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Abstract

We present a novel study on the inclusive produc-

tion of a heavy quarkonium (J/ψ or Υ ), in associ-

ation with a light-flavored jet, as a test field of the

high-energy QCD dynamics. The large transverse mo-

menta at which the two final-state objects are detected

permits us to perform an analysis in the spirit of the

variable-flavor number scheme (VFNS), in which the

cross section for the hadroproduction of a light parton

is convoluted with a perturbative fragmentation func-

tion that describes the transition from a light quark

to a heavy hadron. The quarkonium collinear frag-

mentation function is built as a product between a

short-distance coefficient function, which encodes the

resummation of DGLAP type logarithms, and a non-

perturbative long-distance matrix element (LDME),

calculated in the non-relativistic QCD (NRQCD) fra-

mework. Our theoretical setup is the hybrid high-ener-

gy and collinear factorization, where the standard col-

linear approach is supplemented by the resummation

of leading and next-to-leading energy-type logarithms

à la BFKL. We propose this reaction as a suitable

channel to probe the production mechanisms of quarko-

nia at high energies and large transverse momenta and
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to possibly unveil the transition region from the heavy-

quark pair production mechanism to the single-parton

fragmentation one.
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1 Introduction

In this work we focus on the high-energy inclusive

hadroproduction of a heavy vector mesons. The en-

ergies reachable at the Large Hadron Collider (LHC)

and at new-generation hadron accelerators [1–22] per-

mits us to access kinematic regions where
√
s≫ mQ,

with mQ the vector mass. In this case, the so-called

Regge-Gribov or semi-hard regime [23, 24] of QCD,

characterized by
√
s ≫ {Q} ≫ ΛQCD, is reached.1

1Here s is the center-of-mass energy squared, {Q} represents
the (set of) perturbative scale(s) characterizing the process,
and ΛQCD stands for the QCD scale parameter.
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As it is well known, in this regime, large energy-type

logarithms appear to all orders in perturbation theory

with a power increasing with the αs order, thus spoil-

ing the convergence of the perturbative series obtained

within the standard fixed-order approach. A resumma-

tion to all orders, that takes into account the effect of

these logarithms, it is strictly necessary to build con-

crete predictions in this regime. The most powerful

formalism for the description of the semi-hard QCD

sector is the Balitsky–Fadin–Kuraev–Lipatov (BFKL)

approach [25–28], which is valid in the leading approxi-

mation (LLA), i.e. αns ln(s/Q
2)n terms are resummed,

and within the next-to-leading approximation (NLA),

i.e. also αn+1
s ln(s/Q2)n terms are also included.

BFKL-resummed cross sections are elegantly por-

trayed by a high-energy convolution between a uni-

versal, energy-dependent Green’s function, and two

impact factors depicting the transition from each in-

coming particle to the outgoing object(s) produced in

its fragmentation region. The BFKL Green’s function

satisfies an integral evolution equation, whose kernel

is known up to NLO for any fixed, not growing with s,

momentum transfer t and for any possible two-gluon

color state in the t-channel [29–35]. Impact factors in-

stead depend on processes, so they represent the most

challenging part of the calculation. Few of them are

known within NLO accuracy.

Combining pairwise the available NLO impact fac-

tors, a number of semi-hard (inclusive) reactions can

be described within the BFKL approach in the NLA

and predictions can be formulated, mainly in the form

of azimuthal correlations or transverse momentum dis-

tributions, most of them accessible to current experi-

ments at the LHC. These reactions include: the inclu-

sive detection of two light jets featuring large trans-

verse momenta and well separated in rapidity (Mueller–

Navelet channel [36]), for which several phenomeno-

logical studies have appeared so far [37–52]), the in-

clusive emission of a light di-hadron system [53–57],

multi-jet tags [58–71], hadron-jet [72–75], Higgs-jet [76–

81], Drell–Yan-plus-jet [82], hadrons with heavy flavor

[83–94], and heavy-light di-jet systems [95, 96].

