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Recent experimental advances in the baryon sector, including the observation of doubly charmed states,
have renewed interest in the production mechanisms of increasingly heavy hadronic systems, calling for
precision and uncertainty-controlled descriptions. We present the OMG3Q1.1 framework for the
fragmentation of same-flavor all-heavy Ω3Q baryons in high-energy hadronic collisions. The construction
combines diquark-inspired inputs for constituent-heavy-quark and gluon channels with threshold-aware
DGLAP evolution within the HF-NRevo scheme. A replica-based strategy consistently quantifies
perturbative missing-higher-order effects and nonperturbative wave-function uncertainties, yielding the
first uncertainty-resolved fragmentation-function set for theΩ3Q sector. The resulting LHAPDF6 grids are
employed to investigate semi-inclusiveΩ3Q plus jet production at the HL-LHC and future circular collider
within the (sym)JETHAD environment. The OMG3Q1.1 framework establishes a precision-oriented
baseline for rare triply heavy baryons and provides a foundation for future studies of the heavy-flavor
baryon landscape.
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I. INTRODUCTION

Heavy-flavored hadrons provide a privileged laboratory
for investigating the interplay between perturbative and
nonperturbative quantum chromodynamics (QCD). Within
this sector, same-flavor all-heavy baryons such as Ω3c and
Ω3b offer an especially clean environment, as their valence
structure contains no light degrees of freedom and is
therefore directly governed by heavy-quark dynamics
[1–12]. Their spectroscopy and structural properties have
been extensively investigated through constituent-quark
and potential models, lattice QCD, effective approaches,
and nonrelativistic calculations [10,13–23], with recent
developments also exploring quantum-computing imple-
mentations of heavy-baryon dynamics [24]. The increasing
discovery potential offered by the high-luminosity Large
Hadron Collider (HL-LHC) [25], the future circular collider
(FCC) [26–28], and complementary eþe− facilities such as
Belle II [29] further motivates dedicated studies of these
rare systems.
This motivation is reinforced by recent experimental

progress in the multicharm sector. The discovery of all-
charm structures in double-J=ψ and J=ψ þ ψð2SÞ final
states [30], together with spin-parity information favoring

a compact JPC ¼ 2þþ interpretation for the leading struc-
ture [31], has established fully heavy spectroscopy as an
experimentally accessible frontier. In parallel, the obser-
vation of the doubly charmed baryons Ξþþ

cc [32] and Ξþ
cc

[33], followed by the recent report of the Ωþ
cc state [34],

completes the ground-state doubly charmed sector and
demonstrates the growing experimental reach toward
complex heavy-baryon systems. Although triply heavy
baryons are expected to be considerably rarer, these
advances strengthen the case for dedicated searches and
for testing quark-diquark descriptions of baryonic struc-
ture. Connections with heavier multiquark configurations
further place Ω3Q states at the interface between conven-
tional heavy-baryon spectroscopy and the exotic-hadron
sector [35–38].
At sufficiently large transverse momentum, parton

fragmentation provides a natural leading-power descrip-
tion of multiply heavy hadron production, separating
short-distance partonic dynamics from the long-distance
formation of the observed bound state [39–44]. For triply
heavy baryons, diquark-inspired approaches provide an
economical description of this mechanism [45–48], and
dedicated calculations of heavy-quark- and gluon-initiated
fragmentation functions (FFs) have been developed at
different perturbative accuracies [49–54]. Their use in
collider phenomenology requires a consistent treatment
of DGLAP evolution and heavy-parton thresholds
[55–59], whose technical implementation is discussed in
the following sections.
Recent progress in threshold-aware fragmentation has

led to several variable-flavor number-scheme (VFNS)
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determinations for heavy and exotic hadrons, including the
TQHL1.1, TQ4Q1.1, TQ4Q2.0, PQ5Q1.1, and NRFF1.0
families [60–68]. These rely on the Heavy-Flavor
NonRelativistic evolution (HF-NRevo) scheme [67,69–
74], which connects model-based heavy-hadron FF inputs
with DGLAP evolution. Within this program, OMG3Q1.0
[75] provided the first public VFNS FFs for same-flavor
all-heavy Ω3Q baryons, establishing their fragmentation-
based description but remaining limited to central values
without systematic uncertainty assessment.
The present work introduces OMG3Q1.1, which extends

and supersedes the original determination by promoting
uncertainty quantification to an integral component of the
FF construction. Perturbative fragmentation missing-higher-
order uncertainties (F-MHOUs) are assessed through con-
trolled variations of the scales entering the initial FF
construction and evolution, while fragmentation nonpertur-
bative wave-function uncertainties (F-NPWFs) probe the
sensitivity to the transverse-momentum structure governing
bound-state formation. Both effects are organized within a
replica-based architecture, allowing their separate or com-
bined propagation from the FF level to physical observ-
ables. In this way, OMG3Q1.1 moves beyond the central-value
description of OMG3Q1.0 and provides an uncertainty-
aware framework for leading-power fragmentation into
same-flavor all-heavy baryons.
As a phenomenological application, we study semi-

inclusive Ω3Q plus light-jet production at the HL-LHC and
FCC. Predictions are obtained within the NLL=NLOþ
hybrid-factorization framework, combining NLL high-
energy resummation with NLO collinear ingredients,
and are evaluated through the JETHAD platform and its
symbolic module symJETHAD [76–82]. This setup per-
mits us to examine simultaneously the perturbative sta-
bility of the high-energy calculation and the propagation of
the newly introduced fragmentation uncertainties to col-
lider observables.
The manuscript is organized as follows. Section II

reviews the main ingredients of heavy-flavor fragmentation
and introduces the theoretical framework adopted for Ω3Q

baryons. Section III presents the construction of the
OMG3Q1.1 FFs. The NLL=NLOþ hybrid-factorization for-
malism is outlined in Sec. IV. Phenomenological results for
Ω3Q plus jet production at the HL-LHC and FCC are
discussed in Sec. V. Our conclusions and outlook are
presented in Sec. VI.

II. FRAGMENTATION FUNCTIONS
OF ALL-HEAVY Ω BARYONS

We start by reviewing a number of relevant aspects of
heavy-flavor fragmentation, with emphasis on heavy-light
hadrons, quarkonia, and exotic states (Sec. II A). Next, we
discuss the diquark-inspired framework employed for all-
heavy baryons (Sec. II B). The section concludes with an

overview of the general structure of the initial-scale Ω3Q

FFs (Sec. II C).

A. Heavy-flavor fragmentation in a VFNS

Heavy-flavor fragmentation differs structurally from its
light-hadron counterpart because heavy-quark masses
introduce perturbative scales already at the lowest Fock
level. Initial-scale heavy-hadron FFs therefore combine
short-distance partonic dynamics with nonperturbative
bound-state formation, providing the natural starting point
for their subsequent evolution within a variable-flavor
number scheme.
For singly heavy states, such as D and B mesons or Λc;b

baryons, this structure can be represented as a two-stage
mechanism [56,83–88]. A heavy quark Q is first generated
perturbatively, with the corresponding short-distance coef-
ficient (SDC) known up to NLO [55,89] and NNLO
accuracy [59,90–94], and subsequently hadronizes through
long-distance dynamics described by phenomenological
models [95–100] or effective approaches [86,101–104].
The corresponding initial-scale FF for a singly heavy
hadron HQ can be written as [83,105]

D
HQ
i ðz; μF;0Þ ¼

Z
1

z

dξ
ξ
DQ

i ðξ; μF;0ÞDHQ

½np�

�
z
ξ

�
; ð1Þ

where DQ
i denotes the perturbative SDC and D

HQ

½np� the

nonperturbative hadronization component. These inputs are
then evolved through timelike DGLAP equations.
For quarkonia and multiply heavy states, the same

separation between short- and long-distance dynamics
persists, although the lowest Fock configuration acquires
a richer structure. In quarkonium production, this separation
is systematically realized through NRQCD factorization
[106–112]; see Refs. [113–117] for reviews. At sufficiently
large transverse momentum, single-parton fragmentation
provides the leading-power contribution, whereas direct
production of the heavy Fock state can be interpreted as a
higher-power fixed-flavor number-scheme (FFNS) mecha-
nism [67,69–74,118–120].
Initial-scale heavy-quark and gluon FFs into S-wave

vector quarkonia were first obtained at LO [40,41] and
subsequently extended to NLO [121]. They provided the
basis for the ZCW19þ [78,122] and ZCFW22 [123,124]
VFNS determinations. The latter also yielded Bcð1S0Þ-to-B
production rates below 0.1%, consistently with LHCb
measurements [124,125], supporting the applicability of
the fragmentation picture in the high-pT regime.
This strategy has progressively been extended to multi-

quark systems. NRQCD descriptions of the di-J=ψ struc-
tures observed at the LHC [30,37,126] and their
interpretation as compact all-charm tetraquarks [127,128]
motivated the first NRQCD gluon-fragmentation input for
color-singlet S-wave T4c states [129]. Subsequent VFNS
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developments produced the TQHL1.0, TQ4Q1.1, and
TQHL1.1 families [60,79,130], incorporating additional
heavy-quark inputs [131] and enabling applications to
all-heavy tetraquark phenomenology [61,62,132], electro-
weak and Higgs decays [133], intrinsic-charm-sensitive
observables [134], and gluon fragmentation [135].
More recent developments include the NRFF1.0 deter-

mination for pseudoscalar quarkonia [67] and the uncer-
tainty-aware TQ4Q2.0 framework for all-heavy tetraquarks
[63]. Within the baryonic and higher-multiquark sectors,
the PQ5Q1.0 and OMG3Q1.0 sets were introduced in
Refs. [65,75,81], while the subsequent PQ5Q1.1 release
[66] incorporated multimodal inputs and a replica-based
uncertainty treatment. These developments provide the
methodological basis for the uncertainty-aware Ω3Q FF
construction presented below.

B. The diquark-inspired fragmentation framework

The quark-diquark picture offers an effective description
of baryon structure in which two quarks are treated as a
correlated subsystem interacting with a third constituent
quark [136]. Owing to its simplicity and phenomenological
success, this framework has been extensively employed in
hadron spectroscopy and in studies of baryon production
and decay, particularly in the heavy-flavor sector [137–140].
Within this approach, diquarks are usually modeled as
scalar (J ¼ 0) or axial-vector (J ¼ 1) states, with their
nonperturbative internal structure encoded through effective
form factors.
Scalar diquarks are characterized by a single form factor

and a comparatively simple spin structure, whereas axial-
vector configurations require a richer set of form factors
and spin correlations. Both have been widely used in the
description of baryon formation and in spectator-model
studies of polarized and unpolarized partonic distributions
inside the nucleon [141–146].
Applications of the quark-diquark formalism to frag-

mentation processes date back to early studies of light and
heavy baryons [49,50,53,54,147–149]. Similar ideas have
also been extended to exotic-hadron phenomenology,
including pentaquark configurations [150] and the spec-
troscopy of doubly and all-heavy tetraquarks in relativistic
quasipotential approaches based on diquark-antidiquark
dynamics [151–153].
In this work we follow the scalar-diquark implementation

adopted in several fragmentation studies [49,53,54,154].
Besides reducing the complexity of the spin algebra, this
choice minimizes the number of independent form factors
and leads to a tractable analytical framework. Scalar
diquarks have been successfully employed in perturba-
tive-QCD calculations of baryon FFs [49] and have been
shown to provide phenomenologically viable descriptions
while preserving analytical control [154,155].
Axial-vector diquarks, by contrast, require a more

elaborate treatment of spin correlations and additional

form factors. They are nevertheless indispensable for
describing spin-3=2 baryons and polarization effects. In
particular, a realistic treatment of polarized Ω�

3c production
would require a vector-diquark configuration.
The scalar-diquark approximation employed here should

therefore be regarded as an effective starting point for a
perturbative-QCD description of fragmentation into unpo-
larized all-heavy baryons. Extensions incorporating spin-1
diquarks could provide a more complete account of
polarization and spin-dependent dynamics.
Our use of scalar diquarks in the description of unpo-

larized Ω3c and Ω3b production is consistent with the
symmetry requirements of the baryonic wave function
when the process is interpreted within a two-step fragmen-
tation mechanism. In this picture, a heavy quark first
fragments into a color-antitriplet heavy diquark, which
subsequently evolves into the physical triply heavy baryon
through nonperturbative QCD dynamics.
Although a scalar diquark does not by itself reproduce

the full symmetrization pattern of a J ¼ 1=2 state com-
posed of three identical fermions, the missing structure can
be effectively absorbed into the nonperturbative component
of the FF. Conceptually, this decoupling of perturbative and
nonperturbative regimes is analogous to the NRQCD
framework for quarkonium. In that case, SDCs govern
the creation of color-octet ½QQ̄� states, which are then
projected onto physical color-singlets by means of LDMEs.

C. Anatomy of the Ω3Q fragmentation functions

The initial-scale FFs employed throughout this work are
taken from existing perturbative calculations of color-
singlet all-heavy baryons. For the heavy-quark channel
we adopt the LO and NLO results of Refs. [52,53], while
for the gluon channel we use the NLO determination of
Ref. [54]. These studies describe the baryon as a color-
singlet state and model the correlated heavy-quark pair as a
spin-0 scalar diquark.
Two complementary fragmentation pictures are com-

monly considered. In the direct mechanism, the fragment-
ing heavy quark evolves into the baryon through a genuine
three-body process involving all constituent quarks. The
alternative diquark scenario, adopted here, assumes that
two quarks first form a compact scalar diquark, which
subsequently combines with the third quark to generate the
final baryon. Besides reducing the complexity of the
calculation, this approximation has become the standard
framework for describing unpolarized J ¼ 1=2 triply heavy
baryons.
The indirect mechanism discussed in Refs. [53,54] can

be interpreted as the diquark realization of the two-stage
fragmentation picture introduced in Sec. II A. Within this
framework, perturbative dynamics produce an intermediate
colored diquark, while the formation of the physical baryon
is treated as a separate nonperturbative step. Since both
quark- and gluon-induced FFs are available at NLO
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accuracy, the formalism provides a consistent starting point
for VFNS studies.
A central ingredient of this construction is the Suzuki

model [156], which plays a role analogous to that of
NRQCD in quarkonium production. Originally formulated
to describe heavy-hadron fragmentation, the model provides
a perturbative transition amplitude in which a constituent
heavy quark fragments into a diquark state and a spectator,
followed by the formation of the baryonic bound state.
Nonperturbative effects enter through the wave function at
the origin and an effective diquark form factor.
Although the Suzuki framework can be applied to both

direct and diquark mechanisms, its advantages are most
evident in the latter case. By replacing a full three-body
transition with an effective two-body process, it leads to
compact analytic expressions for the corresponding SDCs
and greatly simplifies the treatment of spin, color, and
kinematic structures. This feature is particularly valuable
for systems such as Ω3Q, where a complete perturbative-
QCD calculation becomes analytically cumbersome.
The analogy with NRQCD is instructive. In both

approaches, short-distance dynamics are separated from
long-distance hadronization through effective composite
degrees of freedom, allowing a transparent factorization
between perturbative production and bound-state formation.
The Suzuki picture therefore offers a practical realization of
perturbative/nonperturbative factorization for baryon frag-
mentation while retaining sensitivity to the underlying
hadronic structure.
In the implementation of Refs. [53,54], the nonpertur-

bative dynamics of the baryon are encoded through a
light-cone distribution amplitude. Following the Lepage-
Brodsky prescription [157], this amplitude is approximated
by a Dirac δ function in the momentum-fraction variables,
forcing the constituents to move collinearly inside the
baryon. The resulting simplification yields compact ana-
lytic expressions in which the nonperturbative input is
effectively absorbed into the fragmentation amplitude.
Similar strategies have successfully been employed in
studies of all-heavy-light tetraquarks [130,158] and penta-
quark-charmonium systems [65,159,160].
A key ingredient of the initial-scale FF construction is

the nonperturbative transition from the constituent diquark
D to the physical baryon Ω3Q. Following Refs. [53,54], we
describe this stage through the Peterson-Schlatter-Schmitt-
Zerwas (PSSZ) parametrization [97], a widely used model
for heavy-flavor fragmentation and particularly suitable for
hadrons containing multiple heavy constituents. We write

