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1 Introduction

Heavy quark-antiquark and lepton-antilepton composite systems, known as quarkonia and
leptonia respectively, are among the simplest bound states in the subatomic world. Due to
its multi-scale nature, quarkonium production serves as an essential tool for exploring both
perturbative and non-perturbative aspects of quantum chromodynamics (QCD). Motivated
by recent advances in both the theoretical descriptions and experimental measurements of
quarkonium [1–3] and leptonium [4, 5], it is appealing to improve event generators for Monte
Carlo (MC) simulations of quarkonium and leptonium processes in full generality. This
work presents the first step toward developing a general-purpose automated program for
quarkonium and leptonium production within the widely-used MadGraph5_aMC@NLO (MG5_aMC
hereafter) framework [6, 7], enabling the automatic generation of matrix elements and event
samples for a broad range of processes and collider environments.

Quarkonium production is a branch of heavy-quark physics focused on studying bound
states of charm and bottom quarks. Such bound states, the strong-interaction counterparts
of the electromagnetically bound positronium (e+e−) atom, are among the simplest hadronic
systems from a theoretical perspective. Notably, the discovery of the J/ψ particle, the first
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observed charmonium state, sparked the ‘November Revolution’ in particle physics more
than 50 years ago. Despite its apparent simplicity, the quarkonium production mechanism
remains to be fully understood [1–3]. In particular, it remains challenging to reconcile
theoretical predictions with experimental measurements across a wide range of observables
simultaneously. Nonetheless, quarkonia have far-reaching applications, serving as one of the
most effective probes of gluon dynamics in the proton. For example, the upcoming Electron-
Ion Collider (EIC) is anticipated to provide smoking-gun signals of gluon saturation [8].

Quarkonium production is commonly described within the framework of non-relativistic
QCD (NRQCD) [9], the most widely adopted approach for quarkonium studies. Within this
framework, the short-distance cross section for producing a heavy-quark pair in a quantum
state n = 2S+1L

[C]
J can be computed in perturbative QCD (pQCD). Here, the quantum

numbers of quarkonium intermediate Fock states are characterised by the relative orbital
angular momentum L = 0, 1, . . . of the constituent heavy quarks (S-wave, P-wave, etc.), the
quarkonium spin S = 0, 1 (singlet/triplet), the total angular momentum J , and the colour
C = 1, 8 (singlet/octet). The probability that a heavy-quark pair in a given quantum state n
hadronises into a physical quarkonium state is described by a long-distance matrix element
(LDME), whose value is expected to follow the velocity-scaling rules of NRQCD. In this way,
the entire quarkonium spectrum, consisting of hierarchical Fock states, can be constructed
in a manner consistent with quantum-field theory.

Let us briefly review the existing public theoretical tools for calculating cross sections
and/or simulating MC events for quarkonium processes:

• General-purpose MC event generators: particle-level events involving quarkonia
can be generated in four principal ways within general-purpose MC event generators,
such as Herwig [10–14], Pythia [15–19], and Sherpa [20–22]. In these tools, quarkonia
can be produced (i) from decays of other particles, (ii) during the hadronisation phase
from a heavy-quark pair, (iii) within parton showers, or (iv) in hard interactions
modelled by matrix elements. Recently, quarkonium-specific parton showers have been
introduced in Pythia v8.3 [23] and Herwig v7.4 [24]. Matrix elements for several
dedicated NRQCD-based quarkonium-production processes have also been implemented
in Pythia. However, these two functionalities — matrix elements and parton showers —
are not yet fully compatible.

• Process-independent parton-level event generators: more self-contained MC
tools for generating leading-order (LO) parton-level quarkonium events in arbitrary
processes have been developed through several dedicated efforts, such as MadOnia [25],
based on MadGraph/MadEvent v4 [26] and HELAC-Onia [27, 28], which is based on
HELAC-PHEGAS [29–33]. Although each comes with certain limitations, these tools are
built upon the NRQCD formalism and offer process-independent implementations. For
instance, MadOnia enables automated event generation for processes involving a single
S-wave or P-wave quarkonium in the final state, while HELAC-Onia can also handle
processes with multiple S-wave and P-wave quarkonia. The former, however, has not
been ported to the current state-of-the-art MG5_aMC framework. Particle-level event
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samples can be readily obtained by interfacing parton-level events with general-purpose
MC generators through the Les Houches Event File (LHEF) format [34].

• Process-specific event generators: several process-specific implementations of
quarkonium production have been developed in dedicated event generators, including
SuperChic [35], STARlight [36], eSTARlight [37], EPOS4 [38–41], and BCVEGPY [42–44].
SuperChic, STARlight, and eSTARlight focus on exclusive processes in hadronic colli-
sions. In particular, SuperChic models central exclusive quarkonium production with
intact forward protons or ions, whereas STARlight simulates photon-induced reactions
in ultraperipheral collisions, and eSTARlight focuses on photo- and electro-production
in electron-ion collisions. In contrast, EPOS4 can be used to simulate inclusive quarko-
nium production in heavy-ion collisions, accounting for the effects of the quark–gluon
plasma and the soft-QCD environment. Instead of employing the NRQCD formal-
ism, EPOS4 adopts the quarkonium Wigner density matrix formalism [45]. Meanwhile,
BCVEGPY is a dedicated parton-level event generator for Bc-meson hadroproduction,
which can be interfaced with Pythia.

• Process-specific cross-section calculators: there are also cross-section calculators
developed for specific quarkonium-production processes. One such tool is FDCHQHP [46],
which was generated using the semi-automated private code FDC [47]. FDCHQHP can
compute differential cross sections as well as quarkonium polarisation observables for
single inclusive S- and P-wave charmonium and bottomonium hadroproduction processes
at next-to-leading order (NLO) in the strong coupling αs. For non-prompt J/ψ or
ψ(2S) inclusive production at hadron colliders, the differential cross sections can be
computed with FONLL [48–51] at NLO plus next-to-leading logarithmic (NLL) accuracy
in QCD.

• Toolkits for semi-automatic symbolic calculations: there are also public software
packages for semi-automatic symbolic or analytic calculations of matrix elements
for quarkonium processes within non-relativistic effective field theories (EFTs). Two
representative examples are FeynOnium [52] and AmpRed [53].

Analogous to quarkonium, leptons of opposite electric charge (ℓ± = e±, µ±, τ±) can form
bound states, collectively known as leptonia, through their quantum electrodynamics (QED)
interaction. Among the six possible leptonium systems — (e+e−), (µ±e∓), (µ+µ−), (τ±e∓),
(τ±µ∓), and (τ+τ−) — only the first two, positronium (e+e−) [54] and muonium (µ±e∓) [55],
have been experimentally observed to date. Consequently, leptonium production has received
comparatively little attention in high-energy physics, apart from a few theoretical explorations.
Because leptonia consist solely of leptons, these systems are free from the complexities of strong
interactions that affect hadronic atoms, allowing for extremely precise theoretical predictions.
Comparing such predictions with high-precision spectroscopic and lifetime measurements
provides sensitive probes of higher-order QED effects, possible contributions from new physics,
and fundamental constants such as the fine-structure constant α and lepton mass mℓ. The
lightest system, positronium, has been extensively studied for precision tests of QED [56] and
in searches for violations of the discrete spacetime CPT symmetries [57, 58], where C, P, and
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T denote charge conjugation, parity, and time reversal, respectively. Moreover, muonium–
antimuonium conversion searches test charged-lepton flavour violation [59–62], possibly
providing windows into physics beyond the Standard Model (BSM). Finally, observation
of true tauonium (often called ditauonium) (τ+τ−) would help refine our understanding of
tau-lepton properties, in particular its mass [4, 63]. In contrast to quarkonium, publicly
available theoretical tools for studying leptonium processes remain very limited.

The main motivation of this work is to develop and ultimately provide the community with
an all-encompassing tool for bound-state production studies in NRQCD and non-relativistic
QED (NRQED) [64]. The goal is to deliver reliable, efficient, and fast automated state-of-the-
art computations, with NLO accuracy based on an extended Frixione-Kunszt-Signer (FKS)
infrared-divergence subtraction formalism [65–67] planned for near-term implementation.
This work lays the foundation for that endeavour and falls within the aforementioned category
of process-independent parton-level event generators, designed to simulate processes involving
one or more quarkonia and/or leptonia. As mentioned, our implementation is embedded
within the well-established MG5_aMC framework, which is widely used in the high-energy
physics community, thereby extending its capabilities to include S-wave quarkonium and
leptonium production. To the best of our knowledge, no other publicly available tool currently
provides similar functionality for leptonium processes.

The structure of this paper is as follows. Section 2 presents the theoretical formalism
of quarkonium and leptonium production in the collinear factorisation framework, while
section 3 details its implementation in MG5_aMC. Section 4 introduces the general parameter
setup employed throughout this work. We validate our implementation in section 5 before
showcasing the capabilities of our tool for both quarkonium and leptonium production,
including illustrative examples of phenomenological relevance, in sections 6 and 7, respectively.
Finally, conclusions are drawn in section 8.

2 Theoretical framework

In this section, we introduce the formalisms for describing quarkonium- and leptonium-
production processes within NRQCD and NRQED. For completeness, we present the general
structure of the factorised cross sections for both S-wave and P-wave configurations and
describe in detail the covariant projection method used to isolate individual Fock states [68–72].
The current implementation in our framework supports only the colour and spin projectors
required for S-wave production. The incorporation of orbital and total angular momentum
projectors, which is necessary for P-wave states, is left for future development.

In the QCD collinear factorisation framework, the differential cross section for the inclusive
production of a non-relativistic bound state B in hadron-hadron collisions,

N1 +N2 → B +X , (2.1)

can be expressed as

dσ(N1 +N2 → B +X) =
∑

I1,I2,n

∫
dx1dx2fI1/N1(x1)fI2/N2(x2)

× dσ̂(I1I2 → (C1C2)[n] +Xp)⟨OB
n ⟩ ,

(2.2)
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where dσ̂ denotes the partonic (or short-distance) cross section for producing the heavy
constituents C1 and C2 in a quantum state n, which subsequently evolve into the physical
bound state B with probability characterised by the LDME ⟨OB

n ⟩. For quarkonium production,
the constituents are a heavy quark and antiquark, (C1C2) = (QQ̄′), and B = Q, while for
leptonium production, the constituents are a pair of massive, oppositely-charged leptons,
(C1C2) = (ℓ−ℓ′+), and B = L. In eq. (2.2), X represents additional associated radiation
and beam remnants, Xp denotes parton-level radiation, and fI1/N1 (fI2/N2) is the parton
distribution function (PDF) describing the probability of finding a parton I1 (I2) carrying a
longitudinal momentum fraction x1 (x2) of its parent hadron momentum. At face value, this
expression involves an infinite sum over intermediate Fock states n; however, the NRQCD
and NRQED velocity-scaling rules in powers of v2 [9, 64] impose a hierarchy (cf. table 1
for charmonium and bottomonium) that determines the phenomenological relevance of the
corresponding Fock states.

The short-distance cross section dσ̂(I1I2 → (C1C2)[n] +Xp) can be obtained from the
production amplitude of C1 and C2 by projecting it onto the specific quantum state n,
following section 2 of ref. [67]. As mentioned previously, the quantum state n is specified
by its S, L, J and C quantum numbers. For leptonium (B = L), only the colour singlet
configuration (C = 1) is possible.

With the same notation as in refs. [67, 73], let us consider a generic 2 → n partonic process

r = (I1, . . . , In+2) (2.3)

describing the production of C1 and C2,

I1(k1)I2(k2) → I3(k3)I4(k4) . . . In+2(kn+2) , (2.4)

where the j-th parton has identity Ij , and kj denotes its four-momentum. Without loss of
generality, we assign I3 = C1 and I4 = C2. The amplitude can then be written as

A(n,0)(r) = ūλC1
(k3) Γ(n,0)(r) vλC2

(k4) , (2.5)

where ū and v denote the outgoing Dirac spinors of C1 and C2 with helicities λC1 and λC2 ,
respectively. The amputated amplitude Γ(n,0)(r) encodes the Dirac-algebra structure.

For (C1C2) = (QQ̄′), we first apply the colour projection. Let c3 and c4 denote the colour
indices of C1 and C2. The colour-projected amplitude is

A(n,0)
{[C]}(r) =

∑
c3,c4

ℙC A(n,0)(r) , (2.6)

where the operator ℙC=1 = δc3c4/
√
Nc

1 projects the heavy-quark pair onto a colour-singlet
(C = 1) Fock state, and ℙC=8 =

√
2 tc34

c4c3 projects onto a colour-octet (C = 8) one, with tc34
c4c3

the Gell-Mann matrix element. For leptonium, ℙC=1 = δc3c4 with c3 = c4 = 0, which leaves
the amplitude A(n,0)(r) unchanged. We keep the colour projection for leptonium here to
maintain a unified formalism for both quarkonium and leptonium production.

1Nc = 3 in QCD.
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The spin-projected amplitude can be expressed as

A(n,0)
{[C],S}(r) =

∑
λC1 ,λC2

ℙS A(n,0)
{[C]}(r) , (2.7)

where the spin projector is given by

ℙS =
v̄λC2

(k4)ΓS uλC1
(k3)

2√2mC1mC2
, (2.8)

with ΓS=0 = γ5 for the production of a spin-singlet (C1C2) and ΓS=1 = /ε∗λs
(K) for a spin-

triplet (C1C2). Here, ε∗λs
(K) denotes the polarisation vector of the (C1C2) system with

total four-momentum K = k3 + k4 and spin-related helicity λs = ±1, 0. The constituent
momenta are parameterised as

kµ3 = mC1

mC1 +mC2
Kµ + qµ , (2.9)

kµ4 = mC2

mC1 +mC2
Kµ − qµ , (2.10)

where mC1 (mC2) denotes the mass of C1 (C2), and qµ is the relative momentum of the
constituents.

To project onto a Fock state with a given orbital angular momentum L = 0, 1 (corre-
sponding to S-wave and P-wave configurations, respectively), one differentiates the colour-
and spin-projected amplitude above L times with respect to the relative momentum qµ. The
projection is then completed by taking the limit q → 0. For the cases L = 0 and L = 1, the
orbital-angular-momentum-projected amplitude takes the form

A(n,0)
{[C],S,L}(r) =

[
ℙL A(n,0)

{[C],S}(r)
]
q=0

=
[(
εµ,∗λl

(K) d
dqµ

)L
A(n,0)

{[C],S}(r)
]
q=0

, (2.11)

where εµ,∗λl
(K) denotes the polarisation vector associated with the L = 1 orbital-angular-

momentum state, and λl = ±1, 0 labels its polarisation components.
Finally, when L ≠ 0 and S ̸= 0, the amplitude must be projected onto a Fock state with

a given total angular momentum J = |L − S|, . . . , L + S,

A(n,0)
{[C],S,L,J}(r) =

∑
λs,λl

ℙJ A(n,0)
{[C],S,L}(r) , (2.12)

where ℙJ = ⟨J, λj |L, λl;S, λs⟩ is the Clebsch-Gordan coefficient, and λj = −J,−J+1, . . . , J−
1, J . If either L = 0 or S = 0, the value of J is uniquely determined.

After the projection procedure is carried out, the constituents I3 = C1 and I4 = C2 are
combined into a new effective particle I3⊕4 = (C1C2)[n] in the quantum state n = 2S+1L

[C]
J ,

with four-momentum Kµ and invariant mass mB = mC1 +mC2 . The resulting process,

ṙ = r3⊕4,4\ = (I1, I2, I3⊕4, I\4, . . . , In+2) , (2.13)

is described by the amplitude

𝔸(n−1,0)(ṙ) = A(n,0)
{[C],S,L,J}(r) . (2.14)
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power counting ηQ J/ψ,Υ hQ χQJ

v3 1S
[1]
0

3S
[1]
1 — —

v5 — — 1P
[1]
1 , 1S

[8]
0

3P
[1]
J , 3S

[8]
1

v7 1S
[8]
0 , 3S

[8]
1 , 1P

[8]
1

1S
[8]
0 , 3S

[8]
1 , 3P

[8]
J — —

Table 1. Hierarchy of Fock-state contributions to different quarkonium states, organised according to
their leading powers in the NRQCD velocity-scaling rules [9].

The corresponding differential partonic cross section can be written as

dσ̂ = 1
N (ṙ)

1
(2J + 1)N[C]

mC1 +mC2

2mC1mC2

( 1
2ŝ

1
ω(I1)ω(I2)

) ∑
colour
spin

|𝔸(n−1,0)(ṙ)|2 dϕn−1(ṙ) , (2.15)

where N (ṙ) is the final-state symmetry factor at the level of the process ṙ. The colour factors
are given by N[C=1] = 2Nc and N[C=8] = N2

c −1 for quarkonium, and N[C=1] = 1 for leptonium.
The Lorentz-invariant flux factor is given by 1/(2ŝ) with ŝ = (k1 + k2)2, where the masses
of I1 and I2 have been neglected.2 The factor ω(I) accounts for the averaging over colour
and spin degrees of freedom for particle I. The phase-space element dϕn−1(ṙ) represents the
(n− 1)-body phase-space measure. We emphasise that both the symmetry factor and the
phase-space integration are evaluated after the constituents C1 and C2 have been projected
into the Fock state, and hence the relevant phase space is that of the (n− 1)-body final state.

In contrast to quarkonia, the LDMEs of leptonia can be reliably calculated by solving the
Schrödinger equation with the Coulomb potential. These calculations can be systematically
improved by including higher-order radiative and relativistic corrections. For leptonium
production, the LO LDME of the N -th radial excitation of an S-wave leptonium is given by

⟨OL(NS)
2S+1S[1]

S

⟩ = (2S + 1) α
3

πN3

(
mℓ−mℓ′+

mℓ− +mℓ′+

)3
. (2.16)

Higher-order radiative and relativistic corrections to the leptonium LDMEs can be found,
for instance, in ref. [74].

For processes producing multiple quarkonia, leptonia, or combinations thereof, the
projection procedure described above can be applied iteratively.

3 Implementation

3.1 Interface and generation syntax

Within the NRQCD framework, a physical quarkonium state is described as a superposition
of different Fock states. According to the velocity-scaling rules [9], a physical bound state
can be systematically expanded in powers of the relative velocity

vµ = qµ/(2µQ) , (3.1)
2In the code implementation of MG5_aMC, however, these mass effects are included whenever relevant.
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where qµ denotes the relative momentum of the two constituents and µQ = mQmQ̄′/(mQ+mQ̄′)
is their reduced mass. For charmonium states such as J/ψ, a typical value is v2 = −vµvµ ∼ 0.3.
The velocity scaling arises from the scaling behaviour of both the Fock-state amplitudes and
their associated LDMEs. This hierarchy governs the relative importance of each term in the
expansion, allowing one to truncate the series at a given order in v to achieve the desired
precision in cross-section predictions. The corresponding power counting for the most relevant
charmonia and bottomonia is summarised in table 1. Adopting these scaling relations in
combination with eq. (2.2), the partonic cross section for J/ψ production becomes

dσ̂(I1I2 → J/ψ +X)

= dσ̂(I1I2 → (cc̄)
[

3S
[1]
1

]
+X)⟨OJ/ψ

3S
[1]
1
⟩+ dσ̂(I1I2 → (cc̄)

[
3P

[8]
J

]
+X)⟨OJ/ψ

3P
[8]
J

⟩

+ dσ̂(I1I2 → (cc̄)
[

1S
[8]
0

]
+X)⟨OJ/ψ

1S
[8]
0
⟩+ dσ̂(I1I2 → (cc̄)

[
3S

[8]
1

]
+X)⟨OJ/ψ

3S
[8]
1
⟩+ . . . ,

(3.2)
where the ellipses “. . .” represent the omitted relativistic corrections and Fock-state con-
tributions scaling at higher orders in v2.

To implement a physical bound state as an expansion in terms of different Fock states,
we adopt a scheme in which each Fock state is treated similarly to an elementary particle,
while physical bound states are handled analogously to the multiparticles class in MG5_aMC.
Generating processes involving bound states therefore requires loading a Universal Feynman
Output (UFO) model [75, 76], which includes a new class, Boundstate, introduced in analogy
to the Particle class for elementary particles. Along with this article, we provide a new UFO
model of the SM, dubbed sm_onia. This model contains a dedicated file, boundstates.py,
which defines the Fock-state content of various bound states. These can be used in MG5_aMC to
generate processes in the same way as ordinary elementary particles, either by specifying the
Fock-state name or its pdg_code.3 The naming convention is structured as follows: the name
begins with the label of the physical bound state (e.g., Jpsi for the J/ψ meson), followed
by parentheses containing the Fock-state information. The first entry inside the parentheses
denotes the radial excitation or principal quantum number N (e.g., 1 for the ground state,
2 for the first excited state). Following a vertical bar (|) are the quantum numbers of the
Fock state: spin multiplicity 2S + 1 (e.g., 1 for spin singlet, 3 for spin triplet), orbital
angular momentum L (e.g., S), total angular momentum J (e.g., 1), colour representation C
(e.g., 1 for colour-singlet states).4 The numbering scheme for Fock state PDG identity codes
follows, where possible, the convention established by Pythia [19], ensuring compatibility
with standard event-generation workflows. Colour-singlet states of quarkonia are assigned
the same PDG identity codes as their corresponding physical mesons, while colour-octet
states are given non-standard PDG codes, following the structure 99nqnsnrnLnJ , where:
nq denotes the quark flavour (4 for charmonia, 5 for bottomonia, 7 for Bc mesons), ns
identifies the type of colour-octet (0 for 3S

[8]
1 , 1 for 1S

[8]
0 , 2 for 3P

[8]
J ),5 and the remaining

digits nr, nL, nJ encode additional quantum numbers in line with the MC conventions [77]
(cf. section 45 therein). For leptonia, we instead introduce new eight-digit PDG identity

3Currently, only S-wave Fock states are implemented.
4For the name of leptonium states, we omit the colour index, as their colour configuration is trivial.
5We could not find any PDG identity code for 1P

[8]
1 in Pythia.
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1 # J/psi meson
2 jpsi_13s11 = Boundstate ( pdg_code = 443 ,
3 name = ’Jpsi (1|3 S11)’,
4 particles = [’c’,’c~’],
5 principal = 1,
6 spin = 3,
7 orbital = 0,
8 J = 1,
9 color = 1,

10 charge = 0,
11 texname = ’jpsi13S11 ’)
12
13 # positronium atom
14 ps_11s0 = Boundstate ( pdg_code = 99011001 ,
15 name = ’Ps (1|1 S0)’,
16 particles = [’e-’,’e+’],
17 principal = 1,
18 spin = 1,
19 orbital = 0,
20 J = 0,
21 color = 1,
22 charge = 0,
23 texname = ’Ps11S0 ’)

Algorithm 1. Definitions of the J/ψ meson Fock state 3S
[1]
1 and positronium atom (denoted Ps)

Fock state 1S0 in boundstates.py of the new UFO model sm_onia.

codes, ±990nℓ1nℓ2nrnLnJ , where nℓ1 = max{nℓ− , nℓ′+} and nℓ2 = min{nℓ− , nℓ′+}. Here, nℓ−
(nℓ′+) denotes the last digit of the constituent lepton (antilepton) PDG code (e.g., 1 for
e±, 3 for µ±, and 5 for τ±). The positive sign is chosen if nℓ− ≥ nℓ′+ , and the negative
sign otherwise. The remaining digits, nr, nL, and nJ , follow the general MC convention
guidelines [77]. Examples of the Fock-state configurations 3S

[1]
1 for the J/ψ meson and 1S0

for the positronium atom are provided in listing 1. A complete list of available Fock states
can be displayed on the MG5_aMC interface using

MG5_aMC> display fockstates

in analogy to the display particles command for elementary particles.
As an illustration, to generate a process containing a quarkonium meson in a specific

Fock state, such as

pp→ J/ψ
[

3S
[1]
1

]
+ j +X , (3.3)

the corresponding generation syntax in MG5_aMC is:

MG5_aMC> import model sm_onia-c_mass

MG5_aMC> generate p p > Jpsi(1|3S11) j

MG5_aMC> output; launch

The first command loads the UFO model sm_onia, while imposing the restriction that the
charm quark is treated as massive, a necessary condition to form the J/ψ meson within the
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1 # *********************************************************************
2 # Long distance matrix elements ( LDME ) *
3 # *********************************************************************
4 Block ldme
5 443 1.160000000000000 # LDME for Jpsi (1|3 S11 )
6 9940003 0.009029230000000 # LDME for Jpsi (1|3 S18 )
7 9941003 0.014600000000000 # LDME for Jpsi (1|1 S08)

Algorithm 2. Definition of J/ψ LDMEs (in units of GeV3) in the input file onia_card.dat.

1 # Syntax : label = Fock states ( separated by spaces )
2 Jpsi = Jpsi (1|3 S11) Jpsi (1|1 S08) Jpsi (1|3 S18)

Algorithm 3. Definition of the physical J/ψ meson as a collection of contributing Fock states in
boundstates_default.txt.

NRQCD formalism. In the second command, the generation stage, the desired Fock state is
specified by its name as defined in listing 1. After generating the process and creating the
output, the numerical values of the LDMEs can be specified in the input card onia_card.dat,
following the interface instructions.6 The input card follows the SUSY Les Houches Accord
format [78, 79], with LDME values provided in the block labeled Block ldme. Within this
block, each LDME is associated with its corresponding Fock state by specifying the Fock
state pdg_code, as defined in boundstates.py, at the beginning of a new line followed by
the numerical value, separated by at least one space, as shown in listing 2. The default
values assigned to the LDMEs are summarised in table 2.7 For S-wave colour-singlet states,
the LDMEs are computed through their relation to the quarkonium radial wave function
at the origin, RQ(0), via

⟨OQ
2S+1S

[1]
S

⟩ = (2S + 1)N[C=1]
|RQ(0)|2

4π , (3.4)

with wave-function values taken from refs. [80, 81]. Colour-octet LDMEs are taken from
fits to experimental data: ref. [82] for charmonium mesons and ref. [83] for bottomonium
mesons. Since no experimental measurements are currently sensitive to Bc and B∗

c colour-
octet LDMEs, the octet LDMEs of the pseudoscalar state are assigned with a default value
that is a factor of 100 smaller than the corresponding colour-singlet value, while the octet
LDMEs of the vector B∗

c are determined using the heavy-quark spin-symmetry theorem [9].
On the other hand, the LDMEs of leptonia, which are not adjustable in onia_card.dat,
are fixed according to eq. (2.16).

Following the concept of multiparticles in MG5_aMC, such as the proton (p) and the jet (j),
which represent collections of light (anti)quarks and the gluon (e.g., p = g u c d s u~ c~

6It is also possible to modify the values through the interface with the command set onia_card ldme
pdg_code value. This command can also be used in MG5_aMC input scripts. Note that this adaptability of the
LDMEs is an improvement over the deprecated MadOnia, where the LDMEs were hardcoded internally and
not adjustable at runtime.

7We emphasise that new bound states can be easily added in boundstates.py. In such cases, the newly
added Fock states are automatically assigned a default LDME value of unity.
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Q[n] ⟨OQ
n ⟩

[
GeV3] Q[n] ⟨OQ

n ⟩
[
GeV3]

ηc

[
1S

[1]
0

]
0.386666666666667 J/ψ

[
3S

[1]
1

]
1.16

ηc

[
3S

[8]
1

]
0.0146 J/ψ

[
1S

[8]
0

]
0.0146

ηc

[
1S

[8]
0

]
0.003009743333333 J/ψ

[
3S

[8]
1

]
0.00902923

ηc(2S)
[

1S
[1]
0

]
0.253333333333333 ψ(2S)

[
3S

[1]
1

]
0.76

ηc(2S)
[

3S
[8]
1

]
0.02 ψ(2S)

[
1S

[8]
0

]
0.02

ηc(2S)
[

1S
[8]
0

]
0.0004 ψ(2S)

[
3S

[8]
1

]
0.0012

ηb

[
1S

[1]
0

]
3.093333333333333 Υ

[
3S

[1]
1

]
9.28

ηb

[
3S

[8]
1

]
0.000170128 Υ

[
1S

[8]
0

]
0.000170128

ηb

[
1S

[8]
0

]
0.0099142 Υ

[
3S

[8]
1

]
0.0297426

ηb(2S)
[

1S
[1]
0

]
1.543333333333333 Υ(2S)

[
3S

[1]
1

]
4.63

ηb(2S)
[

3S
[8]
1

]
0.0612263 Υ(2S)

[
1S

[8]
0

]
0.0612263

ηb(2S)
[

1S
[8]
0

]
0.003197393333333 Υ(2S)

[
3S

[8]
1

]
0.00959218

ηb(3S)
[

1S
[1]
0

]
1.18 Υ(3S)

[
3S

[1]
1

]
3.54

ηb(3S)
[

3S
[8]
1

]
0.0272909 Υ(3S)

[
1S

[8]
0

]
0.0272909

ηb(3S)
[

1S
[8]
0

]
0.002567153333333 Υ(3S)

[
3S

[8]
1

]
0.00770146

B±
c

[
1S

[1]
0

]
0.736 B∗±

c

[
3S

[1]
1

]
2.208

B±
c

[
3S

[8]
1

]
0.00736 B∗±

c

[
1S

[8]
0

]
0.00736

B±
c

[
1S

[8]
0

]
0.00736 B∗±

c

[
3S

[8]
1

]
0.02208

B±
c (2S)

[
1S

[1]
0

]
0.469348 B∗±

c (2S)
[

3S
[1]
1

]
1.40804

B±
c (2S)

[
3S

[8]
1

]
0.00469348 B∗±

c (2S)
[

1S
[8]
0

]
0.00469348

B±
c (2S)

[
1S

[8]
0

]
0.00469348 B∗±

c (2S)
[

3S
[8]
1

]
0.0140804

Table 2. Default LDME values in MG5_aMC. Colour-singlet values are computed according to eq. (3.4)
using wave functions from ref. [80], while colour-octet numbers for charmonium and bottomonium
mesons are taken from refs. [82, 83].

d~ s~ in the four-flavour number scheme), physical bound states are treated as collections
of Fock states, referred to as boundstates in MG5_aMC. Each bound state is defined along
with all its Fock states in the file boundstates_default.txt, located in the input directory.
For instance, the J/ψ meson (Jpsi) can be defined as Jpsi = Jpsi(1|3S11) Jpsi(1|1S08)
Jpsi(1|3S18), as illustrated in listing 3. An overview of all available boundstates and their
constituents can be displayed in the interface using the command

MG5_aMC> display boundstates

in analogy to the command display multiparticles.
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Since processes are generated at the level of Fock states, a physical bound state corresponds
to the sum over all its related Fock-state subprocesses. For example, the command to generate
J/ψ production in association with a jet:

MG5_aMC> import model sm_onia-c_mass

MG5_aMC> generate p p > Jpsi j

MG5_aMC> output; launch

is equivalent to generating each of its Fock states separately:
MG5_aMC> import model sm_onia-c_mass

MG5_aMC> generate p p > Jpsi(1|3S11) j

MG5_aMC> add process p p > Jpsi(1|1S08) j

MG5_aMC> add process p p > Jpsi(1|3S18) j

MG5_aMC> output; launch

We emphasise that, aside from computational limitations, MG5_aMC at LO can handle processes
with an arbitrary number of final-state S-wave quarkonia and leptonia, along with any
associated elementary particles.