It is well known that phenomenological studies of

semi-hard processes feature instabilities of the BFKL

series under higher-order corrections and scale vari-

ations, preventing us to carry out analyses around

natural scales of the process, namely the ones dic-

tated by kinematics. Some scale-optimization proce-

dures, such as the Brodsky–Lepage–Mackenzie (BLM)

procedure [97–100] one, can help to reduce these in-

stabilities in reactions featuring the emissions of light

jets and/or hadrons [40, 42, 53, 55]. Nevertheless, the

optimal-scale values predicted by the procedure are

much higher than the natural ones [101]. This leads

to a lowering of cross sections of one or more orders

of magnitude.

A first sign of stability was observed in partial NLA

analyses, involving impact factors characterized by the

presence of a particle having a large transverse mass,

as Higgs bosons [76, 94] and heavy-quark jets [95].

Until now, however, the lack of Higgs and heavy quark

NLO impact factors has prevented the confirmation of

these stability in a full NLL analysis.2

Recently, it was pointed out that stabilization ef-

fects in full NLA observables emerge in a variable-

flavor number-scheme (VFNS) [103, 104] treatment of

charmed and bottomed hadrons’ production [88, 89].

In particular, it has been found that peculiar pattern

of VFNS fragmentation functions (FFs), depicting the

production of heavy hadrons at large transverse mo-

mentum, acts as a fair stabilizer of the high-energy

series.

In this article we investigate the high-energy be-

havior of the inclusive hadroproduction of a J/ψ or a

Υ accompanied by a light-quark jet at the LHC. Both

the meson and the jet feature large transverse mo-

menta, and they are well separated in rapidity. The

large required transverse momenta makes valid using

the variable-flavor number-scheme (VFNS) approach.

In this spirit, we will combine three main objects: 1)

parton distribution functions (PDFs), 2) cross sections

for the production of a light parton, 3) FFs describing

the transition from light quarks to heavy bound states

(J/ψ or Υ ). The latters represent new ingredients en-

riching our hybrid high-energy and collinear factoriza-

tion already set as the reference formalism for the de-

scription of inclusive two-particle semi-hard emissions.

Quarkonium FFs at the initial scale are constructed,

within the framework of NRQCD, as a product be-

tween a short-distance coefficient function, depicting

the transition from a heavy quark to the Fock state of

2The forward Higgs-boson impact factor has been recently
calculated at NLO (see Refs. [81, 102] for novel calculations),
but its numerical implementation is not yet available.
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the produced hadron, and the corresponding LDME.

At this point, the DGLAP evolution comes into play.

Indeed, when the transverse momenta of the parton

produced in the initial hard scattering is sufficiently

larger than the production threshold, the heavy quark

can be dynamically generated through a cascade of

collinear emissions. Therefore, what within the con-

text of the VFNS we could define as perturbative FF

is constructed in two steps: the first in which the tran-

sition from light to heavy parton takes place and one

in which the heavy parton produces the quarkonium

according to the dictates of NRQCD We will employ

a recent NLO determination for heavy-quark to J/ψ

and Υ FFs [105].

As already mentioned, the fragmentation mecha-

nism becomes increasingly competitive as well as the

transverse momentum of the produced quarkonium

grows. We remind, however, that since we are neglect-

ing the heavy-quark mass at the level of the hard part,

our formalism is not suited to properly describe the

intermediate region, where |p⃗T | ∼ mQ. Here, pow-

ers of the
√
m2
Q + |p⃗T |2/|p⃗T | ratio need to be taken

into account. In this sense, our study is complemen-

tary to the one proposed in Ref. [83] (see also prelimi-

nary results in Refs. [106, 107]), where the inclusive

semi-hard J/ψ-plus-jet production was investigated

by making use of the short-distance (QQ̄) mechanism

for the quarkonium production. In such a calculation

all powers of
√
m2
Q + |p⃗T |2/|p⃗T | ratio are present, but

since the final state features no DGLAP evolution,

collinear logarithms are not resummed.