D
Ω3Q

D ðzÞ≡D½PSSZ�
½np� ðzÞ ¼ N P

zð1 − zÞ2
½ð1 − zÞ2 þ γPz�2

; ð2Þ

with normalization factor

N P ¼
(

γ2P − 6γP þ 4

ð4 − γPÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4γP − γ2P

p
"
arctan

γPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4γP − γ2P

p
þ arctan

2 − γPffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4γP − γ2P

p
#
þ 1

2
ln γP þ 1

4 − γP

)
: ð3Þ

The normalization is obtained by summing over all hadrons
containing a constituent heavy quark Q quark [105]; see
also Sec. IVof Ref. [97]. As in the original formulation, the
parameter γP cannot be determined from first principles,
since it encodes genuinely nonperturbative dynamics.
For singly heavy hadrons, such as D or B mesons with

leading Fock states jQq̄i, one expects γP ≃ Λ=mQ, whereΛ
denotes a hadronic scale of the order of the constituent-
light-quark mass and mQ stands for the charm- or bottom-
quark mass. In this case, the average momentum fraction
satisfies hzi ¼ 1 − ffiffiffiffiffi

γP
p

, consistently with the expected
heavy-quark scaling behavior of FFs [83,161–163]. For
all-heavy baryons, on the other hand, the relevant scale is
determined entirely by heavy constituents. Following
Refs. [49,53,54], we therefore adopt

γP ¼
�

mQ

mQ þmQ̄

�
2

¼ 1

4
: ð4Þ

This choice is consistent with previous studies of all-heavy
baryons [53,54], where the Peterson form is used to model
the hadronization of the intermediate diquark. The para-
metrization naturally complements the perturbative calcu-
lation by supplying a universal nonperturbative component
compatible with the Suzuki picture and with collinear
factorization.
The physical motivation is straightforward. The Peterson

model was originally devised for heavy-quark fragmenta-
tion, where the produced hadron inherits a large fraction of
the momentum of the parent parton. The same expectation
applies to all-heavy baryons, whose valence structure
contains only heavy constituents. Consequently, the FF
is expected to peak at large z and to be suppressed at small
z, a behavior accurately reproduced by Eq. (2). The simple
analytic form of the model, controlled by the single
parameter γP, also facilitates its implementation within
collinear convolution frameworks and DGLAP evolution.
The resulting initial-scale FF for a parton i fragmenting

into a Ω3Q baryon can then be written as

D
Ω3Q
i ðz; μF;0Þ ¼

Z
1

z

dξ
ξ
DD

i ðξ; μF;0ÞDΩ3Q

D

�
z
ξ

�
: ð5Þ

Equation (5) mirrors the general heavy-hadron expression
of Eq. (1), with the substitutions

DQ
i ðξ; μF;0Þ ⟶ DD

i ðξ; μF;0Þ; ð6aÞ
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D
HQ

½np�

�
z
ξ

�
⟶ D

Ω3Q

D

�
z
ξ

�
: ð6bÞ

The perturbative component is therefore described by SDCs
for the splitting of a massless parton into a diquark state D,
Eq. (6a), while the nonperturbative stage is encoded in the
diquark-to-baryon transition of Eq. (6b). In this sense, the
diquark D plays the role of the heavy constituent entering
the lowest Fock state of the singly heavy hadron HQ. As
discussed above, the latter transition is modeled through the
PSSZ form of Eq. (2), whereas the quark- and gluon-induced
SDCs are presented in the next section.

III. CONSTRUCTION OF THE OMG3Q1.1

FUNCTIONS

In this section, we describe the procedure adopted to
construct the OMG3Q1.1 VFNS fragment-ation-function set
for same-flavor all-heavy Ω baryons. The determination
starts from diquark-inspired initial-scale inputs for both
constituent-heavy-quark and gluon fragmentation channels
and incorporates threshold-aware timelike DGLAP evolu-
tion within the HF-NRevo framework [67,69–74].
All ingredients entering the OMG3Q1.1 construction have

been derived with symJETHAD, the Mathematica [164]
symbolic component of the JETHAD environment [76–82],
developed for analytical calculations in hadron structure
and precision QCD studies.
The constituent-quark and gluon initial conditions are

presented in Secs. III A and III B, respectively. The result-
ing timelike DGLAP evolution and the main properties of
the OMG3Q1.1 set are discussed in Sec. III C.

A. Constituent-quark initial-scale input

The left panel of Fig. 1 illustrates the diquark-inspired
fragmentation mechanism considered in this work. Heavy

diquark and antidiquark states, D≡ jQQi and D̄≡ jQ̄ Q̄i,
are represented by double lines. The green blob denotes the

nonperturbative transition function D
Ω3Q

D , whereas black
bullet vertices correspond to scalar-diquark form-factor
couplings.
Although omitted from the analytical expressions

reported below, the calculation includes the scalar-diquark
form factor associated with the vertex shown in Fig. 1.
Following Ref. [53], the diquark is modeled through a
simple-pole form in transverse-momentum space with a
characteristic scale of approximately 5 GeV. For compact-
ness, its contribution is absorbed into the normalization of
the perturbative amplitude.
The diagram in the left panel of Fig. 1 corresponds to the

splitting process ½Q → ðQ;DÞ þ D̄�. Charge-conjugation
symmetry yields the corresponding antiquark channel
½Q̄ → ðQ̄; D̄Þ þD�. In the present study, we assume iden-
tical formation mechanisms for all-heavy baryons and
antibaryons and focus on charge-averaged observables.
Under this assumption, the Q- and Q̄-fragmentation chan-
nels are treated symmetrically (see Ref. [165] for com-
parison with the light-hadron case).
Using symJETHAD [76–82] together with FeynCalc

[166–168], we independently derived the LO and NLO
heavy-quark SDCs and verified agreement with the results
of Refs. [52,53]. Keeping the accuracy at LO, one has

DD
Qðz; μF;0Þ ¼ α2sd

½LO�
Q ðz; μF;0Þ þ α3sd

½NLO�
Q ðz; μF;0Þ; ð7Þ

where αs ≡ αsð5mQÞ and

d½LO�Q ðz; μF;0Þ ¼ N QðzÞ
S½LO�
Q ðz;RqT=QÞ

T ½LO�
Q ðz;RqT=QÞ

; ð8Þ

with

FIG. 1. Representative, leading-order contributions to the diquark-inspired proxy model for the initial fragmentation of constituent
heavy quarks (left) and gluons (right) into color-singlet S-wave Ω3Q baryons. Double lines represent D and D̄ diquark degrees of
freedom, while green blobs account for the nonperturbative component of the fragmentation process. Black bullets denote effective
couplings associated with the scalar-diquark form factor.
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R2
qT=Q

≡ hq⃗2Ti=m2
Q; ð9Þ

and

N QðzÞ ¼
π2ffiffiffi
6

p f2BC
2
Fz

3ð1 − zÞ3: ð10Þ

Furthermore, one writes

S½LO�
Q ðz;RqT=QÞ ¼ 4ð41z2 − 80zþ 96þ 256=z2Þ

þR2
qT=Q

ð8z3 þ 5z2 − 16zþ 16Þ
þR4

qT=Q
4z2; ð11Þ

and

T ½LO�
Q ðz;RqT=QÞ ¼ ½R2

qT=Q
þ ð4 − 3zÞ2�2ðR2

qT=Q
z2 þ z2

− 16zþ 16Þ2: ð12Þ

In Eq. (10), the quantity CF ¼ ðN2
c − 1Þ=ð2NcÞ corre-

sponds to the fundamental Casimir factor of SUð3Þc,
whereas the parameter fB stands for the decay constant
of the rare baryon. We set fB ¼ 0.25 GeV, following
standard choices adopted in the literature [169].
The NLO heavy-quark SDC employed in this work was

originally derived in Ref. [47] and later adapted to the triply
heavy baryon case in Ref. [53]. One has

d½NLO�Q ðz; μF;0Þ ¼ N cðzÞ
S½NLO�
Q ðz;RqT=QÞ

T ½NLO�
Q ðz;RqT=QÞ

; ð13Þ

where

S½NLO�
Q ðz;RqT=QÞ ¼ 96πz½R14

qT=Q
ð17 − 20zÞz14 þR12

qT=Q
ð240z4 − 1664z3 þ 3813z2 − 4130zþ 1711Þz12

þR10
qT=Q

ð4368z6 − 39072z5 þ 140635z4 − 269144z3 þ 300490z2 − 189616zþ 52243Þz10
þR8

qT=Q
ð20976z8 − 208040z7 þ 870151z6 − 2070634z5 þ 3255115z4

− 3533740z3 þ 2600201z2 − 1202330zþ 268205Þz8
þR6

qT=Q
4ð1 − zÞ2ð11256z8 − 75035z7 − 151779z6 þ 2535886z5

− 8913460z4 þ 15864355z3 − 15844619z2 þ 8395110z − 1823490Þz6
þR4

qT=Q
4ð1 − zÞ4ð12324z8 − 22830z7 − 2045973z6 þ 14641206z5

− 42277675z4 þ 65338590z3 − 57387186z2 þ 26330832z − 4933872Þz4
þR2

qT=Q
48ð1 − zÞ6ð563z8 þ 2272z7 − 252314z6 þ 1752016z5

− 5068605z4 þ 7770780z3 − 6800544z2 þ 3505032z − 849528Þz2
þ 144ð1 − zÞ8ð41z8 þ 438z7 − 36063z6 þ 258240z5 − 833328z4

þ 1614600z3 − 1793016z2 þ 676512z − 198288Þ�; ð14Þ

and

T ½NLO�
Q ðz;RqT=QÞ ¼ ½R2

qT=Q
z2 þ 4ð3 − 2zÞ2�2½R2

qT=Q
z2 þ ð6 − zÞ2�2

× ½R2
qT=Q

z2 þ ð1 − zÞ2�½R2
qT=Q

z2 þ 36ð1 − zÞ2�2½R2
qT=Q

z2 þ z2 − 35zþ 36�: ð15Þ

The initial scale of the Q-quark fragmentation channel is
chosen as μF;0 ¼ 5mQ, consistently with the kinematics of
the LO process shown in the left panel of Fig. 1.
Our heavy-quark FF differs from the construction of

Ref. [53] in two respects. First, the normalization factor
N QðzÞ entering Eq. (10) is computed explicitly rather than
fixed through an external normalization condition. Second,

we revisit the choice of the transverse-momentum param-
eter hq⃗2Ti, which constitutes one of the key phenomeno-
logical ingredients of the Suzuki framework.
Within the Suzuki picture, the transverse momentum of

the outgoing heavy quark is replaced by its average value,
hq⃗2Ti, effectively reducing the underlying TMD description
to a collinear one. The parameter therefore controls the
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shape of the FF and must be determined phenomenologi-
cally. Larger values of hq⃗2Ti shift the distribution toward
smaller z and reduce its overall normalization [170].
The FF of Ref. [53] was obtained using hq⃗2Ti ¼ 1 GeV2,

interpreted as an upper estimate of the average transverse
momentum. Here, we adopt a different strategy, inspired
by our previous studies of all-heavy tetraquarks and
pentaquarks [65,66,171]. In those analyses, hq⃗2Ti was fixed
by requiring physically reasonable momentum-fraction
distributions together with a balanced normalization of
quark- and gluon-initiated channels. The resulting values,
hq⃗2TiT4c

¼ 70 and hq⃗2TiP5c
¼ 90 GeV2, were found to yield

fragmentation patterns consistent with the kinematic
region most relevant for collider phenomenology.
The same strategy is adopted here. A dedicated numeri-

cal scan of the initial-scale FFs leads to the reference choice

hq⃗2TiΩ3Q
¼ 60 GeV2; ð16Þ

which places the maximum of the distribution in the
phenomenologically relevant region, hzi ≳ 0.4, while pre-
serving a realistic balance between the heavy-quark and
gluon fragmentation channels.
Although the value in Eq. (16) lies well above the

characteristic hadronic scale, its interpretation should be
regarded as effective rather than directly connected to soft
nonperturbative dynamics. In all-heavy systems, the
absence of light constituents prevents the emergence of a
natural scale governed by ΛQCD, while the presence of
multiple heavy quarks is expected to generate a broader
intrinsic momentum distribution inside the bound state.
Consequently, hq⃗2Ti should not be viewed as a direct
measure of low-energy nonperturbative physics, but rather
as an effective parameter encoding the momentum-space
structure of the all-heavy Fock state.
This interpretation is consistent with the original heavy-

flavor fragmentation picture [97,161–163], where the
large-z behavior of the FF is primarily driven by the
heavy-quark mass. Unlike ordinary heavy hadrons, how-
ever, all-heavy baryons and exotic multiquark states do not
contain a light constituent capable of fixing the position of
the FF maximum through simple kinematic arguments.
The absence of a characteristic soft scale in their leading
Fock configurations makes the shape of the FF more
sensitive to the dynamics of multiquark binding. As
already observed for all-heavy tetraquarks and pentaquarks
[65,171], a phenomenological determination of hq⃗2Ti there-
fore becomes necessary.
Within the Suzuki framework, hq⃗2Ti governs the trans-

verse-momentum structure of the bound state and can be
interpreted as an effective parameter entering the non-
perturbative wave function. Following the strategy adopted
in our previous 1.0 determinations [75], we identify hq⃗2Ti as
the quantity controlling the nonperturbative-wave-function

component of the FF. In the OMG3Q1.1 framework, uncer-
tainties associated with this contribution are estimated
through systematic variations of hq⃗2Ti around the central
value of Eq. (16), as discussed in Sec. III C.

B. Gluon initial-scale input

The right panel of Fig. 1 illustrates the gluon-initiated
fragmentation mechanism considered in this work. As for
the heavy-quark channel, the final-state baryon is produced
through the formation of an intermediate heavy diquark
state, followed by its nonperturbative transition into the
physical Ω3Q baryon.
Although both channels represent the leading contribu-

tions within their respective topologies, they enter the
perturbative expansion at different orders. The heavy-quark
channel is known at both LO and NLO accuracy
(Sec. III A), whereas the gluon channel starts at Oðα3sÞ
and is currently available only at that order. This hierarchy
originates from the absence of heavy-flavor quantum
numbers in the initial gluon state, which requires the
perturbative generation of the heavy constituents needed
to form the final all-heavy baryon.
Throughout this work, we follow the convention adopted

in Ref. [54] and refer to theOðα3sÞ gluon contribution as the
NLO initial-scale FF, consistently with the perturbative
counting used for the heavy-quark channel.
Using symJETHAD [76–82] together with FeynCalc

[166–168], we independently reconstructed the analytical
expression of the gluon SDC and verified agreement with
the result of Ref. [54]. We write

DD
g ðz; μF;0Þ ¼ α3sd

½NLO�
g ðz; μF;0Þ; ð17Þ

with αs ≡ αsð6mcÞ and

d½NLO�g ðz; μF;0Þ ¼ N gðzÞ
S½NLO�
g ðz;RqT=QÞ

T ½NLO�
g ðz;RqT=QÞ

; ð18Þ

with

N gðzÞ ¼
2π3

3
f2BC

2
Fz

3ð1 − zÞ2: ð19Þ

Furthermore, one has

S½NLO�
g ðz;RqT=QÞ ¼ 8ð16z2 − 32zþ 15Þ

þR2
qT=Q

2z2ð4z2 − 20zþ 17Þ
þR4

qT=Q
z4; ð20Þ

and

T ½NLO�
g ðz;RqT=QÞ ¼ ð4þ z2R2

qT=Q
Þ5: ð21Þ
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As in Sec. III A [see Eq. (9)], we defineR2
qT=Q

¼ hq⃗2Ti=m2
Q,

using the reference value hq⃗2TiΩ3Q
¼ 60 GeV2 introduced in

Eq. (16). This choice defines the central member of the
OMG3Q1.1 replica ensemble, while F-NPWF uncertainties
are estimated through systematic variations around this
reference configuration, as discussed in Sec. III C.
Unlike the heavy-quark channel, the kinematics of the

lowest-order gluon fragmentation process naturally set a
higher initial scale. We therefore choose μF;0 ¼ 6mQ,
which corresponds to the characteristic scale associated
with the diagram shown in the right panel of Fig. 1.