3.2 Running modes

Processes involving non-relativistic bound states can be generated in two different running
modes within MG5_aMC, depending on the intended application. The current implementation
supports both the leading-order mode and the standalone mode.

Leading-order mode: the leading-order mode is the default working mode, designed
for parton-level event simulations at LO in perturbation theory. In this mode, MG5_aMC
automatically handles the generation of Feynman diagrams, the construction of matrix
elements, and of the phase-space integration. The results are total or fiducial cross sections
and unweighted parton-level events, which can be exported in the LHEF format for further
processing, such as showering and hadronisation with external tools. The generation syntax
rules for obtaining an output in this mode are described in the last subsection, section 3.1.

Standalone mode: the standalone mode, in contrast, generates only the code for evaluating
the matrix elements of a given process, without embedding them into a full event-generation
framework. This mode is especially useful when the amplitudes are to be integrated into
external frameworks, or for testing and validation purposes. Only the Fortran-based output
is supported in standalone mode for amplitudes with bound states so far. The C++ version
of the standalone matrix element mode, which is available for purely elementary-particle
processes, is not yet compatible with bound-state configurations. To obtain the matrix
element code in standalone form, the usual command

MG5_aMC> output; launch

should be replaced with:
MG5_aMC> output standalone; launch

– 12 –
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This will generate a lightweight, portable Fortran code that evaluates helicity amplitudes
for fixed kinematic configurations but does not produce events or cross sections by itself.8

3.3 Technical details of the implementation

To provide further insight into the practical implementation within the MG5_aMC framework, we
outline here a number of technical aspects relevant to the treatment of bound-state processes.

Colour projection: the application of the colour projector, as defined in eq. (2.6), is handled
at the Python level within MG5_aMC during diagram generation. The projector is applied when
constructing the Feynman rules, enforcing the required colour structure for the specified Fock
state. The corresponding normalisation factor, however, is evaluated within the generated
Fortran code to ensure consistent treatment alongside the matrix-element evaluation.

Spin projection: spin projectors, in accordance with eq. (2.7), are implemented via a
dedicated subroutine generated by the ALOHA [84] module. This subroutine relies on the
HELAS [85, 86] library, which enables the numerical evaluation of helicity amplitudes. The
spin projector is applied on-the-fly for each phase-space point and contributes directly to
the construction of the matrix elements in the Fortran code.

Long-distance matrix elements: in the implementation, the LDMEs are directly incorpo-
rated into the calculation of the squared amplitudes rather than being treated as external
factors. Technically, the Fortran subroutine SMATRIX returns, up to a global factor, the
product

∣∣∣𝔸(n−1,0)(ṙ)
∣∣∣2 ⟨OB

n ⟩. This design choice implies that the partonic cross section dσ̂
is not first computed and subsequently multiplied by the global LDME factor, as suggested
by eq. (2.2).

Phase-space integration: phase-space integration is currently performed using a basic
sampling strategy, in contrast to the single-diagram enhanced (SDE) [87] multi-channel
approach [88] and the helicity-recycling method [89] employed for processes involving only
elementary particles. We rely on a pseudo multi-channel strategy in MG5_aMC, where the
VEGAS [90, 91] integrator is parallelised over multiple CPU threads to improve sampling
performance. In this setup, the channels are still divided according to the SDE prescription,
but the phase space is always parametrised using s-channel variables [92], without further
optimisation for the dominant topologies in each channel. While this approach may limit
numerical efficiency for arbitrarily complex processes, it is sufficient for most phenomenologi-
cally relevant cases. The multi-channel feature is currently disabled because of additional
constraints on the phase space at the elementary-particle level: the momenta of the con-
stituents forming a bound state are not independent. Consequently, the number of available
phase-space degrees of freedom is smaller than the number of internal propagators, making
it non-trivial to identify an optimal parametrisation for each channel and to perform the
sampling according to the propagator structure in processes involving bound states.

8Specifically, the standalone mode returns the spin- and colour-summed squared amplitudes, including
initial-state averages and final-state symmetry factors. Moreover, the squared amplitude is already multiplied
by the LDME and the related normalisation factors. More details can be found in section 5.
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4 Computational setup

Before validating the implementation and presenting the first results obtained with the
extended MG5_aMC framework, we begin by outlining the baseline setup used throughout the
illustrative calculations discussed in the following sections. To avoid repetition, we define
here a global set of default input parameters. Any deviations from these defaults, such as
the application of fiducial cuts to regulate infrared singularities when relevant, are specified
on a case-by-case basis whenever they occur.

Depending on the final state under consideration, we employ either a four-flavour number
scheme (4FS) or a three-flavour number scheme (3FS), corresponding to the inclusion of four
or three massless quark flavours, respectively. The 4FS is used exclusively for bottomonium
production, whereas the 3FS is applied to processes involving charmonia, charmed Bc mesons,
and leptonia. Consequently, for processes involving mesons that contain only massive bottom
quarks, we use the SM UFO model extended to handle bound states, which can be imported
with the command

MG5_aMC> import model sm_onia

which automatically adopts the 4FS. If, instead, at least one charm quark is a constituent
of a quarkonium, the 3FS version of the model must be used. This can be achieved by
appending the c_mass restriction:

MG5_aMC> import model sm_onia-c_mass

This setup assigns a non-zero mass to the charm quark. Moreover, in this model, the charm
quark is automatically removed from the definitions of the multiparticles p and j, which specify
the partonic content of the proton and a jet, respectively. For leptonium production, we employ
the SM in the 3FS with leptons treated as massive. This configuration can be loaded via

MG5_aMC> import model sm_onia-lepton_masses

MG5_aMC> define p = g u d s u~ d~ s~

MG5_aMC> define j = g u d s u~ d~ s~

where it is mandatory to redefine the multiparticles explicitly in order to emulate a 3FS.9
The overall parameter choices follow the default settings of the UFO model sm_onia and

its optional restrictions, including the default LDMEs listed in table 2. These settings are
consistent with those of the default sm model in MG5_aMC. The numerical values for the masses
of the charm quark (mc), bottom quark (mb), top quark (mt), electron (me), muon (mµ), tau
lepton (mτ ), Z boson (mZ), and Higgs boson (mH) are summarised in table 3. As mentioned
previously, mc is assigned a non-zero value only when using the 3FS. In the electroweak
sector, we take as free parameters the Z-boson mass mZ , the fine-structure constant αGµ in
the Gµ scheme, and the Fermi constant GF extracted from muon decay. These values are

9In the lepton_masses restriction card, the charm quark is taken to be massless. In our leptonium-
production computations, only processes that do not receive contributions from diagrams containing charm
quarks are considered. Therefore, the described adjustment ensures a consistent 3FS configuration.
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parameter value parameter value

mc 1.55GeV (a) mZ 91.188GeV

mb 4.7GeV mH 125GeV

mt 173GeV α−1
Gµ

132.507

me 511 keV (b) GF 1.166390 · 10−5 GeV−2

mµ 105.66MeV (b)

mτ 1.777GeV (b)

Table 3. Summary of the global SM parameter settings employed in all analyses presented in this
article. The charm-quark mass, mc, takes a non-zero value only in the 3FS when the c_mass restriction
is enabled, whereas the u, d, and s quarks are kept massless. Similarly, non-zero lepton masses are
included only upon loading the lepton_masses restriction. Notes: (a) Takes a non-zero value only
under the c_mass restriction. (b) Takes a non-zero value only under the lepton_masses restriction.

also listed in table 3. According to this choice of input parameters, the W -boson mass is not
treated as an independent quantity and is determined from the given inputs to be

mW = 80.419GeV . (4.1)

The CKM matrix is taken to be the identity. In the default model settings, all particle
widths are set to zero except those for the top quark and the W , Z, and Higgs bosons,
whose widths are

Γt = 1.4915GeV , ΓW = 2.441404GeV ,
ΓZ = 2.0476GeV , and ΓH = 6.3823393MeV ,

(4.2)

respectively.
For all processes, the central renormalisation and factorisation scales are set equal to

µR = µF = HT /2 = 1
2
∑
i

√
k2
i,T +m2

i , (4.3)

with the sum running over all final-state particles, where ki,T denotes the transverse momentum
of the i-th particle.10

In sections 6 and 7, we investigate the production of quarkonia and leptonia, respectively,
at both electron-positron (e+e−) and proton-proton (pp) colliders. For the former, we consider
asymmetric beams with an electron beam energy of Ee−beam = 7GeV and a positron beam
energy of Ee+

beam = 4GeV, resulting in a total centre-of-mass (c.m.) energy of
√
s = 10.58GeV,

corresponding to the setup used at SuperKEKB [93] operating at the Υ(4S) resonance.
Hadronic collisions are studied at the LHC [94] Run 2 energy,

√
s = 13TeV, using the

PDF4LHC21_40 [95] NNLO PDF set in all calculations.
10Advanced users may specify alternative dynamical scale choices by providing dedicated Fortran functions

in an external file, which can be linked to MG5_aMC through the run_card.dat. Further details are available in
the online documentation at https://answers.launchpad.net/mg5amcnlo/+faq/3325.
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5 Benchmark processes and validation

In this section, we benchmark our LO implementation by comparing its numerical results for
various observables across multiple processes in e+e− and pp collisions with the corresponding
results from HELAC-Onia [27, 28]. The comparisons include processes with single and multiple
quarkonium final states, as well as quarkonium production in association with SM elementary
particles. Our aim is to validate our calculations and assess their consistency with other
established tools. This benchmarking provides an important cross check, ensuring the
reliability of our results for the applications discussed in the following two sections.

In the first instance, we performed a cross check of our implementation using MG5_aMC in
its standalone mode. Such a comparison is carried out at the level of the square of the helicity
amplitude averaged (summed) over the initial-state (final-state) particle colours/helicities
for a randomly generated physical phase-space point by Rambo [96]. In summary, this mode
returns the quantity

|M|2 = 1
N (ṙ)

1
(2J + 1)N[C]

mC1 +mC2

2mC1mC2

( 1
ω(I1)ω(I2)

) ∑
colour
spin

∣∣∣𝔸(n−1,0)(ṙ)
∣∣∣2 ⟨OB

n ⟩ , (5.1)

where C1 and C2 denote the constituents of the bound state B, which may be either a
quarkonium or a leptonium. The amplitude 𝔸(n−1,0)(ṙ) is computed according to eq. (2.14),
depending on the nature of the bound state.

In table 4, as a showcase, we present selected benchmark results for various partonic
processes involving different quarkonium Fock states. These processes span a range of final-
state multiplicities and include associations with SM elementary particles from across all
sectors. In this way, we maximise the scope of our benchmarking, making it as inclusive
and exhaustive as possible. For all comparisons, we adopt the input parameters defined in
section 4 and fix the partonic c.m. energy to

√
ŝ = 1TeV, even for processes with e+e− initial

states. To quantify the agreement between the two tools, we define the relative deviation as

∆rel. =
∣∣∣∣∣ |M|2MG5_aMC − |M|2HELAC-Onia

|M|2HELAC-Onia

∣∣∣∣∣ , (5.2)

where |M|2MG5_aMC and |M|2HELAC-Onia denote the squared amplitudes, as defined in eq. (5.1),
evaluated with MG5_aMC and HELAC-Onia, respectively. As expected, we find excellent
agreement between MG5_aMC and HELAC-Onia, with differences only at the level of floating-
point precision. This outcome provides strong validation of our projector implementation
and ensures the fidelity of our LO matrix-element calculations. The complete list of 42
processes that we have cross-checked with these two tools at the matrix-element level can
be found in the supplementary material.

To test the leading-order mode, we compute total cross sections with MG5_aMC and compare
the results against those obtained with HELAC-Onia. A summary of this comparison is shown
in table 5. The selected processes provide a technically robust validation of our implementation,
rather than addressing specific phenomenological questions. For the pp collision processes, we
employ the setup described in section 4. We compute the cross section for single-quarkonium
production increasing phase-space complexity by including additional SM particles in the
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process
MadGraph5_aMC@NLO

∆rel.
HELAC-Onia

gg → J/ψ
[

3S
[8]
1

]
+ g

4.132917971335 · 10−3
7.8 · 10−11

4.132917971659 · 10−3

uū→ ηc

[
1S

[1]
0

]
+ cc̄

1.381481341714290 · 10−12 GeV−2
1.3 · 10−15

1.381481341714289 · 10−12 GeV−2

gg → B+
c

[
1S

[1]
0

]
+ bc̄

3.781983565900759 · 10−12 GeV−2
1.1 · 10−15

3.781983565900755 · 10−12 GeV−2

uū→ B+
c

[
3S

[8]
1

]
+ bc̄

6.87392368906369 · 10−14 GeV−2
3.1 · 10−13

6.87392368906585 · 10−14 GeV−2

gg → ηc

[
1S

[1]
0

]
+ ggg

5.3063891680528 · 10−11 GeV−4
1.1 · 10−14

5.3063891680527 · 10−11 GeV−4

gg → Υ
[

3S
[1]
1

]
+Υ

[
3S

[8]
1

]
+H

4.753109487454 · 10−21 GeV−2
1.5 · 10−7

4.753108764824 · 10−21 GeV−2

gg → J/ψ
[

3S
[8]
1

]
+ J/ψ

[
3S

[8]
1

]
+ g

7.885077765242 · 10−11 GeV−2
1.8 · 10−10

7.885077766678 · 10−11 GeV−2

gg → J/ψ
[

3S
[1]
1

]
+Υ

[
3S

[1]
1

]
+ g

(a) 1.156767080922 · 10−15 GeV−2
2.9 · 10−7

1.156766744184 · 10−15 GeV−2

gg → J/ψ
[

3S
[1]
1

]
+Υ

[
3S

[1]
1

]
+ J/ψ

[
3S

[8]
1

] 2.510898856056 · 10−27 GeV−2
3.9 · 10−9

2.510898865795 · 10−27 GeV−2

gg → J/ψ
[

1S
[8]
0

]
+ γZ

1.419801780011 · 10−16 GeV−2
4.9 · 10−7

1.419801072960 · 10−16 GeV−2

e+e− → J/ψ
[

1S
[8]
0

]
+ cc̄

1.350294584265 · 10−15 GeV−2
1.5 · 10−7

1.350294377299 · 10−15 GeV−2

e+e− → J/ψ
[

3S
[1]
1

]
+ gg

1.843805235534 · 10−14 GeV−2
1.4 · 10−7

1.843804974567 · 10−14 GeV−2

γg → ηc

[
1S

[1]
0

]
+ ggg

2.168626920441142 · 10−14 GeV−4
1.6 · 10−14

2.168626920441177 · 10−14 GeV−4

Table 4. Benchmark squared amplitudes |M|2 (as defined in eq. (5.1)) in the standalone mode for
selected partonic processes relevant for various collider types, evaluated at random physical phase-space
points. We compare MG5_aMC (top) calculations against HELAC-Onia (bottom). The last column of
the table shows the relative deviation, as defined in eq. (5.2). Note: (a) To ensure that the leading
contribution, O(α3

sα
2), is included, this process was generated using the command generate g g

> Jpsi(1|3S11) Upsilon(1|3S11) g QCD=99 QED=99, where the options QCD=99 QED=99 enable all
relevant diagrams to be considered.
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process
MadGraph5_aMC@NLO

pull
HELAC-Onia

pp→ uū→ J/ψ
[

3S
[8]
1

] 78.757(3) nb
0.89

78.754(1) nb

pp→ uū→ J/ψ
[

3S
[8]
1

]
+H

42.055(2) yb
0.28

42.056(3) yb

pp→ gg → J/ψ
[

3S
[8]
1

]
+H

1.8530(7) ab
0.71

1.8523(7) ab

pp→ gg → J/ψ
[

3S
[8]
1

]
+HH

15.927(3) yb
0.15

15.93(2) yb

pp→ gg → J/ψ
[

3S
[8]
1

]
+HHH

1.9802(5) rb
3.27

1.967(4) rb

pp→ gg → J/ψ
[

3S
[8]
1

]
+ g

8.9215(7) µb
2.60

8.927(2) µb

pp→ gg → J/ψ
[

3S
[1]
1

]
+ J/ψ

[
3S

[1]
1

] 8.921(2) nb
1.12

8.916(4) nb

pp→ gg → J/ψ
[

3S
[8]
1

]
+ J/ψ

[
3S

[8]
1

] 86.240(7) pb
1.42

86.27(2) pb

pp→ gg → ηc

[
1S

[8]
0

]
+ ηb

[
1S

[8]
0

] 195.984(9) fb
0.24

195.987(9) fb

pp→ uū→ ηc

[
1S

[1]
0

]
+ J/ψ

[
3S

[8]
1

] 152.79(1) fb
0.99

152.73(6) fb

pp→ uū→ ηc

[
1S

[1]
0

]
+Υ

[
3S

[1]
1

] 212.90(2) zb
0.00

212.9(1) zb

pp→ uū→ B+
c

[
1S

[1]
0

]
+B∗−

c

[
3S

[1]
1

] 2.7920(5) pb
0.58

2.7925(7) pb

e+e− → J/ψ
[

3S
[1]
1

]
+ Z

1.61586(9) fb
0.17

1.61584(8) fb

Table 5. Benchmark cross sections for selected pp (
√
s = 13TeV) and e+e− (

√
s = 1TeV) collision

processes. We compare MG5_aMC (top) calculations against HELAC-Onia (bottom), using the setup
introduced in section 4. Numerical MC integration uncertainties on the last printed digit are given in
brackets. The last column of the table shows the pull as defined in eq. (5.3).

final state. This includes processes ranging from simple 2 → 1 up to more complex 2 → 4
scatterings. In addition, we evaluate quarkonium pair-production cross sections for various
combinations of charmonia and bottomonia in different Fock state configurations. To quantify
the agreement between the two tools, we compute the pull, defined as

pull =

∣∣∣∣∣∣ σMG5_aMC − σHELAC-Onia√
∆2

MG5_aMC +∆2
HELAC-Onia

∣∣∣∣∣∣ , (5.3)
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where σMG5_aMC and σHELAC-Onia denote the cross sections evaluated with MG5_aMC and
HELAC-Onia, respectively, and ∆MG5_aMC, ∆HELAC-Onia are the corresponding MC uncertainties.
Overall, we observe excellent agreement between MG5_aMC and HELAC-Onia, with pull values
consistent with statistical expectations. This serves as a validation of our LO implementation.

In addition to the pp collision processes, we also perform a cross-check for an e+e−

collision process, e+e− → J/ψ
[

3S
[1]
1

]
+ Z. Here, we adopt the general setup from section 4,

but increase the collision energy to
√
s = 1TeV with symmetric beam energies, Ee+

beam =
Ee

−
beam = 500GeV, to allow for on-shell production of the Z boson. As in the hadronic case,

we find excellent agreement between the results from MG5_aMC and HELAC-Onia within the
quoted MC uncertainties.

Finally, we emphasise that the benchmarks presented in tables 4 and 5 represent only
a subset of the more extensive tests we have performed across different processes, for both
fully-inclusive and fiducial cross sections. The additional results are not shown, as they do
not provide further insight beyond what is already illustrated. Nevertheless, these tests, like
the examples reported, serve to validate our code and consistently confirm the correctness
of our implementation.

6 Quarkonium production

To highlight the broad applicability of our implementation across different collision sys-
tems, we present cross sections for quarkonium production in proton-proton (pp) collisions
(section 6.1), electron-proton (e−p) collisions (section 6.2), and electron-positron (e+e−)
collisions (section 6.3).

In pp collisions at the LHC with a c.m. energy of
√
s = 13TeV, we discuss single-

quarkonium production as a simple final state, and its production in association with
elementary particles. We extend our analysis to double- and triple-quarkonium production to
illustrate the capabilities of our code. These studies are complemented by investigations of
deep-inelastic scattering (DIS) and photoproduction studies in e−p collisions at HERA and
the upcoming EIC, as well as quarkonium production in association with a (di-)jet and a
(di-)photon in e+e− collisions at B-factories, such as Belle and BaBar, and at LEP experiments.
Finally, we perform dedicated studies within Higgs Effective Field Theory (HEFT) and include
parton showering with Pythia, demonstrating how our new implementation seamlessly
integrates with existing MG5_aMC features.

We emphasise that the broad range of processes considered in what follows is intended to
demonstrate the versatility of our implementation; the numerical values presented should
not be directly compared with experimental measurements, where available. As previously
stated, our current implementation is restricted to S-wave production at LO and does not, for
instance, account for feeddown effects where they occur. Nevertheless, we provide a sufficiently
detailed exposition of the results to allow the reader to reproduce all numerical values shown
using MG5_aMC with the same parameter inputs. In addition, we make our analyses scripts
available as auxiliary files in the supplemental material published alongside this article.
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process σ process σ

pp→ ηc +X 2.9366(5) µb pp→ ηb +X 5.4935(7) µb
pp→ J/ψ +X 536.14(6) nb pp→ Υ+X 6.0655(4) nb

Table 6. Total LO (O(α2
s)) cross sections for single charmonium and bottomonium production in pp

collisions at
√
s = 13TeV, based on the setup described in section 4. The numbers in parentheses

indicate the numerical uncertainties from MC phase-space integration. These results are provided for
illustration only: they do not include feeddown effects or experimental cuts, and are specific to the
chosen LDME values (cf. table 2).

6.1 Quarkonium production in proton-proton collisions

6.1.1 Inclusive single charmonium and bottomonium production

As a first application of the new NRQCD feature of MG5_aMC, we compute the cross sections
for 2 → 1 scattering processes involving a single charmonium or bottomonium state in pp

collisions. Although these cross sections have been known for decades — and even their
NLO QCD corrections were computed analytically11 almost 30 years ago [71] — the user-
friendly interface of MG5_aMC now makes such computations readily accessible to everyone,12

providing a valuable resource for the high-energy physics community on both theoretical
and experimental fronts.

Extensive experimental efforts have been devoted to the study of inclusive heavy quarko-
nium production — charmonium, bottomonium, and Bc — in high-energy collisions at the
LHC and other hadron-hadron colliders such as RHIC and the Tevatron. Interested readers
may consult the reviews in refs. [1, 100–103] which address Tevatron (and HERA) results, as
well as more recent ones [2, 104, 105] discussing advances driven by RHIC and LHC data.

We consider four different processes to illustrate the usage of the code: charmonium
production as a spin-singlet ηc or spin-triplet J/ψ, and bottomonium production as a spin-
singlet ηb or spin-triplet Υ. We compute the fully-inclusive LO cross sections for these states
using the setup described in section 4, with results summarised in table 6. It is important to
note that we always include all relevant colour-singlet and colour-octet S-wave contributions
unless stated otherwise. For example, ηc production includes the colour-singlet state 1S

[1]
0

as well as the two colour-octet states 3S
[8]
1 and 1S

[8]
0 . Hence, we have

σ(pp→ ηc +X) = σ(pp→ ηc
[

1S
[1]
0

]
+X) + σ(pp→ ηc

[
3S

[8]
1

]
+X)

+ σ(pp→ ηc
[

1S
[8]
0

]
+X)

(6.1)

and, analogously, for J/ψ production,

σ(pp→ J/ψ +X) = σ(pp→ J/ψ
[

3S
[1]
1

]
+X) + σ(pp→ J/ψ

[
1S

[8]
0

]
+X)

+ σ(pp→ J/ψ
[

3S
[8]
1

]
+X) .

(6.2)

11See refs. [97–99] for recent NLO phenomenological studies of such cross sections.
12MG5_aMC can also be used at http://nloaccess.in2p3.fr.
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As a side note, due to the modular architecture of MG5_aMC, individual Fock-state
contributions, along with their decomposition into initial-state partonic channels, are listed
separately in the generated HTML output. For instance, even when using the boundstates syntax:

MG5_aMC> import model sm_onia-c_mass

MG5_aMC> generate p p > etac

MG5_aMC> output; launch

the HTML output lists the six subprocesses13

pp→ gg → ηc
[

1S
[1]
0

]
, pp→ gg → ηc

[
3S

[8]
1

]
, pp→ gg → ηc

[
1S

[8]
0

]
,

pp→ qq̄ → ηc
[

1S
[1]
0

]
, pp→ qq̄ → ηc

[
3S

[8]
1

]
, and pp→ qq̄ → ηc

[
1S

[8]
0

]
.

(6.3)

For ηc production, the HTML output shows the following six cross sections:14

σ(pp→ gg → ηc
[

1S
[1]
0

]
) = 2.2995(5) µb , (6.4)

σ(pp→ gg → ηc
[

3S
[8]
1

]
) = 0 , (6.5)

σ(pp→ gg → ηc
[

1S
[8]
0

]
) = 33.43(6) nb , (6.6)

σ(pp→ qq̄ → ηc
[

1S
[1]
0

]
) = 0 , (6.7)

σ(pp→ qq̄ → ηc
[

3S
[8]
1

]
) = 603.7(2) nb , (6.8)

σ(pp→ qq̄ → ηc
[

1S
[8]
0

]
) = 0 , (6.9)

which sum, according to eq. (6.1), to

σ(pp→ ηc +X) = 2.9366(5) µb , (6.10)

as listed in table 6.
To understand qualitatively the numbers reported in table 6, it is useful to recall that

the LDME values used in this paper (cf. table 2) follow the hierarchy expected from velocity-
scaling rules: the colour-octet LDMEs are generally one or two orders of magnitude smaller
than their colour-singlet counterparts. Unless there are particular reasons, such as kinematic
or dynamical enhancements [109–114] or suppressions due to quantum-number conservation,
this hierarchy would naturally govern the ordering of each partonic cross section. However,
as we shall see later in this section, there are many counter-examples that violate this
naïve expectation. A first example, shown in table 6, is that the total cross sections of
spin-singlet states are much larger than those of spin-triplet states. This is because the

13The notation with qq̄ initial state implicitly covers both possibilities: a quark from beam 1 and an
antiquark from beam 2, as well as the reversed configuration with the antiquark from beam 1 and the quark
from beam 2.

14According to the HTML output file, the cross section for the process gg → ηc

[
3S

[8]
1

]
(cf. eq. (6.5)) is

4.0(1) · 10−27 pb. This extremely small value can be interpreted as numerically zero, consistent with the
Landau-Yang theorem [106–108], which forbids this process at LO.
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2 → 1 QCD partonic processes for (QQ̄)
[

3S
[1]
1

]
are forbidden due to either colour or C-

number conservation. However, the electroweak channel qq̄ → γ∗/Z(∗) → (QQ̄)
[

3S
[1]
1

]
can

be non-zero, which we do not include here.15

6.1.2 Inclusive Bc-meson production

Unlike hidden-flavour charmonium and bottomonium production, the inclusive production
of the Bc meson at the LHC is dominantly associated with an open bottom and charm
quark pair. We take the process pp → B+

c + bc̄ + X as an example. It can be generated
via the following syntax:

MG5_aMC> import model sm_onia-c_mass

MG5_aMC> generate p p > Bc+ b c~

MG5_aMC> output; launch

The total cross section at
√
s = 13TeV is

σ(pp→ B+
c + bc̄+X) = 14.77(6) nb . (6.11)

Because B+
c carries electric charge, it has no well-defined C parity. All six partonic channels

are non-zero. The total cross section is dominated by the subprocess gg → B+
c

[
1S

[1]
0

]
+ bc̄,

due to the gluon luminosity and the value of the colour-singlet LDME.

6.1.3 Associated production with an electroweak boson or a jet

We now turn to quarkonium production in pp collisions in association with other SM elementary
particles. In particular, we consider charmonium and bottomonium final states produced
alongside a W± or Z boson (table 7), and a photon or a jet (table 8). These processes
provide complementary insight into the quarkonium-production mechanism [111, 114–120],
and are also broadly relevant for rare-decay studies [121–124], probing linearly polarised
gluons in the proton [125, 126], and BSM searches [127–130], as well as for investigations of
the double-parton-scattering (DPS) mechanism [131–133].16 For a recent review, we refer
the interested reader to ref. [2] and to measurements at the LHC [134–137].

For charmonium or bottomonium production in association with a W± boson, only the
colour-octet partonic channel qq̄ ′ → (QQ̄)

[
3S

[8]
1

]
+W± contributes at LO (i.e., O(α2

sα)).17

In contrast, for production with a Z boson, five partonic channels contribute, except for the
quark-induced colour-singlet ones, qq̄ → (QQ̄)

[
3S

[1]
1 , 1S

[1]
0

]
+ Z, which vanish. Even in the Z-

boson case, however, the charmonium cross sections are dominated by the qq̄ → (cc̄)
[

3S
[8]
1

]
+Z

15An apparently counterintuitive observation regarding the cross sections in table 6 is that the ηc cross
section is smaller than the ηb one. This occurs because these cross sections are very sensitive to the low-scale
and low-x regions of the PDFs [99], where constraints are essentially absent. We have verified that using an
alternative PDF set than PDF4LHC21_40 can yield a completely different ηc total cross section, which may
even exceed the ηb cross section.