2 Hybrid high-energy and collinear

factorization

The process under investigation is

p(Pa) + p(Pb) → Q(pQ, yQ) +X + jet(pJ , yJ) , (1)

where p(Pa,b) indicate an initial proton with momen-

tum Pa,b, Q(pQ, yQ) stands for J/ψ or Υ emitted with

momentum pQ and rapidity yQ, pJ and yJ are the

transverse momenta and rapidity of the produced light

jet and X denotes the undetected remnant of the re-

action. The diffractive semi-hard configuration in the

final state is obtained by requiring a large rapidity

separation ∆Y = yQ − yJ and high observed trans-

verse momenta, |p⃗Q,J |. Moreover, a large transverse-

momentum is required in order to ensure of a VFNS

tratment of the quarkonium fragmentation.

We introduce the standard Sudakov decomposition

for the four-momenta of final-state particles,

pQ,J = xQ,JPa,b +
p⃗ 2
Q,J

xQ,Js
Pb,a + pQ,J⊥

with p2Q,J⊥ = −p⃗ 2
Q,J ,

(2)

and where we choose Pa and Pb as light cone basis,

i.e. P 2
a = P 2

b = 0 and s = 2(Pa · Pb). The longitu-

dinal momentum fractions, xQ,J , are related to the

corresponding rapidities by the relation

yQ,J = ±1

2
ln
x2Q,Js

p⃗2Q,J
. (3)

In collinear factorization, the LO cross section of our

process (Eq. (1)) is given by the convolution of the par-

tonic hard sub-process with the parent-proton PDFs

and the quarkonium FFs

dσLO
coll.

dxQdxJd2p⃗Qd2p⃗J
=

∑
i,j=q,q̄,g

∫ 1

0

dxi

∫ 1

0

dxj (4)

×fi (xa) fj (xb)
∫ 1

xQ

dz

z
DQ
i

(xQ
z

) dσ̂i,j (ŝ)

dxQdxJd2p⃗Qd2p⃗J
.

Here the i, j indices indicate the parton species (quarks

q = u, d, s, c, b; antiquarks q̄ = ū, d̄, s̄, c̄, b̄; or gluon g),

fi,j (xa,b, µF ) are the PDFs, while DQ
i (x/z, µF ) de-

note the quarkonium FFs; xa,b are the longitudinal

momentum fractions of the partons initiating the hard

subprocess and z the longitudinal fraction of the sin-

gle parton that fragments into Q. Finally, dσ̂i,j (ŝ) is

the partonic cross section, with ŝ ≡ xaxbs the squared

center-of-mass energy of the partonic collision.

Contrariwise to the pure collinear treatment, we

build the cross section in the hybrid factorization,

where the high-energy dynamics is genuinely provided

by the BFKL approach, and collinear ingredients are

then embodied. We decompose the cross section as a

Fourier sum of azimuthal-angle coefficients, Cn, in the

following way

(2π)2dσ

dyQdyJdp⃗Qdp⃗JdϕQdϕJ
=

[
C0 + 2

∞∑
n=1

cos(nφ) Cn

]
,
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(5)

where φQ,J are azimuthal angles of the detected par-

ticles and φ = ϕQ−ϕJ−π. The azimuthal coefficients

Cn ≡ CNLA
n are computed in the BFKL framework and

they contain the resummation of energy logarithms

up to the NLA accuracy. In the MS renormalization

scheme, the NLA expression for CNLA
n reads (see, e.g.,

Ref. [38])

CNLA
n =

∫ 2π

0

dϕQ

∫ 2π

0

dϕJ cos(nφ)

× dσNLA

dyQdyJ d|p⃗Q|d|p⃗J |dϕQdϕJ
=

∫ +∞

−∞
dν

e∆Y ᾱs(µR)χ(n,ν)

e−∆Y s

e
∆Y ᾱ2

s(µR)

[
χ̄(n,ν)+

β0
8Nc

χ(n,ν)

[
10
3 −χ(n,ν)+4 ln

(
µR√

|p⃗Q||p⃗J |

)]]

×α2
s(µR)

[
cNLO
Q (n, ν, |p⃗Q|, x1)[cNLO

J (n, ν, |p⃗J |, x2)]∗

+ ᾱ2
s(µR)∆Y

β0
4Nc

χ(n, ν)f(ν)

]
, (6)

with ᾱs(µR) ≡ αs(µR)Nc/π, Nc the color number

and β0 = 11Nc/3 − 2nf/3 the first coefficient of the

QCD β-function. The Lipatov characteristic function

is given by

χ (n, ν) = 2

{
ψ (1)− Re

[
ψ

(
iν +

1

2
+
n

2

)]}
(7)

where ψ(z) = Γ ′(z)/Γ (z) is the logarithmic deriva-

tive of the Gamma function. The χ̄(n, ν) function in

Eq. (6) contains NLO corrections to the BFKL kernel
and was calculated in Ref. [108] (see also Ref. [109]).

