs to be checked case by
case. In Ref. [10], the D0 Collaboration extracted σeff ¼
2.2� 0.7ðstatÞ � 0.9ðsyatÞ mb from their J=ψ þ ϒ

FIG. 1. Diagrams for the
hadroproduction of prompt
ψþϒ via SPS (a),(b) at
Oðα6SÞ, (c) at Oðα2Sα2Þ, and
(d),(e) atOðα4Svicvjb;iþj≥4Þ.

TABLE I. Various SPS hadroproduction channels of ψ þ ϒ we
considered, where we also present the corresponding syntax to
compute with HELAC-ONIA 2.0.

Label
HELAC-ONIA 2.0

syntax First order Description

DR gg > cc ∼ ð3S11Þ
bb ∼ ð3S11Þgg

Oðα6SÞ DR CS contribution

LI addon 8 Oðα6SÞ LI CS contribution

EW pp > cc ∼ ð3S11Þ
bb ∼ ð3S11Þ

Oðα2Sα2Þ EW CS
contribution

INTER addon 8 Oðα4SαÞ INTER between
LI and EW

COM gg > jpsiyð1sÞ Oðα4SvicvjbÞ,
iþ j ≥ 4

CO Oðα4SÞ
contribution
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measurement by assuming a negligible SPS contribution. It
can be conservatively thought as the lower-limit value of
σeff if one assumes the universality of σeff . Along the lines
of Refs. [9,21,33], we use a data-driven procedure as input
for the single quarkonium production cross sections.
Results.—All of the contributions described above have

been implemented in the framework of HELAC-ONIA
[22,23], with the syntax listed in Table I. For the numerical
evaluations, we have taken the charm (bottom) quark mass
to be half of the mass of the J=ψ [ϒð1SÞ] meson mc ¼
mJ=ψ=2≃ 1.55 GeV (mb ¼ mϒð1SÞ=2≃ 4.73 GeV). The
renormalization scale μR and the factorization scale μF
dependence has been estimated by the independent varia-
tions μ0=2 < μR, μF < 2μ0, where the central scale μ0 is
taken to be the half of the summed transverse masses of
the charmonium and the bottomonium, i.e., μ0¼h ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðpC
TÞ2þ4m2

c

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðpB

TÞ2þ4m2
b

q i
=2. We have used the

next-to-leading-order (NLO) PDF4LHC15 set [34] avail-
able in LHAPDF6.1.6 [35] as our default PDF. We also
estimate the PDF uncertainty by considering its 30 error
eigenvectors. We have found that the main theoretical
uncertainties in the SPS contributions are the renormaliza-
tion scale μR and factorization scale μF dependence.
The default values for the CS LDMEs we used were

estimated in Ref. [36] with the Buchmuller-Tye potential
[37]. In order to include the feeddown contributions from
the higher-excited quarkonium-state decay, we take the
world-averaged branching ratios from the Particle Data
Group (PDG) [38]. To fully take into account the feeddown
contributions, multiple transitions, in particular, for the
bottomonium, need to be considered. This amounts to
tedious computations. To do so, we have implemented a
general algorithm to compute the feeddown contributions
from the multiple radiative transitions in multiple-onium
production processes in HELAC-ONIA 2.0 [23].
On the other hand, the estimation of DPS via the pocket

formula Eq. (1) requires the knowledge of the single quarko-
nium production cross sections. They are estimated by fitting
the crystal ball function [33] to the Tevatron data with the
MSTW2008NLO set [39] for the Tevatron production proc-
esses and to the LHC data with the same PDF for the LHC
production processes. Formore details, we guide the reader to
Refs. [9,21]. In the present case, we have found that the
template dependence is mild. Indeed, the inclusion of LHC
data (vs Tevatron only) to determine the single quarkonium
inputs alters the DPS cross section at the Tevatron by 12%.
The D0 fiducial cross section is defined by requiring the

muons from J=ψ and ϒ decay to have at least pTðμ�Þ >
2 GeV and jηðμ�Þj < 2.0 [10]. The full spin correlations in
ψðϒÞ → μþμ− and in χcðχbÞ → ψðϒÞ þ γ [40,41] have
been used in order to get the correct muon acceptance.
Since the pT cut on the muon is not very high, one
might doubt that the initial kT smearing will marginally
change the acceptance. We have checked that the fraction
of events passing the fiducial cuts is affected by the

initial kT smearing at most at the 20% level when
hkTi ≤ 3 GeV.
The SPS cross sections for direct ψð1S; 2SÞ þ