16In this work, only the single-parton-scattering (SPS) contribution is computed.
17As discussed in ref. [117] for the J/ψ case, important contributions are also expected from qq̄ ′ →

(QQ̄)
[

3S
[1]
1

]
+W± at O(α3) via an off-shell photon and qg → (QQ̄)

[
3S

[1]
1

]
+W± +Q at O(α3

sα) which can
also be computed with our extension.
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process σ process σ

pp→ ηc +W+ +X 3.125(1) pb pp→ ηb +W+ +X 588.1(7) ab

pp→ ηc +W− +X 2.097(1) pb pp→ ηb +W− +X 422.0(2) ab

pp→ ηc + Z +X 2.2183(7) pb pp→ ηb + Z +X 131.89(3) fb

pp→ J/ψ +W+ +X 1.9328(6) pb pp→ Υ+W+ +X 102.81(4) fb

pp→ J/ψ +W− +X 1.2968(4) pb pp→ Υ+W− +X 73.77(3) fb

pp→ J/ψ + Z +X 1.3425(4) pb pp→ Υ+ Z +X 340.7(1) fb

Table 7. Total cross sections for single charmonium and bottomonium production at O(α2
sα) in pp

collisions at 13TeV in association with a W± or Z boson, based on the setup described in section 4.
The numbers in parentheses represent the numerical uncertainties from the MC phase-space integration.
These results are provided for illustration only: they do not include feeddown effects or experimental
cuts, and are specific to the chosen LDME values (cf. table 2).

channel, while for bottomonium the leading contributions arise from gg → (bb̄)
[

1S
[1]
0 , 3S

[1]
1

]
+Z.

This difference can be attributed to two main reasons. First, the colour-octet LDMEs are
relatively less suppressed with respect to the colour-singlet ones in the charmonium case.
Second, the colour-octet channels receive an additional enhancement from the propagators in
the g∗→ (QQ̄)

[
3S

[8]
1

]
transitions. This propagator enhancement is stronger for charmonium

than for bottomonium because of the smaller heavy-quark mass. These considerations imply
that the spin-singlet to spin-triplet cross-section ratios should approximately follow the
corresponding LDME ratios for the dominant channels.

So far, no experimental studies of inclusive quarkonium–photon production have been
reported, apart from searches for exclusive radiative decays of the Z or H bosons, such as
from H → J/ψ + γ and Υ + γ. These Higgs rare decay channels offer sensitivity to the
Higgs-quark Yukawa couplings to c and b quarks. Ongoing inclusive studies at ATLAS [138],
focusing on the back-to-back configuration, aim to probe the gluon transverse momentum
distribution (TMD) inside the proton [125].

When considering a final-state jet in addition to the quarkonium, or studying quarkonium
plus photon production, we impose cuts of pT,j > 10GeV and |ηj | < 5 on the jet, and
pT,γ > 2GeV and |ηγ | < 2.5 on the photon. These cuts ensure sufficient separation from the
colliding beams, suppress soft and collinear configurations, and mimic typical experimental
isolation criteria.

In jet-associated production processes, the leading channel is gg → (QQ̄)
[

3S
[8]
1

]
+ g

in the ηc, J/ψ, and Υ cases, since they share the leading-pT behaviour arising from gluon
fragmentation, g∗ → (QQ̄)

[
3S

[8]
1

]
. In the ηc case, the colour-singlet channel gg → ηc

[
1S

[1]
0

]
+g

also gives rise to significant contributions. For ηb + j production, due to the very small
LDME value of ηb

[
3S

[8]
1

]
(cf. table 2), the leading contribution comes from the colour-singlet

channel gg → ηb
[

1S
[1]
0

]
+ g. Such a conclusion is valid only under the specific conditions

considered here (e.g., LO, pT cut, LDME values, etc.).
For photon-associated production processes, due to C-parity conservation, colour-singlet

channels for pseudoscalar states are forbidden. In contrast, for spin-triplet states, the gluon-
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process σ process σ

pp→ ηc + j +X 805.4(4) nb pp→ ηb + j +X 315.4(2) nb

pp→ J/ψ + j +X 329.8(2) nb pp→ Υ+ j +X 19.85(1) nb

pp→ ηc + γ +X 789.3(4) pb pp→ ηb + γ +X 2.257(1) pb

pp→ J/ψ + γ +X 19.13(1) nb pp→ Υ+ γ +X 897.4(5) pb

Table 8. Fiducial cross sections for single charmonium and bottomonium production in pp collisions
at 13TeV in association with a photon (O(α2

sα)) or a jet (O(α3
s)), based on the setup described in

section 4 and with cuts defined in the main text. The numbers in parentheses represent the numerical
uncertainties from the MC phase-space integration. These results are given for illustration only: they
do not include feeddown effects or experimental cuts, and are specific to the chosen LDME values (cf.
table 2).

induced colour-singlet process gg → (QQ̄)
[

3S
[1]
1

]
+ γ is dominant. This qualitatively explains

the observed cross-section hierarchy between spin-singlet and spin-triplet states in table 8.

6.1.4 J/ψ production in association with an open charm-anticharm pair

The associated production of a heavy quarkonium and an open charm-anticharm pair, where
the latter hadronises into a light charm hadron such as a D0, D̄0, D±, D±

s , or Λ±
c , is

of significant phenomenological interest for a variety of reasons. These processes serve
as valuable probes for understanding the underlying mechanisms [114, 139–143] of heavy-
quarkonium production, as they can constitute an important source of inclusive charmonium
production [144–147], for studying the DPS mechanism [143], and for exploring [97] the
intrinsic charm content of the proton [148]. Moreover, they provide an opportunity to study
potential factorisation-breaking effects arising from colour transfer between the quarkonium
and the open-charm hadron near the mass threshold [149, 150]. In the context of heavy-ion
collisions, such processes can also be used to probe the impact-parameter-dependent cold
nuclear-matter modifications of nuclear PDFs through DPS processes [151].

The LHCb experiment has observed the associated production of J/ψ + D [152] and
Υ+D [153], with results indicating that SPS contributions alone are insufficient to describe the
data, thus requiring the inclusion of DPS effects. Motivated by this strong phenomenological
relevance, numerous theoretical studies have been dedicated to these processes [143, 154–157].

Even though a detailed phenomenological study is beyond the scope of this work, we aim
to illustrate the potential of the MG5_aMC implementation for such applications. To this end,
we consider the production of a J/ψ meson in association with an open charm-anticharm pair
in a pp collision at

√
s = 13TeV, i.e., the process pp → J/ψ + cc̄ +X. Using the baseline

setup outlined in section 4, we obtain the total cross section

σ(pp→ J/ψ + cc̄+X) = 585+987
−401 nb , (6.12)
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with contributions from individual J/ψ Fock states given by

σ(pp→ J/ψ
[

3S
[1]
1

]
+ cc̄+X) = 429+735

−306 nb ,

σ(pp→ J/ψ
[

1S
[8]
0

]
+ cc̄+X) = 77.5+137.9

−51.3 nb ,

σ(pp→ J/ψ
[

3S
[8]
1

]
+ cc̄+X) = 78.4+114.4

−43.9 nb .

(6.13)

The quoted uncertainties reflect 7-point scale variations with µR/F ∈ {µ0/2, µ0, 2µ0}, enforcing
1/2 ≤ µR/µF ≤ 2, around the central scale µ0 = HT /2 as defined in eq. (4.3).

The SPS cross section of this process is dominated by the colour-singlet contributions,
while the colour-octet ones are subdominant but not entirely negligible. This observation is
consistent with the findings of ref. [143] (see table III therein). However, as pointed out in
ref. [143], the cross section reported here may significantly underestimate the true J/ψ +D

SPS contribution, since the calculation is performed strictly in the 3FS. To obtain a reliable
prediction of the SPS contribution for this process, an appropriate matching or combination
of the three- and four-flavour schemes (3FS and 4FS) is essential.

To further illustrate the potential of MG5_aMC for this process beyond fixed-order accuracy,
we employ its interface to Pythia v8.315 [19] to perform parton-shower (PS) simulations
on the LHEF events generated by MG5_aMC.18 The default Pythia settings are used, with
initial-state radiation (ISR), final-state radiation (FSR), multiparton interactions (MPI), and
hadronisation enabled. The J/ψ is treated as a stable particle.

In figure 1, we compare the J/ψ transverse momentum spectra from the fixed-order LO
(fLO) calculation and the LO events matched to PS (LO+PS). The pT,J/ψ spectrum including
all three Fock states is shown in figure 1(a), while figures 1(b), 1(c), and 1(d) display the
spectra for the individual J/ψ

[
3S

[1]
1

]
, J/ψ

[
1S

[8]
0

]
, and J/ψ

[
3S

[8]
1

]
Fock states, respectively.

We observe that PS effects broaden the pT,J/ψ distributions in the J/ψ
[

3S
[1]
1

]
and J/ψ

[
1S

[8]
0

]
channels, while they narrow the transverse-momentum distribution in the J/ψ

[
3S

[8]
1

]
channel.

These opposite shifts from the two spin-triplet Fock states partially compensate each other in
the total (figure 1(a)), resulting in a moderate overall distortion of the pT,J/ψ spectrum. Unlike
the processes pp→ J/ψ

[
3S

[8]
1 , 1S

[8]
0 , 3P

[8]
J

]
+ j +X, the cross sections for these processes at

small pT,J/ψ are finite. In the former case, one would need to impose cuts, and the effect
of showering in presence of such cuts would be more significant [158].

For the sake of completeness, we note that the same LDMEs for the colour-octet channels
are used in both the fLO and LO+PS analyses in this paper. In extractions of colour-octet
LDMEs from the pT spectra of inclusive quarkonium hadroproduction processes, several works
(e.g., ref. [159]) have pointed out that the LDMEs obtained from fLO and LO+PS analyses
can differ significantly. This difference can be understood because the inclusion of PS effects in
channels such as pp→ (QQ̄)

[
1S

[8]
0

]
+ j+X modifies the pT behaviour, in a manner somewhat

analogous to what is observed when comparing NLO to LO results [114]. The LDMEs used
in this paper (see table 2) are obtained from fixed-order NLO fits to the pT distributions

18Pythia also handles the hadronisation of the open charm and anticharm quarks, thereby enabling studies
of exclusive final states such as J/ψ +D. However, for the purposes of this work, we consider only the fully
inclusive J/ψ + cc̄ final state, focusing on the modifications of the quarkonium kinematic distributions.
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Figure 1. Transverse momentum (pT,Q) distributions for J/ψ production in association with cc̄ in pp
collisions at

√
s = 13TeV. Panels (b-d) correspond to different J/ψ Fock states, while panel (a) shows

the total contribution obtained by combining them. The blue curve represents the fixed-order LO (fLO)
computation from MG5_aMC, and the orange curve shows the MG5_aMC LO events combined with PS
from Pythia v8.315 (LO+PS). Both include their respective 7-point scale-variation uncertainty bands.
The lower panels display the ratio to the fLO contribution in each case.

in quarkonium hadroproduction. Other NLO-based extractions also exist in the literature,
though the list is too long to be reproduced here. The interested reader is guided to ref. [2].

6.1.5 Inclusive quarkonium-pair production

In this section, we discuss the production of final states containing two quarkonia. We
consider quarkonium-pair production involving charmonium, bottomonium, and B±

c mesons.
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process σ process σ

pp→ ηc + ηc +X 35.81(1) nb pp→ ηb + ηb +X 75.64(3) pb

pp→ ηc + J/ψ +X 7.233(3) nb pp→ ηb +Υ+X 1.9244(6) pb

pp→ J/ψ + J/ψ +X 10.756(3) nb pp→ Υ+Υ+X 44.63(1) pb

Table 9. Total cross sections for charmonium- and bottomonium-pair production at O(α4
s) in pp

collisions at
√
s = 13TeV, based on the setup described in section 4. The numbers in parentheses

indicate the numerical uncertainties from the MC phase-space integration. The results are provided
for illustration only: they do not include feeddown or DPS effects, nor any experimental cuts and
they depend on the chosen LDME values (cf. table 2).

Among all quarkonium-pair production processes, double J/ψ production is the most
studied final state. The process was first observed by the NA3 collaboration at the CERN-SPS
in pion–nucleus and proton–nucleus interactions [160, 161] in the 1980s. It was subsequently
studied at the Tevatron and the LHC [162–167] at different energies and in different kinematic
regions. These measurements provide valuable constraints on the production mechanisms (see,
e.g., refs. [112, 168–174]), on gluon TMDs [175, 176], which remain largely unconstrained, and
on DPS [113, 177–179]. Double J/ψ production also constitutes an irreducible background
for fully-charmed tetraquark searches [180–182] and rare decays such as H → J/ψ+ J/ψ and
Z → J/ψ+J/ψ [124]. To date, the only measurements of Υ-pair production were performed by
CMS [183, 184], while LHCb recently reported the first study of J/ψ+ψ(2S) production [185].

The associated production of J/ψ + ηc can provide insight into the impact of QCD
radiative corrections on the pT spectrum [112]. However, it has not yet been observed at
hadron colliders. The same applies to J/ψ + χc [186] and to the bottomonium states.

In contrast, J/ψ +Υ production in hadron-hadron collisions has now been measured at
both the Tevatron by D0 [187] and at the LHC by LHCb [188]. The main motivation for
studying charmonium plus bottomonium production is to probe colour-octet quarkonium
production mechanisms [169, 174, 189], DPS [190, 191], and potential new exotic hadrons
such as fully-heavy tetraquarks (bb̄cc̄). Unlike J/ψ-pair or Υ-pair production, the SPS
colour-singlet process pp → J/ψ

[
3S

[1]
1

]
+ Υ

[
3S

[1]
1

]
+ X vanishes in QCD at LO (O(α4

s))
due to quantum-number conservation. In fact, the lowest-order contribution in QCD is
loop-induced at O(α6

s) [191]. This suppression of the SPS colour-singlet channel makes
DPS contributions more prominent and increases the relative importance of colour-octet
mechanisms in the SPS channel.

Table 9 shows our results for the production of charmonium or bottomonium pairs, while
table 10 presents the production of mixed charmonium–bottomonium pairs as well as B±

c

pairs. All cross sections are computed at O(α4
s). For charmonium or bottomonium pairs, the

cross sections are dominated by colour-singlet configurations when both quarkonia are of the
same type, e.g., in the production of two ηc (ηb) or two J/ψ (Υ) mesons. By contrast, at
LO in QCD, processes involving one pseudoscalar and one vector quarkonium of the same
flavour, such as ηc + J/ψ (ηb +Υ), are typically dominated by configurations involving at
least one colour-octet state. This is because, due to C parity, the pure colour-singlet partonic
channels gg → (QQ̄)

[
1S

[1]
0

]
+(QQ̄)

[
3S

[1]
1

]
and qq̄ → (QQ̄)

[
1S

[1]
0

]
+(QQ̄)

[
3S

[1]
1

]
are forbidden
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process σ process σ

pp→ ηc + ηb +X 2.7427(9) nb pp→ B+
c +B−

c +X 472.5(1) pb

pp→ ηc +Υ+X 23.431(7) pb pp→ B+
c +B∗−

c +X 89.23(2) pb

pp→ J/ψ + ηb +X 381.4(1) pb pp→ B−
c +B∗+

c +X 89.23(2) pb

pp→ J/ψ +Υ+X 10.503(3) pb pp→ B∗+
c +B∗−

c +X 940.9(2) pb

Table 10. Total cross sections for mixed charmonium–bottomonium pair production (left) and
Bc-pair production (right) at O(α4

s) in pp collisions at
√
s = 13TeV, based on the setup described in

section 4. The numbers in parentheses indicate the numerical uncertainties from the MC phase-space
integration. The results are provided for illustration only: they do not include feeddown or DPS
effects, nor any experimental cuts, and they depend on the chosen LDME values (cf. table 2).

in QCD. This also explains why the cross sections for pseudoscalar-vector final states are
smaller than those of the other two configurations in table 9.

When charmonium and bottomonium are produced together, only the simultaneous
production of two pseudoscalars, ηc + ηb, receives contributions from the pure colour-singlet
channel at O(α4

s). The remaining charmonium-bottomonium final states shown on the left
of table 10 have vanishing colour-singlet contributions at LO in QCD for both gluon-gluon
and quark-antiquark initiated channels, and therefore must involve at least one colour-octet
state. This explains the observed pattern of cross-section values in table 10.

In contrast, for Bc-meson pair production, all colour-singlet partonic channels contribute
and dominate the total cross sections. The cross sections of pp → B±

c + B∗∓
c + X are

significantly smaller than those of the other two Bc-pair processes in the right column of
table 10, as they are suppressed by a factor

(
mb−mc

mb+mc

)2
≈ 0.25 [192]. The observed cross-section

pattern is consistent with the findings of refs. [192, 193].
We again emphasise the broad physics potential of quarkonium-pair production studies

for probing the interplay between SPS and DPS interactions. However, the numerical values
presented in this work account only for the SPS contribution at LO, using generic cuts and
LDME values, for illustration purposes.

We conclude the discussion on pair production by noting that an advantage of our
implementation over HELAC-Onia is that it assigns different LDMEs to the colour-octet states
on the fly, making MG5_aMC more intuitive to use. For instance, this simplifies computations
such as ηc

[
3S

[8]
1

]
+ J/ψ

[
3S

[8]
1

]
, since no rescaling of one of the LDMEs is required anymore.

Moreover, MG5_aMC automatically generates all possible Fock-state combinations directly at
the level of the physical process, including the long-distance contributions, when using a
command such as generate p p > etac Jpsi. In contrast, HELAC-Onia performs this task
at the level of the short-distance coefficients, meaning that the user must combine them
manually to obtain the physical results.

6.1.6 Inclusive triple J/ψ production

To showcase the capabilities of our implementation, we consider triple J/ψ production in
pp collisions. This serves as an illustrative example of a non-trivial three-quarkonium final
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Figure 2. Example Feynman diagram contributing to triple colour-singlet production. All Feynman
diagrams in this article were created with FeynGame [198–200].

state, proposed in refs. [194–196] as a probe of triple parton scattering (TPS). Recently
measured by CMS [197], this marks the first experimental measurement of TPS, providing
new insight into multi-parton scattering dynamics. The LO (O(α6

s)) total cross section in
QCD at

√
s = 13TeV is

σ(pp→ J/ψ + J/ψ + J/ψ +X) = 1.038(3) pb . (6.14)

Breaking it down, the cross section receives contributions from ten different Fock-state
combinations:

σ(pp→ J/ψ
[

3S
[1]
1

]
+ J/ψ

[
3S

[1]
1

]
+ J/ψ

[
3S

[1]
1

]
+X) = 54.57(3) fb , (6.15)

σ(pp→ J/ψ
[

3S
[1]
1

]
+ J/ψ

[
3S

[1]
1

]
+ J/ψ

[
1S

[8]
0

]
+X) = 423(3) fb , (6.16)

σ(pp→ J/ψ
[

3S
[1]
1

]
+ J/ψ

[
3S

[1]
1

]
+ J/ψ

[
3S

[8]
1

]
+X) = 533(2) fb , (6.17)

σ(pp→ J/ψ
[

3S
[1]
1

]
+ J/ψ

[
1S

[8]
0

]
+ J/ψ

[
1S

[8]
0

]
+X) = 2.977(7) fb , (6.18)

σ(pp→ J/ψ
[

3S
[1]
1

]
+ J/ψ

[
1S

[8]
0

]
+ J/ψ

[
3S

[8]
1

]
+X) = 13.07(3) fb , (6.19)

σ(pp→ J/ψ
[

3S
[1]
1

]
+ J/ψ

[
3S

[8]
1

]
+ J/ψ

[
3S

[8]
1

]
+X) = 4.253(9) fb , (6.20)

σ(pp→ J/ψ
[

1S
[8]
0

]
+ J/ψ

[
1S

[8]
0

]
+ J/ψ

[
1S

[8]
0

]
+X) = 0.759(7) fb , (6.21)

σ(pp→ J/ψ
[

1S
[8]
0

]
+ J/ψ

[
1S

[8]
0

]
+ J/ψ

[
3S

[8]
1

]
+X) = 1.964(4) fb , (6.22)

σ(pp→ J/ψ
[

1S
[8]
0

]
+ J/ψ

[
3S

[8]
1

]
+ J/ψ

[
3S

[8]
1

]
+X) = 2.728(3) fb , (6.23)

σ(pp→ J/ψ
[

3S
[8]
1

]
+ J/ψ

[
3S

[8]
1

]
+ J/ψ

[
3S

[8]
1

]
+X) = 2.101(2) fb . (6.24)

For the triple colour-singlet channel, the gluon-induced process gg → J/ψ
[

3S
[1]
1

]
+J/ψ

[
3S

[1]
1

]
+

J/ψ
[

3S
[1]
1

]
is forbidden by C-parity conservation, leaving only the quark–antiquark-initiated

process possible at LO (cf. figure 2). The latter is, however, suppressed by the small quark–
antiquark luminosity at the LHC. As a result, the NLO QCD corrections, where the 2 → 4
gluon-induced process gg → J/ψ

[
3S

[1]
1

]
+J/ψ

[
3S

[1]
1

]
+J/ψ

[
3S

[1]
1

]
+g becomes allowed, can be

large, as shown in ref. [194]. In that study, this gluon-induced SPS contribution at O(α7
s) was

found to be around 2 pb at
√
s = 13TeV (cf. table I therein), including feeddown contributions

from ψ(2S). This value is of the same order as eq. (6.14), highlighting the important role of
these radiative corrections for a reliable SPS cross-section prediction. Nevertheless, the SPS
cross section remains several orders of magnitude smaller than the DPS and TPS contributions.
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(a)

(b)

Figure 3. Example Feynman diagrams: (a) the final-state Higgs radiates off a heavy-quark line,
and (b) it radiates off a gluon via the effective operator in HEFT. The crossed vertex represents the
effective coupling between two gluons and a Higgs boson, as given in eq. (6.25).

6.1.7 Heavy vector-quarkonium production in association with a Higgs boson

As a unique feature, MG5_aMC can calculate quarkonium production not only in the SM
but also in other theories, provided an appropriate UFO model is available. This extends
its capabilities beyond those of other frameworks such as HELAC-Onia. To demonstrate this
flexibility, we employ HEFT to compute the process pp→ gg → Q+H , where a Higgs boson
H is produced on-shell together with a heavy vector quarkonium Q ∈ {J/ψ,Υ}. At LO
in the full SM, the final-state Higgs boson can be radiated off the heavy-quark line of the
bound-state constituents (figure 3(a)), or off a top-quark via a loop-induced contribution.
These processes have been considered in the literature for Q ∈ {J/ψ, ψ(2S)} [201, 202]. In
HEFT, the top quark is integrated out under the assumption mt ≫ mH , yielding an effective
interaction between gluons and the Higgs particle:

LHEFT ⊃ αs
12πvHG

aµνGaµν , (6.25)

where v is the vacuum expectation value of the Higgs field and Gaµν is the non-Abelian
gluon field-strength tensor. This effective vertex reduces the full one-loop gluon-gluon-Higgs
interaction to a tree-level Hgg coupling (see figure 3(b)), which can be directly treated
with our quarkonium implementation together with a modified version of the heft model,
dubbed heft_onia, adapted to ensure compatibility with the newly introduced UFO format
in MG5_aMC.

To generate the Feynman diagrams in HEFT, we use the following prompts:

MG5_aMC> import model heft_onia

MG5_aMC> generate g g > Upsilon H
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For the case Q = J/ψ, we replace the bottom-quark parameters with the corresponding
charm-quark values, updating both the mass and Yukawa coupling in the param_card.dat,
as well as the LDME values in onia_card.dat.19

Using the pp collision setup introduced in section 4, we obtain the total cross sections

σ(pp→ gg → J/ψ +H) = 1.53+0.40
−0.29 fb ,

σ(pp→ gg → Υ+H) = 91+23
−17 ab .

(6.26)

The uncertainties are estimated via a 7-point scale variation with µR/F ∈ {µ0/2, µ0, 2µ0}
around the central scale µ0 = HT /2, enforcing 1/2 ≤ µR/µF ≤ 2, with HT /2 defined in
eq. (4.3). Only the colour-octet 3S

[8]
1 and 1S

[8]
0 Fock states contribute at LO; the 3S

[1]
1 state

is forbidden by C-parity conservation. Colour-singlet contributions first appear at NLO via
the real-emission process pp→ gg → Q+Hg. Although this channel is naïvely suppressed
by an additional power of the strong coupling αs, the larger colour-singlet LDME partially
compensates for this suppression. Indeed, we find

σ(pp→ gg → J/ψ
[

3S
[1]
1

]
+Hg) = 50+21

−14 ab ,

σ(pp→ gg → Υ
[

3S
[1]
1

]
+Hg) = 16.9+6.4

−4.5 ab .
(6.27)

Here, we observe that σ(pp→ gg → J/ψ
[

3S
[1]
1

]
+Hg) is significantly suppressed compared

to σ(pp → gg → J/ψ +H), while this suppression is less pronounced in the Υ case. This
behaviour arises for the same reason as in the quarkonium-Z boson associated production
discussed in section 6.1.3. Namely, the propagator enhancement in gg → J/ψ

[
3S

[8]
1

]
+H

is stronger than in gg → Υ
[

3S
[8]
1

]
+H due to the lighter heavy-quark mass. Nevertheless,

our current framework does not yet allow for a complete NLO computation, and therefore
these partial NLO contributions are neglected in the following discussion.

In figure 4, we show the cross sections differential in the transverse momentum pT,Q

and rapidity yQ of the final-state quarkonium Q. In both J/ψ and Υ production, the 3S
[8]
1

contribution dominates across the entire kinematic range. The pT,Q distributions of the
1S

[8]
0 and 3S

[8]
1 Fock states have similar shapes for both J/ψ and Υ production (figures 4(a)

and 4(c)), whereas the yQ spectra (figures 4(b) and 4(d)) show pronounced differences. The
3S

[8]
1 contribution peaks at central rapidities, while the 1S

[8]
0 contribution exhibits a dip at

mid-rapidity with symmetric peaks at forward and backward rapidities around |yQ| ≈ 4 for
J/ψ and |yQ| ≈ 3 for Υ. The dip is much more prominent for J/ψ than for Υ. This behaviour
can be traced back to the relative impact of different classes of Feynman diagrams. The
rapidity dip in 1S

[8]
0 production arises from diagrams involving the effective Hgg vertex (left

of figure 3(b)), whereas other diagram classes (figure 3) peak at yQ = 0. Diagrams with
Higgs emission via a Yukawa coupling (left of figure 3(a)) partially mitigate the dip. For J/ψ,
the small charm-quark mass suppresses these contributions, leaving the dip largely intact.
For Υ, the larger bottom-quark Yukawa coupling enhances these diagrams, making both
contributions comparable and significantly reducing the mid-rapidity dip.

19By default, the heft model in MG5_aMC includes a massive b quark but not a massive c quark. Since
initial-state quark contributions are neglected for this process, these minor modifications are sufficient to
obtain J/ψ production for our purposes.
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Figure 4. Transverse momentum (pT,Q) and rapidity (yQ) differential cross-section distributions
for J/ψ (top) and Υ (bottom) production in association with a Higgs boson H in pp collisions at√
s = 13TeV. The contributions from the 1S

[8]
0 and 3S

[8]
1 Fock states are shown in orange and blue,

respectively, with the error bands representing the standard 7-point scale variation.

6.2 Quarkonium production in electron-proton collisions

At electron-proton colliders, inelastic quarkonium production can occur via either DIS or
photoproduction processes. In the following two subsections, we consider both types of
collisions and compute cross sections for charmonium production. We retain the same SM
input parameters as discussed in section 4, and here specify the relevant collider settings,
which were not introduced previously.

For our simulations, we adopt the maximum c.m. energy configuration of the
EIC [8, 203], with

√
s = 140.7GeV, corresponding to beam energies of Ee−beam = 18GeV

and Epbeam = 275GeV. For the proton beam, we use the PDF4LHC21_40 PDF set. The
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central renormalisation and factorisation scales are set to µR = µF = HT /2, with HT /2
defined in eq. (4.3).

For recent phenomenological studies, the reader is guided to refs. [8, 204–213]. The
same processes have also received considerable attention in recent years in the study of
TMD dynamics [214–225].

6.2.1 Quarkonium production in deep-inelastic scattering

At HERA, J/ψ production in ep interactions has been extensively studied in the elastic
and inelastic regime [226–233] to gain a better understanding of the quarkonium-production
mechanism and to probe the gluon structure of the proton. To illustrate the capabilities of
MG5_aMC with a simple example, we consider the DIS of an electron and a proton to produce
a charmonium final state together with the measured scattered electron and a jet originating
from the proton dissociation. The processes can be generated and run with the commands:

MG5_aMC> import model sm_onia-c_mass

MG5_aMC> generate e- p > etac e- j

MG5_aMC> output; launch

for producing an ηc meson. Replacing etac with Jpsi in the generate command yields J/ψ
production instead. Thanks to the use of the boundstates syntax, all relevant S-wave Fock
state contributions considered in this work are automatically included. To ensure infrared-safe
results, we apply the following kinematic cuts: pT,j > 5GeV and |ηj | < 5 for the jet, and
pT,e > 1GeV and |ηe| < 3 for the scattered electron, thereby avoiding contributions from
on-shell internal photon exchange in the hard scattering. This results in the LO fiducial
cross sections at O(α2

sα
2)

σ(e−p→ ηc + e−j +X) = 394.8(1) fb , (6.28)
σ(e−p→ J/ψ + e−j +X) = 2.5651(8) pb , (6.29)

for ηc and J/ψ production, respectively. A breakdown into the individual partonic channels20

gives the following contributions. For the pseudoscalar ηc:

σ(e−p→ e−g → ηc
[

1S
[1]
0

]
+ e−g) = 17.9(5) ab , (6.30)

σ(e−p→ e−q → ηc
[

1S
[1]
0

]
+ e−q) = 0 , (6.31)

σ(e−p→ e−g → ηc
[

3S
[8]
1

]
+ e−g) = 33.47(4) fb , (6.32)

σ(e−p→ e−q → ηc
[

3S
[8]
1

]
+ e−q) = 147.81(9) fb , (6.33)

σ(e−p→ e−g → ηc
[

1S
[8]
0

]
+ e−g) = 155.42(8) fb , (6.34)

σ(e−p→ e−q → ηc
[

1S
[8]
0

]
+ e−q) = 58.06(5) fb , (6.35)

and for the vector J/ψ:

σ(e−p→ e−g → J/ψ
[

3S
[1]
1

]
+ e−g) = 1.4171(6) pb , (6.36)

σ(e−p→ e−q → J/ψ
[

3S
[1]
1

]
+ e−q) = 0 , (6.37)

20Channels with a light quark q include the sum over all light quark and antiquark flavours.
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σ(e−p→ e−g → J/ψ
[

1S
[8]
0

]
+ e−g) = 754.3(4) fb , (6.38)

σ(e−p→ e−q → J/ψ
[

1S
[8]
0

]
+ e−q) = 281.5(3) fb , (6.39)

σ(e−p→ e−g → J/ψ
[

3S
[8]
1

]
+ e−g) = 20.65(6) fb , (6.40)

σ(e−p→ e−q → J/ψ
[

3S
[8]
1

]
+ e−q) = 91.5(2) fb . (6.41)

We note that the tiny cross section for the colour-singlet contribution in the gluon channel,
e−g → ηc

[
1S

[1]
0

]
+ e−g, arises from Z-boson exchange, since photon exchange is again

forbidden by C-parity. In contrast, the cross section for J/ψ production is dominated by
the colour-singlet channel via γ∗g → J/ψ

[
3S

[1]
1

]
+ g. For this reason, the J/ψ cross section

is much larger than that of the ηc, as shown in eqs. (6.28) and (6.29).