The two functions

cNLO
Q,J (n, ν, |p⃗ |, x) = cQ,J(n, ν, |p⃗ |, x)

+ αs(µR) ĉQ,J(n, ν, |p⃗ |, x)
(8)

are the impact factors for the production of a heavy-

quarkonium state and for the emission of a light jet.

Their LO parts read

cQ(n, ν, |p⃗ |, x) = 2

√
CF
CA

(|p⃗ |2)iν

|p⃗ |

∫ 1

x

dζ

ζ

(
ζ

x

)2iν−1

×

[
CA
CF

fg(ζ)D
Q
g

(
x

ζ

)
+

∑
α=q,q̄

fα(ζ)D
Q
α

(
x

ζ

)]
(9)

and

cJ(n, ν, |p⃗ |, x) = 2

√
CF
CA

(|p⃗ |2)iν−1/2

×

CA
CF

fg(x) +
∑
β=q,q̄

fβ(x)

 ,

(10)

respectively. The f(ν) function is defined in terms of

the logarithmic derivative of LO impact factors

f(ν) =
i

2

d

dν
ln

(
cQ
c∗J

)
+ ln (|p⃗Q||p⃗J |) . (11)

The remaining functions in Eq. (6) are the NLO impact-

factor corrections, ĉQ,J . The NLO correction to the Q
impact factor is calculated in the light-quark limit [110].

This option is fully consistent with our VFNS treat-

ment, provided that the pQ values at work are much

larger than the heavy-quark mass.

3 Quarkonium fragmentation functions

NLO collinear FF sets for the direct J/ψ or Υ meson

production are constructed by taking, as a starting

point, a NLO calculation [105] for the heavy-quark

FF portraying the transition c → J/ψ or the b → Υ

one, where c (b) indistinctly refer to the charm (bot-

tom) quark and its antiquark. It basically relies on the

NRQCD factorization formalism (see, e.g., Refs. [111–

116]), in which the FF function of a parton i fragment-

ing into a heavy quarkonium Q with longitudinal frac-

tion z is written as

DQ
i (z, µF ) =

∑
[n]

DQ
i (z, µF , [n])⟨O

Q([n])⟩ . (12)

In Eq. (12), Di(z, µF , [n]) is the perturbative short-

distance coefficient, while ⟨OQ([n])⟩ is the NRQCD

LDME. The summation is extended over all quarko-

nium quantum numbers [n] ≡ 2S+1L
(c)
J , in the spec-

troscopic notation, the (c) superscript identifying the

color state, singlet (1) or octet (8).

We consider here only a spin-triplet (vector) and

color-singlet quarkonium state, 3S
(1)
1 . The form of the

initial-scale FF portraying the constituent heavy-quark

to quarkonium transition, Q→ Q, reads [105]

DQ
Q(z, µF ≡ µ0) = DQ,LO

Q (z) (13)

+
α3
s(3mQ)

m3
Q

|RQ(0)|2 ΓQ,NLO
Q (z) ,
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with mc = 1.5 GeV or mb = 4.9 GeV, and the ra-

dial wave-function at the origin of the quarkonium

state set to |RJ/ψ(0)|2 = 0.810 GeV3 or to |RΥ (0)|2 =

6.477 GeV3 [117]. The LO initial-scale FF reads [118]

DQ,LO
Q (z) =

α2
s(3mQ)

m3
Q

8z(1− z)2

27π(2− z)6
|RQ(0)|2

× (5z4 − 32z3 + 72z2 − 32z + 16) ,

(14)

and the polynomial function ΓQ,NLO
Q (z) entering the

expression for the NLO-FF correction is of the form

ΓQ,NLO
Q (z) =

10∑
n=0

cnz
n . (15)

Coefficients of z-powers in Eqs. (15) can be found in

Ref. [105]. They are obtained via a polynomial fit to

the numerically-calculated NLO FFs. Starting from

µF ≡ µ0 = 3mQ, in Ref. [105] a DGLAP-evolved for-

mula for the DQ
Q(z, µF ) function was derived and then

applied to phenomenological studies of J/ψ and Υ pro-

duction via e+e− single inclusive annihilation (SIA).