ϒð1S; 2S; 3SÞ production in the D0 fiducial region are
presented in Table II, where we detailed the contributions
from five different production mechanisms. In σEW, we
have included both the gluon-gluon initial state and the
quark-antiquark initial state, while only gluon-gluon initial-
state EW diagrams can interfere with the loop diagrams in
σINTER and the contribution from the quark-antiquark initial
state is quite small because of α and PDF suppressions. We
want to point out that the negative contribution from σINTER
almost cancels with the positive contribution from σEW in
the D0 fiducial region. However, such a cancellation does
not happen in the LHCb acceptance (i.e., 2.0 < yJ=ψ ;ϒ <
4.5 at the

ffiffiffi
s

p ¼ 13 TeV proton-proton collision). σDR is
small because the extra radiations of hard gluons tend to
increase the invariant mass of the produced system and thus
a larger x in PDF. σCOM and σLI tend to be the largest SPS ψ
and ϒ contributions. The renormalization and factorization
scale dependence is the main theoretical uncertainty, which
can be reduced by including higher-order QCD corrections.
After including the feeddown contribution, which can be

as large as the direct production contribution, the cross
sections for the prompt J=ψ and ϒ production in the
fiducial regions of the D0 and LHCb ongoing measure-
ments [42] are given in Table III. The dependence of σCOM
on LDMEs is estimated by considering four different sets of

TABLE II. Cross sections (in units of fb) of direct ψ þ ϒ
production via SPS with

ffiffiffi
s

p ¼ 1.96 TeV proton-antiproton
collisions in the D0 fiducial region. The quoted errors are from
the renormalization or factorization scale dependence and PDF
uncertainty, respectively.

J=ψ ψð2SÞ
DR ϒð1SÞ 3.58þ233%

−66.4% � 4.4% 2.34þ233%
−66.4% � 4.4%

ϒð2SÞ 1.78þ233%
−66.4% � 4.4% 1.17þ233%

−66.4% � 4.4%

ϒð3SÞ 1.36þ233%
−66.4% � 4.4% 0.894þ233%

−66.4% � 4.4%

LI ϒð1SÞ 56.2þ264%
−70.2% � 4.7% 36.8þ264%

−70.2% � 4.7%

ϒð2SÞ 28.0þ264%
−70.2% � 4.7% 18.4þ264%

−70.2% � 4.7%

ϒð3SÞ 21.4þ264%
−70.2% � 4.7% 14.0þ264%

−70.2% � 4.7%

EW ϒð1SÞ 15.8þ75.4%
−46.4% � 4.6% 10.4þ75.4%

−46.4% � 4.6%

ϒð2SÞ 7.90þ75.4%
−46.4% � 4.6% 5.18þ75.4%

−46.4% � 4.6%

ϒð3SÞ 6.04þ75.4%
−46.4% � 4.6% 3.96þ75.4%

−46.4% � 4.6%

INTER ϒð1SÞ −16.6þ162%
−62.0% � 4.8% −10.9þ162%

−62.0% � 4.8%

ϒð2SÞ −8.29þ162%
−62.0% � 4.8% −5.43þ162%

−62.0% � 4.8%

ϒð3SÞ −6.34þ162%
−62.0% � 4.8% −4.15þ162%

−62.0% � 4.8%

COM ϒð1SÞ 409þ138%
−56.7% � 4.4% 174þ138%

−56.8% � 4.4%

ϒð2SÞ 135þ139%
−57.0% � 4.4% 57.6þ139%

−57.1% � 4.4%

ϒð3SÞ 197þ137%
−56.6% � 4.4% 84.1þ138%

−56.7% � 4.4%
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LDMEs for charmonium and bottomonium production,
which can be described as follows:
Set I: This set is based on the LDMEs presented in