C. The OMG3Q1.1 sets from HF-NRevo

The OMG3Q1.1 release combines the initial-scale FFs
derived in the previous sections with a threshold-aware
DGLAP evolution performed within a VFNS framework.
Unlike ordinary light-hadron fragmentation, the present
case involves two independent parton sectors, namely the
constituent heavy-quark and gluon channels, each charac-
terized by its own activation scale. This structure reflects
the perturbative production mechanisms of the lowest all-
heavy baryonic configuration and requires a dedicated
treatment of evolution thresholds.
For an Ω3Q state, kinematics fixes the onset of heavy-

quark fragmentation at μF ¼ 5mQ, whereas gluon fragmen-
tation becomes active at the larger threshold μF ¼ 6mQ. The
evolution between and beyond these scales is implemented
through the HF-NRevo framework [69–74], which was
specifically developed to evolve heavy-hadron FFs origi-
nating from nonrelativistic inputs while preserving a con-
sistent connection between threshold dynamics and VFNS
evolution.
The HF-NRevo framework is built upon three comple-

mentary pillars: interpretation, evolution, and uncertainty
quantification. The first provides a physical interpretation
of low-scale heavy-hadron production in terms of effective
fragmentation mechanisms, enabling a consistent connec-
tion between FFNS and VFNS descriptions. The second
implements threshold-aware DGLAP evolution across
multiple heavy-parton sectors, organized into two sequen-
tial stages, denoted as EDevo and AOevo.
The EDevo stage provides a semianalytical, expanded

treatment of the evolution between the lowest and highest
initial fragmentation thresholds, with the relevant partonic
channels activated according to their corresponding starting
scales. This intermediate stage is particularly useful for
retaining parton-dependent activation thresholds, including
those associated with gluon and light-(anti)quark fragmen-
tation channels, whose independent implementation can be
less straightforward within standard all-order numerical
DGLAP evolution codes. At the highest threshold, the
resulting FFs define a common evolution-ready boundary
condition at the scale Q0.

The subsequent AOevo stage performs the standard
coupled, all-order numerical DGLAP evolution from Q0

toward higher factorization scales. The third introduces a
systematic treatment of theoretical uncertainties through
controlled perturbative and nonperturbative variations,
which in the present OMG3Q1.1 release are encoded through
a replica-based structure.
Initially conceived for quarkonium phenomenology,

HF-NRevo has progressively evolved into a general
framework for heavy-flavor and multiquark fragmentation
studies. Recent applications to fully heavy tetraquarks
[60,62,63,171] and early studies on all-heavy baryons
[75] have demonstrated its capability to accommodate
systems characterized by independent heavy-quark and
gluon FF inputs defined at distinct initial scales.
In the specific Ω3Q case, this structure is particularly

transparent: independent initial-scale inputs are currently
available only for the constituent-heavy-quark and gluon
fragmentation channels, whereas all remaining partonic
components are dynamically generated through the sub-
sequent coupled DGLAP evolution. Such a dual-input
structure represents one of the defining features of
heavy-hadron fragmentation and motivates the adoption
of a dedicated evolution strategy.
The first stage of the evolution is confined to the interval

between the heavy-quark and gluon thresholds. In this
region only the constituent heavy-quark channel is active,
so the corresponding FF evolves independently through the
Pqq splitting kernel. For Ω3Q fragmentation, this EDevo
stage therefore extends from μF ¼ 5mQ to μF ¼ 6mQ and
proceeds without quark-gluon mixing. Owing to the
absence of channel mixing, this step can be carried out
semianalytically within the symJETHAD environment
[76–82], providing the boundary condition for the sub-
sequent coupled evolution above the gluon threshold. More
specifically, the constituent-heavy-quark input is evolved
from 5mQ up to 6mQ, where its evolved value is combined
with the independently calculated gluon FF, whose initial
condition becomes active precisely at that scale.
The FFs obtained at the gluon threshold define the

evolution-ready scale Q0, corresponding to the highest
active partonic threshold, Q0 ¼ 6mQ for the all-heavy
baryons considered here. At this scale, the constituent-
heavy-quark FF evolved through EDevo and the independ-
ently calculated gluon FF provide the two nonzero boun-
dary conditions for the subsequent AOevo stage. From this
common starting point, all partonic species are evolved
through the full NLO timelike DGLAP equations using
APFEL++ [172–174]. In this second stage, the evolution
becomes fully coupled: quark-gluon mixing is restored
through the corresponding splitting kernels, and the initially
vanishing light- and nonconstituent heavy-quark FFs are
dynamically generated as the factorization scale increases.
The AOevo evolution is then continued from Q0 up to the
factorization scales relevant to the phenomenological
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analysis, and the resulting OMG3Q1.1 sets are released in
LHAPDF format.
Since no calculation is currently available for the

fragmentation of nonconstituent quarks into all-heavy
baryons, light- and nonconstituent heavy-quark channels
are not assigned independent FF inputs at the initial scale.
Instead, they are generated dynamically through the
numerical AOevo DGLAP evolution above Q0. This
approximation is expected to be well justified, as analogous
studies of heavy-quarkonium fragmentation indicate a
strong suppression of nonconstituent-quark channels rela-
tive to constituent heavy-quark and gluon contributions
[40,41,175–179].
Should dedicated initial-scale calculations for these

channels become available, they can be incorporated at
their corresponding activation scales within the same
threshold-aware construction. The EDevo stage would then
sequentially activate and evolve the enlarged set of inde-
pendently initialized channels up to the highest threshold,
thereby preserving their distinct physical starting scales
before constructing the common boundary conditions
required by AOevo.
The two-stage HF-NRevo construction described above

is summarized in Fig. 2 for the Ω3c and Ω3b cases. The
horizontal direction represents the evolution from the initial

fragmentation thresholds toward increasingly larger fac-
torization scales when read from right to left, thus follow-
ing the actual construction of the FF sets. Starting from the
constituent-heavy-quark input at 5mQ, the EDevo stage
evolves this channel up to the evolution-ready scale
Q0 ¼ 6mQ, where the independently calculated gluon input
becomes active. The resulting heavy-quark and gluon FFs
then provide the boundary conditions for the AOevo stage,
which performs the fully coupled NLO DGLAP evolution
toward the hard scale and dynamically generates the
remaining partonic components.
Conversely, reading the diagram from left to right

provides the chronological fragmentation picture: a high-
energy parton produced in the short-distance scattering
undergoes partonic evolution toward lower scales and
ultimately fragments into the observed Ω3Q state. The
sameworkflow applies to both the all-charm and all-bottom
sectors, with the corresponding thresholds determined by
the relevant heavy-quark mass.
A distinctive feature of the OMG3Q1.1 release is the

incorporation of uncertainty quantification directly into
the FF construction. Perturbative effects are probed through
variations of the evolution-ready scale around its natural
value, Q0 → KμQ0, with 1=2 ≤ Kμ ≤ 2. These variations
define the fragmentation missing higher-order uncertainties

FIG. 2. Two-stage evolution workflow for Ω3c (upper) and Ω3b (lower panels) collinear FFs within the HF-NRevo scheme. The
construction is based on a sequential DGLAP evolution: a first, semianalytical EDevo stage extends from the lowest threshold, 5mQ, to
the evolution-ready scale Q0 ¼ 6mQ, where the independently calculated gluon input becomes active. A fully numerical AOevo stage
then performs the coupled NLO DGLAP evolution from Q0 toward higher factorization scales.
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and provide a measure of the sensitivity to subleading
perturbative contributions beyond the nominal accuracy.
Nonperturbative uncertainties are estimated through

variations of the transverse-momentum parameter hq⃗2Ti,
which controls the shape of the wave-function sector
entering the Suzuki-inspired construction. Although hq⃗2Ti
does not represent a genuinely soft scale in all-heavy
systems, it effectively parametrizes the internal momentum
distribution of the bound state. The corresponding frag-
mentation nonperturbative wave-function variations there-
fore probe the dependence of the FFs on the underlying
hadron-structure assumptions.
Both F-MHOUs and F-NPWF effects are encoded

through a replica-based organization of the FF sets. Each
replica corresponds to a specific combination of perturbative
and nonperturbative parameters, allowing the resulting
uncertainty envelope to be propagated directly to collider
observables. Unlike the Monte Carlo replicas employed in
modern PDF analyses, these replicas do not represent
samples drawn from a probability distribution. Rather, they
provide a structured exploration of physically motivated
theory variations, combining the practical advantages of
replica-based methodologies with a transparent interpreta-
tion of the underlying uncertainty sources. The complete
correspondence between replica indices and parameter
configurations is reported in Appendix A.

Figure 3 displays the z dependence of the OMG3Q1.1 FFs
describing constituent-heavy-quark fragmentation into the
all-heavy baryons Ω3c (left panels) and Ω3b (right panels).
The central prediction is defined as the average over the full
replica ensemble, while the shaded bands in the upper
panels represent the total uncertainty envelope obtained
from the replica set. To illustrate the effects of DGLAP
evolution, the FFs are shown at three representative fac-
torization scales, μF ¼ 40, 80, and 160 GeV. In both
baryonic systems, the distributions exhibit a smooth scale
dependence. As μF increases, the FFs become progressively
broader, their maxima decrease, and part of the momentum
is redistributed toward smaller-z values. This behavior
reflects the expected action of perturbative parton radiation
and confirms the stability of the OMG3Q1.1 evolution
framework across the explored scale range.
The FFs display a bell-shaped profile, with support

concentrated in the intermediate-z region and maxima
located around z ∼ 0.5. This indicates that the produced
baryon typically retains a substantial fraction of the
momentum carried by the fragmenting heavy quark, leading
to a relatively hard fragmentation pattern. While the overall
shapes of the Ω3c and Ω3b FFs are similar, the bottom-
initiated distributions are more suppressed in normalization
and exhibit a slightly harder profile, with their maxima
shifted toward larger values of z. Such a trend is consistent

FIG. 3. Momentum-fraction distributions of the OMG3Q1.1 FFs describing constituent-heavy-quark fragmentation into Ω3c (left) and
Ω3b (right) states. Results are reported for three representative factorization scales, μF ¼ 40, 80, and 160 GeV. Shaded bands in the upper
panels represent the total uncertainty obtained from the combination of F-MHOU and F-NPWF effects. The lower panels isolate the
corresponding perturbative and nonperturbative uncertainty components. The replica structure adopted in the OMG3Q1.1 set is
summarized in Table I of Appendix A.
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with the larger bottom-quark mass and the reduced momen-
tum degradation expected during hadronization.
A useful comparison can be made with the recently

released TQ4Q2.0 FFs for all-heavy tetraquarks [63]. In
that case, the distributions exhibit a pronounced enhance-
ment toward small z, reflecting the structure of the under-
lying NRQCD short-distance coefficients entering the
initial-scale inputs. By contrast, the OMG3Q1.1 FFs remain
localized in the intermediate-z region and display a smooth
bell-shaped profile. This difference highlights the distinct
physical origin of the two constructions. Whereas the
tetraquark FFs retain a direct imprint of perturbative
splitting dynamics, the present baryonic FFs are driven
by a Suzuki-inspired framework in which bound-state
formation plays a more prominent role in shaping the
momentum-fraction distribution.
The uncertainty decomposition is shown in the two lower

ancillary panels. The first one isolates the fragmentation
missing higher-order uncertainties, obtained through cor-
related variations of the evolution-ready scale and of the
scales entering the initial FF construction. The second
panel displays the fragmentation nonperturbative wave-
function uncertainty, generated by variations of the param-
eter controlling the bound-state wave-function profile. In
both cases, uncertainties are reported as ratios to the
corresponding central prediction.
A clear hierarchy emerges between the two uncertainty

sources. F-MHOUs provide the dominant contribution over
most of the phenomenologically relevant z range, particu-
larly in the intermediate- and large-z regions where the FFs
attain their maximum values. By contrast, F-NPWF effects
remain very small throughout the bulk region and become
appreciable only in a narrow region where the FFs attain
very small values, causing ratio-based representations to
amplify otherwise modest absolute differences. This pat-
tern indicates that the perturbative construction and evo-
lution of the FFs constitute the leading source of theoretical
uncertainty, while the dependence on the specific wave-
function modeling remains under good control.
Overall, the heavy-quark sector of the OMG3Q1.1 FFs

provides a stable and physically transparent description of
heavy-quark fragmentation into all-heavy baryons. Their
regular shape, controlled scale dependence, and well-
understood uncertainty structure support their use in
precision phenomenological studies of rare-baryon produc-
tion at present and future colliders. They also provide the
baseline input for the uncertainty-aware collider phenom-
enology discussed in the following sections.
Figure 4 displays the z dependence of the OMG3Q1.1 FFs

describing gluon fragmentation into the all-heavy baryons
Ω3c (left panels) and Ω3b (right panels). As in Fig. 3, the
central prediction is obtained as the average over the
full replica ensemble, while the shaded bands represent
the combined uncertainty generated by F-MHOU and
F-NPWF variations.

In both baryonic systems, the FFs exhibit smooth bell-
shaped profiles with support concentrated in the small- and
intermediate-z region. The distributions reach their maxi-
mum around z ∼ 0.15–0.25 for Ω3c and at slightly larger
values, z ∼ 0.20–0.35 for Ω3b. Compared with the con-
stituent-heavy-quark FFs, the gluon distributions are
noticeably softer, indicating that the produced baryon
typically carries a smaller fraction of the momentum of
the fragmenting parton.
A distinctive feature of the gluon channel is its visible

dependence on the factorization scale. As μF increases, the
distributions gradually broaden and exhibit a moderate
redistribution of strength toward smaller values of z. This
behavior reflects the combined effect of the initial-scale
gluon input and its subsequent DGLAP evolution.
Compared with the constituent-heavy-quark channel, the
gluon FF experiences a more noticeable modification of its
shape, leading to a stronger scale dependence over the
range explored here.
As in the constituent-heavy-quark case, a useful com-

parison can be made with the recently released TQ4Q2.0
FFs for all-heavy tetraquarks [63]. However, the contrast is
even more pronounced in the gluon sector. In the scalar
T4Qð0þþÞ channel, the gluon FF exhibits a marked
enhancement toward small z, inherited from the NRQCD
short-distance coefficients entering the initial-scale input.
The OMG3Q1.1 gluon FFs instead remain concentrated in the
intermediate-z region and display a smooth bell-shaped
profile. This difference reflects the distinct physical origin
of the two constructions. While the tetraquark FFs retain a
direct imprint of NRQCD fragmentation dynamics, the
baryonic FFs originate from the Suzuki-inspired framework
discussed above, where bound-state formation plays a
more prominent role in shaping the momentum-fraction
distribution.
A further noteworthy feature is the strong suppression of

the gluon channel relative to constituent-heavy-quark
fragmentation. As already discussed in the original
OMG3Q1.0 analysis [75], this hierarchy is not a peculiarity
of the present implementation, but rather reflects a struc-
tural property of all-heavy baryon production. While fully
heavy tetraquarks can be naturally generated through
gluon-initiated cascades producing heavy-quark pairs,
the formation of an Ω3Q state requires the assembly of
three valence heavy quarks into a color-singlet baryonic
configuration. Such a final state is considerably less
compatible with direct gluon fragmentation mechanisms,
leading to a substantial suppression of the gluon FF. The
persistence of this pattern in the uncertainty-aware
OMG3Q1.1 framework further supports its interpretation as
a genuine feature of the underlying production dynamics
rather than a model-dependent artifact.
As for the heavy-quark FFs case (see Fig. 3), the

uncertainty decomposition of gluon FFs is shown in the
lower ancillary panels of Fig. 4. The first one isolates
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the fragmentation missing higher-order uncertainties,
obtained through correlated variations of the evolution-ready
scale and of the scales entering the initial FF construction,
while the second displays the fragmentation nonperturbative
wave-function uncertainty associated with variations of the
bound-state wave-function parameter. A clear hierarchy
emerges between the two effects. F-MHOUs dominate the
uncertainty budget across most of the phenomenologically
relevant z range, reflecting the strong sensitivity of the
evolution-generated gluon channel to perturbative scale
variations. By contrast, F-NPWF effects remain very small
and become visible only in the vicinity of the nodewhere the
FF approaches zero, where ratio representations naturally
amplify tiny absolute differences.
Overall, the gluon sector further confirms the internal

consistency of the OMG3Q1.1 framework. Although strongly
subleading with respect to constituent-heavy-quark frag-
mentation, consistently with the structural suppression
discussed above, the gluon FFs display regular shapes,
controlled scale dependence, and a well-understood uncer-
tainty pattern. These features support the robustness of the
underlying fragmentation picture and reinforce the use of
the OMG3Q1.1 sets in precision phenomenological studies of
all-heavy baryon production.