6.2.2 Photoproduction

A second mechanism for quarkonium production in ep collisions proceeds via photoproduction,
where a photon and a parton annihilate into a quarkonium state. We model the initial-state
photon flux, originating from electron splitting, using the improved Weizsäcker-Williams
(iWW) approximation [234]. Adopting the iWW electron PDF requires specifying a maximum
allowed photon virtuality, Q2

max, for the quasi-real incoming photon.21 In our study, we
set Qmax = 1GeV.

We focus here on the production of an ηc meson via photoproduction.22 At LO, the three
different S-wave Fock states that can be produced in γg collisions require a different number
of final-state jets. The 1S

[8]
0 Fock state can be produced through the 2 → 1 process

e−p→ γg → ηc
[

1S
[8]
0

]
, (6.42)

while the production of a 3S
[8]
1 state requires one additional jet,

e−p→ γg → ηc
[

3S
[8]
1

]
+ g , (6.43)

and the colour-singlet state 1S
[1]
0 appears for the first time in association with two jets,

e−p→ γg → ηc
[

1S
[1]
0

]
+ gg . (6.44)

This can again be easily understood: the tree-level process γg → ηc
[

3S
[8]
1

]
is forbidden by

the Landau-Yang theorem, while both γg → ηc
[

1S
[1]
0

]
and γg → ηc

[
1S

[1]
0

]
+ g vanish because

they violate colour and C-parity conservation, respectively.23

21This is implemented in MG5_aMC by setting the factorisation scale for the electron beam PDF to Qmax in
the run_card.dat file.

22We do not consider here the contributions from resolved photons which are discussed in ref. [208] and
which would require resorting to the asymmetric version of MG5_aMC [235]. Along the same lines, we exclude
processes involving light (anti)quarks since their total cross sections are infrared divergent and would require
additional fiducial cuts.

23The situation is similar for other, more complex processes, such as J/ψ
[

3S
[1]
1

]
+ J/ψ

[
3S

[1]
1

]
production

in γg collisions. The lowest-order contribution occurs at O(α5
sα) via γg → J/ψ

[
3S

[1]
1

]
+ J/ψ

[
3S

[1]
1

]
+ gg. In

– 34 –



J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

The first process in eq. (6.42), for instance, can be generated with the prompts

MG5_aMC> import model sm_onia-c_mass

MG5_aMC> generate a g > etac(1|1S08)

MG5_aMC> output; launch

We set lpp1=3, pdlabel1=iww, fixed_fac_scale1=True, and dsqrt_q2fact1=1.0 in the
run card to indicate that the photon originates from the electron beam, parametrised using the
iWW PDF with Qmax = 1GeV. The total LO cross sections for these tree-level processes are

σ(e−p→ γg → ηc
[

1S
[8]
0

]
) = 590.02(3) pb , (6.45)

σ(e−p→ γg → ηc
[

3S
[8]
1

]
+ g) = 58.27(1) pb , (6.46)

σ(e−p→ γg → ηc
[

1S
[1]
0

]
+ gg) = 12.342(5) pb . (6.47)

However, since individual Fock states are not physical, only the inclusive production
of physical ηc mesons can be compared with experimental measurements. A meaningful
observable should therefore combine all relevant Fock states and account for processes
involving light (anti)quarks.24 For instance, ηc production in association with two jets
includes the three subprocesses

e−p→ γp→ ηc
[

1S
[1]
0

]
+ jj +X , (6.48)

e−p→ γp→ ηc
[

3S
[8]
1

]
+ jj +X , (6.49)

e−p→ γp→ ηc
[

1S
[8]
0

]
+ jj +X . (6.50)

To avoid infrared divergences from these processes, we apply fiducial cuts of pT,j > 1GeV
and |ηj | < 5. In addition, to ensure the two final-state jets are well separated, we impose
a jet isolation criterion ∆Rjj > 0.4, where the angular distance is defined as

∆Rjj =
√
∆η2

jj +∆ϕ2
jj , (6.51)

with ∆ηjj and ∆ϕjj denoting the pseudorapidity and azimuthal-angle differences between
the two jets, respectively. Under these conditions, we obtain the cross section

σ(e−p→ γp→ ηc + jj +X) = 163.28(6) pb , (6.52)

which can be decomposed into the three contributions

σ(e−p→ γp→ ηc
[

1S
[1]
0

]
+ jj +X) = 26.24(3) pb , (6.53)

σ(e−p→ γp→ ηc
[

3S
[8]
1

]
+ jj +X) = 17.25(2) pb , (6.54)

σ(e−p→ γp→ ηc
[

1S
[8]
0

]
+ jj +X) = 119.80(5) pb . (6.55)

contrast, a non-zero contribution arises from the quark-initiated process γq → J/ψ
[

3S
[1]
1

]
+ J/ψ

[
3S

[1]
1

]
+ q

at O(α4
sα). However, without proper regularisation, the quark-initiated channel suffers from an initial-state

QED collinear singularity, γ → qq̄, which generally mixes with the resolved-photon contribution at NLO.
24Of course, contributions from P-wave states and possible feeddown effects are still missing.
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6.3 Quarkonium production at electron-positron colliders

To complete the picture of quarkonium production across different collider types, we present
in this section numbers for cross sections in e+e− collisions. Measurements from the Belle
and BaBar B factories provide one of the most precise data on quarkonium production at
e+e− colliders, including both inclusive processes such as e+e− → J/ψ +X [236–238] and
e+e− → J/ψ+ cc̄+X [238, 239], and exclusive processes such as e+e− → J/ψ+ ηc [239–242]
and e+e− → J/ψ + γ [243]. In the following, we present examples of both inclusive and
exclusive quarkonium production processes in sections 6.3.1 and 6.3.2, respectively.

6.3.1 Inclusive quarkonium production

As a demonstration, we present results for inclusive quarkonium production processes in
association with either a single jet or a jet pair,

e+e− → Q+ j +X , (6.56)
e+e− → Q+ jj +X , (6.57)

where Q denotes either a charmonium state (ηc or J/ψ) or a bottomonium state (ηb or Υ).
Here, X represents any possible soft parton radiation arising during the hadronisation of
the colour-singlet quarkonium Q from intermediate colour-octet states.

The baseline setup follows the configuration described in section 4. Among these processes,
the single-jet final state in eq. (6.56) is infrared safe and does not require any cuts. The
di-jet processes, however, suffer from infrared divergences that must be regulated by suitable
kinematic cuts. Such singularities arise in the di-jet process of eq. (6.57) when one of the final-
state massless partons becomes soft or when the two partons are emitted collinearly. These
can be controlled by applying jet isolation cuts. Specifically, we require a minimal invariant
mass for the jet pair, mjj > 1GeV, and a minimum angular separation of ∆Rjj > 0.4, where
the angular distance is defined in eq. (6.51).

The resulting cross sections at
√
s = 10.58GeV in e+e− collisions are summarised in

table 11. They correspond to O(αsα2) and O(α2
sα

2) for the single-jet and di-jet cases,
respectively. For single-jet processes, only the colour-octet 1S

[8]
0 state contributes, since the

colour-singlet states and the 3S
[8]
1 state are forbidden by colour and C-parity conservation.25

Consequently, the spin-singlet to spin-triplet quarkonium cross-section ratios reflect the
corresponding LDME ratios (cf. table 2). In contrast, for di-jet processes, the colour-singlet
channel e+e− → γ∗ → J/ψ

[
3S

[1]
1

]
+gg is allowed, while the processes e+e− → γ∗ → ηc

[
1S

[1]
0

]
+

gg and e+e− → γ∗ → ηc
[

1S
[1]
0

]
+ qq̄ remain forbidden by C-parity and colour conservation,

respectively. In addition, a new colour-octet channel, e+e− → γ∗ → (cc̄)
[

3S
[8]
1

]
+ gg,

becomes accessible compared with the single-jet case. This makes the di-jet cross sections
larger than the single-jet ones for both the charmonium and Υ cases. For bottomonium
production, however, the cross sections are more strongly suppressed by phase-space effects
in the di-jet case than in the single-jet case, since

√
s ∼ 2mb. This suppression causes the

25The (QQ̄)
[

3S
[8]
1

]
channels receive negligible contributions from s-channel Z-boson exchange diagrams,

which violate C-parity.
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process σ process σ

e+e− → ηc + j +X 33.652(2) fb e+e− → ηb + j +X 1.9367(1) fb

e+e− → J/ψ + j +X 163.23(1) fb e+e− → Υ+ j +X 34.002(2) ab

e+e− → ηc + jj +X 99.31(4) fb e+e− → ηb + jj +X 15.029(3) ab

e+e− → J/ψ + jj +X 606.9(3) fb e+e− → Υ+ jj +X 1.1239(2) fb

Table 11. Total (fiducial) cross sections for charmonium and bottomonium production in association
with a single jet (or a jet pair) at

√
s = 10.58GeV, based on the setup described in section 4. For di-jet

processes, the fiducial cuts applied are mjj > 1GeV and ∆Rjj > 0.4. The numbers in parentheses
indicate the numerical uncertainties from the MC phase-space integration. These results are provided
for illustration only: they do not include feeddown effects and are specific to the chosen LDME values
(cf. table 2).

e+e− → ηb+jj+X cross section to remain smaller than that of e+e− → ηb+j+X. In table 11,
effects from initial-state photon radiation [244, 245], QCD radiative corrections [246–248],
and relativistic corrections [249, 250] are not included, although they could be significant.
Note that the bottomonium plus (di-)jet cross sections in table 11 are probably not reliable,
as the c.m. energy is very close to the production threshold, where non-perturbative effects
are not well controlled.

6.3.2 Exclusive quarkonium production

As a showcase, we now consider the following exclusive quarkonium production processes:

e+e− → Q+ γ , (6.58)
e+e− → Q+ γγ , (6.59)
e+e− → ηc + J/ψ , (6.60)
e+e− → J/ψ + J/ψ , (6.61)

where, as before, Q denotes either a charmonium state (ηc or J/ψ) or a bottomonium state
(ηb or Υ). Being exclusive processes, only colour-singlet channels contribute; otherwise,
hadronisation of colour-octet states would produce additional light hadrons in the final state.

We adopt the baseline setup described in section 4. For the processes with final-state
photons in eqs. (6.58) and (6.59), infrared divergences may arise when photons are emitted
from the incoming electron or positron. These singularities are regulated by imposing photon
cuts of pT,γ > pmin

T,γ = 0.5GeV and |ηγ | < 5. To better mimic realistic detector conditions,
where photons must be spatially separated, we further apply an isolation requirement of
∆Rγγ > 0.4 for di-photon final states. The angular distance is defined analogously to
eq. (6.51) as

∆Rγγ =
√
∆η2

γγ +∆ϕ2
γγ , (6.62)

where ∆ηγγ and ∆ϕγγ denote the differences in pseudorapidities and azimuthal angles
between the two photons, respectively.
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process σ process σ

e+e− → ηc + γ 62.728(4) fb e+e− → ηb + γ 2.0417(2) fb

e+e− → J/ψ + γ 15.272(6) pb e+e− → Υ+ γ 4.2893(8) pb

e+e− → ηc + γγ 5.480(3) fb e+e− → ηb + γγ 496.4(5) zb

e+e− → J/ψ + γγ 413.1(2) fb e+e− → Υ+ γγ 1.711(2) fb

e+e− → J/ψ + J/ψ 4.942(1) fb e+e− → ηc + J/ψ 4.0722(3) fb

Table 12. Fiducial cross sections for charmonium and bottomonium production in association with a
single photon or a photon pair, and total cross sections for charmonium-pair production, are presented
at

√
s = 10.58GeV, based on the setup described in section 4. All photons are required to satisfy

pT,γ > 0.5GeV and |ηγ | < 5. For di-photon processes, an additional isolation cut of ∆Rγγ > 0.4 is
applied. The numbers in parentheses indicate the numerical uncertainties from the MC phase-space
integration.

The resulting cross sections are summarised in table 12. For single-quarkonium processes,
they are of orders O(α3) and O(α4) for single- and double-photon final states, respectively.
The cross section for e+e− → ηc + γ is much smaller than that for e+e− → J/ψ + γ,
as can be understood from the analytic expressions given in eqs. (5) and (13) of ref. [4].
The former is suppressed by a factor of 8m2

c/3s ≈ 0.057, while the latter is enhanced by
log

(
s/(pmin

T,γ )2
)
≈ 6.1. We expect similar suppression and enhancement mechanisms to apply

to the double-photon processes e+e− → ηc + γγ and e+e− → J/ψ + γγ shown in table 12.
For bottomonium production, since

√
s ∼ 2mb, the cross section for e+e− → ηb + γ is

suppressed by a factor of 2
3
(
1− 4m2

b/s
)
≈ 0.14, whereas that for e+e− → Υ+γ is enhanced by

a factor of
(
s/(pmin

T,γ )2
)5/4(

1− 4m2
b/s
)3/2 ≈ 200. The bottomonium cross sections are therefore

highly sensitive to the bottom-quark mass mb, and the strong phase-space suppression leads
to extremely small cross sections for bottomonium plus di-photon production.

For double-charmonium exclusive production, the process e+e− → γ∗ → J/ψ + J/ψ

vanishes in both QCD and QED because of C-parity conservation.26 Therefore, the leading
contribution arises from the double-fragmentation mechanism, e+e− → γ∗(→ J/ψ) γ∗(→
J/ψ), which occurs at O(α4). The total LO cross section presented in table 12 at O(α4) is
qualitatively consistent with that in table 4 of ref. [27], despite the different setup. In contrast,
the process e+e− → γ∗ → ηc + J/ψ is non-zero at O(α2

sα
2). Its cross section in table 12 also

agrees well with table 3 of ref. [27] when adopting the same setup. Large QCD corrections,
positive for e+e− → ηc + J/ψ [251–255] and negative for e+e− → J/ψ + J/ψ [256–258], are
known in the literature but are not included here.

7 Leptonium production

Beyond quarkonium production, MG5_aMC now also supports NRQED bound states of leptons.
These leptonic “atoms” can be computed within the factorisation framework as outlined in
section 2. In the following, we investigate the production of three purely leptonic bound states

26The Z-boson contribution is also included. It appears at O(α2α2
s) but is negligible.
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— positronium (e+e−), true muonium (µ+µ−), and ditauonium (τ+τ−) — at both e+e− and pp
colliders. Although we restrict our discussion here to leptonia composed of same-flavour lepton–
antilepton pairs, we emphasise that the framework can equally accommodate mixed-flavour
bound states, such as muonium (µ±e∓), tauonium (τ±e∓), and mu–tauonium (τ±µ∓).

By default, in the sm_onia UFO model, the electroweak coupling constant α is computed
in the Gµ scheme, such that the effective electroweak coupling constant is fixed to

αGµ = 1
132.507 , (7.1)

as introduced in section 4. This scheme is well suited for processes involving W or Z bosons,
or for describing interactions relevant to higher-order electroweak corrections [259, 260].
However, in case of leptonium production, where the dynamics are typically governed by
quasi-real photons with small virtuality, the Gµ scheme leads to artificially enhanced higher-
order electroweak corrections. This arises from a “misplaced” running of α(µR) from the
electroweak scale down to the bound-state scale [261]. To avoid such artefacts, it is more
appropriate to employ a hybrid renormalisation scheme, using the fine-structure constant
in the Thomson limit,

α(0) = 1
137.036 , (7.2)

for all couplings to quasi-real photons, while retaining the Gµ scheme for the remaining
electroweak interactions. A similar hybrid renormalisation approach has been adopted within
the MG5_aMC framework in studies involving tagged final-state photons [262] and coherent
initial-state photons in ultraperipheral collisions [263] at NLO. To correct the mismatch
between the default Gµ scheme used in the model setup and the physically more appropriate
α(0) scheme for leptonium, we apply a global rescaling factor (α(0)/αGµ)nγ to the computed
cross sections, where the exponent nγ corresponds to the total number of vertices connected
to quasi-real photons in the given process.27

7.1 Positronium production

Positronium (Ps), the simplest purely leptonic bound state composed of an electron and a
positron, was first predicted theoretically by Mohorovičić in 1934 [264] and later observed
experimentally by Deutsch in 1951 [54]. Remarkably, even modern experimental setups used
to investigate positronium properties remain conceptually similar to those employed in its
original discovery. However, direct observations of positronium produced in high-energy
particle collisions are still lacking. Nonetheless, several theoretical studies have explored
positronium production mechanisms at electron–ion and hadron colliders [265–272]. These
studies suggest that a large number of positronia could be produced at facilities such as RHIC
or the LHC, though their detection remains extremely challenging. The positronium large
Bohr radius, approximately 1Å, makes it particularly susceptible to ionisation or dissociation
in strong magnetic fields of detectors or through interactions with detector material effects
that would likely destroy the bound state before it can be observed.

27This global rescaling is valid only at LO, where all relevant diagrams share the same power nγ .
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process σ process σ

pp→ Ps1 + j +X 9.483(2) fb

e+e− → Ps0 + γ 3.300(1) ab e+e− → Ps1 + γ 8.420(2) ab

Table 13. Cross-section results for para- (Ps0) and ortho-positronium (Ps1) production at
√
s =

13TeV in pp collisions and
√
s = 10.58GeV in e+e− collisions, based on the setup described in

section 4. Additional fiducial cuts of pT,j > 2GeV and |ηj | < 5 (pT,γ > 0.5GeV and |ηγ | < 5) are
applied to final-state jets (photons) in the computations for ortho-positronium production. All cross
sections are rescaled according to the α(0) scheme. The numbers in parentheses indicate the numerical
uncertainties from the MC phase-space integration.

Nonetheless, to demonstrate the theoretical capabilities of our framework, we present in
this section several cross sections for positronium production in e+e− and pp collisions. Here,
we restrict ourselves to ground-state positronium with the principal number N = 1, although
MG5_aMC also supports calculations for excited leptonia with N > 1. Depending on the
relative spin orientation of the electron and positron, two distinct ground-state configurations
can form. Para-positronium (Ps0) with total angular momentum J = 0 (corresponding to the
Fock state n = 1S0) arises from antialigned spins, where the spin vectors point in opposite
directions. Conversely, if the spins are aligned parallel, ortho-positronium (Ps1) with total
angular momentum J = 1 (corresponding to the Fock state n = 3S1) is formed.

Ortho-positronium can, in principle, be produced in the 2 → 1 process28

pp→ Ps1 +X , (7.3)

but owing to the small invariant mass of the final state, this process cannot be reliably
described within the standard factorisation framework. Nonetheless, investigating this
process within our setup provides a valuable benchmark for testing the numerical stability of
the computation at very low energy scales. We have verified our results against an independent
implementation based on the analytic expression of the squared amplitude and found excellent
agreement within the MC uncertainties. The physically more relevant production mechanism
for ortho-positronium at hadron colliders is its associated production with a jet,

pp→ Ps1 + j +X , (7.4)

where we impose fiducial jet cuts of pT,j > 2GeV and |ηj | < 5 in addition to the common
setup to ensure infrared safety. We obtain a cross section of 9.483(2) fb, which might
make experimental detection conceivable. The corresponding pT,Ps1 distribution is shown
in figure 5(a), where the uncertainty band represents a 7-point scale variation with µR/F ∈
{µ0/2, µ0, 2µ0} around the central scale µ0 = HT /2, obeying 1/2 ≤ µR/µF ≤ 2.

Lepton colliders, in contrast, provide a cleaner environment and are better suited for
studying positronium production in relativistic collisions. Using the e+e− setup described

28For the process pp → Ps1 +X, the factorisation scale is set to µF = 1.4001 GeV, which corresponds to the
lowest scale permitted by the chosen PDF set. We emphasise that these studies are carried out purely for
technical interest. At such low energy scales (around 2me ∼ 1 MeV), the assumption of massless initial-state
partons becomes unreliable, and the applicability of the factorisation theorem is therefore questionable in this
regime.
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Figure 5. Differential cross sections with respect to the leptonium transverse momentum pT,L at√
s = 13TeV, shown for (a) L = Ps1, (b) L = TM 1, (c) L = T1, and (d) all three states combined.

Fiducial jet cuts of pT,j > 2GeV and |ηj | < 5 are applied. The error bands represent the standard
7-point renormalisation and factorisation scale variations.

in section 4, we investigate positronium production at
√
s = 10.58GeV. Both para- and

ortho-positronium can be produced in association with a photon. The total inclusive cross
section for the para-positronium process

e+e− → Ps0 + γ (7.5)

is found to be 3.300(1) ab. For ortho-positronium production,

e+e− → Ps1 + γ , (7.6)

we apply additional photon cuts of pT,γ > 0.5GeV and |ηγ | < 5 to maintain consistency
with the setup used in subsequent sections. The cross section obtained with these settings is
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8.420(2) ab. Given the high luminosities of modern e+e− colliders, these rates for para- and
ortho-positronium may offer promising prospects for experimental observation.

Before turning to other leptonia, we analyse the numerical stability and accuracy of the
values obtained with MG5_aMC by comparing them to analytic computations in the decoupling
limit of the Z and Higgs bosons. In this limit, the para-positronium cross section for the
process in eq. (7.5) reduces to the expression

lim
mZ ,mH→∞

σ(e+e− → Ps0 + γ)

= 2
3
πα6(0)
N3

s3

(s− 4m2
e)4


√
1− 4m2

e

s

3 + 7
2

(
4m2

e

s

)
− 45

2

(
4m2

e

s

)2

+ 47
2

(
4m2

e

s

)3

−10
(
4m2

e

s

)4

−
(
4m2
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Similarly, for ortho-positronium production as in eq. (7.6), we have
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(7.8)

Figure 6 compares the numerical outputs from MG5_aMC with these analytic results as a
function of the ratio of the e+e− c.m. energy to the positronium mass. To obtain the
infinitely heavy Z and H boson limit in MG5_aMC, we use the prompts:

MG5_aMC> import model sm_onia-lepton_masses

MG5_aMC> generate e+ e- > Ps(1|1S0) a / Z H

MG5_aMC> output; launch

which explicitly exclude all diagrams containing virtual Z orH exchanges. Excellent agreement
is found between the numerical and analytic calculations over a wide range of energies, from
near threshold (

√
s ∼ 2me) to the high-energy regime (

√
s≫ 2me), with MG5_aMC reproducing

the analytic results to permille precision and demonstrating stable, reliable behaviour within
the expected statistical uncertainties from MC integration.

7.2 True muonium production

The existence of a bound state of a muon and an antimuon, called true muonium (TM ),
was first proposed in the 1960s [273]. Despite theoretical interest, its experimental discovery
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Figure 6. Associated positronium-production cross sections for (a) para-positronium plus photon
and (b) ortho-positronium plus photon in e+e− collisions. The upper panels show the total cross
sections as functions of the e+e− c.m. energy, obtained with MG5_aMC (blue dots) and from analytic
expressions (orange line). The lower panels display the ratio of the two results, normalised to the
analytic reference values. Error bars on the MG5_aMC points indicate statistical MC uncertainties.

process σ process σ

pp→ TM 1 + j +X 9.460(2) fb

e+e− → TM 0 + γ 438.16(1) yb e+e− → TM 1 + γ 8.422(2) ab

Table 14. Cross-section results for para- (TM 0) and ortho-true muonium (TM 1) production at√
s = 13TeV in pp collisions and at

√
s = 10.58GeV in e+e− collisions, based on the setup described

in section 4. For ortho-true muonium, additional fiducial cuts are applied: pT,j > 2GeV and |ηj | < 5
for final-state jets, and pT,γ > 0.5GeV and |ηγ | < 5 for photons. All cross sections are rescaled to
the α(0) scheme. Numbers in parentheses indicate numerical uncertainties from the MC phase-space
integration.

remains elusive. Various production mechanisms have been studied, including rare radiative
decays of mesons such as η, η′, K0, and B [274–278]. Feasibility studies at fixed-target
experiments, electron-positron, electron-ion, and hadron colliders [265, 267, 270–272, 277–
291] suggest that its observation could be within reach of modern experiments. Due to the
larger mass of the muon compared to the electron, true muonium has a Bohr radius roughly
200 times smaller than positronium, making its detection at collider experiments more feasible,
as it is less susceptible to dissociation by external magnetic fields or material interactions.

Following our analysis of positronium, we present cross sections for the ground-state
configurations of n = 1S0 para-true muonium (TM 0) and n = 3S1 ortho-true muonium
(TM 1). In table 14, we show the cross section for the hadronic process

pp→ TM 1 + j +X (7.9)
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(a)

(b) (c)

Figure 7. Example Feynman diagrams: (a) para- or ortho-positronium production via t-channel
γ/Z∗ exchange; (b) para-leptonium production in association with a photon from FSR; and (c)
ortho-leptonium production in association with a photon from ISR at e+e− colliders. The leptonium
L can be positronium (Ps), true muonium (TM ), or ditauonium (T ), corresponding to ℓ± = e±, µ±,
or τ±, respectively.

based on the setup described in section 4, with fiducial cuts pT,j > 2GeV and |ηj | < 5. The
production of ortho-true muonium in association with a jet provides a promising experimental
signature. Our result of 9.460(2) fb indicates that observing true muonium in pp collisions
remains challenging, but may still be within experimental reach. Moreover, the cross section
for this channel is nearly identical to that of ortho-positronium plus jet production (eq. (7.4)),
suggesting that mass effects are negligible. This is expected when pT,TM1 ≫ 2mµ, which is
satisfied here due to the pT,j cut. The pT,TM1 spectrum shown in figure 5(b) confirms this,
matching the positronium case across the entire range.

Searching for a TM plus photon final state in e+e− collisions has already been proposed
in ref. [283], concluding that this process may be accessible at Belle II. Both para- and
ortho-true muonium can be produced in association with a photon, so we consider the e+e−

annihilation processes

e+e− → TM 0 + γ , (7.10)
e+e− → TM 1 + γ . (7.11)

Unlike the previously considered positronium production processes, no t-channel mediated
diagrams contribute here (cf. figure 7(a)); the final-state photon in para- and ortho-true
muonium production originates from final-state radiation (FSR) and initial-state radiation
(ISR), respectively. Exemplary Feynman diagrams are shown in figures 7(b) and 7(c),
respectively.
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For para-true muonium production in association with an FSR photon, we compute a
total inclusive cross section of 438.16(1) yb, which is too small to be experimentally detectable.
Although this process may not be phenomenologically relevant, it serves as a useful benchmark
for validating the MG5_aMC implementation. Using the analytic expression for e+e− → TM 0+γ
in the limit of infinitely heavy Z and H bosons [4],

lim
mZ ,mH→∞

σ(e+e− → TM 0 + γ) = 2
3
πα6(0)
N3

4m2
µ

s2

(
1−

4m2
µ

s

)
, (7.12)

where the electron mass is neglected, we obtain a cross section of 438.721 yb, in agreement at
the permille level. The extremely small cross section at

√
s = 10.58GeV can be understood

from eq. (7.12), which is suppressed by a factor of 4m2
µ/3s ≈ 1.3 · 10−4 compared to the

para-positronium case (eq. (7.7)).
For ortho-true muonium produced in association with an ISR photon, fiducial photon cuts

of pT,γ > 0.5GeV and |ηγ | < 5 are applied to regulate collinear initial-state singularities. This
results in a significantly larger cross section of 8.422(2) ab compared to para-true muonium
production, confirming the potential for measuring true muonium at e+e− colliders. Moreover,
this cross section is quite similar to that of the corresponding ortho-positronium process.

7.3 True tauonium production

The heaviest possible atomic state of two leptons is a bound state of a τ+τ− pair, commonly
referred to as ditauonium or true tauonium. Its existence was proposed nearly five decades
ago [282, 292, 293], but experimental evidence remains elusive. In recent years, however,
ditauonium has regained attention in theoretical studies. Its spectroscopic properties have been
investigated in ref. [74], and feasibility studies of its production at electron-positron, electron-
ion, and hadron colliders [4, 63, 267, 270, 271, 294, 295] suggest that observing ditauonium
may be challenging but achievable in the near future — for instance, ortho-ditauonium at a
future super tau-charm factory [4] and para-ditauonium at FCC-ee or CEPC [295].

As in the cases of positronium and true muonium discussed in the previous sections, we
present cross-section calculations for ditauonium production in its ground-state configurations
with principal quantum number N = 1. Specifically, we consider the n = 1S0 singlet para-
ditauonium, denoted T0, and the n = 3S1 triplet ortho-ditauonium, T1. Calculations are
performed using the baseline setup described in section 4 for both e+e− and pp colliders.
A summary of the results is provided in table 15.