In all predictions we will use this FF, to which, from

now, we refer as ZCW19.

4 Phenomenology

Numerical analysis was carried out by using JETHAD

modular work package [101]. Sensitivity to scale vari-

ation of our predictions is evaluated allowing the ratio

Cµ = µR,F /µN to vary from 1/2 to two. The error

related to phase-space multi-dimensional integration

is embodied and it is always kept below 1% by the

JETHAD integrators. All calculations of our observables

are done in the MS scheme. BLM scales are calculated

in the MOM scheme.

4.1 ∆Y -distribution

We start our phenomenological analysis by consid-

ering the φ-summed cross section differential in the

∆Y ≡ yQ − yJ interval or ∆Y -distribution. It is ob-

tained by integrating the C0 (see Eq. (6)) over trans-

verse momenta and rapidities of the two emitted ob-

jects, and imposing a fixed value of ∆Y . One has

C0 =

∫ ymax
Q

ymin
Q

dyQ

∫ ymax
J

ymin
J

dyJ

∫ pmax
Q

pmin
Q

d|p⃗Q|
∫ pmax

J

pmin
J

d|p⃗J |

× δ(∆Y − (yQ − yJ)) C0 (|p⃗Q|, |p⃗J |, yQ, yJ) . (16)

The light jet is tagged in kinematic configurations

typical of current studies at the CMS detector [119],

namely 35 GeV < pJ < 60 GeV and |yJ | < 4.7. The

quarkonium transverse momentum is choosen to be in

the range 20 GeV < |p⃗Q| < 60 GeV, for consistency

with the VFNS treatment. Concerning the rapidity

range of the quarkonia, we allow the detection to be

done only by the CMS barrel detector and not by end-

caps, i.e. |yQ| < 2.4.

In Fig. 1 we compare the NLA ∆Y -behavior of

C0 with the corresponding prediction at LLA, in the

J/ψ-plus-jet channel (left) and in the J/ψ-plus-J/ψ

channel (right). We note that values of C0 are every-

where larger than 0.5 pb in the J/ψ-plus-jet channel

(left). Although being substantially lower than the one

for heavy-baryon and heavy-light meson emissions [88,

89], the statistics is promising. The downtrend with

∆Y of our distributions both at LLA and NLA is a

common feature of all the hadronic semi-hard reac-

tions investigated so far. Although the high-energy

resummation predicts a growth with energy of the

partonic-subprocess cross section, its convolution with

parent gluon PDFs leads, as a net effect, to a falloff

with ∆Y of both LLA and NLA predictions. We ob-

serve a partial stabilization of the high-energy series,

with NLA bands almost overlapped to LLA ones at

lower values of ∆Y , and their mutual distance becom-

ing wider in the large-∆Y range. In the left panel of

Fig. 2 we corroborate our stability claims by carrying

out a systematic study under variation of scale. We

allow the ratio Cµ to vary between 1 and 30, noting

that there are no very significant variations, especially

at high ∆Y .

4.2 φ-distribution

The second observable that we consider in our phe-

nomenological analysis is the φ-distribution, or simply
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p(Pa) + p(Pb)→ J/Ψ(pQ, yQ) + X + jet(pJ , yJ)
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1.5 2.0 2.5 3.0 3.5 4.0
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− yQ2
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p(Pa) + p(Pb)→ J/Ψ(pQ1
, yQ1

) + X + J/Ψ(pQ2
, yQ2

)

LLA

NLA

Fig. 1 ∆Y -distribution in the J/ψ + jet (left) and in the J/ψ + J/ψ (right) channel, at
√
s = 13 TeV. Quarkonium

fragmentation is described in terms of ZCW19 collinear FFs.