For completeness, we examine in Fig. 5 the evolution of
the OMG3Q1.1 FFs as functions of the factorization scale for
Ω3c (left panel) and Ω3b (right panel). The momentum
fraction is fixed at z ¼ 0.45, a representative value within
the bulk region of the FFs and close to the maxima of the
constituent-heavy-quark distributions discussed above.
To isolate the genuine evolution effects, only the central

OMG3Q1.1 replica is shown, with F-MHOU and F-NPWF
variations switched off. Unlike the previous figures, where
uncertainty bands summarize the behavior of the full
replica ensemble, the present representation focuses on
the scale evolution of each active partonic species and
therefore provides a more direct view of the internal
structure of the HF-NRevo framework.
The distributions reveal a well-defined hierarchy among

partonic channels. For Ω3c production, the constituent-
charm contribution remains by far the dominant FF over the
entire scale range explored. Likewise, in the Ω3b case, the
constituent-bottom channel clearly governs the fragmenta-
tion process. The gluon contribution occupies an inter-
mediate position, while all remaining quark species stay
strongly suppressed and are generated only through
DGLAP evolution above the corresponding thresholds.
A noteworthy feature is the remarkable smoothness of

the evolution pattern. The constituent-heavy-quark FFs

FIG. 4. Momentum-fraction distributions of the OMG3Q1.1 FFs describing gluon fragmentation into Ω3c (left) and Ω3b (right) states.
Results are reported for three representative factorization scales, μF ¼ 40, 80, and 160 GeV. Shaded bands in the upper panels represent
the total uncertainty obtained from the combination of F-MHOU and F-NPWF effects. The lower panels isolate the corresponding
perturbative and nonperturbative uncertainty components. The replica structure adopted in the OMG3Q1.1 set is summarized in Table I of
Appendix A.
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exhibit only a mild dependence on μF, indicating that their
normalization and overall shape are largely determined by
the initial-scale construction and remain stable under
evolution. The gluon channel displays a more visible scale
dependence, reflecting the combined action of its initial-
scale input and subsequent partonic mixing. Nevertheless,
its evolution remains regular and monotonic throughout the
explored region, with no indication of pathological behav-
ior or excessive sensitivity to threshold crossings.
The persistence of the constituent-heavy-quark domi-

nance across a broad range of scales provides additional
support for the physical picture underlying the OMG3Q1.1

construction. At the same time, the controlled evolution of
the gluon sector confirms the consistency of the threshold-
aware HF-NRevo strategy. Together, these features
establish a robust foundation for the phenomenological
predictions discussed in Sec. V, where the interplay between
constituent-heavy-quark and gluon fragmentation channels
will be seen to play a central role in shaping collider
observables.

IV. SEMI-INCLUSIVE Ω3Q-JET PRODUCTION
IN HIGH-ENERGY QCD

The first part of this section (Sec. IVA) reviews selected
developments in semihard QCD phenomenology and high-
energy resummation. The second part (Sec. IV B) intro-
duces the NLL=NLOþ hybrid factorization framework
employed in this work and its application to semi-inclusive
Ω3Q plus jet production.

A. Semihard dynamics and theoretical background

The production of heavy-flavored hadrons provides a
powerful laboratory for exploring the semihard regime of
QCD, where large energy logarithms can spoil the con-
vergence of fixed-order perturbative calculations. In this

domain, the Balitsky-Fadin-Kuraev-Lipatov (BFKL) for-
malism [180–182] systematically resums logarithmic con-
tributions in the center-of-mass energy, including both
leading-logarithmic (LL) terms αns lnnðsÞ and NLL correc-
tions αnþ1

s lnnðsÞ.
More specifically, the semihard, or Regge-Gribov regime

is characterized by perturbative transverse scales that
remain well above the QCD scale while being much
smaller than the collision energy [183]. In this hierarchy,
powers of energy logarithms compensate the smallness of
the strong coupling and eventually spoil the convergence of
a purely fixed-order expansion. The role of BFKL resum-
mation is therefore to reorganize these enhanced contribu-
tions to all orders while retaining the hard transverse scales
of the tagged final-state objects.
Within high-energy factorization, the reaction is organ-

ized into two process-dependent impact factors connected
by the universal BFKL Green’s function [184,185]. The
impact factors describe the production of the tagged objects
in the fragmentation regions of the two incoming protons
and contain the corresponding collinear partonic informa-
tion, whereas the Green’s function controls the energy
evolution across the rapidity interval separating them. The
latter is independent of the nature of the tagged final states
and resums the unresolved real and virtual radiation emitted
in the central rapidity region. Since proton PDFs and, when
an identified hadron is observed, collinear FFs are
embedded in the external impact factors, this organization
naturally realizes a hybrid description in which collinear
and high-energy QCD dynamics act on distinct components
of the factorized cross section.
BFKL resummation has been successfully applied to a

broad class of semihard reactions, including Mueller-
Navelet jets [186–196], dihadron [77,192,197–199] and
hadron-jet systems [76,199–204], multijet production
[192,205–209], forward-Higgs emissions [203,210–219],

FIG. 5. Scale dependence of the OMG3Q1.1 FFs at fixed z ¼ 0.45 for Ω3c (left) and Ω3b (right) production. The distributions of all
active parton species are shown as functions of the factorization scale μF. Predictions correspond to the central replica (replica 0), with F-
MHOU and F-NPWF variations switched off. For details on the replica indexing and parameter mapping, see Table I in Appendix A.
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Drell-Yan processes [220,221], and heavy-flavored final
states [78,122–124,222–231]. Complementary studies of
single-forward emissions have provided valuable con-
straints on small-x gluon dynamics through unintegrated
gluon distributions (UGDs) at HERA [232–242] and at the
forthcoming electron-ion collider (EIC) [239,243–246].
These investigations have, in turn, stimulated the develop-
ment of small-x resummed PDFs [247–253] and improved
TMD parton densities [143,144,254–262].
A particularly important development emerged from

heavy-flavor phenomenology. Studies of Λc [227] and
b-hadron production [228] revealed a natural stabilization
mechanism in semihard observables, driven by collinear
VFNS fragmentation [229]. Unlike light-particle emissions,
which are often affected by large NLL corrections and
threshold-enhanced effects [76,200,263], heavy-flavored
final states display improved perturbative stability.
This observation motivated the construction of VFNS

fragmentation frameworks based on NRQCD inputs
[40,41,121,179], initially developed for vector quarkonia
[78,122] and later extended to Bcð1S0Þ and Bcð3S1Þ mesons
[123,124]. The same mechanism subsequently opened a
phenomenological pathway toward exotic hadrons, enabling
studies of doubly heavy tetraquarks [60,130], all-heavy

tetraquarks [60–63,134,171,264], and all-charm pentaquarks
[65,66].

B. NLL-resummed cross section

We consider the hadroproduction reaction depicted in
Fig. 6

pðp1Þ þ pðp2Þ → Ω3Qðq1; y1;ϕ1Þ þ X þ jetðq2; y2;ϕ2Þ;
ð22Þ

where the incoming protons, carrying momenta p1;2, define
the initial state of the collision. The symbolΩ3Q denotes the
observed all-heavy baryon, produced with momentum q1,
rapidity y1, and azimuthal angle ϕ1. A jet is simultaneously
tagged in the final state, characterized by momentum q2,
rapidity y2, and azimuthal angle ϕ2. The system X
collectively represents all additional particles that remain
unobserved. Our analysis is performed in the semihard
kinematic domain, where both final-state objects carry
large transverse momenta, jq⃗T1;2

j, and are separated by a
wide rapidity interval, ΔY ¼ y1 − y2. This configuration

FIG. 6. Schematic illustration of the hybrid collinear/high-energy factorization employed for semi-inclusive Ω3Q-plus-jet production
at hadron colliders. Firebrick-colored blobs denote proton PDFs, whereas green ovals represent collinear FFs for the observed all-heavy
Ω3Q baryon. The orange arrow identifies the associated jet. The emission functions are connected through the universal BFKL Green’s
function (gray blob) via Reggeized-gluon exchanges. The diagram was generated with JaxoDraw 2.0 [265].
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guarantees the applicability of a VFNS description based
on leading-power fragmentation, which is expected to
dominate the production mechanism of the Ω3Q states.
The proton momenta are chosen as Sudakov light-cone
vectors satisfying p2

1 ¼ p2
2 ¼ 0 and ðp1 · p2Þ ¼ s=2, from

which one obtains

q1;2¼ x1;2p1;2−
q21;2⊥
x1;2s

p2;1þq1;2⊥; q⃗2T1;2
≡−q21;2⊥: ð23Þ

The longitudinal momentum fractions, x1;2, are related to
the rapidities of the observed final-state particles through

y1;2 ¼ � 1

2
ln
x21;2s

q⃗2T1;2

and dy1;2 ¼ � dx1;2
x1;2

: ð24Þ

One writes

ΔY ¼ y1 − y2 ¼ ln

�
x1x2

jq⃗T1
jjq⃗T2

j s
�
: ð25Þ

At LO in collinear QCD factorization, the differential
cross section factorizes into the convolution of an on-shell
partonic subprocess, the proton PDFs, and the FFs asso-
ciated with the production of the observed rare baryon,

dσLO½coll:�
dx1dx2d2q⃗T1

d2q⃗T2

¼
X
α;β;γ

¼ q; q̄; g
Z

1

0

dxa

Z
1

0

dxb fαðxaÞfβðxbÞ
Z

1

x1

dξ
ξ
D

Ω3Q
γ

�
x1
ξ

�
dσ̂αβ→γX ðŝÞ

dx1dx2d2q⃗T1
d2q⃗T2

: ð26Þ

Here, α and β label the incoming partons, whereas γ
denotes the outgoing parton that fragments into the
observed baryon. The sums over α and β and γ run over
all active partonic species, excluding the top quark, whose
contribution to fragmentation is negligible. For brevity, the
explicit dependence on the factorization scale μF has been
suppressed in Eq. (26). The functions fα;βðxa;b; μFÞ denote
the proton PDFs, whereas D

Ω3Q
γ ðx1=ξ; μFÞ describes the

fragmentation of the outgoing parton γ into the observed
baryon. The variables xa;b represent the longitudinal
momentum fractions carried by the incoming partons,
while ξ parametrizes the longitudinal momentum of the
fragmenting parton relative to that of the observed baryon.
The quantities dσ̂αβ→γX ðŝÞ are the corresponding partonic
hard-scattering coefficients, with ŝ≡ xaxbs denoting the
squared center-of-mass energy of the underlying subpro-
cess.
Equation (26) provides a useful collinear reference, but

the organization of the perturbative series changes in the
semihard limit relevant to the present reaction. When the
two tagged objects carry hard transverse momenta and are
separated by a large rapidity interval, enhanced energy
logarithms originate from additional partonic radiation
emitted between the two fragmentation regions. In the
hybrid-factorization description, these contributions are not
assigned to a single fixed-order hard subprocess. Instead,
the production of the Ω3Q baryon and of the tagged jet is
encoded in two separate emission functions, which are
connected by the BFKL Green’s function that resums the
radiation spanning the rapidity gap.
The emission functions provide the interface between

high-energy resummation and the collinear description of

the external fragmentation regions. They embed the rel-
evant collinear inputs, namely proton PDFs and, whenever
an identified hadron is tagged, the corresponding FFs,
together with the perturbative coefficients governing the
production of the observed final state.
In the present case, the Ω3Q emission function therefore

combines proton PDFs with the OMG3Q1.1 FFs, whereas the
jet emission function involves the appropriate quark,
antiquark, and gluon PDF contributions together with
the perturbative jet-production vertex. The collinear inputs
evolve according to DGLAP dynamics, while the BFKL
Green’s function independently governs the high-energy
evolution across the rapidity interval separating the two
tagged objects. The two evolution mechanisms thus act on
distinct but complementary components of the hybrid-
factorization framework.
At the level of the external emission vertices, all

active gluon, quark, and antiquark species are included.
The resulting flavor combinations comprise gluon-gluon,
gluon-quark, quark-gluon, and quark-quark channels,
together with the corresponding antiquark combinations
and flavor crossings. At NLO, the baryon emission
function further contains diagonal and mixed gluon-quark
coefficient functions, so that the species extracted from the
proton and the parton fragmenting into the observed Ω3Q

need not coincide. These flavor combinations characterize
the partonic content of the impact factors and should not be
interpreted as an independent decomposition of the
resummed result into collinear [2 → 2] subprocesses.
It is convenient to project the resulting cross section onto

azimuthal harmonics by expanding it as a Fourier series in
the relative azimuthal angle, ϕ ¼ ϕ1 − ϕ2 − π, so that
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dσ
dy1dy2dq⃗T1

dq⃗T2
dϕ1dϕ2

¼ 1

ð2πÞ2
�
C0 þ 2

X∞
l¼1

cosðlϕÞCl
�
:

ð27Þ

The first building block of the NLL resummation frame-
work is the BFKL Green’s function,

GNLLðΔY; l; ν; μRÞ ¼ eΔYᾱsðμRÞχNLOðl;νÞ; ð28Þ

where ᾱsðμRÞ≡ αsðμRÞNc=π, and β0 ¼ 11Nc=3 − 2nf=3
denotes the leading coefficient of the QCD β function. The
quantity χNLOðl; νÞ appearing in the exponent is the Mellin-
space eigenvalue of the NLL BFKL kernel and embodies

the all-order resummation of high-energy logarithms. Its
explicit expression reads

χNLOðl; νÞ ¼ χðl; νÞ þ ᾱsχ̃ðl; νÞ; ð29Þ

where the LO kernel eigenvalues χðl; νÞ read

χðl; νÞ ¼ −2γE − 2Re

�
ψ

�
1

2
þ l
2
þ iν

��
; ð30Þ

with γE being the Euler-Mascheroni constant and ψðzÞ≡
Γ0ðzÞ=ΓðzÞ representing the digamma function. The NLO
kernel correction, χ̃ðl; νÞ in Eq. (29), reads

χ̃ðl; νÞ ¼ χ̄ðl; νÞ þ β0
2Nc

χðl; νÞ
�
−
1

4
χðl; νÞ þ 5

6
þ ln

μRffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijq⃗T1
jjq⃗T2

jp �
; ð31Þ

with χ̄ðl; νÞ being calculated in Ref. [266] and explicitly reported in Appendix B.
The resummed cross section further requires the NLO baryon emission function in the representation of the LO BFKL

eigenfunctions. Following the formalism of Ref. [267], particularly suitable for heavy-hadron production in the semihard
regime, one obtains

ENLO
Ω3Q

ðl; ν; jq⃗T j; xÞ ¼ EΩ3Q
ðν; jq⃗T j; xÞ þ αsðμRÞÊΩ3Q

ðl; ν; jq⃗T j; xÞ: ð32Þ

The corresponding LO function reads

EΩ3Q
ðν; jq⃗T j; xÞ ¼ 2

ffiffiffiffiffiffi
CF

CA

s
jq⃗T j2iν−1

Z
1

x

dξ
ξ

�
ξ

x

�
2iν−1

�
CA

CF
fgðξÞDΩ3Q

g

�
x
ξ

�
þ

X
α¼q;q̄

fαðξÞDΩ3Q
α

�
x
ξ

��
; ð33Þ

with the NLO correction, ÊΩ3Q
ðl; ν; jq⃗T j; xÞ, taken from the

identified-hadron NLO impact factor derived in Ref. [267],
specifically Eq. (4.58), and expressed in terms of the
coefficient functions given in Eqs. (4.59) to (4.62). The
structure of the complete NLO emission function in
Eq. (32) can be schematically represented as