The four hadronic processes we consider are

pp
γγ−→ p T0 p , (7.13)

pp→ T0 + γ +X , (7.14)
pp→ T1 +X , (7.15)
pp→ T1 + j +X , (7.16)

where the last process, eq. (7.16), is computed in analogy to eqs. (7.4) and (7.9), applying the
same fiducial jet cuts, pT,j > 2GeV and |ηj | < 5. In addition, we are now able to investigate
three processes that could not previously be described consistently in perturbation theory for
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process σ process σ

pp
γγ−−→ p T0 p 108.055(7) ab pp→ T1 +X 9.1906(4) fb

pp→ T0 + γ +X 3.4522(3) ab pp→ T1 + j +X 6.055(1) fb

e+e− → T0 + γ 110.001(3) zb e+e− → T1 + γ 9.576(2) ab

Table 15. Cross-section results for para- (T0) and ortho-ditauonium (T1) production at
√
s = 13TeV

in pp collisions and at
√
s = 10.58GeV in e+e− collisions, based on the setup described in section 4.

Additional fiducial cuts, pT,j > 2GeV and |ηj | < 5 (pT,γ > 0.5GeV and |ηγ | < 5), are applied to
final-state jets (photons) in the computations for ortho-ditauonium production. All cross sections are
rescaled to the α(0) scheme. Numbers in parentheses indicate numerical uncertainties from the MC
phase-space integration.

positronium and true muonium production. In the ultraperipheral collision (UPC) process
of eq. (7.13), para-ditauonium is produced via photon–photon fusion. This is simulated
by combining MG5_aMC with gamma-UPC [296], employing the charge form factor (ChFF) to
model the photon flux. Owing to the larger hard scale involved in ditauonium production
compared to positronium and true muonium, the equivalent photon approximation used
here is well justified. Similar arguments apply to the photon-associated production of para-
ditauonium, eq. (7.14), and to the direct production of ortho-ditauonium, eq. (7.15), both
of which can now be consistently described within collinear factorisation. We obtain cross
sections of the order of 1–100 ab for para-ditauonium production and approximately 10 fb for
ortho-ditauonium production at the LHC, consistent with previous findings [4]. For the T1 + j
process, the impact of the heavy τ -lepton mass becomes clearly evident when compared to
the corresponding positronium (Ps1 + j) and true muonium (TM 1 + j) processes, cf. tables 13
and 14. As shown by the pT,T1 spectrum in figure 5(c), and even more clearly in figure 5(d),
these mass effects are prominent at low pT , whereas at higher momenta, pT ≳ 15GeV, the
distributions for positronium, true muonium, and ditauonium converge.

In electron–positron collisions, we consider the production of para- and ortho-ditauonium
in association with a photon,

e+e− → T0 + γ , (7.17)
e+e− → T1 + γ , (7.18)

originating from FSR and ISR, respectively (see figures 7(b) and 7(c)).
The para-ditauonium production process has a cross section of 110.001(3) zb and, once

again, can be validated against the analytic expression in the limit of decoupled Z and
H bosons [4],

lim
mZ ,mH→∞

σ(e+e− → T0 + γ) = 2
3
πα6(0)
N3

4m2
τ

s2

(
1− 4m2

τ

s

)
, (7.19)

which yields a cross section of 110.133 zb, in agreement with the MG5_aMC result at the
permille level.

For ortho-ditauonium production, we apply fiducial cuts of pT,γ > 0.5GeV and |ηγ | < 5
to photons from ISR, obtaining a cross section of 9.576(2) fb. The cross section is of the same
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order as those for ortho-positronium and ortho-true muonium. The same reasoning as for the
exclusive charmonium-plus-photon production discussed in section 6.3.2 can be invoked to
understand why ortho-ditauonium exhibits a much larger yield than para-ditauonium.

In conclusion, with cross sections of the order of 0.1 ab and 10 ab for para- and ortho-
ditauonium, respectively, our findings are consistent with previous dedicated feasibility studies.
We do not perform an independent sensitivity analysis here but instead follow the conclusions
of earlier works, such as ref. [4], which indicate that B-factory experiments like Belle II are
unlikely to observe ortho-ditauonium. As pointed out in ref. [4], the most promising approach
for experimentally observing ortho-ditauonium is at a future super tau-charm factory [297]
via a threshold scan around 2mτ , while it might also be worthwhile to attempt its observation
at the LHC by measuring the process pp → T1(→ µ+µ−) + j + X.

8 Conclusions

We have developed a comprehensive implementation of S-wave quarkonium and leptonium
production within the MG5_aMC framework, enabling automated event generation for these
processes based on the LO NRQCD and NRQED formalisms, respectively. The implementa-
tion supports inclusive single, multiple, and associated quarkonium and leptonium production
across a wide range of collider environments, from lepton–lepton collisions to hadron and
photon–induced processes, as well as exclusive γγ fusion and e+e− annihilation reactions.
It further provides, for the first time, an automated treatment of leptonium production, all
accessible through a user-friendly, UFO-based interface. In particular, we have studied single-
and associated-quarkonium production with a heavy-quark pair, electroweak boson(s), or
jet(s), as well as di- and tri-quarkonium production. On the leptonium side, we have investi-
gated associated production with an electroweak boson or a jet, and assessed its feasibility
at current and future experiments. Through numerous concrete examples, one of the most
intriguing conclusions we wish to highlight is that theoretical studies of various quarkonium
processes usually require careful consideration. Owing to factors such as quantum-number
conservation or kinematic/dynamical enhancement or suppression of certain channels, the
impact of subleading contributions can easily be underestimated if one relies solely on simple
counting arguments based on the hierarchy of couplings and velocity-scaling rules.

Benchmark comparisons with existing tools and analytic expressions confirm the accuracy
and reliability of our implementation. Cross-section computations have been provided for
a broad set of final-state bound states and observables, demonstrating the potential of
our extension. In addition, our implementation is fully compatible with and seamlessly
integrates into other MG5_aMC features, including custom UFO models adapted for bound-
state production, the parton-shower interface, and gamma-UPC for studying photon–photon
collisions in proton or nuclear UPCs.

Our work represents an important first step toward delivering state-of-the-art theoretical
predictions for bound-state production studies within the collinear factorisation framework
in the widely-used event generator MG5_aMC. Future studies include the automation of P-
wave quarkonium production and, in the near term, extension to NLO accuracy. These
developments will further expand the scope of bound-state studies in collider environments
and facilitate future global NRQCD analyses and comparisons with experimental data. All
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implementations will be made publicly available via the standard MG5_aMC distribution on
Launchpad,29 as well as via the NLOAccess EU Virtual Access,30 which provides the high-
energy, hadronic, and heavy-ion physics communities with versatile, high-precision tools for
quarkonium and leptonium physics in a user-accessible format.

Acknowledgments

We would like to thank C. Flore, R. Frederix, K. Lynch, F. Maltoni, M. Mangano, M. Nefedov,
and H.-F. Zhang for useful discussions. L.S. thanks the Centre for Cosmology, Particle Physics
and Phenomenology (CP3) at Université Catholique de Louvain for hospitality, where part
of this work was carried out.

C.F. acknowledges support from the Marie Skłodowska-Curie Action (“AutomOnium”),
funded by the European Union under grant agreement No. 101204057.

C.F., J.-P.L., and H.-S.S. are supported by the Agence Nationale de la Recherche (ANR)
via the grant ANR-20-CE31-0015 (“PrecisOnium”).

The work of C.F. and J.-P.L. is supported by the IDEX Paris-Saclay “Investissements
d’Avenir” (ANR-11-IDEX-0003-01) through the GLUODYNAMICS project funded by the
“P2IO LabEx (ANR-10-LABX-0038)”, the French CNRS via the IN2P3 projects “GLUE@NLO”
and “QCDFactorisation@NLO” as well as via the COPIN-IN2P3 project #12-147 “kT
factorisation and quarkonium production in the LHC era”.

O.M. and the MadGraph5_aMC@NLO project are supported by FRS-FNRS (Belgian National
Scientific Research Fund) IISN projects 4.4503.16 (MaxLHC) and DR-Weave grant FNRS-
DFG numéro T019324F (40020485).

The work of H.-S.S. and L.S. is supported by the ERC grant 101041109 (“BOSON”).
Views and opinions expressed are however those of the authors only and do not necessarily
reflect those of the European Union or the European Research Council Executive Agency.
Neither the European Union nor the granting authority can be held responsible for them.

Data Availability Statement. This article has data included as electronic supplementary
material.

Code Availability Statement. This article has no associated code or the code will not
be deposited.

Supplementary material and data. The following files are provided as supplementary
material/data and are accessible through the article’s webpage.

• benchmarks.pdf
• supplementary_scripts.zip

Open Access. This article is distributed under the terms of the Creative Commons Attri-
bution License (CC-BY4.0), which permits any use, distribution and reproduction in any
medium, provided the original author(s) and source are credited.

29https://launchpad.net/mg5amcnlo.
30https://nloaccess.in2p3.fr/.

– 48 –

https://creativecommons.org/licenses/by/4.0/
https://launchpad.net/mg5amcnlo
https://nloaccess.in2p3.fr/


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

References

[1] N. Brambilla et al., Heavy Quarkonium: Progress, Puzzles, and Opportunities, Eur. Phys. J. C
71 (2011) 1534 [arXiv:1010.5827] [INSPIRE].

[2] J.-P. Lansberg, New Observables in Inclusive Production of Quarkonia, Phys. Rept. 889 (2020)
1 [arXiv:1903.09185] [INSPIRE].

[3] E. Chapon et al., Prospects for quarkonium studies at the high-luminosity LHC, Prog. Part.
Nucl. Phys. 122 (2022) 103906 [arXiv:2012.14161] [INSPIRE].

[4] D. d’Enterria and H.-S. Shao, Prospects for ditauonium discovery at colliders, Phys. Lett. B
842 (2023) 137960 [arXiv:2302.07365] [INSPIRE].

[5] P. Blumer et al., Muonium fine structure: theory update, tests of Lorentz violation, and
experimental prospects, Eur. Phys. J. D 79 (2025) 24 [arXiv:2412.19580] [INSPIRE].

[6] J. Alwall et al., The automated computation of tree-level and next-to-leading order differential
cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079
[arXiv:1405.0301] [INSPIRE].

[7] R. Frederix et al., The automation of next-to-leading order electroweak calculations, JHEP 11
(2018) 085 [Erratum ibid. 11 (2021) 085] [arXiv:1804.10017] [INSPIRE].

[8] D. Boer et al., Physics case for quarkonium studies at the Electron Ion Collider, Prog. Part.
Nucl. Phys. 142 (2025) 104162 [arXiv:2409.03691] [INSPIRE].

[9] G.T. Bodwin, E. Braaten and G.P. Lepage, Rigorous QCD analysis of inclusive annihilation
and production of heavy quarkonium, Phys. Rev. D 51 (1995) 1125 [Erratum ibid. 55 (1997)
5853] [hep-ph/9407339] [INSPIRE].

[10] G. Corcella et al., HERWIG 6: An event generator for hadron emission reactions with
interfering gluons (including supersymmetric processes), JHEP 01 (2001) 010
[hep-ph/0011363] [INSPIRE].

[11] G. Corcella et al., HERWIG 6.5 release note, hep-ph/0210213 [INSPIRE].

[12] M. Bahr et al., Herwig++ Physics and Manual, Eur. Phys. J. C 58 (2008) 639
[arXiv:0803.0883] [INSPIRE].

[13] J. Bellm et al., Herwig++ 2.7 Release Note, arXiv:1310.6877 [INSPIRE].

[14] J. Bellm et al., Herwig 7.0/Herwig++ 3.0 release note, Eur. Phys. J. C 76 (2016) 196
[arXiv:1512.01178] [INSPIRE].

[15] T. Sjostrand et al., High-energy physics event generation with PYTHIA 6.1, Comput. Phys.
Commun. 135 (2001) 238 [hep-ph/0010017] [INSPIRE].

[16] T. Sjostrand, S. Mrenna and P.Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05 (2006)
026 [hep-ph/0603175] [INSPIRE].

[17] T. Sjostrand, S. Mrenna and P.Z. Skands, A Brief Introduction to PYTHIA 8.1, Comput. Phys.
Commun. 178 (2008) 852 [arXiv:0710.3820] [INSPIRE].

[18] T. Sjöstrand et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 (2015) 159
[arXiv:1410.3012] [INSPIRE].

[19] C. Bierlich et al., A comprehensive guide to the physics and usage of PYTHIA 8.3, SciPost
Phys. Codeb. 2022 (2022) 8 [arXiv:2203.11601] [INSPIRE].

[20] T. Gleisberg et al., Event generation with SHERPA 1.1, JHEP 02 (2009) 007
[arXiv:0811.4622] [INSPIRE].

– 49 –

https://doi.org/10.1140/epjc/s10052-010-1534-9
https://doi.org/10.1140/epjc/s10052-010-1534-9
https://doi.org/10.48550/arXiv.1010.5827
https://inspirehep.net/literature/874793
https://doi.org/10.1016/j.physrep.2020.08.007
https://doi.org/10.1016/j.physrep.2020.08.007
https://doi.org/10.48550/arXiv.1903.09185
https://inspirehep.net/literature/1726400
https://doi.org/10.1016/j.ppnp.2021.103906
https://doi.org/10.1016/j.ppnp.2021.103906
https://doi.org/10.48550/arXiv.2012.14161
https://inspirehep.net/literature/1839138
https://doi.org/10.1016/j.physletb.2023.137960
https://doi.org/10.1016/j.physletb.2023.137960
https://doi.org/10.48550/arXiv.2302.07365
https://inspirehep.net/literature/2632771
https://doi.org/10.1140/epjd/s10053-025-00971-6
https://doi.org/10.48550/arXiv.2412.19580
https://inspirehep.net/literature/2863353
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.48550/arXiv.1405.0301
https://inspirehep.net/literature/1293923
https://doi.org/10.1007/JHEP11(2021)085
https://doi.org/10.1007/JHEP11(2021)085
https://doi.org/10.48550/arXiv.1804.10017
https://inspirehep.net/literature/1670211
https://doi.org/10.1016/j.ppnp.2025.104162
https://doi.org/10.1016/j.ppnp.2025.104162
https://doi.org/10.48550/arXiv.2409.03691
https://inspirehep.net/literature/2825241
https://doi.org/10.1103/PhysRevD.55.5853
https://doi.org/10.48550/arXiv.hep-ph/9407339
https://inspirehep.net/literature/374999
https://doi.org/10.1088/1126-6708/2001/01/010
https://doi.org/10.48550/arXiv.hep-ph/0011363
https://inspirehep.net/literature/537586
https://doi.org/10.48550/arXiv.hep-ph/0210213
https://inspirehep.net/literature/599813
https://doi.org/10.1140/epjc/s10052-008-0798-9
https://doi.org/10.48550/arXiv.0803.0883
https://inspirehep.net/literature/780833
https://doi.org/10.48550/arXiv.1310.6877
https://inspirehep.net/literature/1262129
https://doi.org/10.1140/epjc/s10052-016-4018-8
https://doi.org/10.48550/arXiv.1512.01178
https://inspirehep.net/literature/1407976
https://doi.org/10.1016/S0010-4655(00)00236-8
https://doi.org/10.1016/S0010-4655(00)00236-8
https://doi.org/10.48550/arXiv.hep-ph/0010017
https://inspirehep.net/literature/534486
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.48550/arXiv.hep-ph/0603175
https://inspirehep.net/literature/712925
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.48550/arXiv.0710.3820
https://inspirehep.net/literature/764903
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.48550/arXiv.1410.3012
https://inspirehep.net/literature/1321709
https://doi.org/10.21468/SciPostPhysCodeb.8
https://doi.org/10.21468/SciPostPhysCodeb.8
https://doi.org/10.48550/arXiv.2203.11601
https://inspirehep.net/literature/2056998
https://doi.org/10.1088/1126-6708/2009/02/007
https://doi.org/10.48550/arXiv.0811.4622
https://inspirehep.net/literature/803708


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[21] Sherpa collaboration, Event Generation with Sherpa 2.2, SciPost Phys. 7 (2019) 034
[arXiv:1905.09127] [INSPIRE].

[22] Sherpa collaboration, Event generation with Sherpa 3, JHEP 12 (2024) 156
[arXiv:2410.22148] [INSPIRE].

[23] N. Cooke, P. Ilten, L. Lönnblad and S. Mrenna, Non-relativistic quantum chromodynamics in
parton showers, Eur. Phys. J. C 84 (2024) 432 [arXiv:2312.05203] [INSPIRE].

[24] M.R. Masouminia and P. Richardson, Quarkonium Parton Shower in Herwig 7,
arXiv:2508.06307 [INSPIRE].

[25] P. Artoisenet, F. Maltoni and T. Stelzer, Automatic generation of quarkonium amplitudes in
NRQCD, JHEP 02 (2008) 102 [arXiv:0712.2770] [INSPIRE].

[26] J. Alwall et al., MadGraph/MadEvent v4: The New Web Generation, JHEP 09 (2007) 028
[arXiv:0706.2334] [INSPIRE].

[27] H.-S. Shao, HELAC-Onia: An automatic matrix element generator for heavy quarkonium
physics, Comput. Phys. Commun. 184 (2013) 2562 [arXiv:1212.5293] [INSPIRE].

[28] H.-S. Shao, HELAC-Onia 2.0: an upgraded matrix-element and event generator for heavy
quarkonium physics, Comput. Phys. Commun. 198 (2016) 238 [arXiv:1507.03435] [INSPIRE].

[29] A. Kanaki and C.G. Papadopoulos, HELAC: A package to compute electroweak helicity
amplitudes, Comput. Phys. Commun. 132 (2000) 306 [hep-ph/0002082] [INSPIRE].

[30] C.G. Papadopoulos, PHEGAS: A phase space generator for automatic cross-section
computation, Comput. Phys. Commun. 137 (2001) 247 [hep-ph/0007335] [INSPIRE].

[31] A. Kanaki and C.G. Papadopoulos, HELAC-PHEGAS: Automatic computation of helicity
amplitudes and cross-sections, AIP Conf. Proc. 583 (2002) 169 [hep-ph/0012004] [INSPIRE].

[32] C.G. Papadopoulos and M. Worek, HELAC — A Monte Carlo generator for multi-jet processes,
in the proceedings of the 14th International Workshop on Deep Inelastic Scattering, Tsukuba,
Japan, April 20–24 (2006) [DOI:10.1142/9789812706706_0116] [hep-ph/0606320] [INSPIRE].

[33] A. Cafarella, C.G. Papadopoulos and M. Worek, Helac-Phegas: A generator for all parton level
processes, Comput. Phys. Commun. 180 (2009) 1941 [arXiv:0710.2427] [INSPIRE].

[34] J. Alwall et al., A standard format for Les Houches event files, Comput. Phys. Commun. 176
(2007) 300 [hep-ph/0609017] [INSPIRE].

[35] L.A. Harland-Lang, M. Tasevsky, V.A. Khoze and M.G. Ryskin, A new approach to modelling
elastic and inelastic photon-initiated production at the LHC: SuperChic 4, Eur. Phys. J. C 80
(2020) 925 [arXiv:2007.12704] [INSPIRE].

[36] S.R. Klein et al., STARlight: A Monte Carlo simulation program for ultra-peripheral collisions
of relativistic ions, Comput. Phys. Commun. 212 (2017) 258 [arXiv:1607.03838] [INSPIRE].

[37] M. Lomnitz and S. Klein, Exclusive vector meson production at an electron-ion collider, Phys.
Rev. C 99 (2019) 015203 [arXiv:1803.06420] [INSPIRE].

[38] K. Werner, Revealing a deep connection between factorization and saturation: New insight into
modeling high-energy proton-proton and nucleus-nucleus scattering in the EPOS4 framework,
Phys. Rev. C 108 (2023) 064903 [arXiv:2301.12517] [INSPIRE].

[39] J. Zhao, J. Aichelin, P.B. Gossiaux and K. Werner, Heavy flavor as a probe of hot QCD matter
produced in proton-proton collisions, Phys. Rev. D 109 (2024) 054011 [arXiv:2310.08684]
[INSPIRE].

– 50 –

https://doi.org/10.21468/SciPostPhys.7.3.034
https://doi.org/10.48550/arXiv.1905.09127
https://inspirehep.net/literature/1736301
https://doi.org/10.1007/JHEP12(2024)156
https://doi.org/10.48550/arXiv.2410.22148
https://inspirehep.net/literature/2843469
https://doi.org/10.1140/epjc/s10052-024-12760-3
https://doi.org/10.48550/arXiv.2312.05203
https://inspirehep.net/literature/2734102
https://doi.org/10.48550/arXiv.2508.06307
https://inspirehep.net/literature/2958499
https://doi.org/10.1088/1126-6708/2008/02/102
https://doi.org/10.48550/arXiv.0712.2770
https://inspirehep.net/literature/770693
https://doi.org/10.1088/1126-6708/2007/09/028
https://doi.org/10.48550/arXiv.0706.2334
https://inspirehep.net/literature/753279
https://doi.org/10.1016/j.cpc.2013.05.023
https://doi.org/10.48550/arXiv.1212.5293
https://inspirehep.net/literature/1208560
https://doi.org/10.1016/j.cpc.2015.09.011
https://doi.org/10.48550/arXiv.1507.03435
https://inspirehep.net/literature/1382597
https://doi.org/10.1016/S0010-4655(00)00151-X
https://doi.org/10.48550/arXiv.hep-ph/0002082
https://inspirehep.net/literature/523745
https://doi.org/10.1016/S0010-4655(01)00163-1
https://doi.org/10.48550/arXiv.hep-ph/0007335
https://inspirehep.net/literature/531028
https://doi.org/10.1063/1.1405294
https://doi.org/10.48550/arXiv.hep-ph/0012004
https://inspirehep.net/literature/537738
https://doi.org/10.1142/9789812706706_0116
https://doi.org/10.48550/arXiv.hep-ph/0606320
https://inspirehep.net/literature/720522
https://doi.org/10.1016/j.cpc.2009.04.023
https://doi.org/10.48550/arXiv.0710.2427
https://inspirehep.net/literature/764008
https://doi.org/10.1016/j.cpc.2006.11.010
https://doi.org/10.1016/j.cpc.2006.11.010
https://doi.org/10.48550/arXiv.hep-ph/0609017
https://inspirehep.net/literature/725284
https://doi.org/10.1140/epjc/s10052-020-08455-0
https://doi.org/10.1140/epjc/s10052-020-08455-0
https://doi.org/10.48550/arXiv.2007.12704
https://inspirehep.net/literature/1808863
https://doi.org/10.1016/j.cpc.2016.10.016
https://doi.org/10.48550/arXiv.1607.03838
https://inspirehep.net/literature/1475495
https://doi.org/10.1103/PhysRevC.99.015203
https://doi.org/10.1103/PhysRevC.99.015203
https://doi.org/10.48550/arXiv.1803.06420
https://inspirehep.net/literature/1663150
https://doi.org/10.1103/PhysRevC.108.064903
https://doi.org/10.48550/arXiv.2301.12517
https://inspirehep.net/literature/2627814
https://doi.org/10.1103/PhysRevD.109.054011
https://doi.org/10.48550/arXiv.2310.08684
https://inspirehep.net/literature/2710712


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[40] J. Zhao et al., Heavy-flavor hadron production in relativistic heavy ion collisions at energies
available at BNL RHIC and at the CERN LHC in the EPOS4HQ framework, Phys. Rev. C 110
(2024) 024909 [arXiv:2401.17096] [INSPIRE].

[41] J. Zhao et al., Heavy flavor correlations and Quarkonia production in high energy pp collisions
in the EPOS4 framework, in the proceedings of the 31st International Conference on
Ultra-relativistic Nucleus-Nucleus Collisions, Frankfurt, Germany, April 06–12 (2025)
[arXiv:2509.24476] [INSPIRE].

[42] C.-H. Chang, C. Driouichi, P. Eerola and X.G. Wu, BCVEGPY: An event generator for
hadronic production of the Bc meson, Comput. Phys. Commun. 159 (2004) 192
[hep-ph/0309120] [INSPIRE].

[43] C.-H. Chang, J.-X. Wang and X.-G. Wu, BCVEGPY2.0: A upgrade version of the generator
BCVEGPY with an addendum about hadroproduction of the P-wave B(c) states, Comput. Phys.
Commun. 174 (2006) 241 [hep-ph/0504017] [INSPIRE].

[44] C.-H. Chang, J.-X. Wang and X.-G. Wu, An Upgraded version of the generator BCVEGPY2.0
for hadronic production of Bc meson and its excited states, Comput. Phys. Commun. 175
(2006) 624 [hep-ph/0604238] [INSPIRE].

[45] D.Y.A. Villar, J. Zhao, J. Aichelin and P.B. Gossiaux, New microscopic model for J/ψ
production in heavy ion collisions, Phys. Rev. C 107 (2023) 054913 [arXiv:2206.01308]
[INSPIRE].

[46] L.-P. Wan and J.-X. Wang, FDCHQHP: A Fortran package for heavy quarkonium
hadroproduction, Comput. Phys. Commun. 185 (2014) 2939 [arXiv:1405.2143] [INSPIRE].

[47] J.-X. Wang, Progress in FDC project, Nucl. Instrum. Meth. A 534 (2004) 241
[hep-ph/0407058] [INSPIRE].

[48] M. Cacciari, M. Greco and P. Nason, The pT spectrum in heavy-flavour hadroproduction, JHEP
05 (1998) 007 [hep-ph/9803400] [INSPIRE].

[49] M. Cacciari, S. Frixione and P. Nason, The pT spectrum in heavy-flavor photoproduction, JHEP
03 (2001) 006 [hep-ph/0102134] [INSPIRE].

[50] M. Cacciari et al., Theoretical predictions for charm and bottom production at the LHC, JHEP
10 (2012) 137 [arXiv:1205.6344] [INSPIRE].

[51] M. Cacciari, M.L. Mangano and P. Nason, Gluon PDF constraints from the ratio of forward
heavy-quark production at the LHC at

√
S = 7 and 13TeV, Eur. Phys. J. C 75 (2015) 610

[arXiv:1507.06197] [INSPIRE].

[52] N. Brambilla, H.S. Chung, V. Shtabovenko and A. Vairo, FeynOnium: Using FeynCalc for
automatic calculations in Nonrelativistic Effective Field Theories, JHEP 11 (2020) 130
[arXiv:2006.15451] [INSPIRE].

[53] W. Chen, Semi-automatic calculations of multi-loop Feynman amplitudes with AmpRed,
Comput. Phys. Commun. 312 (2025) 109607 [arXiv:2408.06426] [INSPIRE].

[54] M. Deutsch, Evidence for the Formation of Positronium in Gases, Phys. Rev. 82 (1951) 455
[INSPIRE].

[55] V.W. Hughes, D.W. McColm, K. Ziock and R. Prepost, Formation of Muonium and
Observation of its Larmor Precession, Phys. Rev. Lett. 5 (1960) 63 [INSPIRE].

[56] S.G. Karshenboim, Precision physics of simple atoms: QED tests, nuclear structure and
fundamental constants, Phys. Rept. 422 (2005) 1 [hep-ph/0509010] [INSPIRE].

– 51 –

https://doi.org/10.1103/PhysRevC.110.024909
https://doi.org/10.1103/PhysRevC.110.024909
https://doi.org/10.48550/arXiv.2401.17096
https://inspirehep.net/literature/2753140
https://doi.org/10.48550/arXiv.2509.24476
https://inspirehep.net/literature/2974316
https://doi.org/10.1016/j.cpc.2004.02.005
https://doi.org/10.48550/arXiv.hep-ph/0309120
https://inspirehep.net/literature/627951
https://doi.org/10.1016/j.cpc.2005.09.008
https://doi.org/10.1016/j.cpc.2005.09.008
https://doi.org/10.48550/arXiv.hep-ph/0504017
https://inspirehep.net/literature/679609
https://doi.org/10.1016/j.cpc.2006.07.014
https://doi.org/10.1016/j.cpc.2006.07.014
https://doi.org/10.48550/arXiv.hep-ph/0604238
https://inspirehep.net/literature/715441
https://doi.org/10.1103/PhysRevC.107.054913
https://doi.org/10.48550/arXiv.2206.01308
https://inspirehep.net/literature/2091458
https://doi.org/10.1016/j.cpc.2014.06.022
https://doi.org/10.48550/arXiv.1405.2143
https://inspirehep.net/literature/1295497
https://doi.org/10.1016/j.nima.2004.07.094
https://doi.org/10.48550/arXiv.hep-ph/0407058
https://inspirehep.net/literature/653837
https://doi.org/10.1088/1126-6708/1998/05/007
https://doi.org/10.1088/1126-6708/1998/05/007
https://doi.org/10.48550/arXiv.hep-ph/9803400
https://inspirehep.net/literature/468385
https://doi.org/10.1088/1126-6708/2001/03/006
https://doi.org/10.1088/1126-6708/2001/03/006
https://doi.org/10.48550/arXiv.hep-ph/0102134
https://inspirehep.net/literature/553013
https://doi.org/10.1007/JHEP10(2012)137
https://doi.org/10.1007/JHEP10(2012)137
https://doi.org/10.48550/arXiv.1205.6344
https://inspirehep.net/literature/1116414
https://doi.org/10.1140/epjc/s10052-015-3814-x
https://doi.org/10.48550/arXiv.1507.06197
https://inspirehep.net/literature/1384271
https://doi.org/10.1007/JHEP11(2020)130
https://doi.org/10.48550/arXiv.2006.15451
https://inspirehep.net/literature/1803551
https://doi.org/10.1016/j.cpc.2025.109607
https://doi.org/10.48550/arXiv.2408.06426
https://inspirehep.net/literature/2817725
https://doi.org/10.1103/PhysRev.82.455
https://inspirehep.net/literature/46710
https://doi.org/10.1103/PhysRevLett.5.63
https://inspirehep.net/literature/47832
https://doi.org/10.1016/j.physrep.2005.08.008
https://doi.org/10.48550/arXiv.hep-ph/0509010
https://inspirehep.net/literature/691220


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[57] W. Bernreuther, U. Low, J.P. Ma and O. Nachtmann, How to Test CP, T and CPT Invariance
in the Three Photon Decay of Polarized s Wave Triplet Positronium, Z. Phys. C 41 (1988) 143
[INSPIRE].

[58] T. Yamazaki, T. Namba, S. Asai and T. Kobayashi, Search for CP violation in Positronium
Decay, Phys. Rev. Lett. 104 (2010) 083401 [Erratum ibid. 120 (2018) 239902]
[arXiv:0912.0843] [INSPIRE].

[59] G. Feinberg and S. Weinberg, Conversion of Muonium into Antimuonium, Phys. Rev. 123
(1961) 1439 [INSPIRE].