azimuthal distribution, defined as

1

σ

dσ

dφ
=

1

2π

{
1 + 2

∞∑
n=1

cos(nφ)⟨cos(nφ)⟩

}

=
1

2π

{
1 + 2

∞∑
n=1

cos(nφ)Rn0

}
,

(17)

where Rn,0 = Cn/C0 (with Cn being the azimuthal

coefficient conformal spin n, integrated over the final-

state phase space in the same way as in Eq. (16)). We

checked the numerical stability of our calculation by

progressively raising the effective upper limit of the n-

sum in Eq. (17). An excellent numerical convergence

was found at nmax = 20. We adopt the same final-state

kinematic cuts introduced in subsection 4.1.

In the right panel of Fig. 2 we present predictions

for the azimuthal distribution as a function of φ and

for three distinct values of the rapidity interval, ∆Y =

1, 3, 5, in the J/ψ + jet channel. Results were obtained

by making use of the ZCW19 set.

The peculiar behavior of these observables corrob-

orates the assumption that we are probing a regime

where the BFKL treatment is valid. All distributions

present a distinct peak at φ = 0, namely when the

quarkonium and the jet are emitted in back-to-back

configurations. When ∆Y increases, the peak height

decreases, while the distribution width broadens. This

reflects the fact that larger rapidity intervals bring to

a more significant decorrelation of the quarkonium-

jet system, so that the number of back-to-back events

diminish.

5 Conclusion and outlook

The general outcomes of results presented in this work

are:

• Inclusive forward J/ψ emissions via ZCW19 NLO

collinear FFS, accompanied by backward light-jet

emissions lead to a favorable statistics for the ∆Y -

differential cross section. Effects of stabilization of

the high-energy resummation under higher-order

corrections and scale variation are present.

• Studying the azimuthal distribution of quarkonium-

plus-jet processes around natural values of µR and

µF scales is feasible. This observable can be easily

measured at the LHC, thus offering us the possi-

bility of doing stringent tests of the high-energy

resummation.

As anticipated, a more complete analysis including

the production channel initiated by gluon (through

the ZCW19+ FF set built in terms of both the con-

stituent heavy-quark FF [105] and the gluon one [120])

and the study of emissions of the Υ , can be found in

[92]. This work represents a further step in our on-

going program on heavy-flavored emissions and the

natural continuation is the possible matching between
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√
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p(Pa) + p(Pb)→ J/Ψ(pQ, yQ) + X + jet(pJ , yJ)
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∆Y = 3
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Fig. 2 In the left panel, ∆Y -distribution in the J/ψ + jet for Cµ = 1, 2, 4, 10, 20, 30 at 13 TeV. In the right panel, NLA
predictions for the φ-distribution in the J/ψ + jet channel, at

√
s = 13 TeV, and for three distinct values of ∆Y . Quarkonium

fragmentation is described in terms of ZCW19 collinear FFs.

our VFNS analysis and the approach developed in

Ref. [83].

Remarkably, single-forward vector-quarkonium e-

missions offer us a peerless opportunity to access the

proton structure at low x. In particular, they repre-

sents golden channels to study the unintegrated gluon

density (UGD), whose low-x evolution is controlled

by the BFKL equation. The information on the UGD

gathered by quarkonium studies [121–123] will com-

plement the one already known from deep-inelastic-

scattering structure functions [124], light vector-meson

helicity amplitudes and cross sections [125–137], and

forward Drell–Yan di-lepton distributions [138–141].

Moreover, observables sensitive to quarkonium pro-

duction are relevant to shed light on the intersection

regime between the BFKL UGD and (un)polarized

transverse-momentum-dependent gluon densities [142–

149].
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S. Wallon, in International Conference on the

Structure and Interactions of the Photon and

21st International Workshop on Photon-Photon

Collisions and International Workshop on High

Energy Photon Linear Colliders (2015), 1511.

02181.

107. R. Boussarie, B. Ducloue, L. Szymanowski, and

S. Wallon, PoS DIS2016, 204 (2016).

108. A. V. Kotikov and L. N. Lipatov, Nucl. Phys. B

582, 19 (2000), hep-ph/0004008.