ENLO
Ω3Q

∼
X
α

fα ⊗ D
Ω3Q
α þ αs

2π

X
α;β

fα ⊗ chαβ ⊗ D
Ω3Q

β ; ð34Þ

where α and β independently run over the active gluon,
quark, and antiquark species, while chαβ denote the NLO
coefficient functions. At LO, the emission function exhibits

a purely flavor-diagonal convolution structure, fα ⊗ D
Ω3Q
α ,

in which the partonic species entering through the proton
PDF coincides with the one fragmenting into the observed
baryon.
At NLO, this structure is supplemented by the convo-

lutions fα ⊗ chαβ ⊗ D
Ω3Q

β , where the coefficient functions
chαβ allow the PDF and FF flavor indices to be independent

and therefore encode both diagonal and mixed partonic
channels. These coefficient functions collect the real and
virtual radiative contributions together with the collinear-
subtraction terms. After PDF and FF renormalization, the
infrared and ultraviolet singularities cancel, yielding a finite
NLO emission function. The Ω3Q FFs thus enter through
the flavor-diagonal LO contribution as well as through the
full set of NLO convolutions, providing the interface
between the perturbative emission vertex and the fragmen-
tation dynamics of the observed baryon.
The relative weighting of the gluon- and quark-initiated

terms in Eq. (33) originates from the color structure of the
LO forward-parton impact factors. With the overall nor-
malization convention adopted here, the quark contribution
is normalized to the fundamental color factor CF, whereas
gluon emission carries the corresponding adjoint factor CA,
thus generating the relative weight CA=CF multiplying the
gluon PDF-FF convolution. These color factors therefore
belong to the perturbative emission vertex and are inde-
pendent of the nonperturbative structure encoded in the
Ω3Q FFs.
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The resummed description is completed by the jet
emission function,

ENLO
J ðl; ν; jq⃗T j; xÞ ¼ EJðν; jq⃗T j; xÞ þ αsðμRÞÊJðl; ν; jq⃗j; xÞ;

ð35Þ

whose LO expression is

EJðν; jq⃗T j; xÞ ¼ 2

ffiffiffiffiffiffi
CF

CA

s
jq⃗T j2iν−1

�
CA

CF
fgðxÞ þ

X
β¼q;q̄

fβðxÞ
�
:

ð36Þ

The NLO term ÊJðl; ν; jq⃗T j; xÞ is sensitive to the choice of
jet definition. In this work, we follow the formalism

developed in Ref. [268], adopting a formulation specifi-
cally designed for efficient numerical implementations. The
corresponding jet-selection function is constructed within
the small-cone approximation for cone-based algorithms
(see Ref. [188] for a detailed discussion). Consistently with
recent CMS measurements of forward-jet production [269],
the jet radius is fixed to RJ ¼ 0.5.
The preceding construction makes explicit the factorized

roles of the three ingredients: the two emission functions
encode the process-dependent fragmentation-region
dynamics, while the BFKL Green’s function provides
the universal high-energy evolution connecting them.
Combining the Green’s function with the baryon and jet

emission functions, one obtains the master formula for the
NLL=NLOþ azimuthal coefficients in the MS renormali-
zation scheme,

CNLL=NLO
þ

l ¼ eΔY

s

Z þ∞

−∞
dνGNLLðΔY; l; ν; μRÞα2sðμRÞ

�
ENLO
Ω3Q

ðl; ν; jq⃗T1
j; x1Þ½ENLO

J ðl; ν; jq⃗T2
j; x2Þ��

þ α2sðμRÞΔY
β0
4π

χðl; νÞ
�
ln ðjq⃗T1

jjq⃗T2
jÞ þ i

2

d
dν

ln
EΩ3Q

E�
J

��
: ð37Þ

The NLL=NLOþ designation refers to the resummation of
energy logarithms at full NLL accuracy combined with
NLO impact factors. The superscript “þ” indicates the
inclusion of contributions beyond strict NLL accuracy,
originating from products of NLO corrections to the
emission functions.
Within our notation, the labels LL=LO and NLL=NLOðþÞ

refer exclusively to the logarithmic accuracy of the universal
BFKL kernel. The LL=LO approximation resums terms of
the form ½αs lnðsÞ�n through the LO kernel, whereas
NLL=NLOðþÞ additionally incorporates αs½αs lnðsÞ�n con-
tributions generated by the NLO kernel. The resulting

kernel is then convoluted with impact factors evaluated
either at LO or NLO. This kernel-based classification
provides a process-independent definition of logarithmic
accuracy, avoiding ambiguities associated with the pertur-
bative order of specific impact factors. Indeed, the leading
power of αs carried by the impact factors depends on the
process under consideration, as exemplified by the differ-
ence between Higgs and jet/hadron production chan-
nels [212].
For reference, we also consider the pure LL limit in the

MS scheme,

CLL=LOl ¼ eΔY

s

Z þ∞

−∞
dν eG

ð0Þ
NLLðΔY;l;ν;μRÞα2sðμRÞEΩ3Q

ðl; ν; jq⃗T1
j; x1Þ½EJðl; ν; jq⃗T2

j; x2Þ��: ð38Þ

A meaningful assessment of high-energy resummation
effects requires a comparison with predictions based on
fixed-order perturbation theory. Since fully differential NLO
calculations for inclusive hadron-plus-jet production are not
currently available in a numerical implementation, we adopt
a high-energy fixed-order approximation to quantify the
impact of resummation. This procedure, first introduced in
studies of di-jet [189] and hadron-jet [76] correlations,
consists in truncating the resummed high-energy series at
NLO accuracy, thereby reproducing the asymptotic high-
energy limit of a fixed-order NLO calculation. Specifically,

the azimuthal coefficients of Eq. (37) are expanded up to
Oðα3sÞ, leading to the high-energy fixed-order (HE-NLOþ)
representation

CHE-NLO
þ

l ¼ eΔY

s

Z þ∞

−∞
dν α2sðμRÞ

�
1þ Gð0Þ

NLLðΔY; l; ν; μRÞ
�

× ENLO
Ω3Q

ðl; ν; jq⃗T1
j; x1Þ½ENLO

J ðl; ν; jq⃗T2
j; x2Þ��;

ð39Þ

with
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Gð0Þ
NLLðΔY; l; ν; μRÞ ¼ ᾱsðμRÞΔYχðl; νÞ ð40Þ

standing for the first-order expansion of the resummation
kernel.
The factorization and renormalization scales are chosen

according to the characteristic hardness of the final state.
Throughout this work, we adopt the reference choice
μF ¼ μR ¼ μN , where the natural scale is defined as

μN ¼ mΩ3Q⊥ þ jq⃗T2
j. Here, mΩ3Q⊥ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Ω3Q
þ jq⃗T1

j2
q

denotes the transverse mass of the produced baryon.
This prescription, based on the sum of the transverse scales
associated with the tagged final-state objects, is widely
employed in precision-QCD calculations and Monte Carlo
implementations (see, e.g., Refs. [270,271]). Residual
missing-higher-order uncertainties (MHOUs) are estimated
through the standard scale-variation procedure, varying μF
and μR around μN within the range μN=2 < μF;R < 2μN , as
controlled by the parameter Cμ.

V. PRECISION PHENOMENOLOGY
AT HADRON COLLIDERS

All numerical results presented in this work are obtained
within the Python+Fortran JETHAD multimodular framework
[76–82]. Proton PDFs are described by the NNPDF4.0
NLO set [272], interfaced through LHAPDF6 [273].

A. Fiducial selection and uncertainty estimates

Our phenomenological study is centered on the rapidity-
separation distribution, namely the cross section differential
in ΔY ¼ y1 − y2, where y1 and y2 denote the rapidities of
the produced Ω3Q baryon and the associated light jet,
respectively.
This observable is obtained from the azimuthal coef-

ficient C0 introduced in Sec. IV B, after integration over the
remaining final-state phase space at fixed ΔY. It can be
written as

dσðΔY; sÞ
dΔY

¼
Z jq⃗T1 jmax

jq⃗T1 jmin
djq⃗T1

j
Z jq⃗T2 jmax

jq⃗T2 jmin
djq⃗T2

j
Z

minðymax
1

;ΔYþymax
2

Þ

maxðymin
1

;ΔYþymin
2

Þ
dy1 C

½res�
0

				
y2¼y1−ΔY

; ð41Þ

where the label ½res� collectively denotes NLL=NLOþ,
HE-NLOþ, or LL=LO accuracy. The integration over one
rapidity variable is removed through the kinematic con-
straint ΔY ¼ y1 − y2.
The quantities jq⃗T1

j and jq⃗T2
j entering Eq. (41) explicitly

denote the magnitudes of the transverse momenta of the
tagged Ω3Q baryon and light jet, respectively. The notion of
“large transverse momentum” adopted throughout our
analysis refers to the scale hierarchy underlying the semi-
hard, or Regge-Gribov regime [183]: the transverse scales of
the tagged objects must remain well above the infrared QCD
domain while being much smaller than the hadronic center-
of-mass energy. For the identified Ω3Q baryon, its mass
provides an additional physical scale, and the leading-power
VFNS fragmentation description is expected to become
progressively more reliable as jq⃗T1

j=mΩ3Q
increases and

mass-suppressed contributions become less relevant. No
universal sharp criterion of the form jq⃗T1

j=mΩ3Q
> C, with a

process-independent constant C, is implied by the factori-
zation framework. We therefore assess the practical
adequacy of the selected transverse-momentum domain
by studying the stability of the predictions under progres-
sively harder transverse-momentum cuts.
Our reference selection is the asymmetric range

50 < jq⃗T1
j=GeV < 120 for the Ω3Q baryon and 30 <

jq⃗T2
j=GeV < 120 for the associated jet. Asymmetric trans-

verse-momentum cuts are commonly employed in semihard
phenomenological studies [269] and are known to enhance
sensitivity to high-energy dynamics. In particular, they

suppress the relative importance of fixed-order contributions
[76,189], reduce Sudakov-enhanced effects associated with
nearly back-to-back configurations [274,275], improve
perturbative stability [276], and mitigate violations of
energy-momentum conservation [277].
To examine whether this reference choice lies within a

sufficiently stable semihard domain, and to assess the
impact of the hierarchy between the two tagged transverse
scales, we complement it with three additional selections.
The first is a symmetric range, 50 < jq⃗T1

j=GeV < 120 and
50 < jq⃗T2

j=GeV < 120. We then consider an intermediate
asymmetric range, 80 < jq⃗T1

j=GeV < 120 and 50 < jq⃗T2
j=

GeV < 120, followed by a higher asymmetric range, 100 <
jq⃗T1

j=GeV < 120 and 70 < jq⃗T2
j=GeV < 120. These pro-

gressively more restrictive selections permit us to test the
stability of the resummed predictions as the tagged trans-
verse scales are moved farther into the perturbative domain,
while simultaneously monitoring the reduction of the
available production rate.
Concerning rapidity acceptance, we adopt representative

LHC-inspired selections. The Ω3Q baryon is assumed to be
detected in the central region, −2.5 < y1 < 2.5, corre-
sponding to the tracking and central-detector coverage
[278], while the accompanying jet can extend into the
forward region, −4.7 < y2 < 4.7, consistently with current
experimental capabilities [269].
A realistic phenomenological study requires a systematic

assessment of theoretical uncertainties. In the present
analysis, the dominant uncertainty sources are identified
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and treated separately before being consistently combined
at the observable level. The considered contributions are

(i) Perturbative H-MHOUs. These originate from the
residual dependence on the renormalization and
factorization scales entering the hard-scattering sub-
process. Their effect is estimated by varying the
corresponding scales around their central values by a
factor between 1=2 and 2, thereby probing the size
of missing higher-order contributions in the high-
energy resummed cross section.

(ii) Perturbative F-MHOUs. These uncertainties are
associated with the perturbative input of the FFs
at their initial scale. As discussed in Sec. II, they are
modeled through variations of the evolution scales
entering the FF construction and are encoded in the
replica structure of the OMG3Q1.1 set.

(iii) Nonperturbative F-NPWF uncertainties. These re-
flect the modeling of the nonperturbative wave
function entering the initial-scale FFs. In the present
framework, they are controlled through variations of
the transverse-momentum parameter hq⃗2Ti, which
governs the effective momentum-space structure
of the all-heavy bound state within the Suzuki-
inspired approach.

(iv) Proton PDFs. An additional source of uncertainty
originates from the proton PDFs, which are extracted
from global fits and therefore contain an intrinsic
nonperturbative component. However, previous stud-
ies of heavy-flavor and all-heavy hadron production
have shown that PDF-induced variations are typi-
cally subleading with respect to fragmentation-re-
lated uncertainties. For this reason, we restrict our
analysis to the central member of the NNPDF4.0
set [272].

(v) Phase-space numerical integration. The leading
numerical uncertainty originates from the multidi-
mensional integration over the final-state phase space
[see Eq. (41)] and over the Mellin variable ν [see
Eqs. (37), (38), and (39)]. These integrals are
performed using the native routines of JETHAD,
with numerical errors systematically kept below the
1% level. Subleading contributions arise from the
integration over the longitudinal momentum frac-
tions entering the PDF-FF convolution [see Eq. (33)]
and are found to be negligible.

In practice, F-MHOU and F-NPWF effects are simulta-
neously encoded within the OMG3Q1.1 replica ensemble,
which provides a unified framework for uncertainty

FIG. 7. Rapidity-separation distributions for semi-inclusive Ω3Q plus jet production at
ffiffiffi
s

p ¼ 13 TeV (HL-LHC), shown for the triply
charmed state Ω3c (left) and the triply bottom state Ω3b (right). The reference asymmetric transverse-momentum range is defined by
50 < jq⃗T1

j < 120 GeV for theΩ3Q baryon and 30 < jq⃗T2
j < 120 GeV for the jet. Predictions are presented at the NLL=NLOþ, LL=LO,

and HE-NLOþ accuracy levels. The uncertainty envelopes in the upper panels correspond to the total uncertainty obtained by combining
H-MHOU, F-MHOU, F-NPWF, and integration effects. The lower panels show, from top to bottom: (i) the ratios of LL=LO and
HE-NLOþ results to the NLL=NLOþ prediction, including H-MHOU variations only; (ii) the F-MHOU uncertainty band; and (iii) the
F-NPWF uncertainty band, both normalized to the corresponding prediction.
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propagation (see Sec. II and Appendix A). At the level of
rapidity distributions, these contributions are consistently
combined with H-MHOUs, allowing for a comprehensive
assessment of the total theoretical uncertainty affecting the
observable.