[60] R. Abela et al., Improved upper limit on muonium to anti-muonium conversion, Phys. Rev.
Lett. 77 (1996) 1950 [nucl-ex/9805005] [INSPIRE].

[61] G. Cvetic, C.O. Dib, C.S. Kim and J.D. Kim, Muonium-antimuonium conversion in models
with heavy neutrinos, Phys. Rev. D 71 (2005) 113013 [hep-ph/0504126] [INSPIRE].

[62] T. Fukuyama, Y. Mimura and Y. Uesaka, Models of the muonium to antimuonium transition,
Phys. Rev. D 105 (2022) 015026 [arXiv:2108.10736] [INSPIRE].

[63] J.-H. Fu et al., Novel method for identifying the heaviest QED atom, Sci. Bull. 69 (2024) 1386
[arXiv:2305.00171] [INSPIRE].

[64] W.E. Caswell and G.P. Lepage, Effective Lagrangians for Bound State Problems in QED, QCD,
and Other Field Theories, Phys. Lett. B 167 (1986) 437 [INSPIRE].

[65] S. Frixione, Z. Kunszt and A. Signer, Three jet cross-sections to next-to-leading order, Nucl.
Phys. B 467 (1996) 399 [hep-ph/9512328] [INSPIRE].

[66] S. Frixione, A general approach to jet cross-sections in QCD, Nucl. Phys. B 507 (1997) 295
[hep-ph/9706545] [INSPIRE].

[67] A. A H, H.-S. Shao and L. Simon, FKS subtraction for quarkonium production at NLO, JHEP
07 (2024) 050 [arXiv:2402.19221] [INSPIRE].

[68] J.H. Kuhn, J. Kaplan and E.G.O. Safiani, Electromagnetic Annihilation of e+e− Into
Quarkonium States with Even Charge Conjugation, Nucl. Phys. B 157 (1979) 125 [INSPIRE].

[69] B. Guberina, J.H. Kuhn, R.D. Peccei and R. Ruckl, Rare Decays of the Z0, Nucl. Phys. B 174
(1980) 317 [INSPIRE].

[70] E.L. Berger and D.L. Jones, Inelastic Photoproduction of J/ψ and Υ by Gluons, Phys. Rev. D
23 (1981) 1521 [INSPIRE].

[71] A. Petrelli et al., NLO production and decay of quarkonium, Nucl. Phys. B 514 (1998) 245
[hep-ph/9707223] [INSPIRE].

[72] F. Maltoni, M.L. Mangano and A. Petrelli, Quarkonium photoproduction at next-to-leading
order, Nucl. Phys. B 519 (1998) 361 [hep-ph/9708349] [INSPIRE].

[73] R. Frederix, S. Frixione, F. Maltoni and T. Stelzer, Automation of next-to-leading order
computations in QCD: The FKS subtraction, JHEP 10 (2009) 003 [arXiv:0908.4272]
[INSPIRE].

[74] D. d’Enterria, R. Perez-Ramos and H.-S. Shao, Ditauonium spectroscopy, Eur. Phys. J. C 82
(2022) 923 [arXiv:2204.07269] [INSPIRE].

[75] C. Degrande et al., UFO — The Universal FeynRules Output, Comput. Phys. Commun. 183
(2012) 1201 [arXiv:1108.2040] [INSPIRE].

– 52 –

https://doi.org/10.1007/BF01412589
https://inspirehep.net/literature/23477
https://doi.org/10.1103/PhysRevLett.104.083401
https://doi.org/10.48550/arXiv.0912.0843
https://inspirehep.net/literature/838970
https://doi.org/10.1103/PhysRev.123.1439
https://doi.org/10.1103/PhysRev.123.1439
https://inspirehep.net/literature/46469
https://doi.org/10.1103/PhysRevLett.77.1950
https://doi.org/10.1103/PhysRevLett.77.1950
https://doi.org/10.48550/arXiv.nucl-ex/9805005
https://inspirehep.net/literature/429519
https://doi.org/10.1103/PhysRevD.71.113013
https://doi.org/10.48550/arXiv.hep-ph/0504126
https://inspirehep.net/literature/680635
https://doi.org/10.1103/PhysRevD.105.015026
https://doi.org/10.48550/arXiv.2108.10736
https://inspirehep.net/literature/1909800
https://doi.org/10.1016/j.scib.2024.04.003
https://doi.org/10.48550/arXiv.2305.00171
https://inspirehep.net/literature/2655568
https://doi.org/10.1016/0370-2693(86)91297-9
https://inspirehep.net/literature/213093
https://doi.org/10.1016/0550-3213(96)00110-1
https://doi.org/10.1016/0550-3213(96)00110-1
https://doi.org/10.48550/arXiv.hep-ph/9512328
https://inspirehep.net/literature/403695
https://doi.org/10.1016/S0550-3213(97)00574-9
https://doi.org/10.48550/arXiv.hep-ph/9706545
https://inspirehep.net/literature/445015
https://doi.org/10.1007/JHEP07(2024)050
https://doi.org/10.1007/JHEP07(2024)050
https://doi.org/10.48550/arXiv.2402.19221
https://inspirehep.net/literature/2762982
https://doi.org/10.1016/0550-3213(79)90055-5
https://inspirehep.net/literature/140084
https://doi.org/10.1016/0550-3213(80)90287-4
https://doi.org/10.1016/0550-3213(80)90287-4
https://inspirehep.net/literature/152976
https://doi.org/10.1103/PhysRevD.23.1521
https://doi.org/10.1103/PhysRevD.23.1521
https://inspirehep.net/literature/155789
https://doi.org/10.1016/S0550-3213(97)00801-8
https://doi.org/10.48550/arXiv.hep-ph/9707223
https://inspirehep.net/literature/445128
https://doi.org/10.1016/S0550-3213(98)00048-0
https://doi.org/10.48550/arXiv.hep-ph/9708349
https://inspirehep.net/literature/447219
https://doi.org/10.1088/1126-6708/2009/10/003
https://doi.org/10.48550/arXiv.0908.4272
https://inspirehep.net/literature/829769
https://doi.org/10.1140/epjc/s10052-022-10831-x
https://doi.org/10.1140/epjc/s10052-022-10831-x
https://doi.org/10.48550/arXiv.2204.07269
https://inspirehep.net/literature/2067963
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.1016/j.cpc.2012.01.022
https://doi.org/10.48550/arXiv.1108.2040
https://inspirehep.net/literature/922834


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[76] L. Darmé et al., UFO 2.0: the ‘Universal Feynman Output’ format, Eur. Phys. J. C 83 (2023)
631 [arXiv:2304.09883] [INSPIRE].

[77] Particle Data Group collaboration, Review of particle physics, Phys. Rev. D 110 (2024)
030001 [INSPIRE].

[78] P.Z. Skands et al., SUSY Les Houches accord: Interfacing SUSY spectrum calculators, decay
packages, and event generators, JHEP 07 (2004) 036 [hep-ph/0311123] [INSPIRE].

[79] B.C. Allanach et al., SUSY Les Houches Accord 2, Comput. Phys. Commun. 180 (2009) 8
[arXiv:0801.0045] [INSPIRE].

[80] E.J. Eichten and C. Quigg, Quarkonium wave functions at the origin, Phys. Rev. D 52 (1995)
1726 [hep-ph/9503356] [INSPIRE].

[81] E.J. Eichten and C. Quigg, Quarkonium wave functions at the origin: an update,
arXiv:1904.11542 [INSPIRE].

[82] H. Han et al., ηc production at LHC and indications on the understanding of J/ψ production,
Phys. Rev. Lett. 114 (2015) 092005 [arXiv:1411.7350] [INSPIRE].

[83] H. Han et al., Υ(nS) and χb(nP ) production at hadron colliders in nonrelativistic QCD, Phys.
Rev. D 94 (2016) 014028 [arXiv:1410.8537] [INSPIRE].

[84] P. de Aquino et al., ALOHA: Automatic Libraries Of Helicity Amplitudes for Feynman Diagram
Computations, Comput. Phys. Commun. 183 (2012) 2254 [arXiv:1108.2041] [INSPIRE].

[85] K. Hagiwara, H. Murayama and I. Watanabe, Search for the Yukawa interaction in the process
e+e−→tt̄Z at TeV linear colliders, Nucl. Phys. B 367 (1991) 257 [INSPIRE].

[86] H. Murayama, I. Watanabe and K. Hagiwara, HELAS: HELicity amplitude subroutines for
Feynman diagram evaluations, KEK-91-11 (1992) [INSPIRE].

[87] F. Maltoni and T. Stelzer, MadEvent: Automatic event generation with MadGraph, JHEP 02
(2003) 027 [hep-ph/0208156] [INSPIRE].

[88] R. Kleiss and R. Pittau, Weight optimization in multichannel Monte Carlo, Comput. Phys.
Commun. 83 (1994) 141 [hep-ph/9405257] [INSPIRE].

[89] O. Mattelaer and K. Ostrolenk, Speeding up MadGraph5_aMC@NLO, Eur. Phys. J. C 81
(2021) 435 [arXiv:2102.00773] [INSPIRE].

[90] G.P. Lepage, A New Algorithm for Adaptive Multidimensional Integration, J. Comput. Phys. 27
(1978) 192 [INSPIRE].

[91] G.P. Lepage, VEGAS: an adaptive multidimensional integration program, CLNS-80/447 (1980)
[INSPIRE].

[92] E. Byckling and K. Kajantie, Particle Kinematics: (Chapters I-VI, X), University of Jyvaskyla,
Jyvaskyla, Finland (1971) [INSPIRE].

[93] Y. Ohnishi et al., Accelerator design at SuperKEKB, PTEP 2013 (2013) 03A011 [INSPIRE].

[94] L. Evans and P. Bryant, LHC Machine, 2008 JINST 3 S08001 [INSPIRE].

[95] PDF4LHC Working Group collaboration, The PDF4LHC21 combination of global PDF fits
for the LHC Run III, J. Phys. G 49 (2022) 080501 [arXiv:2203.05506] [INSPIRE].

[96] R. Kleiss, W.J. Stirling and S.D. Ellis, A New Monte Carlo Treatment of Multiparticle Phase
Space at High-energies, Comput. Phys. Commun. 40 (1986) 359 [INSPIRE].

– 53 –

https://doi.org/10.1140/epjc/s10052-023-11780-9
https://doi.org/10.1140/epjc/s10052-023-11780-9
https://doi.org/10.48550/arXiv.2304.09883
https://inspirehep.net/literature/2652858
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://inspirehep.net/literature/2817040
https://doi.org/10.1088/1126-6708/2004/07/036
https://doi.org/10.48550/arXiv.hep-ph/0311123
https://inspirehep.net/literature/632863
https://doi.org/10.1016/j.cpc.2008.08.004
https://doi.org/10.48550/arXiv.0801.0045
https://inspirehep.net/literature/777216
https://doi.org/10.1103/PhysRevD.52.1726
https://doi.org/10.1103/PhysRevD.52.1726
https://doi.org/10.48550/arXiv.hep-ph/9503356
https://inspirehep.net/literature/393528
https://doi.org/10.48550/arXiv.1904.11542
https://inspirehep.net/literature/1731629
https://doi.org/10.1103/PhysRevLett.114.092005
https://doi.org/10.48550/arXiv.1411.7350
https://inspirehep.net/literature/1330325
https://doi.org/10.1103/PhysRevD.94.014028
https://doi.org/10.1103/PhysRevD.94.014028
https://doi.org/10.48550/arXiv.1410.8537
https://inspirehep.net/literature/1325568
https://doi.org/10.1016/j.cpc.2012.05.004
https://doi.org/10.48550/arXiv.1108.2041
https://inspirehep.net/literature/922833
https://doi.org/10.1016/0550-3213(91)90017-R
https://inspirehep.net/literature/300321
https://inspirehep.net/literature/336604
https://doi.org/10.1088/1126-6708/2003/02/027
https://doi.org/10.1088/1126-6708/2003/02/027
https://doi.org/10.48550/arXiv.hep-ph/0208156
https://inspirehep.net/literature/593054
https://doi.org/10.1016/0010-4655(94)90043-4
https://doi.org/10.1016/0010-4655(94)90043-4
https://doi.org/10.48550/arXiv.hep-ph/9405257
https://inspirehep.net/literature/37964
https://doi.org/10.1140/epjc/s10052-021-09204-7
https://doi.org/10.1140/epjc/s10052-021-09204-7
https://doi.org/10.48550/arXiv.2102.00773
https://inspirehep.net/literature/1844259
https://doi.org/10.1016/0021-9991(78)90004-9
https://doi.org/10.1016/0021-9991(78)90004-9
https://inspirehep.net/literature/119196
https://inspirehep.net/literature/153221
https://inspirehep.net/literature/1251349
https://doi.org/10.1093/ptep/pts083
https://inspirehep.net/literature/1239425
https://doi.org/10.1088/1748-0221/3/08/S08001
https://inspirehep.net/literature/796247
https://doi.org/10.1088/1361-6471/ac7216
https://doi.org/10.48550/arXiv.2203.05506
https://inspirehep.net/literature/2049642
https://doi.org/10.1016/0010-4655(86)90119-0
https://inspirehep.net/literature/220142


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[97] S.J. Brodsky and J.-P. Lansberg, Heavy-Quarkonium Production in High Energy Proton-Proton
Collisions at RHIC, Phys. Rev. D 81 (2010) 051502 [arXiv:0908.0754] [INSPIRE].

[98] Y. Feng, J.-P. Lansberg and J.-X. Wang, Energy dependence of direct-quarkonium production in
pp collisions from fixed-target to LHC energies: complete one-loop analysis, Eur. Phys. J. C 75
(2015) 313 [arXiv:1504.00317] [INSPIRE].

[99] J.-P. Lansberg and M.A. Ozcelik, Curing the unphysical behaviour of NLO quarkonium
production at the LHC and its relevance to constrain the gluon PDF at low scales, Eur. Phys. J.
C 81 (2021) 497 [arXiv:2012.00702] [INSPIRE].

[100] M. Krämer, Quarkonium production at high-energy colliders, Prog. Part. Nucl. Phys. 47 (2001)
141 [hep-ph/0106120] [INSPIRE].

[101] Quarkonium Working Group collaboration, Heavy Quarkonium Physics, hep-ph/0412158
[DOI:10.5170/CERN-2005-005] [INSPIRE].

[102] J.P. Lansberg, J/ψ, ψ′ and Υ production at hadron colliders: a review, Int. J. Mod. Phys. A 21
(2006) 3857 [hep-ph/0602091] [INSPIRE].

[103] Z. Conesa del Valle et al., Quarkonium production in high energy proton-proton and
proton-nucleus collisions, Nucl. Phys. B Proc. Suppl. 214 (2011) 3 [arXiv:1105.4545]
[INSPIRE].

[104] 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 (2016) 107 [arXiv:1506.03981]
[INSPIRE].

[105] Z. Tang et al., An experimental review of open heavy flavor and quarkonium production at
RHIC, Nucl. Sci. Tech. 31 (2020) 81 [arXiv:2105.11656] [INSPIRE].

[106] L.D. Landau, On the angular momentum of a system of two photons, Dokl. Akad. Nauk SSSR
60 (1948) 207 [INSPIRE].

[107] C.-N. Yang, Selection Rules for the Dematerialization of a Particle Into Two Photons, Phys.
Rev. 77 (1950) 242 [INSPIRE].

[108] M. Cacciari et al., A note on the fate of the Landau-Yang theorem in non-Abelian gauge
theories, Phys. Lett. B 753 (2016) 476 [arXiv:1509.07853] [INSPIRE].

[109] P. Artoisenet et al., Υ Production at Fermilab Tevatron and LHC Energies, Phys. Rev. Lett.
101 (2008) 152001 [arXiv:0806.3282] [INSPIRE].

[110] J.P. Lansberg, On the mechanisms of heavy-quarkonium hadroproduction, Eur. Phys. J. C 61
(2009) 693 [arXiv:0811.4005] [INSPIRE].

[111] J.P. Lansberg, Real next-to-next-to-leading-order QCD corrections to J/ψ and Upsilon
hadroproduction in association with a photon, Phys. Lett. B 679 (2009) 340 [arXiv:0901.4777]
[INSPIRE].

[112] J.-P. Lansberg and H.-S. Shao, Production of J/ψ + ηc versus J/ψ + J/ψ at the LHC:
Importance of Real α5

s Corrections, Phys. Rev. Lett. 111 (2013) 122001 [arXiv:1308.0474]
[INSPIRE].

[113] J.-P. Lansberg and H.-S. Shao, J/ψ -pair production at large momenta: Indications for double
parton scatterings and large α5

s contributions, Phys. Lett. B 751 (2015) 479 [arXiv:1410.8822]
[INSPIRE].

[114] H.-S. Shao, Boosting perturbative QCD stability in quarkonium production, JHEP 01 (2019) 112
[arXiv:1809.02369] [INSPIRE].

– 54 –

https://doi.org/10.1103/PhysRevD.81.051502
https://doi.org/10.48550/arXiv.0908.0754
https://inspirehep.net/literature/827958
https://doi.org/10.1140/epjc/s10052-015-3527-1
https://doi.org/10.1140/epjc/s10052-015-3527-1
https://doi.org/10.48550/arXiv.1504.00317
https://inspirehep.net/literature/1357436
https://doi.org/10.1140/epjc/s10052-021-09258-7
https://doi.org/10.1140/epjc/s10052-021-09258-7
https://doi.org/10.48550/arXiv.2012.00702
https://inspirehep.net/literature/1834227
https://doi.org/10.1016/S0146-6410(01)00154-5
https://doi.org/10.1016/S0146-6410(01)00154-5
https://doi.org/10.48550/arXiv.hep-ph/0106120
https://inspirehep.net/literature/558285
https://doi.org/10.48550/arXiv.hep-ph/0412158
https://doi.org/10.5170/CERN-2005-005
https://inspirehep.net/literature/666911
https://doi.org/10.1142/S0217751X06033180
https://doi.org/10.1142/S0217751X06033180
https://doi.org/10.48550/arXiv.hep-ph/0602091
https://inspirehep.net/literature/710354
https://doi.org/10.1016/j.nuclphysbps.2011.03.053
https://doi.org/10.48550/arXiv.1105.4545
https://inspirehep.net/literature/900900
https://doi.org/10.1140/epjc/s10052-015-3819-5
https://doi.org/10.48550/arXiv.1506.03981
https://inspirehep.net/literature/1375994
https://doi.org/10.1007/s41365-020-00785-8
https://doi.org/10.48550/arXiv.2105.11656
https://inspirehep.net/literature/1810807
https://doi.org/10.1016/B978-0-08-010586-4.50070-5
https://doi.org/10.1016/B978-0-08-010586-4.50070-5
https://inspirehep.net/literature/1187680
https://doi.org/10.1103/PhysRev.77.242
https://doi.org/10.1103/PhysRev.77.242
https://inspirehep.net/literature/21796
https://doi.org/10.1016/j.physletb.2015.12.053
https://doi.org/10.48550/arXiv.1509.07853
https://inspirehep.net/literature/1394878
https://doi.org/10.1103/PhysRevLett.101.152001
https://doi.org/10.1103/PhysRevLett.101.152001
https://doi.org/10.48550/arXiv.0806.3282
https://inspirehep.net/literature/788775
https://doi.org/10.1140/epjc/s10052-008-0826-9
https://doi.org/10.1140/epjc/s10052-008-0826-9
https://doi.org/10.48550/arXiv.0811.4005
https://inspirehep.net/literature/803463
https://doi.org/10.1016/j.physletb.2009.07.067
https://doi.org/10.48550/arXiv.0901.4777
https://inspirehep.net/literature/812151
https://doi.org/10.1103/PhysRevLett.111.122001
https://doi.org/10.48550/arXiv.1308.0474
https://inspirehep.net/literature/1246144
https://doi.org/10.1016/j.physletb.2015.10.083
https://doi.org/10.48550/arXiv.1410.8822
https://inspirehep.net/literature/1325550
https://doi.org/10.1007/JHEP01(2019)112
https://doi.org/10.48550/arXiv.1809.02369
https://inspirehep.net/literature/1693194


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[115] B. Gong, J.-P. Lansberg, C. Lorce and J. Wang, Next-to-leading-order QCD corrections to the
yields and polarisations of J/ψ and Υ directly produced in association with a Z boson at the
LHC, JHEP 03 (2013) 115 [arXiv:1210.2430] [INSPIRE].

[116] R. Li and J.-X. Wang, Next-to-leading-order study of the associated production of J/ψ + γ at
the LHC, Phys. Rev. D 89 (2014) 114018 [arXiv:1401.6918] [INSPIRE].

[117] J.P. Lansberg and C. Lorce, Reassessing the importance of the colour-singlet contributions to
direct J/ψ +W production at the LHC and the Tevatron, Phys. Lett. B 726 (2013) 218
[arXiv:1303.5327] [INSPIRE].

[118] R. Li and J.-X. Wang, Study on the inclusive hadroproduction of Υ+ γ at next-to-leading order,
Phys. Rev. D 99 (2019) 096010 [arXiv:1901.02141] [INSPIRE].

[119] M. Butenschoen and B.A. Kniehl, Constraints on Nonrelativistic-QCD Long-Distance Matrix
Elements from J/ψ Plus W/Z Production at the LHC, Phys. Rev. Lett. 130 (2023) 041901
[arXiv:2207.09366] [INSPIRE].

[120] N. Brambilla, M. Butenschoen and X.-P. Wang, How well does nonrelativistic QCD
factorization work at next-to-leading order?, Phys. Rev. D 112 (2025) L011902
[arXiv:2411.16384] [INSPIRE].

[121] G.T. Bodwin, F. Petriello, S. Stoynev and M. Velasco, Higgs boson decays to quarkonia and the
Hc̄c coupling, Phys. Rev. D 88 (2013) 053003 [arXiv:1306.5770] [INSPIRE].

[122] ATLAS collaboration, Search for Higgs and Z Boson Decays to J/ψγ and Υ(nS)γ with the
ATLAS Detector, Phys. Rev. Lett. 114 (2015) 121801 [arXiv:1501.03276] [INSPIRE].

[123] ATLAS collaboration, Searches for exclusive Higgs and Z boson decays into J/ψγ, ψ(2S)γ,
and Υ(nS)γ at

√
s = 13TeV with the ATLAS detector, Phys. Lett. B 786 (2018) 134

[arXiv:1807.00802] [INSPIRE].

[124] CMS collaboration, Search for Higgs boson decays into Z and J/ψ and for Higgs and Z boson
decays into J/ψ or Y pairs in pp collisions at

√
s = 13TeV, Phys. Lett. B 842 (2023) 137534

[arXiv:2206.03525] [INSPIRE].

[125] W.J. den Dunnen, J.P. Lansberg, C. Pisano and M. Schlegel, Accessing the Transverse
Dynamics and Polarization of Gluons inside the Proton at the LHC, Phys. Rev. Lett. 112
(2014) 212001 [arXiv:1401.7611] [INSPIRE].

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

[127] J.A. Grifols, J.F. Gunion and A. Mendez, Detection of a Charged Higgs via the Decays
H± → ΥW± and H± → θW±, Phys. Lett. B 197 (1987) 266 [INSPIRE].

[128] R.W. Robinett and L. Weinkauf, Charged Higgs boson decay H± → ΥW±: The Effects of P
and D states, Mod. Phys. Lett. A 6 (1991) 1575 [INSPIRE].

[129] J.D. Clarke, R. Foot and R.R. Volkas, Phenomenology of a very light scalar (100 MeV < mh <

10 GeV) mixing with the SM Higgs, JHEP 02 (2014) 123 [arXiv:1310.8042] [INSPIRE].

[130] M. Gonzalez-Alonso and G. Isidori, The h→ 4l spectrum at low m34: Standard Model vs. light
New Physics, Phys. Lett. B 733 (2014) 359 [arXiv:1403.2648] [INSPIRE].

[131] J.-P. Lansberg and H.-S. Shao, Associated production of a quarkonium and a Z boson at one
loop in a quark-hadron-duality approach, JHEP 10 (2016) 153 [arXiv:1608.03198] [INSPIRE].

– 55 –

https://doi.org/10.1007/JHEP03(2013)115
https://doi.org/10.48550/arXiv.1210.2430
https://inspirehep.net/literature/1189988
https://doi.org/10.1103/PhysRevD.89.114018
https://doi.org/10.48550/arXiv.1401.6918
https://inspirehep.net/literature/1278862
https://doi.org/10.1016/j.physletb.2013.07.059
https://doi.org/10.48550/arXiv.1303.5327
https://inspirehep.net/literature/1224804
https://doi.org/10.1103/PhysRevD.99.096010
https://doi.org/10.48550/arXiv.1901.02141
https://inspirehep.net/literature/1712667
https://doi.org/10.1103/PhysRevLett.130.041901
https://doi.org/10.48550/arXiv.2207.09366
https://inspirehep.net/literature/2116923
https://doi.org/10.1103/8xqs-45pz
https://doi.org/10.48550/arXiv.2411.16384
https://inspirehep.net/literature/2851737
https://doi.org/10.1103/PhysRevD.88.053003
https://doi.org/10.48550/arXiv.1306.5770
https://inspirehep.net/literature/1239842
https://doi.org/10.1103/PhysRevLett.114.121801
https://doi.org/10.48550/arXiv.1501.03276
https://inspirehep.net/literature/1339252
https://doi.org/10.1016/j.physletb.2018.09.024
https://doi.org/10.48550/arXiv.1807.00802
https://inspirehep.net/literature/1680462
https://doi.org/10.1016/j.physletb.2022.137534
https://doi.org/10.48550/arXiv.2206.03525
https://inspirehep.net/literature/2092995
https://doi.org/10.1103/PhysRevLett.112.212001
https://doi.org/10.1103/PhysRevLett.112.212001
https://doi.org/10.48550/arXiv.1401.7611
https://inspirehep.net/literature/1279490
https://doi.org/10.1016/j.nuclphysb.2017.04.011
https://doi.org/10.1016/j.nuclphysb.2017.04.011
https://doi.org/10.48550/arXiv.1702.00305
https://inspirehep.net/literature/1511674
https://doi.org/10.1016/0370-2693(87)90380-7
https://inspirehep.net/literature/248667
https://doi.org/10.1142/S021773239100169X
https://inspirehep.net/literature/313780
https://doi.org/10.1007/JHEP02(2014)123
https://doi.org/10.48550/arXiv.1310.8042
https://inspirehep.net/literature/1262716
https://doi.org/10.1016/j.physletb.2014.05.004
https://doi.org/10.48550/arXiv.1403.2648
https://inspirehep.net/literature/1285379
https://doi.org/10.1007/JHEP10(2016)153
https://doi.org/10.48550/arXiv.1608.03198
https://inspirehep.net/literature/1480366


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[132] J.-P. Lansberg and H.-S. Shao, Phenomenological analysis of associated production of Z0 + b in
the b→ J/ψX decay channel at the LHC, Nucl. Phys. B 916 (2017) 132 [arXiv:1611.09303]
[INSPIRE].

[133] J.-P. Lansberg, H.-S. Shao and N. Yamanaka, Indication for double parton scatterings in W+
prompt J/ψ production at the LHC, Phys. Lett. B 781 (2018) 485 [arXiv:1707.04350]
[INSPIRE].

[134] ATLAS collaboration, Measurement of the production cross section of prompt J/ψ mesons in
association with a W± boson in pp collisions at

√
s = 7TeV with the ATLAS detector, JHEP

04 (2014) 172 [arXiv:1401.2831] [INSPIRE].

[135] ATLAS collaboration, Observation and measurements of the production of prompt and
non-prompt J/ψ mesons in association with a Z boson in pp collisions at

√
s = 8TeV with the

ATLAS detector, Eur. Phys. J. C 75 (2015) 229 [arXiv:1412.6428] [INSPIRE].

[136] ATLAS collaboration, Measurement of J/ψ production in association with a W± boson with pp
data at 8 TeV, JHEP 01 (2020) 095 [arXiv:1909.13626] [INSPIRE].

[137] CMS collaboration, Measurements of the Υ(1S) meson production in association with a Z
boson in proton-proton collisions at

√
s = 13TeV, CMS-PAS-BPH-23-007 (2025) [INSPIRE].

[138] A. Tee, A Gluon Transverse Momentum Dependent Parton Distribution Function Analysis
using J/ψ + γ Final State at

√
s = 13TeV With ATLAS. PhD thesis, Lancaster University

(2021), https://repository.cern/records/xep2w-rh122/files/CERN-THESIS-2021-003.p
df?download=1.

[139] A.V. Berezhnoy, V.V. Kiselev, A.K. Likhoded and A.I. Onishchenko, Doubly charmed baryon
production in hadronic experiments, Phys. Rev. D 57 (1998) 4385 [hep-ph/9710339] [INSPIRE].

[140] S.P. Baranov, Topics in associated J/ψ + c+ c̄ production at modern colliders, Phys. Rev. D 73
(2006) 074021 [INSPIRE].

[141] P. Artoisenet, J.P. Lansberg and F. Maltoni, Hadroproduction of J/ψ and Υ in association with
a heavy-quark pair, Phys. Lett. B 653 (2007) 60 [hep-ph/0703129] [INSPIRE].

[142] D. Li, Y.-Q. Ma and K.-T. Chao, χcJ production associated with a cc̄ pair at hadron colliders,
Phys. Rev. D 83 (2011) 114037 [arXiv:1106.4262] [INSPIRE].

[143] H.-S. Shao, J/ψ meson production in association with an open charm hadron at the LHC: A
reappraisal, Phys. Rev. D 102 (2020) 034023 [arXiv:2005.12967] [INSPIRE].

[144] C.-F. Qiao, Charm-sea contribution to high-pTψ production at the Fermilab Tevatron, J. Phys.
G 29 (2003) 1075 [hep-ph/0202227] [INSPIRE].

[145] J.P. Lansberg, QCD corrections to J/ψ polarisation in pp collisions at RHIC, Phys. Lett. B
695 (2011) 149 [arXiv:1003.4319] [INSPIRE].

[146] I. Belyaev, A.V. Berezhnoy, A.K. Likhoded and A.V. Luchinsky, Comments on ‘Study of J/ψ
production in jets’, Mod. Phys. Lett. A 32 (2017) 1771002 [arXiv:1703.09081] [INSPIRE].