Ref. [43], where the LDMEs of χbð3PÞ are set to 0. This set
is the default one in our discussion.
Set II: This set is based on the LDMEs of charmonium

and bottomonium extracted in Ref. [44], where the con-
tribution of χbð3PÞ was also ignored.
Set III: Unlike the previous two sets, we used the

LDMEs extracted from NLO analyses. The LDMEs of
J=ψ ¼ ψð1SÞ, ψð2SÞ, χc are taken from Ref. [45], while
those of ϒðnSÞ, χbðnPÞ, 1 ≤ n ≤ 3 are from Ref. [46].
Set IV: A second set of LDMEs based on NLO

calculations is taken from Ref. [47] for charmonia and
from Ref. [48] for bottomonia. (We do not use other fits
[49,50] based on NLO calculations because they do not
include the feeddown contribution and no corresponding
LDMEs for bottomonia are available).
The cross sections σ(J=ψ þ ϒð1S; 2S; 3SÞ)BrðJ=ψ →

μþμ−ÞBrðϒ → μþμ−Þwith the above four sets are presented
in Table III. Although the dependence of LDMEs is quite
big, we can take the value with set I as the conservative
upper-limit contribution from this piece, which is, however,
still a factor of 10 smaller than the measurement by the D0
Collaboration. One interesting feature we have noticed is
that due to the presence of the negative LDMEs, set II and
set IV will result in negative cross sections, for example, in
the direct production of J=ψ þ ϒð2SÞ. Negative cross
sections, as opposed to negative LDMEs, are unphysical.
Yet, this is reminiscent of the conclusion of Ref. [51] that
associated production channels introduce new constraints
on the CO LDMEs and, in fact, nearly rule out fits yielding
to negative LDMEs values.
Two differential distributions for prompt J=ψ and ϒ

production at the Tevatron are presented in Fig. 2, while the
other differential distributions as well as the predictions for
LHCb are given as Supplemental Material [52]. Because of
the limited statistics, the D0 Collaboration only reported on
the distribution of the azimuthal angleΔϕðJ=ψ ;ϒÞ between
J=ψ and ϒ. The uncorrelation between J=ψ and ϒ in DPS
production results in the flat distribution. On the contrary,
the correlations from SPSs are expected to generate a
nontrivial distribution. However, it was already pointed
out [33] that such a distributionmay significantly depend on
the initial or intrinsic kT smearing. We use a Gaussian
distribution with hkTi ¼ 3 GeV to mimic the smearing

effect. The bins of ΔϕðJ=ψ ;ϒÞ → 0 are populated after
including such a smearing, especially for the events from
2 → 2 topologies, which usually are at ΔϕðJ=ψ ;ϒÞ ¼ π.
Similar to the total cross section, the differential SPS cross
sections alone are not enough to account for the exper-
imental data, which clearly means the necessity of the DPS
contribution. ThreeDPS curveswith σeff ¼ 2.2, 5, 15mb are
given. Unlike the double J=ψ production, the shape of the
distribution in rapidity difference between J=ψ and ϒ is no
longer a good discrimination between DPS and SPSs; it can
be clearly seen from the lower panel of Fig. 2 that the COM,
LI, and DR curves are as broad as the DPS curves. Its
physical explanation can be attributed to the contributions

TABLE III. Cross sections σ(ppðp̄Þ → J=ψϒ) × BrðJ=ψ → μþμ−ÞBrðϒ → μþμ−Þ (in units of fb) of prompt J=ψ and ϒð1S; 2S; 3SÞ
simultaneous production at the Tevatron in the D0 fiducial region [10] and at

ffiffiffi
s

p ¼ 13 TeV LHC in the LHCb acceptance
2 < yJ=ψ ;ϒ < 4.5, where we have also included feeddown contributions from higher-excited quarkonia decay.