B. Numerical results and
phenomenological implications

Figures 7 and 8 display our predictions for semi-inclusive
Ω3Q plus light-jet production as a function of the rapidity
separation ΔY between the baryon and the jet. Results are
shown for the triply charmed state Ω3c (left panels) and the
triply bottom stateΩ3b (right panels), at the HL-LHC energy
of

ffiffiffi
s

p ¼ 13 TeV and at the nominal FCC energy offfiffiffi
s

p ¼ 100 TeV, respectively. The rapidity spectra are pre-
sented in bins of width ΔY ¼ 0.5, a choice motivated by
future experimental studies and by the need to retain a direct
connection with realistic detector-level analyses.
At the nominal FCC energy, this reference analysis is

further complemented by the symmetric, intermediate
asymmetric, and higher asymmetric transverse-momentum
selections displayed in Figs. 9–11, respectively. For sim-
plicity and to avoid a redundant proliferation of numerical
results, we perform this dedicated cut-dependence study at a

single collider energy. We select the nominal FCC setup
since, as the highest-energy configuration considered in this
work, it provides the most exploratory environment and the
widest kinematic lever arm for testing the semihard regime.
We do not display the corresponding cut-dependence results
at the 13 TeV HL-LHC, for which we have verified that the
same qualitative pattern is recovered. These additional FCC
configurations are designed to assess the perturbative
stability of the resummed predictions against progressively
harder transverse-momentum requirements.
A common feature of the reference predictions shown in

Figs. 7 and 8 is the progressive suppression of the cross
section as the baryon-jet rapidity interval increases. This
trend originates from the interplay between two competing
mechanisms. While the BFKL ladder enhances the cross
section through the growth of high-energy logarithmic
contributions at large rapidity separations, the convolution
with proton PDFs and Ω3Q FFs increasingly restricts the
available longitudinal phase space. Within the kinematic
region investigated here, the phase-space suppression pre-
vails over the BFKL enhancement, leading to a steadily
decreasing ΔY spectrum for both Ω3c and Ω3b production.
For the reference transverse-momentum selection, a

substantial enhancement of the overall normalization is

FIG. 8. Rapidity-separation distributions for semi-inclusiveΩ3Q plus jet production at
ffiffiffi
s

p ¼ 100 TeV (FCC, nominal), shown for the
triply charmed state Ω3c (left) and the triply bottom state Ω3b (right). The reference asymmetric transverse-momentum range is defined
by 50 < jq⃗T1

j < 120 GeV for the Ω3Q baryon and 30 < jq⃗T2
j < 120 GeV for the jet. Predictions are presented at the NLL=NLOþ,

LL=LO, and HE-NLOþ accuracy levels. The uncertainty envelopes in the upper panels correspond to the total uncertainty obtained by
combining H-MHOU, F-MHOU, F-NPWF, and integration effects. The lower panels show, from top to bottom: (i) the ratios of LL=LO
and HE-NLOþ results to the NLL=NLOþ prediction, including H-MHOU variations only; (ii) the F-MHOU uncertainty band; and
(iii) the F-NPWF uncertainty band, both normalized to the corresponding prediction.
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observed when moving from HL-LHC to FCC energies. For
both Ω3c and Ω3b production, the cross sections increase by
more than 1 order of magnitude across most of the explored
rapidity range, with the largest gains occurring at small and
intermediate values of ΔY. At

ffiffiffi
s

p ¼ 13 TeV, the Ω3c
distributions lie in the pb-to-tens-of-pb regime, while the
corresponding Ω3b rates are typically 1 to 2 orders of
magnitude smaller. At

ffiffiffi
s

p ¼ 100 TeV, the Ω3c spectra
reach the Oð102Þ pb level in the low-ΔY region and remain
sizable throughout the explored interval, whereas Ω3b
production attains cross sections ranging from a few pb
to several tens of pb. This pronounced energy dependence
reflects the rapid growth of partonic luminosities and the
much larger high-energy phase space available at FCC
energies. Compared with the previous OMG3Q1.0 study
[75], the lower transverse-momentum thresholds adopted
here for both the Ω3Q baryon and the accompanying jet
enlarge the accessible phase space and contribute to the
enhancement of the predicted cross sections.
We now examine the dependence of the FCC predic-

tions on the transverse-momentum selection through the
additional configurations shown in Figs. 9–11. Figure 9
first replaces the reference asymmetric selection,
50 < jq⃗T1

j < 120 and 30 < jq⃗T2
j < 120 GeV, with the

symmetric range 50 < jq⃗T1
j < 120 and 50 < jq⃗T2

j <
120 GeV. This comparison directly tests the sensitivity
of the predictions to the relative transverse scales of the
tagged baryon and jet, without modifying the lower
transverse-momentum threshold of the Ω3Q state.
Figures 10 and 11 then progressively raise the trans-
verse-momentum thresholds to the intermediate asymmet-
ric range, 80 < jq⃗T1

j < 120 and 50 < jq⃗T2
j < 120 GeV,

and to the higher asymmetric range, 100 < jq⃗T1
j < 120

and 70 < jq⃗T2
j < 120 GeV, respectively.

Taken together, these configurations provide a direct
stability test of the resummed predictions as the tagged
transverse scales are moved progressively farther into the
perturbative domain. The simultaneous presentation of the
Ω3c and Ω3b channels is especially useful in this respect,
since the same absolute transverse-momentum selection
corresponds to substantially different ratios of the baryon
transverse momentum to its mass. The comparison there-
fore permits us to assess whether the larger mass of the Ω3b

state leads to an enhanced sensitivity to the lower trans-
verse-momentum boundary, while also quantifying the
phenomenological cost, in terms of the available produc-
tion rate, associated with increasingly restrictive selections.

FIG. 9. Rapidity-separation distributions for semi-inclusiveΩ3Q plus jet production at
ffiffiffi
s

p ¼ 100 TeV (FCC, nominal), shown for the
triply charmed state Ω3c (left) and the triply bottom state Ω3b (right). The symmetric transverse-momentum range is defined by
50 < jq⃗T1

j < 120 GeV for theΩ3Q baryon and 50 < jq⃗T2
j < 120 GeV for the jet. Predictions are presented at the NLL=NLOþ, LL=LO,

and HE-NLOþ accuracy levels. The uncertainty envelopes in the upper panels correspond to the total uncertainty obtained by combining
H-MHOU, F-MHOU, F-NPWF, and integration effects. The lower panels show, from top to bottom: (i) the ratios of LL=LO and
HE-NLOþ results to the NLL=NLOþ prediction, including H-MHOU variations only; (ii) the F-MHOU uncertainty band; and (iii) the
F-NPWF uncertainty band, both normalized to the corresponding prediction.
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Here and in what follows, stability under variations of
the transverse-momentum cuts refers to the perturbative
stability of the resummed description, rather than to the
absolute normalization of the cross section. The latter
necessarily decreases as the lower transverse-momentum
bounds are raised, owing to the corresponding reduction of
the available phase space. Our stability criterion instead
concerns the persistence of a controlled hierarchy among
the LL=LO, NLL=NLOþ, and HE-NLOþ predictions,
together with a regular behavior of the associated pertur-
bative uncertainty bands, as the tagged transverse scales are
progressively increased.
The comparison between Figs. 8 and 9 provides a first

consistency check of the transverse-momentum dependence
anticipated in Sec. VA. Moving from the reference asym-
metric selection to the symmetric one leads to a visibly
closer agreement between the LL=LO and NLL=NLOþ
predictions, signaling an enhanced perturbative stability
when the two tagged transverse scales are more closely
balanced. At the same time, the separation between the
NLL=NLOþ result and its high-energy fixed-order counter-
part, HE-NLOþ, is reduced. This behavior is consistent with
the expected phenomenological role of asymmetric trans-
verse-momentum selections: while symmetric cuts favor a

stronger numerical stability among successive resummed
accuracies, asymmetric configurations enhance the dis-
criminating power between the resummed prediction and
its fixed-order high-energy truncation. The symmetric-cut
result therefore provides a nontrivial consistency check of
the high-energy framework and confirms the rationale
underlying the reference asymmetric selection.
The intermediate asymmetric configuration of Fig. 10

provides the first direct test of this stability criterion under
simultaneously harder transverse-momentum requirements.
As expected, raising the lower bounds from the reference
(50, 30) GeV selection to (80, 50) GeV produces a
substantial reduction of the absolute cross section for both
baryon species. This loss of rate is primarily driven by the
reduction of the available phase space and does not signal a
deterioration of the resummed description. Indeed, the
characteristic hierarchy among the three perturbative accu-
racies remains regular throughout the exploredΔY interval.
For Ω3c, the LL=LO prediction continues to lie systemati-
cally above the NLL=NLOþ result, while the HE-NLOþ
contribution remains below it and approaches the
resummed prediction toward larger rapidity separations.
A similarly controlled pattern is observed for Ω3b, with no
indication that the larger baryon mass induces an enhanced

FIG. 10. Rapidity-separation distributions for semi-inclusive Ω3Q plus jet production at
ffiffiffi
s

p ¼ 100 TeV (FCC, nominal), shown for
the triply charmed state Ω3c (left) and the triply bottom state Ω3b (right). The intermediate asymmetric transverse-momentum range is
defined by 80 < jq⃗T1

j < 120 GeV for the Ω3Q baryon and 50 < jq⃗T2
j < 120 GeV for the jet. Predictions are presented at the

NLL=NLOþ, LL=LO, and HE-NLOþ accuracy levels. The uncertainty envelopes in the upper panels correspond to the total uncertainty
obtained by combining H-MHOU, F-MHOU, F-NPWF, and integration effects. The lower panels show, from top to bottom: (i) the ratios
of LL=LO and HE-NLOþ results to the NLL=NLOþ prediction, including H-MHOU variations only; (ii) the F-MHOU uncertainty
band; and (iii) the F-NPWF uncertainty band, both normalized to the corresponding prediction.
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perturbative instability when the lower transverse-momen-
tum thresholds are raised.
This picture is reinforced by the higher asymmetric

configuration of Fig. 11, where the lower transverse-
momentum bounds are further increased to 100 GeV for
the Ω3Q baryon and 70 GeV for the jet. Despite the
substantial reduction of the available production rate, the
perturbative structure of the predictions remains regular
over the entire explored rapidity interval. For Ω3c, the
LL=LO prediction remains systematically above the
NLL=NLOþ result, while the HE-NLOþ contribution stays
below it and progressively approaches the resummed
prediction toward larger ΔY. For Ω3b, which provides the
more stringent test because of its larger mass, no qualitative
rearrangement of the perturbative hierarchy is observed
when moving from the reference to the substantially harder
transverse-momentum selection. In particular, the relative
behavior of the LL=LO, NLL=NLOþ, and HE-NLOþ

predictions evolves smoothly, with no evidence of an
instability associated with the lower transverse-momentum
boundary.
The sequence of transverse-momentum selections there-

fore indicates that the reference range already lies within a
perturbatively controlled semihard regime. Raising the

lower transverse-momentum bounds primarily reduces
the available event rate, as expected from the steeply
falling transverse-momentum spectrum, rather than induc-
ing a qualitative stabilization that was absent at lower
scales. This conclusion is particularly relevant for Ω3b
production: although the ratio jq⃗T1

j=mΩ3b
is smaller than in

the triply charmed channel for the same absolute cut,
increasing jq⃗T1

jmin from 50 to 100 GeV does not reveal a
qualitatively different perturbative pattern. Our results thus
support the use of the reference selection for phenomeno-
logical studies, while the harder configurations provide
increasingly conservative alternatives at the price of a
substantial loss in production rate.
Quantitatively, considering the asymmetric selections,

the cross section decreases by approximately 1 order of
magnitude when moving from the reference (50, 30) GeV
configuration to the intermediate (80, 50) GeV range, and
by a further factor of about 5 when the lower transverse-
momentum bounds are raised to (100, 70) GeV. The higher
asymmetric selection therefore retains only a small fraction
of the production rate available in the reference setup,
providing a direct measure of the phenomenological cost
associated with increasingly conservative transverse-
momentum requirements.

FIG. 11. Rapidity-separation distributions for semi-inclusive Ω3Q plus jet production at
ffiffiffi
s

p ¼ 100 TeV (FCC, nominal), shown for
the triply charmed state Ω3c (left) and the triply bottom state Ω3b (right). The higher asymmetric transverse-momentum range is defined
by 100 < jq⃗T1

j < 120 GeV for the Ω3Q baryon and 70 < jq⃗T2
j < 120 GeV for the jet. Predictions are presented at the NLL=NLOþ,

LL=LO, and HE-NLOþ accuracy levels. The uncertainty envelopes in the upper panels correspond to the total uncertainty obtained by
combining H-MHOU, F-MHOU, F-NPWF, and integration effects. The lower panels show, from top to bottom: (i) the ratios of LL=LO
and HE-NLOþ results to the NLL=NLOþ prediction, including H-MHOU variations only; (ii) the F-MHOU uncertainty band; and
(iii) the F-NPWF uncertainty band, both normalized to the corresponding prediction.

TOWARD PRECISION FRAGMENTATION OF Ω3Q … PHYS. REV. D 114, 054038 (2026)

054038-23



The first ancillary panels of Figs. 7 and 8, as well as of
the additional FCC results in Figs. 9, 10, and 11, quantify
the impact of high-energy resummation by displaying the
ratios of the LL=LO and HE-NLOþ predictions to the
NLL=NLOþ reference, including H-MHOU variations
only. A clear hierarchy emerges at both collider energies
and persists across the different transverse-momentum
selections. The LL=LO predictions systematically exceed
the NLL=NLOþ ones, indicating that NLL corrections
provide a sizable stabilization of the resummed series. This
effect is particularly pronounced for Ω3c production at the
HL-LHC, where the LL=LO over NLL=NLOþ ratio
reaches several units over a broad region in ΔY. By
contrast, the enhancement is significantly milder for Ω3b
production, corresponding to a reduced separation between
the LL=LO and NLL=NLOþ predictions in the heavier
system.
The HE-NLOþ predictions remain considerably closer to

the NLL=NLOþ baseline across the explored transverse-
momentum configurations. Depending on the collider
energy, baryon species, and transverse-momentum selec-
tion, the HE-NLOþ over NLL=NLOþ ratio stays below or
moderately close to unity, supporting the consistency of our
hybrid factorization and confirming that the dominant
effects are already captured by the NLL=NLOþ description.
A further improvement is observed at FCC energies. In

particular, the separation between the LL=LO and
NLL=NLOþ predictions becomes noticeably smaller, while
the HE-NLOþ curves remain well controlled throughout the
explored rapidity range. This pattern suggests that the
resummed description becomes increasingly natural as
the available center-of-mass energy grows and the semihard
kinematics more efficiently probes the high-energy regime.
Consequently, the FCC environment offers not only sub-
stantially larger event rates, but also a more stable frame-
work for precision studies of high-energy QCD dynamics.
The second and third ancillary panels isolate the two

fragmentation-related uncertainty sources introduced in the
OMG3Q1.1 framework, for the reference setup as well as for
the additional transverse-momentum selections. Both
F-MHOUs and F-NPWF uncertainties remain under good
control over the entire rapidity range and across the explored
transverse-momentum configurations, typically inducing
only modest deviations from the central prediction and
exhibiting a weak dependence on ΔY. The F-NPWF bands
are particularly smooth, as variations of the nonperturbative
FF parameters primarily affect the normalization and
detailed shape of the fragmentation input while leaving
the underlying high-energy dynamics unchanged. Their
effect is therefore propagated through the fragmentation
convolution without generating significant distortions of the
rapidity spectrum. No sign of instability or anomalous
enhancement is observed across the explored kinematic
domain, either at HL-LHC or FCC energies, nor when

progressively harder transverse-momentum selections are
imposed.
A particularly noteworthy outcome of the OMG3Q1.1

analysis is the clear hierarchy among uncertainty sources,
which remains qualitatively preserved across the different
transverse-momentum choices. Fragmentation-related
uncertainties remain systematically smaller than the varia-
tions induced by changes in the high-energy perturbative
description, indicating that both the construction of theΩ3Q