[147] Q.-M. Feng and C.-F. Qiao, J/ψ Polarization and pT distribution in cc̄ associated
hadroproduction at O(α5

s), Phys. Rev. D 112 (2025) L071501 [arXiv:2507.20654] [INSPIRE].

[148] S.J. Brodsky, P. Hoyer, C. Peterson and N. Sakai, The Intrinsic Charm of the Proton, Phys.
Lett. B 93 (1980) 451 [INSPIRE].

[149] G.C. Nayak, J.-W. Qiu and G.F. Sterman, Color transfer in associated heavy-quarkonium
production, Phys. Rev. Lett. 99 (2007) 212001 [arXiv:0707.2973] [INSPIRE].

– 56 –

https://doi.org/10.1016/j.nuclphysb.2017.01.002
https://doi.org/10.48550/arXiv.1611.09303
https://inspirehep.net/literature/1500520
https://doi.org/10.1016/j.physletb.2018.04.020
https://doi.org/10.48550/arXiv.1707.04350
https://inspirehep.net/literature/1610015
https://doi.org/10.1007/JHEP04(2014)172
https://doi.org/10.1007/JHEP04(2014)172
https://doi.org/10.48550/arXiv.1401.2831
https://inspirehep.net/literature/1276825
https://doi.org/10.1140/epjc/s10052-015-3406-9
https://doi.org/10.48550/arXiv.1412.6428
https://inspirehep.net/literature/1335136
https://doi.org/10.1007/JHEP01(2020)095
https://doi.org/10.48550/arXiv.1909.13626
https://inspirehep.net/literature/1756736
https://inspirehep.net/literature/2873720
https://repository.cern/records/xep2w-rh122/files/CERN-THESIS-2021-003.pdf?download=1
https://repository.cern/records/xep2w-rh122/files/CERN-THESIS-2021-003.pdf?download=1
https://doi.org/10.1103/PhysRevD.57.4385
https://doi.org/10.48550/arXiv.hep-ph/9710339
https://inspirehep.net/literature/465964
https://doi.org/10.1103/PhysRevD.73.074021
https://doi.org/10.1103/PhysRevD.73.074021
https://inspirehep.net/literature/715857
https://doi.org/10.1016/j.physletb.2007.04.031
https://doi.org/10.48550/arXiv.hep-ph/0703129
https://inspirehep.net/literature/746271
https://doi.org/10.1103/PhysRevD.83.114037
https://doi.org/10.48550/arXiv.1106.4262
https://inspirehep.net/literature/914332
https://doi.org/10.1103/PhysRevD.102.034023
https://doi.org/10.48550/arXiv.2005.12967
https://inspirehep.net/literature/1798024
https://doi.org/10.1088/0954-3899/29/6/311
https://doi.org/10.1088/0954-3899/29/6/311
https://doi.org/10.48550/arXiv.hep-ph/0202227
https://inspirehep.net/literature/583330
https://doi.org/10.1016/j.physletb.2010.10.054
https://doi.org/10.1016/j.physletb.2010.10.054
https://doi.org/10.48550/arXiv.1003.4319
https://inspirehep.net/literature/849773
https://doi.org/10.1142/S021773231771002X
https://doi.org/10.48550/arXiv.1703.09081
https://inspirehep.net/literature/1519424
https://doi.org/10.1103/htrt-26ws
https://doi.org/10.48550/arXiv.2507.20654
https://inspirehep.net/literature/2954810
https://doi.org/10.1016/0370-2693(80)90364-0
https://doi.org/10.1016/0370-2693(80)90364-0
https://inspirehep.net/literature/152807
https://doi.org/10.1103/PhysRevLett.99.212001
https://doi.org/10.48550/arXiv.0707.2973
https://inspirehep.net/literature/756317


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[150] G.C. Nayak, J.-W. Qiu and G.F. Sterman, Color transfer enhancement for heavy quarkonium
production, Phys. Rev. D 77 (2008) 034022 [arXiv:0711.3476] [INSPIRE].

[151] H.-S. Shao, Probing impact-parameter dependent nuclear parton densities from double parton
scatterings in heavy-ion collisions, Phys. Rev. D 101 (2020) 054036 [arXiv:2001.04256]
[INSPIRE].

[152] LHCb collaboration, Observation of double charm production involving open charm in pp
collisions at

√
s = 7TeV, JHEP 06 (2012) 141 [Addendum ibid. 03 (2014) 108]

[arXiv:1205.0975] [INSPIRE].

[153] LHCb collaboration, Production of associated Y and open charm hadrons in pp collisions at√
s = 7 and 8TeV via double parton scattering, JHEP 07 (2016) 052 [arXiv:1510.05949]

[INSPIRE].

[154] A.V. Berezhnoy and A.K. Likhoded, Associated production of Υ and open charm at LHC, Int.
J. Mod. Phys. A 30 (2015) 1550125 [arXiv:1503.04445] [INSPIRE].

[155] A. Likhoded, A. Luchinsky and S. Poslavsky, Production of associated χb and open charm at
the LHC, Phys. Lett. B 755 (2016) 24 [arXiv:1511.04851] [INSPIRE].

[156] A.V. Karpishkov, M.A. Nefedov and V.A. Saleev, Evidence in favor of single parton scattering
mechanism in Υ and D associated production at the LHC, Phys. Rev. D 99 (2019) 096021
[arXiv:1904.05004] [INSPIRE].

[157] A. Chernyshev and V. Saleev, Associated production of heavy quarkonia and D mesons in the
improved color evaporation model with KaTie, Phys. Rev. D 109 (2024) 094029
[arXiv:2312.13046] [INSPIRE].

[158] J.-P. Lansberg, K. Lynch, C. Van Hulse and R. McNulty, Inclusive photoproduction of vector
quarkonium in ultra-peripheral collisions at the LHC, Eur. Phys. J. C 85 (2025) 161
[arXiv:2409.01756] [INSPIRE].

[159] M.A. Sanchis-Lozano, New extraction of color octet NRQCD matrix elements from charmonium
hadroproduction, Nucl. Phys. B Proc. Suppl. 86 (2000) 543 [hep-ph/9907497] [INSPIRE].

[160] NA3 collaboration, Evidence for ψψ Production in π− Interactions at 150-GeV/c and
280-GeV/c, Phys. Lett. B 114 (1982) 457 [INSPIRE].

[161] NA3 collaboration, ψψ Production and Limits on Beauty Meson Production From 400-GeV/c
Protons, Phys. Lett. B 158 (1985) 85 [INSPIRE].

[162] LHCb collaboration, Observation of J/ψ pair production in pp collisions at
√
s = 7TeV , Phys.

Lett. B 707 (2012) 52 [arXiv:1109.0963] [INSPIRE].

[163] D0 collaboration, Observation and Studies of Double J/ψ Production at the Tevatron, Phys.
Rev. D 90 (2014) 111101 [arXiv:1406.2380] [INSPIRE].

[164] CMS collaboration, Measurement of Prompt J/ψ Pair Production in pp Collisions at
√
s = 7

Tev, JHEP 09 (2014) 094 [arXiv:1406.0484] [INSPIRE].

[165] ATLAS collaboration, Measurement of the prompt J/ψ pair production cross-section in pp
collisions at

√
s = 8TeV with the ATLAS detector, Eur. Phys. J. C 77 (2017) 76

[arXiv:1612.02950] [INSPIRE].

[166] LHCb collaboration, Measurement of the J/ψ pair production cross-section in pp collisions at√
s = 13TeV, JHEP 06 (2017) 047 [Erratum ibid. 10 (2017) 068] [arXiv:1612.07451]

[INSPIRE].

– 57 –

https://doi.org/10.1103/PhysRevD.77.034022
https://doi.org/10.48550/arXiv.0711.3476
https://inspirehep.net/literature/768367
https://doi.org/10.1103/PhysRevD.101.054036
https://doi.org/10.48550/arXiv.2001.04256
https://inspirehep.net/literature/1775247
https://doi.org/10.1007/JHEP06(2012)141
https://doi.org/10.48550/arXiv.1205.0975
https://inspirehep.net/literature/1113596
https://doi.org/10.1007/JHEP07(2016)052
https://doi.org/10.48550/arXiv.1510.05949
https://inspirehep.net/literature/1399056
https://doi.org/10.1142/S0217751X15501250
https://doi.org/10.1142/S0217751X15501250
https://doi.org/10.48550/arXiv.1503.04445
https://inspirehep.net/literature/1352841
https://doi.org/10.1016/j.physletb.2016.01.051
https://doi.org/10.48550/arXiv.1511.04851
https://inspirehep.net/literature/1404919
https://doi.org/10.1103/PhysRevD.99.096021
https://doi.org/10.48550/arXiv.1904.05004
https://inspirehep.net/literature/1729109
https://doi.org/10.1103/PhysRevD.109.094029
https://doi.org/10.48550/arXiv.2312.13046
https://inspirehep.net/literature/2739615
https://doi.org/10.1140/epjc/s10052-024-13693-7
https://doi.org/10.48550/arXiv.2409.01756
https://inspirehep.net/literature/2824159
https://doi.org/10.1016/S0920-5632(00)00620-4
https://doi.org/10.48550/arXiv.hep-ph/9907497
https://inspirehep.net/literature/504494
https://doi.org/10.1016/0370-2693(82)90091-0
https://inspirehep.net/literature/177991
https://doi.org/10.1016/0370-2693(85)90745-2
https://inspirehep.net/literature/213878
https://doi.org/10.1016/j.physletb.2011.12.015
https://doi.org/10.1016/j.physletb.2011.12.015
https://doi.org/10.48550/arXiv.1109.0963
https://inspirehep.net/literature/926280
https://doi.org/10.1103/PhysRevD.90.111101
https://doi.org/10.1103/PhysRevD.90.111101
https://doi.org/10.48550/arXiv.1406.2380
https://inspirehep.net/literature/1299990
https://doi.org/10.1007/JHEP09(2014)094
https://doi.org/10.48550/arXiv.1406.0484
https://inspirehep.net/literature/1298812
https://doi.org/10.1140/epjc/s10052-017-4644-9
https://doi.org/10.48550/arXiv.1612.02950
https://inspirehep.net/literature/1502618
https://doi.org/10.1007/JHEP06(2017)047
https://doi.org/10.48550/arXiv.1612.07451
https://inspirehep.net/literature/1505592


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[167] LHCb collaboration, Measurement of J/ψ-pair production in pp collisions at
√
s = 13TeV and

study of gluon transverse-momentum dependent PDFs, JHEP 03 (2024) 088
[arXiv:2311.14085] [INSPIRE].

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

[169] J.-P. Lansberg et al., Complete NLO QCD study of single- and double-quarkonium
hadroproduction in the colour-evaporation model at the Tevatron and the LHC, Phys. Lett. B
807 (2020) 135559 [arXiv:2004.14345] [INSPIRE].

[170] J.-P. Lansberg, H.-S. Shao, N. Yamanaka and Y.-J. Zhang, Prompt J/ψ-pair production at the
LHC: impact of loop-induced contributions and of the colour-octet mechanism, Eur. Phys. J. C
79 (2019) 1006 [arXiv:1906.10049] [INSPIRE].

[171] Z.-G. He, B.A. Kniehl, M.A. Nefedov and V.A. Saleev, Double Prompt J/ψ Hadroproduction in
the Parton Reggeization Approach with High-Energy Resummation, Phys. Rev. Lett. 123 (2019)
162002 [arXiv:1906.08979] [INSPIRE].

[172] L.-P. Sun, J/ψ pair hadroproduction at next-to-leading order in nonrelativistic-QCD at ATLAS,
Chin. Phys. C 47 (2023) 093105 [arXiv:2307.02809] [INSPIRE].

[173] S.P. Baranov and A.H. Rezaeian, Prompt double J/ψ production in proton-proton collisions at
the LHC, Phys. Rev. D 93 (2016) 114011 [arXiv:1511.04089] [INSPIRE].

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

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

[176] F. Scarpa et al., Studies of gluon TMDs and their evolution using quarkonium-pair production
at the LHC, Eur. Phys. J. C 80 (2020) 87 [arXiv:1909.05769] [INSPIRE].

[177] C.H. Kom, A. Kulesza and W.J. Stirling, Pair Production of J/ψ as a Probe of Double Parton
Scattering at LHCb, Phys. Rev. Lett. 107 (2011) 082002 [arXiv:1105.4186] [INSPIRE].

[178] C. Borschensky and A. Kulesza, Double parton scattering in pair production of J/ψ mesons at
the LHC revisited, Phys. Rev. D 95 (2017) 034029 [arXiv:1610.00666] [INSPIRE].

[179] A.A. Prokhorov, A.V. Lipatov, M.A. Malyshev and S.P. Baranov, Revisiting the production of
J/ψ pairs at the LHC, Eur. Phys. J. C 80 (2020) 1046 [arXiv:2008.12089] [INSPIRE].

[180] LHCb collaboration, Observation of structure in the J/ψ -pair mass spectrum, Sci. Bull. 65
(2020) 1983 [arXiv:2006.16957] [INSPIRE].

[181] ATLAS collaboration, Observation of an Excess of Dicharmonium Events in the Four-Muon
Final State with the ATLAS Detector, Phys. Rev. Lett. 131 (2023) 151902 [arXiv:2304.08962]
[INSPIRE].

[182] CMS collaboration, New Structures in the J/ψJ/ψ Mass Spectrum in Proton-Proton Collisions
at

√
s = 13TeV, Phys. Rev. Lett. 132 (2024) 111901 [arXiv:2306.07164] [INSPIRE].

[183] CMS collaboration, Observation of Υ(1S) pair production in proton-proton collisions at√
s = 8TeV, JHEP 05 (2017) 013 [arXiv:1610.07095] [INSPIRE].

[184] CMS collaboration, Measurement of the Υ(1S) pair production cross section and search for
resonances decaying to Υ(1S)µ+µ− in proton-proton collisions at

√
s = 13TeV, Phys. Lett. B

808 (2020) 135578 [arXiv:2002.06393] [INSPIRE].

– 58 –

https://doi.org/10.1007/JHEP03(2024)088
https://doi.org/10.48550/arXiv.2311.14085
https://inspirehep.net/literature/2725992
https://doi.org/10.1103/PhysRevD.94.074033
https://doi.org/10.48550/arXiv.1404.4042
https://inspirehep.net/literature/1290542
https://doi.org/10.1016/j.physletb.2020.135559
https://doi.org/10.1016/j.physletb.2020.135559
https://doi.org/10.48550/arXiv.2004.14345
https://inspirehep.net/literature/1793464
https://doi.org/10.1140/epjc/s10052-019-7523-8
https://doi.org/10.1140/epjc/s10052-019-7523-8
https://doi.org/10.48550/arXiv.1906.10049
https://inspirehep.net/literature/1740999
https://doi.org/10.1103/PhysRevLett.123.162002
https://doi.org/10.1103/PhysRevLett.123.162002
https://doi.org/10.48550/arXiv.1906.08979
https://inspirehep.net/literature/1740862
https://doi.org/10.1088/1674-1137/ad1a98
https://doi.org/10.48550/arXiv.2307.02809
https://inspirehep.net/literature/2674779
https://doi.org/10.1103/PhysRevD.93.114011
https://doi.org/10.48550/arXiv.1511.04089
https://inspirehep.net/literature/1404700
https://doi.org/10.1016/j.nuclphysb.2015.09.005
https://doi.org/10.48550/arXiv.1504.06531
https://inspirehep.net/literature/1364725
https://doi.org/10.1016/j.physletb.2018.08.004
https://doi.org/10.1016/j.physletb.2018.08.004
https://doi.org/10.48550/arXiv.1710.01684
https://inspirehep.net/literature/1628653
https://doi.org/10.1140/epjc/s10052-020-7619-1
https://doi.org/10.48550/arXiv.1909.05769
https://inspirehep.net/literature/1753724
https://doi.org/10.1103/PhysRevLett.107.082002
https://doi.org/10.48550/arXiv.1105.4186
https://inspirehep.net/literature/901013
https://doi.org/10.1103/PhysRevD.95.034029
https://doi.org/10.48550/arXiv.1610.00666
https://inspirehep.net/literature/1489222
https://doi.org/10.1140/epjc/s10052-020-08631-2
https://doi.org/10.48550/arXiv.2008.12089
https://inspirehep.net/literature/1813648
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.48550/arXiv.2006.16957
https://inspirehep.net/literature/1804391
https://doi.org/10.1103/PhysRevLett.131.151902
https://doi.org/10.48550/arXiv.2304.08962
https://inspirehep.net/literature/2652212
https://doi.org/10.1103/PhysRevLett.132.111901
https://doi.org/10.48550/arXiv.2306.07164
https://inspirehep.net/literature/2668013
https://doi.org/10.1007/JHEP05(2017)013
https://doi.org/10.48550/arXiv.1610.07095
https://inspirehep.net/literature/1494067
https://doi.org/10.1016/j.physletb.2020.135578
https://doi.org/10.1016/j.physletb.2020.135578
https://doi.org/10.48550/arXiv.2002.06393
https://inspirehep.net/literature/1780982


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[185] LHCb collaboration, Measurement of associated J/ψ − ψ(2S) production cross-section in pp
collisions at

√
s = 13TeV, JHEP 05 (2024) 259 [arXiv:2311.15921] [INSPIRE].

[186] A.K. Likhoded, A.V. Luchinsky and S.V. Poslavsky, Production of J/ψ + χc and J/ψ + J/ψ

with real gluon emission at LHC, Phys. Rev. D 94 (2016) 054017 [arXiv:1606.06767]
[INSPIRE].

[187] D0 collaboration, Evidence for simultaneous production of J/ψ and Υ mesons, Phys. Rev. Lett.
116 (2016) 082002 [arXiv:1511.02428] [INSPIRE].

[188] LHCb collaboration, Associated production of prompt J/ψ and Υ mesons in pp collisions at√
s = 13TeV, JHEP 08 (2023) 093 [arXiv:2305.15580] [INSPIRE].

[189] P. Ko, C. Yu and J. Lee, Inclusive double-quarkonium production at the Large Hadron Collider,
JHEP 01 (2011) 070 [arXiv:1007.3095] [INSPIRE].

[190] A.K. Likhoded, A.V. Luchinsky and S.V. Poslavsky, Simultaneous production of charmonium
and bottomonium mesons at the LHC, Phys. Rev. D 91 (2015) 114016 [arXiv:1503.00246]
[INSPIRE].

[191] H.-S. Shao and Y.-J. Zhang, Complete study of hadroproduction of a Υ meson associated with a
prompt J/ψ, Phys. Rev. Lett. 117 (2016) 062001 [arXiv:1605.03061] [INSPIRE].

[192] Z.-Q. Chen, L.-B. Chen and C.-F. Qiao, NLO QCD corrections to the Bc-pair hadroproduction,
Phys. Rev. D 109 (2024) 096032 [arXiv:2402.05397] [INSPIRE].

[193] R. Li, Y.-J. Zhang and K.-T. Chao, Pair Production of Heavy Quarkonium and B∗
c Mesons at

Hadron Colliders, Phys. Rev. D 80 (2009) 014020 [arXiv:0903.2250] [INSPIRE].

[194] H.-S. Shao and Y.-J. Zhang, Triple prompt J/ψ hadroproduction as a hard probe of
multiple-parton scatterings, Phys. Rev. Lett. 122 (2019) 192002 [arXiv:1902.04949] [INSPIRE].

[195] D. d’Enterria and A.M. Snigirev, Triple parton scatterings in high-energy proton-proton
collisions, Phys. Rev. Lett. 118 (2017) 122001 [arXiv:1612.05582] [INSPIRE].

[196] D. d’Enterria and A. Snigirev, Double, triple, and n-parton scatterings in high-energy proton
and nuclear collisions, Adv. Ser. Direct. High Energy Phys. 29 (2018) 159 [arXiv:1708.07519]
[INSPIRE].

[197] CMS collaboration, Observation of triple J/ψ meson production in proton-proton collisions,
Nature Phys. 19 (2023) 338 [arXiv:2111.05370] [INSPIRE].

[198] R.V. Harlander, S.Y. Klein and M. Lipp, FeynGame, Comput. Phys. Commun. 256 (2020)
107465 [arXiv:2003.00896] [INSPIRE].

[199] R. Harlander, S.Y. Klein and M.C. Schaaf, FeynGame-2.1 — Feynman diagrams made easy,
PoS EPS-HEP2023 (2024) 657 [arXiv:2401.12778] [INSPIRE].

[200] L. Bündgen, R.V. Harlander, S.Y. Klein and M.C. Schaaf, FeynGame 3.0, Comput. Phys.
Commun. 314 (2025) 109662 [arXiv:2501.04651] [INSPIRE].

[201] B.A. Kniehl, C.P. Palisoc and L. Zwirner, Associated production of heavy quarkonia and
electroweak bosons at present and future colliders, Phys. Rev. D 66 (2002) 114002
[hep-ph/0208104] [INSPIRE].

[202] X.-A. Pan et al., Revisit prompt J/ψ production in associated with Higgs boson via gluon fusion
at the LHC, Phys. Rev. D 104 (2021) 054006 [arXiv:2109.02025] [INSPIRE].

[203] A. Accardi et al., Electron Ion Collider: The Next QCD Frontier: Understanding the glue that
binds us all, Eur. Phys. J. A 52 (2016) 268 [arXiv:1212.1701] [INSPIRE].

– 59 –

https://doi.org/10.1007/JHEP05(2024)259
https://doi.org/10.48550/arXiv.2311.15921
https://inspirehep.net/literature/2726937
https://doi.org/10.1103/PhysRevD.94.054017
https://doi.org/10.48550/arXiv.1606.06767
https://inspirehep.net/literature/1471720
https://doi.org/10.1103/PhysRevLett.116.082002
https://doi.org/10.1103/PhysRevLett.116.082002
https://doi.org/10.48550/arXiv.1511.02428
https://inspirehep.net/literature/1403548
https://doi.org/10.1007/JHEP08(2023)093
https://doi.org/10.48550/arXiv.2305.15580
https://inspirehep.net/literature/2662581
https://doi.org/10.1007/JHEP01(2011)070
https://doi.org/10.48550/arXiv.1007.3095
https://inspirehep.net/literature/861820
https://doi.org/10.1103/PhysRevD.91.114016
https://doi.org/10.48550/arXiv.1503.00246
https://inspirehep.net/literature/1346955
https://doi.org/10.1103/PhysRevLett.117.062001
https://doi.org/10.48550/arXiv.1605.03061
https://inspirehep.net/literature/1456933
https://doi.org/10.1103/PhysRevD.109.096032
https://doi.org/10.48550/arXiv.2402.05397
https://inspirehep.net/literature/2756742
https://doi.org/10.1103/PhysRevD.80.014020
https://doi.org/10.48550/arXiv.0903.2250
https://inspirehep.net/literature/815359
https://doi.org/10.1103/PhysRevLett.122.192002
https://doi.org/10.48550/arXiv.1902.04949
https://inspirehep.net/literature/1720082
https://doi.org/10.1103/PhysRevLett.118.122001
https://doi.org/10.48550/arXiv.1612.05582
https://inspirehep.net/literature/1504215
https://doi.org/10.1142/9789813227767_0009
https://doi.org/10.48550/arXiv.1708.07519
https://inspirehep.net/literature/1620022
https://doi.org/10.1038/s41567-022-01838-y
https://doi.org/10.48550/arXiv.2111.05370
https://inspirehep.net/literature/1965242
https://doi.org/10.1016/j.cpc.2020.107465
https://doi.org/10.1016/j.cpc.2020.107465
https://doi.org/10.48550/arXiv.2003.00896
https://inspirehep.net/literature/1783255
https://doi.org/10.22323/1.449.0657
https://doi.org/10.48550/arXiv.2401.12778
https://inspirehep.net/literature/2750644
https://doi.org/10.1016/j.cpc.2025.109662
https://doi.org/10.1016/j.cpc.2025.109662
https://doi.org/10.48550/arXiv.2501.04651
https://inspirehep.net/literature/2866217
https://doi.org/10.1103/PhysRevD.66.114002
https://doi.org/10.48550/arXiv.hep-ph/0208104
https://inspirehep.net/literature/592478
https://doi.org/10.1103/PhysRevD.104.054006
https://doi.org/10.48550/arXiv.2109.02025
https://inspirehep.net/literature/1917487
https://doi.org/10.1140/epja/i2016-16268-9
https://doi.org/10.48550/arXiv.1212.1701
https://inspirehep.net/literature/1206324


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[204] P. Artoisenet, J.M. Campbell, F. Maltoni and F. Tramontano, J/ψ production at HERA, Phys.
Rev. Lett. 102 (2009) 142001 [arXiv:0901.4352] [INSPIRE].

[205] M. Butenschoen and B.A. Kniehl, Complete next-to-leading-order corrections to J/ψ
photoproduction in nonrelativistic quantum chromodynamics, Phys. Rev. Lett. 104 (2010)
072001 [arXiv:0909.2798] [INSPIRE].

[206] Z. Sun and H.-F. Zhang, QCD leading order study of the J/ψ leptoproduction at HERA within
the nonrelativistic QCD framework, Eur. Phys. J. C 77 (2017) 744 [arXiv:1702.02097]
[INSPIRE].

[207] Z. Sun and H.-F. Zhang, QCD corrections to the color-singlet J/ψ production in deeply inelastic
scattering at HERA, Phys. Rev. D 96 (2017) 091502 [arXiv:1705.05337] [INSPIRE].

[208] H.-F. Zhang, Y. Feng, W.-L. Sang and Y.-P. Yan, Kinematic distributions of the ηc

photoproduction in ep collisions within the nonrelativistic QCD framework, Phys. Rev. D 99
(2019) 114018 [arXiv:1902.09056] [INSPIRE].

[209] J.-W. Qiu, X.-P. Wang and H. Xing, Exploring J/ψ Production Mechanism at the Future
Electron-Ion Collider, Chin. Phys. Lett. 38 (2021) 041201 [arXiv:2005.10832] [INSPIRE].

[210] C. Flore, J.-P. Lansberg, H.-S. Shao and Y. Yedelkina, Large-PT inclusive photoproduction of
J/ψ in electron-proton collisions at HERA and the EIC, Phys. Lett. B 811 (2020) 135926
[arXiv:2009.08264] [INSPIRE].

[211] A. Colpani Serri et al., Revisiting NLO QCD corrections to total inclusive J/ψ and Υ
photoproduction cross sections in lepton-proton collisions, Phys. Lett. B 835 (2022) 137556
[arXiv:2112.05060] [INSPIRE].

[212] J.-P. Lansberg, M. Nefedov and M.A. Ozcelik, Curing the high-energy perturbative instability of
vector-quarkonium-photoproduction cross sections at order αα3

s with high-energy factorisation,
Eur. Phys. J. C 84 (2024) 351 [arXiv:2306.02425] [INSPIRE].

[213] L. Maxia and F. Yuan, Azimuthal angular correlation of J/ψ plus jet production at the
electron-ion collider, Phys. Rev. D 110 (2024) 114042 [arXiv:2403.02097] [INSPIRE].

[214] R.M. Godbole, A. Misra, A. Mukherjee and V.S. Rawoot, Transverse Single Spin Asymmetry in
e+ p↑ → e+ J/ψ +X and Transverse Momentum Dependent Evolution of the Sivers Function,
Phys. Rev. D 88 (2013) 014029 [arXiv:1304.2584] [INSPIRE].

[215] A. Mukherjee and S. Rajesh, J/ψ production in polarized and unpolarized ep collision and
Sivers and cos 2ϕ asymmetries, Eur. Phys. J. C 77 (2017) 854 [arXiv:1609.05596] [INSPIRE].

[216] S. Rajesh, R. Kishore and A. Mukherjee, Sivers effect in Inelastic J/ψ Photoproduction in ep↑

Collision in Color Octet Model, Phys. Rev. D 98 (2018) 014007 [arXiv:1802.10359] [INSPIRE].

[217] A. Bacchetta, D. Boer, C. Pisano and P. Taels, Gluon TMDs and NRQCD matrix elements in
J/ψ production at an EIC, Eur. Phys. J. C 80 (2020) 72 [arXiv:1809.02056] [INSPIRE].

[218] U. D’Alesio, F. Murgia, C. Pisano and P. Taels, Azimuthal asymmetries in semi-inclusive
J/ψ + jet production at an EIC, Phys. Rev. D 100 (2019) 094016 [arXiv:1908.00446]
[INSPIRE].

[219] D. Boer et al., J/ψ meson production in SIDIS: matching high and low transverse momentum,
JHEP 09 (2020) 040 [arXiv:2004.06740] [INSPIRE].

[220] D. Boer, C. Pisano and P. Taels, Extracting color octet NRQCD matrix elements from J/ψ

production at the EIC, Phys. Rev. D 103 (2021) 074012 [arXiv:2102.00003] [INSPIRE].