CSM COM

Experiment DR LI EW INTER Set I Set II Set III Set IV

D0: 27� 42.2% 0.0146þ233%
−66.6% 0.229þ264%

−70.4% 0.065þ75.5%
−46.6% −0.068þ162%

−62.2% 2.96þ135%
−56.2% 1.41þ160%

−77.6% 1.80þ143%
−58.0% 0.418þ144%

−58.3%

LHCb 0.255þ391%
−79.7% 6.05þ436%

−82.2% 1.71þ135%
−65.2% −3.23þ262%

−75.9% 38:8þ238%
−73.0% 21:2þ243%

−73.6% 28:1þ243%
−73.8% 6.57þ243%

−73.9%

B
r(

J/
ψ

→
μ+

μ- )B
r(

Υ
→

μ+
μ- )×

dσ
/d

|Δ
φ|

 [f
b]
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prompt J/ψ+Υ(1S,2S,3S) production at 1.96 TeV Tevatron
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FIG. 2. Differential distributions of prompt J=ψ þ ϒ produc-
tion at the Tevatron within the D0 fiducial region.
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from the t-channel gluon exchanging diagrams. In the
differential distributions, the contributions from INTER
and EWare almost canceled again in the D0 fiducial region.
In Fig. 2, we have multiplied a factor of −1 to the INTER
curves to make them visible.
Having now at hand a reliable estimation of the SPS

yields, we can refine the extraction of σeff related to the
DPS yield needed to reproduced the data. The lower-limit
value of σeff in J=ψ þ ϒ was estimated by the D0
Collaboration to be 2.2� 1.14 mb in Ref. [10], by assum-
ing no SPS contributions at all. Its upper-limit value at
68% confidence level can be extracted by saturating the
DPS to ðσD0 − δσD0Þ − ðσSPS þ δσSPSÞ, where σD0 (σSPS)
are the central values of the D0 measured cross section (the
calculated SPS cross sections) and δσ are the corresponding
1 standard deviations. Doing so, we get σeff ≤ 8.2 mb at
68% confidence level. Such a value is very close to
the central value needed to explain the excess of the
CMS J=ψ þ J=ψ data at large rapidity difference
jΔyðJ=ψ ; J=ψÞj over the SPS yield [9] and confirms the
DPS contributions are a key element in explaining quar-
konium-associated production at the LHC.
Conclusions.—In this Letter, we have performed the first

complete analysis of simultaneous production of prompt ψ
and ϒ mesons, including all leading SPS contributions:
namely, the complete Oðα6SÞ CS contribution, the Oðα2Sα2Þ
EW contribution, and the complete Oðα4SÞ COM contribu-
tion, as well as the feeddown contribution. For a long time,
this process was considered to be a good probe of the
COM. Our work shows that it is, in fact, most probably
dominated by DPS contributions. The large variation of the
Oðα4SÞ COM yield on the choice of LDMEs indicates such a
process could be a good discriminator between different
CO LDMEs on the market, provided that DPS contribu-
tions could be precisely subtracted, which seems not
currently at reach. Yet, since some LDME sets yield to
negative COM cross sections, the present process already
disfavors these sets and is in any case extremely useful.
Our computations also show that even though the SPS
contributions are small, they are not completely negligible
and one cannot systematically ignore them in the data.
In particular, with our complete SPS yields, we obtained
σeff ≤ 8.2 mb at 68% confidence level from the D0
measurement of prompt J=ψ and ϒ production at the
Tevatron. Together with the lower-limit value σeff ≥ 1.1 mb
extracted by the D0 Collaboration, it helps to test the (non)
universality of σeff and to understand how poor the pocket
formula is Eq. (1) in describing DPS in the future. Finally,
we also present our predictions of prompt J=ψ and ϒ
production at the LHCb.
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