FFs and their DGLAP evolution are under good theoretical
control. The uncertainty envelopes shown in the main
panels combine H-MHOUs, F-MHOUs, F-NPWF effects,
and numerical integration uncertainties. Beyond providing
a realistic estimate of the overall theoretical accuracy, this
decomposition allows one to identify the physical origin of
the uncertainty budget.
Unlike earlier analyses based exclusively on central

predictions, the OMG3Q1.1 framework disentangles the
relative impact of high-energy resummation, perturbative
fragmentation, and nonperturbative FF modeling. The
resulting picture is remarkably consistent: the dominant
variations originate from the perturbative high-energy
sector, while the fragmentation component contributes only
a limited fraction of the total uncertainty. This observation
further supports the robustness of the OMG3Q1.1 predictions
and strengthens their suitability for future precision studies
of triply heavy baryon production at hadron colliders.
From the perspective of high-energy phenomenology, the

results reveal a remarkably stable pattern despite the large
rapidity intervals explored. Although the LL=LO predic-
tions can differ substantially from the NLL=NLOþ baseline,
the matched resummed framework remains well behaved
and all fragmentation-related uncertainty sources stay under
quantitative control. The resulting rapidity spectra are
therefore characterized by a clear hierarchy of theoretical
effects, where high-energy resummation drives the domi-
nant variations while fragmentation uncertainties provide
comparatively small corrections. This makes semi-inclusive
Ω3Q plus jet production a particularly attractive channel for
investigating the interplay between heavy-hadron fragmen-
tation and high-energy QCD dynamics.
Overall, Figs. 7 and 8, complemented by the transverse-

momentum-cut study of Figs. 9–11, demonstrate that the
OMG3Q1.1 functions lead to numerically stable and physi-
cally transparent predictions for triply heavy baryon pro-
duction at hadron colliders. The uncertainty decomposition
implemented in the framework provides direct access to the
relative impact of perturbative high-energy effects, pertur-
bative fragmentation dynamics, and nonperturbative FF
modeling. To our knowledge, this represents the first
systematic uncertainty-aware study of leading-power
Ω3Q fragmentation and one of the first applications of a
fully decomposed fragmentation-uncertainty framework to
rare heavy-baryon production in semi-inclusive collider
observables.
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VI. SUMMARY AND OUTLOOK

In this work we have presented the OMG3Q1.1 sets, a new
generation of collinear FFs for triply heavy baryons within
the HF-NRevo framework. These determinations extend
and supersede the previous OMG3Q1.0 release [75]
by introducing, for the first time, a systematic uncer-
tainty-aware treatment of heavy-baryon fragmentation.
Perturbative uncertainties are quantified through replica-
based missing-higher-order variations inspired by modern
PDF methodologies [279–282], while nonperturbative
effects are assessed through controlled variations of the
wave-function sector entering the fragmentation input.
Both ingredients are embedded into a unified replicalike
structure, yielding a flexible and systematically improv-
able framework for precision studies of rare-baryon
production.
Using the JETHAD numerical interface and its symbolic-

manipulation plugin (sym)JETHAD [76–82], we inves-
tigated semi-inclusive Ω3Q plus jet production within the
NLL=NLOþ hybrid collinear/high-energy factorization
setup. Our phenomenological analysis covers collider ener-
gies ranging from the HL-LHC regime at

ffiffiffi
s

p ¼ 13 TeV up
to the nominal FCC energy of

ffiffiffi
s

p ¼ 100 TeV. The result-
ing rapidity distributions exhibit a clear and physically
interpretable pattern, characterized by a substantial enhance-
ment of production rates at FCC energies together with an
increasingly stable perturbative behavior.
A central outcome of the present study is the identifica-

tion of a well-defined hierarchy among theoretical uncer-
tainties. The dominant theoretical sensitivity originates from
the high-energy perturbative sector, including hard-factor
missing higher-order uncertainties (H-MHOUs), while
fragmentation-related effects associated with fragmentation
missing higher-order uncertainties and fragmentation non-
perturbative wave-function variations remain comparatively
small throughout the explored kinematic range. This result
demonstrates that both the construction of the OMG3Q1.1 FFs
and their subsequent DGLAP evolution are under good
theoretical control. More broadly, it establishes triply heavy
baryons as theoretically robust probes for precision inves-
tigations of high-energy QCD dynamics.
The observed stabilization of the resummed predictions

further supports the concept of natural stability previously
identified in heavy-flavor fragmentation studies [229].
Although LL predictions can differ substantially from
the NLL=NLOþ baseline, the resummed high-energy
framework remains well behaved and increasingly stable
as the collider energy grows. This behavior is particularly
evident in the FCC regime, where the semihard kinematics
more efficiently activates high-energy logarithmic dynam-
ics and provides a favorable environment for precision tests
of resummation effects.
From a broader perspective, heavy-baryon fragmenta-

tion constitutes a privileged interface between hadron
structure and precision QCD. The production of triply

heavy states requires the simultaneous control of pertur-
bative short-distance dynamics, threshold-sensitive parton
evolution, and nonperturbative hadron formation. The
OMG3Q1.1 framework provides a quantitative tool to inves-
tigate this interplay and establishes a benchmark for future
studies of heavy-baryon production across different col-
lider environments.
An additional avenue of investigation concerns the

sensitivity of multicharm observables to intrinsic-charm
components of the proton wave function [283–286].
Although the production of triply heavy baryons is
expected to be largely dominated by gluon-initiated mech-
anisms, specific kinematic regions may enhance the con-
tribution of charm-initiated channels. Recent studies have
shown that axial-vector all-charm tetraquarks provide
particularly sensitive probes of intrinsic charm through
their production dynamics [134]. In this context, uncer-
tainty-aware fragmentation frameworks such as OMG3Q1.1

offer a natural foundation for future investigations aimed at
connecting heavy-flavor production, hadron structure, and
exotic spectroscopy.
Beyond their immediate application to the still-unob-

served triply heavy baryons, the OMG3Q1.1 functions should
be regarded as part of a broader effort toward a unified
description of heavy-baryon formation across flavor sectors.
Recent years have witnessed remarkable progress in multi-
charm baryon spectroscopy, culminating in the observation
of the doubly charmed states Ξþþ

cc [32] and Ξþ
cc [33],

together with the recent report of the Ωþ
cc baryon [34].

These discoveries complete the ground-state doubly
charmed sector and demonstrate that increasingly complex
heavy-baryon systems can now be reconstructed with high
precision. In this evolving experimental landscape, triply
heavy baryons naturally emerge as the next frontier.
The theoretical infrastructure developed in the OMG3Q1.1

program provides a quantitative baseline for this new
generation of studies. By combining uncertainty-aware
fragmentation with high-energy phenomenology, it enables
a systematic investigation of heavy-baryon production from
the HL-LHC to future collider facilities, including the FCC
[287–290] and other next-generation machines [291–297].
More broadly, it contributes to a long-term program aimed
at establishing a unified and systematically improvable
description of heavy-baryon formation, in which recently
discovered doubly charmed baryons and future triply heavy
states can be interpreted within a common QCD
framework.
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DATA AVAILABILITY

The fragmentation-function grids introduced in this work
are publicly available in LHAPDF6 format through the
Collinear_FFs repository [298]. The released dataset
includes the complete OMG3Q1.1 determination, together
with all replica members used for the evaluation of
perturbative and nonperturbative uncertainties. Numerical
results presented in this study were obtained using
the JETHAD framework and can be reproduced from the
publicly available fragmentation-function grids and the
information provided in the manuscript.

APPENDIX A: REPLICA ORGANIZATION
OF THE OMG3Q1.1 SETS

The OMG3Q1.1 release is built upon a structured ensem-
ble of nine replicas designed to quantify the impact of
perturbative and nonperturbative uncertainties on the
fragmentation process. The replica construction follows
a two-dimensional variation strategy in which factoriza-
tion-scale modifications and wave-function-profile defor-
mations are treated independently and subsequently
combined.
Perturbative uncertainties are estimated through the

variation of the characteristic fragmentation scale by
means of the multiplicative factor Kμ ¼ 0.5, 1, 2, providing
the F-MHOU component of the uncertainty budget.
Nonperturbative effects are instead probed through varia-
tions of the transverse-momentum parameter hq⃗2Ti, which

controls the shape of the initial fragmentation input and
enters the F-NPWF uncertainty estimate. Three represen-
tative values are considered,

hq⃗2Ti ¼ 55; 60; 65 GeV2: ðA1Þ

The complete replica ensemble is obtained by combining
all perturbative and nonperturbative configurations. The
central prediction corresponds to replica 0, defined by the
reference choice Kμ ¼ 1 and hq⃗2Ti ¼ 60 GeV2.
The correspondence between replica labels and param-

eter configurations is reported in Table I.

APPENDIX B: NLO CORRECTION TO THE BFKL KERNEL

The characteristic function associated with the NLO correction to the BFKL kernel in Eq. (31) takes the form

χ̄ðl; νÞ ¼ −
1

4

�
π2 − 4

3
χðl; νÞ − 6ζð3Þ − d2χ

dν2
þ 2ϕðl; νÞ þ 2ϕðl;−νÞ

þ π2 sinhðπνÞ
2νcosh2ðπνÞ

��
3þ
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c
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��
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where δnm denotes the usual Kronecker delta, and
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Z
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dx
x−1=2þiνþl=2
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�
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TABLE I. Replica structure of the OMG3Q1.1 set. Variations of
Kμ provide the F-MHOU component, while changes in hq⃗2Ti
determine the F-NPWF contribution.

Replica ID Kμ hq⃗2Ti [GeV2]

0 1 60
1 1 55
2 1 65
3 0.5 60
4 0.5 55
5 0.5 65
6 2 60
7 2 55
8 2 65

FRANCESCO GIOVANNI CELIBERTO PHYS. REV. D 114, 054038 (2026)

054038-26



βψðzÞ ¼
1
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�
ψ 0
�
zþ 1
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�
− ψ 0
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��
: ðB3Þ

Furthermore,

Li2ðxÞ ¼
Z

x

0

dy
lnð1 − yÞ

−y
ðB4Þ

stands for the dilogarithm function.

[1] J. D. Bjorken, AIP Conf. Proc. 132, 390 (1985).
[2] S. Fleck and J. M. Richard, Prog. Theor. Phys. 82, 760

(1989).
[3] A. P. Martynenko, Phys. Lett. B 663, 317 (2008).
[4] A. P. Martynenko and A.M. Trunin, Phys. Rev. D 89,

014004 (2014).
[5] M. Karliner and J. L. Rosner, Phys. Rev. D 90, 094007

(2014).
[6] T. Yoshida, E. Hiyama, A. Hosaka, M. Oka, and K. Sadato,

Phys. Rev. D 92, 114029 (2015).
[7] D. Ebert, R. N. Faustov, V. O. Galkin, and A. P.

Martynenko, Phys. Rev. D 66, 014008 (2002).
[8] W. Roberts and M. Pervin, Int. J. Mod. Phys. A 23, 2817

(2008).
[9] Y.-Q. Chen and S.-Z. Wu, J. High Energy Phys. 08 (2011)

144; 09 (2011) 089(E).
[10] M. Padmanath, R. G. Edwards, N. Mathur, and M.

Peardon, Phys. Rev. D 90, 074504 (2014).
[11] Z. S. Brown, W. Detmold, S. Meinel, and K. Orginos,

Phys. Rev. D 90, 094507 (2014).
[12] S. Meinel, Phys. Rev. D 85, 114510 (2012).
[13] N. Mathur and M. Padmanath, Phys. Rev. D 99, 031501(R)

(2019).
[14] A. Francis, R. J. Hudspith, R. Lewis, and K. Maltman,

Phys. Rev. D 99, 054505 (2019).
[15] E. J. Eichten and C. Quigg, Phys. Rev. D 49, 5845

(1994).
[16] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985).
[17] R. N. Faustov and V. O. Galkin, Phys. Rev. D 105, 014013

(2022).
[18] Ö. Çakır and H. Mutuk, Eur. Phys. J. C 86, 678 (2026).
[19] F. J. Llanes-Estrada, O. I. Pavlova, and R. Williams, Eur.

Phys. J. C 72, 2019 (2012).
[20] K.-W. Wei, B. Chen, N. Liu, Q.-Q. Wang, and X.-H. Guo,

Phys. Rev. D 95, 116005 (2017).
[21] G. Yang, J. Ping, P. G. Ortega, and J. Segovia, Chin. Phys.

C 44, 023102 (2020).
[22] M. Gómez-Rocha, J. More, and K. Serafin, Few Body

Syst. 64, 44 (2023).
[23] Z. R. Najjar, K. Azizi, and H. R. Moshfegh, Eur. Phys. J. C

84, 612 (2024).
[24] N. M. de Arenaza, J. J. Gálvez-Viruet, and F. J. Llanes-

Estrada, Eur. Phys. J. A 60, 216 (2024).
[25] G. Apollinari, O. Brüning, T. Nakamoto, and L.

Rossi, CERN Yellow Report No. CERN-2015-005,
2015, pp. 1–19, 10.5170/CERN-2015-005.

[26] M. Benedikt et al. (FCC Collaboration), Eur. Phys. J. C 85,
1468 (2025).

[27] M. Benedikt et al. (FCC Collaboration), Eur. Phys. J.
Special Topics 234, 5713 (2025).

[28] M. Benedikt et al. (FCC Collaboration), Eur. Phys. J.
Special Topics 234, 5113 (2025).

[29] T. Abe et al. (Belle-II Collaboration), arXiv:1011.0352.
[30] A. Hayrapetyan et al. (CMS Collaboration), Phys. Rev.

Lett. 132, 111901 (2024).
[31] A. Hayrapetyan et al. (CMS Collaboration), Nature (Lon-

don) 648, 58 (2025).
[32] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 119,

112001 (2017).
[33] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 137,

021902 (2026).
[34] Y. Wang (LHCb Collaboration), Conventional Spectros-

copy of Doubly Heavy Hadrons at LHCB, in Beauty 2026
Conference, Maastricht, The Netherlands (2026), presen-
tation reporting the observation of the doubly charmed
baryon Ωþ

cc.
[35] S. S. Gershtein, V. V. Kiselev, A. K. Likhoded, and A. I.

Onishchenko, Phys. Rev. D 62, 054021 (2000).
[36] A. Ali, J. S. Lange, and S. Stone, Prog. Part. Nucl. Phys.

97, 123 (2017).
[37] R. Aaij et al. (LHCb Collaboration), Sci. Bull. 65, 1983

(2020).
[38] M. Karliner and J. L. Rosner, Phys. Rev. D 102, 094016

(2020).
[39] E. Braaten, K.-m. Cheung, S. Fleming, and T. C. Yuan,

Phys. Rev. D 51, 4819 (1995).
[40] E. Braaten and T. C. Yuan, Phys. Rev. Lett. 71, 1673

(1993).
[41] E. Braaten, K.-m. Cheung, and T. C. Yuan, Phys. Rev. D

48, 4230 (1993).
[42] E. Braaten, M. A. Doncheski, S. Fleming, and M. L.

Mangano, Phys. Lett. B 333, 548 (1994).
[43] E. Braaten, K.-m. Cheung, and T. C. Yuan, Phys. Rev. D

48, R5049 (1993).
[44] V. V. Kiselev, A. K. Likhoded, and M. V. Shevlyagin, Phys.

Lett. B 332, 411 (1994).
[45] M. Anselmino, E. Predazzi, S. Ekelin, S. Fredriksson, and

D. B. Lichtenberg, Rev. Mod. Phys. 65, 1199 (1993).
[46] D. Ebert, T. Feldmann, C. Kettner, and H. Reinhardt,

Z. Phys. C 71, 329 (1996).
[47] S. M. Moosavi Nejad and P. Sartipi Yarahmadi, Eur. Phys.

J. A 52, 315 (2016).
[48] C.-H. Chang, C.-F. Qiao, J.-X. Wang, and X.-G. Wu, Phys.

Rev. D 73, 094022 (2006).
[49] A. D. Adamov and G. R. Goldstein, Phys. Rev. D 56, 7381

(1997).