– 60 –

https://doi.org/10.1103/PhysRevLett.102.142001
https://doi.org/10.1103/PhysRevLett.102.142001
https://doi.org/10.48550/arXiv.0901.4352
https://inspirehep.net/literature/812075
https://doi.org/10.1103/PhysRevLett.104.072001
https://doi.org/10.1103/PhysRevLett.104.072001
https://doi.org/10.48550/arXiv.0909.2798
https://inspirehep.net/literature/831338
https://doi.org/10.1140/epjc/s10052-017-5323-6
https://doi.org/10.48550/arXiv.1702.02097
https://inspirehep.net/literature/1512426
https://doi.org/10.1103/PhysRevD.96.091502
https://doi.org/10.48550/arXiv.1705.05337
https://inspirehep.net/literature/1599567
https://doi.org/10.1103/PhysRevD.99.114018
https://doi.org/10.1103/PhysRevD.99.114018
https://doi.org/10.48550/arXiv.1902.09056
https://inspirehep.net/literature/1721764
https://doi.org/10.1088/0256-307X/38/4/041201
https://doi.org/10.48550/arXiv.2005.10832
https://inspirehep.net/literature/1797438
https://doi.org/10.1016/j.physletb.2020.135926
https://doi.org/10.48550/arXiv.2009.08264
https://inspirehep.net/literature/1817736
https://doi.org/10.1016/j.physletb.2022.137556
https://doi.org/10.48550/arXiv.2112.05060
https://inspirehep.net/literature/1986645
https://doi.org/10.1140/epjc/s10052-024-12588-x
https://doi.org/10.48550/arXiv.2306.02425
https://inspirehep.net/literature/2665746
https://doi.org/10.1103/PhysRevD.110.114042
https://doi.org/10.48550/arXiv.2403.02097
https://inspirehep.net/literature/2764786
https://doi.org/10.1103/PhysRevD.88.014029
https://doi.org/10.48550/arXiv.1304.2584
https://inspirehep.net/literature/1227669
https://doi.org/10.1140/epjc/s10052-017-5406-4
https://doi.org/10.48550/arXiv.1609.05596
https://inspirehep.net/literature/1487296
https://doi.org/10.1103/PhysRevD.98.014007
https://doi.org/10.48550/arXiv.1802.10359
https://inspirehep.net/literature/1657921
https://doi.org/10.1140/epjc/s10052-020-7620-8
https://doi.org/10.48550/arXiv.1809.02056
https://inspirehep.net/literature/1692948
https://doi.org/10.1103/PhysRevD.100.094016
https://doi.org/10.48550/arXiv.1908.00446
https://inspirehep.net/literature/1747591
https://doi.org/10.1007/JHEP09(2020)040
https://doi.org/10.48550/arXiv.2004.06740
https://inspirehep.net/literature/1791275
https://doi.org/10.1103/PhysRevD.103.074012
https://doi.org/10.48550/arXiv.2102.00003
https://inspirehep.net/literature/1844236


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[221] D. Boer et al., Transverse momentum dependent shape function for J/ψ production in SIDIS,
JHEP 08 (2023) 105 [arXiv:2304.09473] [INSPIRE].

[222] R. Kishore et al., TMD evolution effect on cos2ϕ azimuthal asymmetry in a back-to-back
production of J/ψ and a jet at the EIC, Phys. Rev. D 111 (2025) 014003 [arXiv:2408.05698]
[INSPIRE].

[223] M.G. Echevarria, S.F. Romera and P. Taels, Factorization for J/ψ leptoproduction at small
transverse momentum, JHEP 09 (2024) 188 [arXiv:2407.04793] [INSPIRE].

[224] M. Copeland, S. Fleming and R. Hodges, The role of the soft scale for J/ψ production in the
transverse momentum dependent framework, arXiv:2509.02977 [INSPIRE].

[225] M.G. Echevarria, R. Kishore and S.F. Romera, Modeling the TMD shape function in J/ψ

electroproduction, arXiv:2510.11809 [INSPIRE].

[226] H1 collaboration, Elastic and inelastic photoproduction of J/ψ mesons at HERA, Nucl. Phys.
B 472 (1996) 3 [hep-ex/9603005] [INSPIRE].

[227] ZEUS collaboration, Measurement of inelastic J/ψ photoproduction at HERA, Z. Phys. C 76
(1997) 599 [hep-ex/9708010] [INSPIRE].

[228] ZEUS collaboration, Measurements of inelastic J/ψ and ψ′ photoproduction at HERA, Eur.
Phys. J. C 27 (2003) 173 [hep-ex/0211011] [INSPIRE].

[229] H1 collaboration, Inelastic photoproduction of J/ψ mesons at HERA, Eur. Phys. J. C 25
(2002) 25 [hep-ex/0205064] [INSPIRE].

[230] ZEUS collaboration, Measurement of J/ψ helicity distributions in inelastic photoproduction at
HERA, JHEP 12 (2009) 007 [arXiv:0906.1424] [INSPIRE].

[231] H1 collaboration, Inelastic Production of J/ψ Mesons in Photoproduction and Deep Inelastic
Scattering at HERA, Eur. Phys. J. C 68 (2010) 401 [arXiv:1002.0234] [INSPIRE].

[232] ZEUS collaboration, Measurement of inelastic J/ψ and ψ′ photoproduction at HERA, JHEP
02 (2013) 071 [arXiv:1211.6946] [INSPIRE].

[233] H1 collaboration, Elastic and Proton-Dissociative Photoproduction of J/ψ Mesons at HERA,
Eur. Phys. J. C 73 (2013) 2466 [arXiv:1304.5162] [INSPIRE].

[234] S. Frixione, M.L. Mangano, P. Nason and G. Ridolfi, Improving the Weizsacker-Williams
approximation in electron–proton collisions, Phys. Lett. B 319 (1993) 339 [hep-ph/9310350]
[INSPIRE].

[235] C. Flore et al., Automated NLO calculations for asymmetric hadron–hadron collisions in
MadGraph5_aMC@NLO, Eur. Phys. J. A 61 (2025) 239 [arXiv:2501.14487] [INSPIRE].

[236] BaBar collaboration, Measurement of J/ψ production in continuum e+e− annihilations near√
s = 10.6GeV, Phys. Rev. Lett. 87 (2001) 162002 [hep-ex/0106044] [INSPIRE].

[237] Belle collaboration, Production of prompt charmonia in e+e− annihilation at
√
s is

approximately 10.6-GeV, Phys. Rev. Lett. 88 (2002) 052001 [hep-ex/0110012] [INSPIRE].

[238] Belle collaboration, Measurement of the e+e− → J/ψcc̄ cross section at
√
s ≈ 10.6GeV, Phys.

Rev. D 79 (2009) 071101 [arXiv:0901.2775] [INSPIRE].

[239] Belle collaboration, Observation of double cc̄ production in e+e− annihilation at
√
s

approximately 10.6-GeV, Phys. Rev. Lett. 89 (2002) 142001 [hep-ex/0205104] [INSPIRE].

[240] Belle collaboration, Study of double charmonium production in e+e− annihilation at√
s ∼ 10.6GeV, Phys. Rev. D 70 (2004) 071102 [hep-ex/0407009] [INSPIRE].

– 61 –

https://doi.org/10.1007/JHEP08(2023)105
https://doi.org/10.48550/arXiv.2304.09473
https://inspirehep.net/literature/2652611
https://doi.org/10.1103/PhysRevD.111.014003
https://doi.org/10.48550/arXiv.2408.05698
https://inspirehep.net/literature/2817268
https://doi.org/10.1007/JHEP09(2024)188
https://doi.org/10.48550/arXiv.2407.04793
https://inspirehep.net/literature/2805762
https://doi.org/10.48550/arXiv.2509.02977
https://inspirehep.net/literature/2966247
https://doi.org/10.48550/arXiv.2510.11809
https://inspirehep.net/literature/3069191
https://doi.org/10.1016/0550-3213(96)00274-X
https://doi.org/10.1016/0550-3213(96)00274-X
https://doi.org/10.48550/arXiv.hep-ex/9603005
https://inspirehep.net/literature/416868
https://doi.org/10.1007/s002880050583
https://doi.org/10.1007/s002880050583
https://doi.org/10.48550/arXiv.hep-ex/9708010
https://inspirehep.net/literature/446830
https://doi.org/10.1140/epjc/s2002-01130-2
https://doi.org/10.1140/epjc/s2002-01130-2
https://doi.org/10.48550/arXiv.hep-ex/0211011
https://inspirehep.net/literature/601166
https://doi.org/10.1007/s10052-002-1009-8
https://doi.org/10.1007/s10052-002-1009-8
https://doi.org/10.48550/arXiv.hep-ex/0205064
https://inspirehep.net/literature/586977
https://doi.org/10.1088/1126-6708/2009/12/007
https://doi.org/10.48550/arXiv.0906.1424
https://inspirehep.net/literature/822460
https://doi.org/10.1140/epjc/s10052-010-1376-5
https://doi.org/10.48550/arXiv.1002.0234
https://inspirehep.net/literature/844299
https://doi.org/10.1007/JHEP02(2013)071
https://doi.org/10.1007/JHEP02(2013)071
https://doi.org/10.48550/arXiv.1211.6946
https://inspirehep.net/literature/1204785
https://doi.org/10.1140/epjc/s10052-013-2466-y
https://doi.org/10.48550/arXiv.1304.5162
https://inspirehep.net/literature/1228913
https://doi.org/10.1016/0370-2693(93)90823-Z
https://doi.org/10.48550/arXiv.hep-ph/9310350
https://inspirehep.net/literature/359425
https://doi.org/10.1140/epja/s10050-025-01707-1
https://doi.org/10.48550/arXiv.2501.14487
https://inspirehep.net/literature/2872216
https://doi.org/10.1103/PhysRevLett.87.162002
https://doi.org/10.48550/arXiv.hep-ex/0106044
https://inspirehep.net/literature/558091
https://doi.org/10.1103/PhysRevLett.88.052001
https://doi.org/10.48550/arXiv.hep-ex/0110012
https://inspirehep.net/literature/563840
https://doi.org/10.1103/PhysRevD.79.071101
https://doi.org/10.1103/PhysRevD.79.071101
https://doi.org/10.48550/arXiv.0901.2775
https://inspirehep.net/literature/811289
https://doi.org/10.1103/PhysRevLett.89.142001
https://doi.org/10.48550/arXiv.hep-ex/0205104
https://inspirehep.net/literature/587751
https://doi.org/10.1103/PhysRevD.70.071102
https://doi.org/10.48550/arXiv.hep-ex/0407009
https://inspirehep.net/literature/653673


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[241] BaBar collaboration, Measurement of double charmonium production in e+e− annihilations at√
s = 10.6GeV, Phys. Rev. D 72 (2005) 031101 [hep-ex/0506062] [INSPIRE].

[242] Belle collaboration, Search for the double-charmonium state with ηcJ/ψ at Belle, JHEP 08
(2023) 121 [arXiv:2305.17947] [INSPIRE].

[243] BaBar collaboration, J/ψ production via initial state radiation in e+e− → µ+µ−γ at an e+e−

center-of-mass energy near 10.6-GeV, Phys. Rev. D 69 (2004) 011103 [hep-ex/0310027]
[INSPIRE].

[244] H.-S. Shao, Initial state radiation effects in inclusive J/ψ production at B factories, JHEP 04
(2014) 182 [arXiv:1402.5840] [INSPIRE].

[245] B. Gong, Y.-D. Wang and J.-X. Wang, Perturbative QCD for J/ψ inclusive production via
initial state radiation in e+e− collisions, Chin. Phys. C 43 (2019) 083104 [arXiv:1903.08161]
[INSPIRE].

[246] Y.-Q. Ma, Y.-J. Zhang and K.-T. Chao, QCD correction to e+e− → J/ψ + gg at B Factories,
Phys. Rev. Lett. 102 (2009) 162002 [arXiv:0812.5106] [INSPIRE].

[247] B. Gong and J.-X. Wang, Next-to-Leading-Order QCD Corrections to e+e− → J/ψ + gg at the
B Factories, Phys. Rev. Lett. 102 (2009) 162003 [arXiv:0901.0117] [INSPIRE].

[248] Y.-J. Zhang, Y.-Q. Ma, K. Wang and K.-T. Chao, QCD radiative correction to color-octet J/ψ
inclusive production at B Factories, Phys. Rev. D 81 (2010) 034015 [arXiv:0911.2166]
[INSPIRE].

[249] Z.-G. He, Y. Fan and K.-T. Chao, Relativistic correction to e+e− → J/ψ + gg at B factories
and constraint on color-octet matrix elements, Phys. Rev. D 81 (2010) 054036
[arXiv:0910.3636] [INSPIRE].

[250] Y. Jia, Color-singlet relativistic correction to inclusive J/ψ production associated with light
hadrons at B factories, Phys. Rev. D 82 (2010) 034017 [arXiv:0912.5498] [INSPIRE].

[251] Y.-J. Zhang, Y.-J. Gao and K.-T. Chao, Next-to-leading order QCD correction to
e+e− → J/ψ + ηc at

√
s = 10.6GeV, Phys. Rev. Lett. 96 (2006) 092001 [hep-ph/0506076]

[INSPIRE].

[252] B. Gong and J.-X. Wang, QCD corrections to J/ψ plus ηc production in e+e− annihilation at
S(1/2) = 10.6GeV, Phys. Rev. D 77 (2008) 054028 [arXiv:0712.4220] [INSPIRE].

[253] F. Feng et al., Next-to-next-to-leading-order QCD corrections to e+e− → J/ψ + ηc at B
factories, Phys. Lett. B 850 (2024) 138506 [arXiv:1901.08447] [INSPIRE].

[254] X.-D. Huang, B. Gong and J.-X. Wang, Next-to-next-to-leading-order QCD corrections to J/ψ
plus ηc production at the B factories, JHEP 02 (2023) 049 [arXiv:2212.03631] [INSPIRE].

[255] X. Chen et al., Analytical two-loop amplitudes of e+e− → J/ψ + ηc at B factories,
arXiv:2508.20777 [INSPIRE].

[256] B. Gong and J.-X. Wang, QCD corrections to double J/ψ production in e+e− annihilation at√
s = 10.6GeV, Phys. Rev. Lett. 100 (2008) 181803 [arXiv:0801.0648] [INSPIRE].

[257] W.-L. Sang et al., Optimized O(α2
s) correction to exclusive double-J/ψ production at B

factories, Phys. Rev. Lett. 131 (2023) 161904 [arXiv:2306.11538] [INSPIRE].

[258] X.-D. Huang et al., Next-to-next-to-leading-order QCD corrections to double J/ψ production at
the B factories, JHEP 02 (2024) 055 [arXiv:2311.04751] [INSPIRE].

[259] A. Denner and S. Dittmaier, Electroweak Radiative Corrections for Collider Physics, Phys.
Rept. 864 (2020) 1 [arXiv:1912.06823] [INSPIRE].

– 62 –

https://doi.org/10.1103/PhysRevD.72.031101
https://doi.org/10.48550/arXiv.hep-ex/0506062
https://inspirehep.net/literature/686008
https://doi.org/10.1007/JHEP08(2023)121
https://doi.org/10.1007/JHEP08(2023)121
https://doi.org/10.48550/arXiv.2305.17947
https://inspirehep.net/literature/2663248
https://doi.org/10.1103/PhysRevD.69.011103
https://doi.org/10.48550/arXiv.hep-ex/0310027
https://inspirehep.net/literature/630515
https://doi.org/10.1007/JHEP04(2014)182
https://doi.org/10.1007/JHEP04(2014)182
https://doi.org/10.48550/arXiv.1402.5840
https://inspirehep.net/literature/1282285
https://doi.org/10.1088/1674-1137/43/8/083104
https://doi.org/10.48550/arXiv.1903.08161
https://inspirehep.net/literature/1725965
https://doi.org/10.1103/PhysRevLett.102.162002
https://doi.org/10.48550/arXiv.0812.5106
https://inspirehep.net/literature/806475
https://doi.org/10.1103/PhysRevLett.102.162003
https://doi.org/10.48550/arXiv.0901.0117
https://inspirehep.net/literature/810165
https://doi.org/10.1103/PhysRevD.81.034015
https://doi.org/10.48550/arXiv.0911.2166
https://inspirehep.net/literature/836662
https://doi.org/10.1103/PhysRevD.81.054036
https://doi.org/10.48550/arXiv.0910.3636
https://inspirehep.net/literature/834444
https://doi.org/10.1103/PhysRevD.82.034017
https://doi.org/10.48550/arXiv.0912.5498
https://inspirehep.net/literature/841425
https://doi.org/10.1103/PhysRevLett.96.092001
https://doi.org/10.48550/arXiv.hep-ph/0506076
https://inspirehep.net/literature/684400
https://doi.org/10.1103/PhysRevD.77.054028
https://doi.org/10.48550/arXiv.0712.4220
https://inspirehep.net/literature/771517
https://doi.org/10.1016/j.physletb.2024.138506
https://doi.org/10.48550/arXiv.1901.08447
https://inspirehep.net/literature/1716630
https://doi.org/10.1007/JHEP02(2023)049
https://doi.org/10.48550/arXiv.2212.03631
https://inspirehep.net/literature/2611544
https://doi.org/10.48550/arXiv.2508.20777
https://inspirehep.net/literature/2964569
https://doi.org/10.1103/PhysRevLett.100.181803
https://doi.org/10.48550/arXiv.0801.0648
https://inspirehep.net/literature/776795
https://doi.org/10.1103/PhysRevLett.131.161904
https://doi.org/10.48550/arXiv.2306.11538
https://inspirehep.net/literature/2712495
https://doi.org/10.1007/JHEP02(2024)055
https://doi.org/10.48550/arXiv.2311.04751
https://inspirehep.net/literature/2720152
https://doi.org/10.1016/j.physrep.2020.04.001
https://doi.org/10.1016/j.physrep.2020.04.001
https://doi.org/10.48550/arXiv.1912.06823
https://inspirehep.net/literature/1774520


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[260] H.-S. Shao, Automation of Electroweak Corrections, [arXiv:2501.05199] [INSPIRE].

[261] S. Dittmaier, T. Engel, J.L.H. Ariza and M. Pellen, Electroweak corrections to τ+τ− production
in ultraperipheral heavy-ion collisions at the LHC, JHEP 08 (2025) 051 [arXiv:2504.11391]
[INSPIRE].

[262] D. Pagani, H.-S. Shao, I. Tsinikos and M. Zaro, Automated EW corrections with isolated
photons: ttγ, ttγγ and tγj as case studies, JHEP 09 (2021) 155 [arXiv:2106.02059] [INSPIRE].

[263] H.-S. Shao and L. Simon, Automated next-to-leading order QCD and electroweak predictions of
photon-photon processes in ultraperipheral collisions, JHEP 07 (2025) 020 [arXiv:2504.10104]
[INSPIRE].

[264] S. Mohorovičić, Möglichkeit neuer Elemente und ihre Bedeutung für die Astrophysik, Astron.
Nachr. 253 (1934) 93.

[265] E. Holvik and H.A. Olsen, Creation of Relativistic Fermionium in Collisions of Electrons with
Atoms, Phys. Rev. D 35 (1987) 2124 [INSPIRE].

[266] S.R. Gevorkian et al., Production of relativistic positronium in collisions of photons and
electrons with nuclei and atoms, Phys. Rev. A 58 (1998) 4556 [hep-ph/9804264] [INSPIRE].

[267] R. Francener, V.P. Goncalves, B.D. Moreira and K.A. Santos, Photoproduction of QED bound
states in future electron-ion colliders, Phys. Lett. B 854 (2024) 138753 [arXiv:2404.11610]
[INSPIRE].

[268] G.V. Meledin, V.G. Serbo and A.K. Slivkov, On positronium production in fast-particle
collision and positronium decay, Pisma Zh. Eksp. Teor. Fiz. 13 (1971) 98 [INSPIRE].

[269] G.L. Kotkin, E.A. Kuraev, A. Schiller and V.G. Serbo, Production of parapositronium and
orthopositronium at relativistic heavy ion colliders, Phys. Rev. C 59 (1999) 2734
[hep-ph/9811494] [INSPIRE].

[270] G. Yu et al., Production of exotic electromagnetic bound systems in ultra-peripheral heavy ion
collisions with two-photon processes, arXiv:2209.11439 [INSPIRE].

[271] R. Francener, V.P. Goncalves and B.D. Moreira, Photoproduction of relativistic QED bound
states in hadronic collisions, Eur. Phys. J. A 58 (2022) 35 [arXiv:2110.03466] [INSPIRE].

[272] D. d’Enterria and K. Kang, Exclusive photon-fusion production of even-spin resonances and
exotic QED atoms in high-energy hadron collisions, Phys. Rev. D 112 (2025) 116022
[arXiv:2503.10952] [INSPIRE].

[273] S.M. Bilenky, V.H. Nguyen, L.L. Nemenov and F.G. Tkebuchava, Production and decay of
(muon-plus muon-minus)-atoms, Yad. Fiz. 10 (1969) 812 [INSPIRE].

[274] L.L. Nemenov, Atomic decays of elementary particles, Yad. Fiz. 15 (1972) 1047 [INSPIRE].

[275] Y. Ji and H. Lamm, Discovering True Muonium in KL → (µ+µ−)γ, Phys. Rev. D 98 (2018)
053008 [arXiv:1706.04986] [INSPIRE].

[276] Y. Ji and H. Lamm, Scouring meson decays for true muonium, Phys. Rev. D 99 (2019) 033008
[arXiv:1810.00233] [INSPIRE].

[277] M. Fael and T. Mannel, On the decays B → K(∗)+ leptonium, Nucl. Phys. B 932 (2018) 370
[arXiv:1803.08880] [INSPIRE].

[278] X. Cid Vidal et al., Discovering True Muonium at LHCb, Phys. Rev. D 100 (2019) 053003
[arXiv:1904.08458] [INSPIRE].

– 63 –

https://doi.org/10.48550/arXiv.2501.05199
https://inspirehep.net/literature/2866593
https://doi.org/10.1007/JHEP08(2025)051
https://doi.org/10.48550/arXiv.2504.11391
https://inspirehep.net/literature/2912190
https://doi.org/10.1007/JHEP09(2021)155
https://doi.org/10.48550/arXiv.2106.02059
https://inspirehep.net/literature/1867201
https://doi.org/10.1007/JHEP07(2025)020
https://doi.org/10.48550/arXiv.2504.10104
https://inspirehep.net/literature/2911591
https://doi.org/10.1002/asna.19342530402
https://doi.org/10.1002/asna.19342530402
https://doi.org/10.1103/PhysRevD.35.2124
https://inspirehep.net/literature/235801
https://doi.org/10.1103/PhysRevA.58.4556
https://doi.org/10.48550/arXiv.hep-ph/9804264
https://inspirehep.net/literature/469110
https://doi.org/10.1016/j.physletb.2024.138753
https://doi.org/10.48550/arXiv.2404.11610
https://inspirehep.net/literature/2778371
https://inspirehep.net/literature/71875
https://doi.org/10.1103/PhysRevC.59.2734
https://doi.org/10.48550/arXiv.hep-ph/9811494
https://inspirehep.net/literature/479973
https://doi.org/10.48550/arXiv.2209.11439
https://inspirehep.net/literature/2155772
https://doi.org/10.1140/epja/s10050-022-00689-8
https://doi.org/10.48550/arXiv.2110.03466
https://inspirehep.net/literature/1939928
https://doi.org/10.1103/rnxl-v6gd
https://doi.org/10.48550/arXiv.2503.10952
https://inspirehep.net/literature/2900436
https://inspirehep.net/literature/56857
https://inspirehep.net/literature/76024
https://doi.org/10.1103/PhysRevD.98.053008
https://doi.org/10.1103/PhysRevD.98.053008
https://doi.org/10.48550/arXiv.1706.04986
https://inspirehep.net/literature/1605398
https://doi.org/10.1103/PhysRevD.99.033008
https://doi.org/10.48550/arXiv.1810.00233
https://inspirehep.net/literature/1696472
https://doi.org/10.1016/j.nuclphysb.2018.05.015
https://doi.org/10.48550/arXiv.1803.08880
https://inspirehep.net/literature/1663979
https://doi.org/10.1103/PhysRevD.100.053003
https://doi.org/10.48550/arXiv.1904.08458
https://inspirehep.net/literature/1730330


J
H
E
P
0
2
(
2
0
2
6
)
1
5
9

[279] A. Banburski and P. Schuster, The Production and Discovery of True Muonium in Fixed-Target
Experiments, Phys. Rev. D 86 (2012) 093007 [arXiv:1206.3961] [INSPIRE].

[280] REDTOP collaboration, The REDTOP project: Rare Eta Decays with a TPC for Optical
Photons, PoS ICHEP2016 (2016) 812 [INSPIRE].

[281] S.N. Gninenko, S. Kuleshov, V.E. Lyubovitskij and A.S. Zhevlakov, Formation of true
muonium in the Drell-Yan dimuon production, arXiv:2503.01393 [INSPIRE].

[282] J.W. Moffat, Does a Heavy Positronium Atom Exist?, Phys. Rev. Lett. 35 (1975) 1605
[INSPIRE].

[283] S.J. Brodsky and R.F. Lebed, Production of the Smallest QED Atom: True Muonium (µ+µ−),
Phys. Rev. Lett. 102 (2009) 213401 [arXiv:0904.2225] [INSPIRE].

[284] A. Bogomyagkov et al., Low-energy electron-positron collider to search and study (µ+µ−) bound
state, EPJ Web Conf. 181 (2018) 01032 [arXiv:1708.05819] [INSPIRE].

[285] P.J. Fox, S.R. Jindariani and V.D. Shiltsev, DIMUS: super-compact Dimuonium Spectroscopy
collider at Fermilab, 2023 JINST 18 T08007 [arXiv:2203.07144] [INSPIRE].

[286] I.F. Ginzburg et al., Production of bound µ+µ− systems in relativistic heavy ion collisions,
Phys. Rev. C 58 (1998) 3565 [hep-ph/9805375] [INSPIRE].

[287] C. Azevedo, V.P. Gonçalves and B.D. Moreira, True muonium production in ultraperipheral
PbPb collisions, Phys. Rev. C 101 (2020) 024914 [arXiv:1911.10861] [INSPIRE].

[288] C.A. Bertulani, D. Bhandari and F.S. Navarra, Unveiling the properties of the dimuonium at
the energies available at the Large Hadron Collider at CERN, Eur. Phys. J. A 60 (2024) 43
[arXiv:2307.12387] [INSPIRE].

[289] J.-P. Dai and S. Zhao, Production of true para-muonium in linearly polarized photon fusions,
Phys. Rev. D 109 (2024) 054022 [arXiv:2401.04681] [INSPIRE].

[290] Z.-T. Liang et al., Searching for True Muonium in Relativistic Heavy Ion Collisions,
arXiv:2505.10070 [INSPIRE].

[291] Q.-M. Feng et al., NLO corrections to dimuonium production in photon-photon collision, Phys.
Rev. D 112 (2025) 073001 [arXiv:2508.14424] [INSPIRE].

[292] C. Avilez, R. Montemayor and M. Moreno, Tauonium: τ+τ−, a bound state of heavy leptons,
Lett. Nuovo Cim. 21 (1978) 301 [INSPIRE].

[293] C. Avilez, E. Ley Koo and M. Moreno, Comments on the Observability of the Tauonium Tau,
the Bound State of τ+τ−, Phys. Rev. D 19 (1979) 2214 [INSPIRE].

[294] A.A. Malik and I.S. Satsunkevich, Production of (τ+τ−)b in electron positron collisions, Int. J.
Mod. Phys. A 24 (2009) 4039 [arXiv:0807.4114] [INSPIRE].

[295] D. d’Enterria and H.-S. Shao, Observing true tauonium via two-photon fusion at e+e− and
hadron colliders, Phys. Rev. D 105 (2022) 093008 [arXiv:2202.02316] [INSPIRE].

[296] H.-S. Shao and D. d’Enterria, gamma-UPC: automated generation of exclusive photon-photon
processes in ultraperipheral proton and nuclear collisions with varying form factors, JHEP 09
(2022) 248 [arXiv:2207.03012] [INSPIRE].

[297] M. Achasov et al., STCF conceptual design report (Volume 1): Physics & detector, Front. Phys.
(Beijing) 19 (2024) 14701 [arXiv:2303.15790] [INSPIRE].

– 64 –

https://doi.org/10.1103/PhysRevD.86.093007
https://doi.org/10.48550/arXiv.1206.3961
https://inspirehep.net/literature/1118581
https://doi.org/10.22323/1.282.0812
https://inspirehep.net/literature/1596755
https://doi.org/10.48550/arXiv.2503.01393
https://inspirehep.net/literature/2896654
https://doi.org/10.1103/PhysRevLett.35.1605
https://inspirehep.net/literature/99885
https://doi.org/10.1103/PhysRevLett.102.213401
https://doi.org/10.48550/arXiv.0904.2225
https://inspirehep.net/literature/817982
https://doi.org/10.1051/epjconf/201818101032
https://doi.org/10.48550/arXiv.1708.05819
https://inspirehep.net/literature/1617763
https://doi.org/10.1088/1748-0221/18/08/T08007
https://doi.org/10.48550/arXiv.2203.07144
https://inspirehep.net/literature/2010052
https://doi.org/10.1103/PhysRevC.58.3565
https://doi.org/10.48550/arXiv.hep-ph/9805375
https://inspirehep.net/literature/470697
https://doi.org/10.1103/PhysRevC.101.024914
https://doi.org/10.48550/arXiv.1911.10861
https://inspirehep.net/literature/1766869
https://doi.org/10.1140/epja/s10050-024-01250-5
https://doi.org/10.48550/arXiv.2307.12387
https://inspirehep.net/literature/2679760
https://doi.org/10.1103/PhysRevD.109.054022
https://doi.org/10.48550/arXiv.2401.04681
https://inspirehep.net/literature/2744892
https://doi.org/10.48550/arXiv.2505.10070
https://inspirehep.net/literature/2921433
https://doi.org/10.1103/cq6f-rkpn
https://doi.org/10.1103/cq6f-rkpn
https://doi.org/10.48550/arXiv.2508.14424
https://inspirehep.net/literature/2962479
https://doi.org/10.1007/BF02762978
https://inspirehep.net/literature/5849
https://doi.org/10.1103/PhysRevD.19.2214
https://inspirehep.net/literature/6465
https://doi.org/10.1142/S0217751X09046813
https://doi.org/10.1142/S0217751X09046813
https://doi.org/10.48550/arXiv.0807.4114
https://inspirehep.net/literature/791525
https://doi.org/10.1103/PhysRevD.105.093008
https://doi.org/10.48550/arXiv.2202.02316
https://inspirehep.net/literature/2027681
https://doi.org/10.1007/JHEP09(2022)248
https://doi.org/10.1007/JHEP09(2022)248
https://doi.org/10.48550/arXiv.2207.03012
https://inspirehep.net/literature/2107131
https://doi.org/10.1007/s11467-023-1333-z
https://doi.org/10.1007/s11467-023-1333-z
https://doi.org/10.48550/arXiv.2303.15790
https://inspirehep.net/literature/2646631

	Introduction
	Theoretical framework
	Implementation
	Interface and generation syntax
	Running modes
	Technical details of the implementation

	Computational setup
	Benchmark processes and validation
	Quarkonium production
	Quarkonium production in proton-proton collisions
	Quarkonium production in electron-proton collisions
	Quarkonium production at electron-positron colliders

	Leptonium production
	Positronium production
	True muonium production
	True tauonium production

	Conclusions