109. A. V. Kotikov and L. N. Lipatov, Nucl. Phys.

B 661, 19 (2003), [Erratum: Nucl.Phys.B 685,

405–407 (2004)], hep-ph/0208220.

110. D. Yu. Ivanov and A. Papa, JHEP 07, 045

(2012), 1205.6068.

111. B. A. Thacker and G. P. Lepage, Phys. Rev. D

43, 196 (1991).

112. G. T. Bodwin, E. Braaten, and G. P. Lep-

age, Phys. Rev. D 51, 1125 (1995), [Erratum:

Phys.Rev.D 55, 5853 (1997)], hep-ph/9407339.

113. N. Brambilla et al. (Quarkonium Working

Group) (2004), hep-ph/0412158.

114. N. Brambilla et al., Eur. Phys. J. C 71, 1534

(2011), 1010.5827.

115. A. Pineda, Prog. Part. Nucl. Phys. 67, 735

(2012), 1111.0165.

116. N. Brambilla, H. S. Chung, and A. Vairo, Phys.

Rev. Lett. 126, 082003 (2021), 2007.07613.

117. E. J. Eichten and C. Quigg, Phys. Rev. D 49,

5845 (1994), hep-ph/9402210.
118. E. Braaten, K.-m. Cheung, and T. C. Yuan,

Phys. Rev. D 48, 4230 (1993), hep-ph/9302307.

119. V. Khachatryan et al. (CMS), JHEP 08, 139

(2016), 1601.06713.

120. E. Braaten and T. C. Yuan, Phys. Rev. Lett. 71,

1673 (1993), hep-ph/9303205.

121. I. Bautista, A. Fernandez Tellez, and

M. Hentschinski, Phys. Rev. D 94, 054002

(2016), 1607.05203.

122. A. Arroyo Garcia, M. Hentschinski, and K. Ku-

tak, Phys. Lett. B 795, 569 (2019), 1904.04394.

123. M. Hentschinski and E. Padrón Molina, Phys.

Rev. D 103, 074008 (2021), 2011.02640.

2105.06432
2105.06432
2109.11875
2110.12772
2202.12227
2206.09413
2205.13429
2103.07396
2103.07396
hep-ph/9610260
hep-ph/9610260
hep-ph/9706427
hep-ph/9901229
hep-ph/0207297
2008.07378
2011.03193
hep-ph/9311260
1905.09171
1511.02181
1511.02181
hep-ph/0004008
hep-ph/0208220
1205.6068
hep-ph/9407339
hep-ph/0412158
1010.5827
1111.0165
2007.07613
hep-ph/9402210
hep-ph/9302307
1601.06713
hep-ph/9303205
1607.05203
1904.04394
2011.02640


11

124. M. Hentschinski, A. Sabio Vera, and C. Salas,

Phys. Rev. Lett. 110, 041601 (2013), 1209.1353.

125. I. Anikin, D. Yu. Ivanov, B. Pire, L. Szy-

manowski, and S. Wallon, Nucl. Phys. B 828,

1 (2010), 0909.4090.

126. I. Anikin, A. Besse, D. Yu. Ivanov, B. Pire,

L. Szymanowski, and S. Wallon, Phys. Rev. D

84, 054004 (2011), 1105.1761.

127. A. Besse, L. Szymanowski, and S. Wallon, JHEP

11, 062 (2013), 1302.1766.

128. A. D. Bolognino, F. G. Celiberto, D. Yu. Ivanov,

and A. Papa, Eur. Phys. J. C78, 1023 (2018),

1808.02395.

129. A. D. Bolognino, F. G. Celiberto, D. Yu. Ivanov,

and A. Papa, Frascati Phys. Ser. 67, 76 (2018),

1808.02958.

130. A. D. Bolognino, F. G. Celiberto, D. Yu. Ivanov,

and A. Papa, Acta Phys. Polon. Supp. 12, 891

(2019), 1902.04520.

131. A. D. Bolognino, A. Szczurek, and W. Schaefer,

Phys. Rev. D 101, 054041 (2020), 1912.06507.

132. F. G. Celiberto, Nuovo Cim. C42, 220 (2019),

1912.11313.

133. A. D. Bolognino, F. G. Celiberto, D. Yu. Ivanov,
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