TOWARD PRECISION FRAGMENTATION OF Ω3Q … PHYS. REV. D 114, 054038 (2026)

054038-27

https://doi.org/10.1063/1.35379
https://doi.org/10.1143/PTP.82.760
https://doi.org/10.1143/PTP.82.760
https://doi.org/10.1016/j.physletb.2008.04.030
https://doi.org/10.1103/PhysRevD.89.014004
https://doi.org/10.1103/PhysRevD.89.014004
https://doi.org/10.1103/PhysRevD.90.094007
https://doi.org/10.1103/PhysRevD.90.094007
https://doi.org/10.1103/PhysRevD.92.114029
https://doi.org/10.1103/PhysRevD.66.014008
https://doi.org/10.1142/S0217751X08041219
https://doi.org/10.1142/S0217751X08041219
https://doi.org/10.1007/JHEP08(2011)144
https://doi.org/10.1007/JHEP08(2011)144
https://doi.org/10.1007/JHEP09(2011)089
https://doi.org/10.1103/PhysRevD.90.074504
https://doi.org/10.1103/PhysRevD.90.094507
https://doi.org/10.1103/PhysRevD.85.114510
https://doi.org/10.1103/PhysRevD.99.031501
https://doi.org/10.1103/PhysRevD.99.031501
https://doi.org/10.1103/PhysRevD.99.054505
https://doi.org/10.1103/PhysRevD.49.5845
https://doi.org/10.1103/PhysRevD.49.5845
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.105.014013
https://doi.org/10.1103/PhysRevD.105.014013
https://doi.org/10.1140/epjc/s10052-026-15944-1
https://doi.org/10.1140/epjc/s10052-012-2019-9
https://doi.org/10.1140/epjc/s10052-012-2019-9
https://doi.org/10.1103/PhysRevD.95.116005
https://doi.org/10.1088/1674-1137/44/2/023102
https://doi.org/10.1088/1674-1137/44/2/023102
https://doi.org/10.1007/s00601-023-01818-9
https://doi.org/10.1007/s00601-023-01818-9
https://doi.org/10.1140/epjc/s10052-024-12960-x
https://doi.org/10.1140/epjc/s10052-024-12960-x
https://doi.org/10.1140/epja/s10050-024-01430-3
https://doi.org/10.5170/CERN-2015-005
https://doi.org/10.1140/epjc/s10052-025-15077-x
https://doi.org/10.1140/epjc/s10052-025-15077-x
https://doi.org/10.1140/epjs/s11734-025-01967-4
https://doi.org/10.1140/epjs/s11734-025-01967-4
https://doi.org/10.1140/epjs/s11734-025-01958-5
https://doi.org/10.1140/epjs/s11734-025-01958-5
https://arXiv.org/abs/1011.0352
https://doi.org/10.1103/PhysRevLett.132.111901
https://doi.org/10.1103/PhysRevLett.132.111901
https://doi.org/10.1038/s41586-025-09711-7
https://doi.org/10.1038/s41586-025-09711-7
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/PhysRevLett.119.112001
https://doi.org/10.1103/dmv6-7gdv
https://doi.org/10.1103/dmv6-7gdv
https://doi.org/10.1103/PhysRevD.62.054021
https://doi.org/10.1016/j.ppnp.2017.08.003
https://doi.org/10.1016/j.ppnp.2017.08.003
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1103/PhysRevD.102.094016
https://doi.org/10.1103/PhysRevD.102.094016
https://doi.org/10.1103/PhysRevD.51.4819
https://doi.org/10.1103/PhysRevLett.71.1673
https://doi.org/10.1103/PhysRevLett.71.1673
https://doi.org/10.1103/PhysRevD.48.4230
https://doi.org/10.1103/PhysRevD.48.4230
https://doi.org/10.1016/0370-2693(94)90182-1
https://doi.org/10.1103/PhysRevD.48.R5049
https://doi.org/10.1103/PhysRevD.48.R5049
https://doi.org/10.1016/0370-2693(94)91273-4
https://doi.org/10.1016/0370-2693(94)91273-4
https://doi.org/10.1103/RevModPhys.65.1199
https://doi.org/10.1007/s002880050178
https://doi.org/10.1140/epja/i2016-16315-7
https://doi.org/10.1140/epja/i2016-16315-7
https://doi.org/10.1103/PhysRevD.73.094022
https://doi.org/10.1103/PhysRevD.73.094022
https://doi.org/10.1103/PhysRevD.56.7381
https://doi.org/10.1103/PhysRevD.56.7381


[50] J.-J. Yang, Phys. Rev. D 65, 094035 (2002).
[51] M. A. Gomshi Nobary and R. Sepahvand, Phys. Rev. D 71,

034024 (2005).
[52] S. M. Nejad and M. Delpasand, Eur. Phys. J. A 53, 174

(2017).
[53] S. M. Moosavi Nejad, Phys. Rev. D 96, 114021 (2017).
[54] M. Delpasand and S. M. Nejad, Phys. Rev. D 99, 114028

(2019).
[55] B. Mele and P. Nason, Nucl. Phys. B361, 626 (1991);

B921, 841(E) (2017)].
[56] M. Cacciari and M. Greco, Nucl. Phys. B421, 530 (1994).
[57] M. Buza, Y. Matiounine, J. Smith, and W. L. van Neerven,

Eur. Phys. J. C 1, 301 (1998).
[58] M. Cacciari and S. Catani, Nucl. Phys. B617, 253 (2001).
[59] A. Mitov and S.-O. Moch, Nucl. Phys. B751, 18 (2006).
[60] F. G. Celiberto and G. Gatto, Phys. Rev. D 111, 034037

(2025).
[61] F. G. Celiberto, Phys. Rev. D 111, L111501 (2025).
[62] F. G. Celiberto, Phys. Rev. D 112, 074041 (2025).
[63] F. G. Celiberto, Phys. Rev. D 113, 114037 (2026).
[64] F. G. Celiberto, arXiv:2609.04049.
[65] F. G. Celiberto, Eur. Phys. J. C 85, 1395 (2025).
[66] F. G. Celiberto, Phys. Rev. D 114, 014009 (2026).
[67] F. G. Celiberto and F. Lonigro, Phys. Rev. D 112, 114040

(2025).
[68] F. G. Celiberto and F. Lonigro, arXiv:2609.11604.
[69] F. G. Celiberto, in 58th Rencontres de Moriond on QCD

and High Energy Interactions (2024) [arXiv:2405.08221].
[70] F. G. Celiberto, Proc. Sci. DIS2024 (2025) 168 [arXiv:

2406.10779].
[71] F. G. Celiberto, Acta Phys. Pol. B Proc. Suppl. 18, 1

(2025).
[72] F. G. Celiberto and F. Lonigro, Proc. Sci. EPS-HEP2025

(2026) 191 [arXiv:2510.22449].
[73] F. G. Celiberto and F. Lonigro, Proc. Sci. CORFU2025

(2026) 398 [arXiv:2603.28389].
[74] F. G. Celiberto, Acta Phys. Pol. B Proc. Suppl. 19, 4

(2026).
[75] F. G. Celiberto, Phys. Rev. D 112, 074023 (2025).
[76] F. G. Celiberto, Eur. Phys. J. C 81, 691 (2021).
[77] F. G. Celiberto, Phys. Rev. D 105, 114008 (2022).
[78] F. G. Celiberto, Universe 9, 324 (2023).
[79] F. G. Celiberto, Symmetry 16, 550 (2024).
[80] F. G. Celiberto, Particles 7, 502 (2024).
[81] F. G. Celiberto, Symmetry 18, 29 (2026).
[82] F. G. Celiberto, Particles 9, 23 (2026).
[83] M. Cacciari, M. Greco, S. Rolli, and A. Tanzini, Phys. Rev.

D 55, 2736 (1997).
[84] I. Helenius and H. Paukkunen, J. High Energy Phys. 07

(2023) 054.
[85] T. Generet, Ph.D. thesis, RWTH Aachen University,

RWTH Aachen University, 2023.
[86] R. L. Jaffe and L. Randall, Nucl. Phys. B412, 79 (1994).
[87] B. A. Kniehl, G. Kramer, I. Schienbein, and H.

Spiesberger, Eur. Phys. J. C 41, 199 (2005).
[88] I. Helenius and H. Paukkunen, J. High Energy Phys. 05

(2018) 196.
[89] B. Mele and P. Nason, Phys. Lett. B 245, 635 (1990).
[90] P. J. Rijken and W. L. van Neerven, Phys. Lett. B 386, 422

(1996).

[91] J. Blumlein and V. Ravindran, Nucl. Phys. B749, 1 (2006).
[92] K. Melnikov and A. Mitov, Phys. Rev. D 70, 034027

(2004).
[93] A. Mitov, Phys. Rev. D 71, 054021 (2005).
[94] C. Biello and L. Bonino, Eur. Phys. J. C 84, 1192 (2024).
[95] V. Kartvelishvili, A. Likhoded, and V. Petrov, Phys. Lett.

78B, 615 (1978).
[96] M. G. Bowler, Z. Phys. C 11, 169 (1981).
[97] C. Peterson, D. Schlatter, I. Schmitt, and P. M. Zerwas,

Phys. Rev. D 27, 105 (1983).
[98] B. Andersson, G. Gustafson, and B. Soderberg, Z. Phys. C

20, 317 (1983).
[99] P. D. B. Collins and T. P. Spiller, J. Phys. G 11, 1289

(1985).
[100] G. Colangelo and P. Nason, Phys. Lett. B 285, 167

(1992).
[101] H. Georgi, Phys. Lett. B 240, 447 (1990).
[102] E. Eichten and B. R. Hill, Phys. Lett. B 234, 511 (1990).
[103] B. Grinstein, Annu. Rev. Nucl. Part. Sci. 42, 101 (1992).
[104] M. Neubert, Phys. Rep. 245, 259 (1994).
[105] M. Cacciari and M. Greco, Phys. Rev. D 55, 7134 (1997).
[106] W. E. Caswell and G. P. Lepage, Phys. Lett. 167B, 437

(1986).
[107] B. A. Thacker and G. P. Lepage, Phys. Rev. D 43, 196

(1991).
[108] G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev. D

51, 1125 (1995); 55, 5853(E) (1997).
[109] P. L. Cho and A. K. Leibovich, Phys. Rev. D 53, 150

(1996).
[110] P. L. Cho and A. K. Leibovich, Phys. Rev. D 53, 6203

(1996).
[111] A. K. Leibovich, Phys. Rev. D 56, 4412 (1997).
[112] G. T. Bodwin, E. Braaten, and J. Lee, Phys. Rev. D 72,

014004 (2005).
[113] B. Grinstein, Int. J. Mod. Phys. A 15, 461 (2000).
[114] M. Krämer, Prog. Part. Nucl. Phys. 47, 141 (2001).
[115] N. Brambilla et al. (Quarkonium Working Group), CERN

Yellow Report, Report No. CERN-2005-005, Geneva,
CERN, 2005, p. 487.

[116] J.-P. Lansberg, PhD thesis, Liege University, 2005.
[117] J.-P. Lansberg, Phys. Rep. 889, 1 (2020).
[118] S. Alekhin, J. Blumlein, S. Klein, and S. Moch, Phys. Rev.

D 81, 014032 (2010).
[119] Z.-B. Kang, Y.-Q. Ma, J.-W. Qiu, and G. Sterman, Phys.

Rev. D 90, 034006 (2014).
[120] D. Boer, J. Bor, L. Maxia, C. Pisano, and F. Yuan, J. High

Energy Phys. 08 (2023) 105.
[121] X.-C. Zheng, C.-H. Chang, T.-F. Feng, and X.-G. Wu,

Phys. Rev. D 100, 034004 (2019).
[122] F. G. Celiberto and M. Fucilla, Eur. Phys. J. C 82, 929

(2022).
[123] F. G. Celiberto, Phys. Lett. B 835, 137554 (2022).
[124] F. G. Celiberto, Eur. Phys. J. C 84, 384 (2024).
[125] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 114,

041801 (2015).
[126] G. Aad et al. (ATLAS Collaboration), Phys. Rev. Lett. 131,

151902 (2023).
[127] H.-F. Zhang, Y.-Q. Ma, and W.-L. Sang, Sci. Bull. 70,

1915 (2025).
[128] R. Zhu, Nucl. Phys. B966, 115393 (2021).

FRANCESCO GIOVANNI CELIBERTO PHYS. REV. D 114, 054038 (2026)

054038-28

https://doi.org/10.1103/PhysRevD.65.094035
https://doi.org/10.1103/PhysRevD.71.034024
https://doi.org/10.1103/PhysRevD.71.034024
https://doi.org/10.1140/epja/i2017-12364-8
https://doi.org/10.1140/epja/i2017-12364-8
https://doi.org/10.1103/PhysRevD.96.114021
https://doi.org/10.1103/PhysRevD.99.114028
https://doi.org/10.1103/PhysRevD.99.114028
https://doi.org/10.1016/0550-3213(91)90597-Q
https://doi.org/10.1016/j.nuclphysb.2017.05.005
https://doi.org/10.1016/0550-3213(94)90515-0
https://doi.org/10.1007/BF01245820
https://doi.org/10.1016/S0550-3213(01)00469-2
https://doi.org/10.1016/j.nuclphysb.2006.05.018
https://doi.org/10.1103/PhysRevD.111.034037
https://doi.org/10.1103/PhysRevD.111.034037
https://doi.org/10.1103/ympl-ly2l
https://doi.org/10.1103/375n-fw5h
https://doi.org/10.1103/t5j1-84y2
https://arXiv.org/abs/2609.04049
https://doi.org/10.1140/epjc/s10052-025-15079-9
https://doi.org/10.1103/1sd3-zwsf
https://doi.org/10.1103/rmsq-bq3b
https://doi.org/10.1103/rmsq-bq3b
https://arXiv.org/abs/2609.11604
https://arXiv.org/abs/2405.08221
https://doi.org/10.22323/1.469.0168
https://arXiv.org/abs/2406.10779
https://arXiv.org/abs/2406.10779
https://doi.org/10.5506/APhysPolBSupp.18.6-A29
https://doi.org/10.5506/APhysPolBSupp.18.6-A29
https://doi.org/10.22323/1.485.0191
https://doi.org/10.22323/1.485.0191
https://arXiv.org/abs/2510.22449
https://arXiv.org/abs/2603.28389
https://doi.org/10.1103/sb8n-9nt6
https://doi.org/10.1140/epjc/s10052-021-09384-2
https://doi.org/10.1103/PhysRevD.105.114008
https://doi.org/10.3390/universe9070324
https://doi.org/10.3390/sym16050550
https://doi.org/10.3390/particles7030029
https://doi.org/10.3390/sym18010029
https://doi.org/10.3390/particles9010023
https://doi.org/10.1103/PhysRevD.55.2736
https://doi.org/10.1103/PhysRevD.55.2736
https://doi.org/10.1007/JHEP07(2023)054
https://doi.org/10.1007/JHEP07(2023)054
https://doi.org/10.1016/0550-3213(94)90495-2
https://doi.org/10.1140/epjc/s2005-02200-7
https://doi.org/10.1007/JHEP05(2018)196
https://doi.org/10.1007/JHEP05(2018)196
https://doi.org/10.1016/0370-2693(90)90704-A
https://doi.org/10.1016/0370-2693(96)00898-2
https://doi.org/10.1016/0370-2693(96)00898-2
https://doi.org/10.1016/j.nuclphysb.2006.04.032
https://doi.org/10.1103/PhysRevD.70.034027
https://doi.org/10.1103/PhysRevD.70.034027
https://doi.org/10.1103/PhysRevD.71.054021
https://doi.org/10.1140/epjc/s10052-024-13532-9
https://doi.org/10.1016/0370-2693(78)90653-6
https://doi.org/10.1016/0370-2693(78)90653-6
https://doi.org/10.1007/BF01574001
https://doi.org/10.1103/PhysRevD.27.105
https://doi.org/10.1007/BF01407824
https://doi.org/10.1007/BF01407824
https://doi.org/10.1088/0305-4616/11/12/006
https://doi.org/10.1088/0305-4616/11/12/006
https://doi.org/10.1016/0370-2693(92)91317-3
https://doi.org/10.1016/0370-2693(92)91317-3
https://doi.org/10.1016/0370-2693(90)91128-X
https://doi.org/10.1016/0370-2693(90)92049-O
https://doi.org/10.1146/annurev.ns.42.120192.000533
https://doi.org/10.1016/0370-1573(94)90091-4
https://doi.org/10.1103/PhysRevD.55.7134
https://doi.org/10.1016/0370-2693(86)91297-9
https://doi.org/10.1016/0370-2693(86)91297-9
https://doi.org/10.1103/PhysRevD.43.196
https://doi.org/10.1103/PhysRevD.43.196
https://doi.org/10.1103/PhysRevD.51.1125
https://doi.org/10.1103/PhysRevD.51.1125
https://doi.org/10.1103/PhysRevD.55.5853
https://doi.org/10.1103/PhysRevD.53.150
https://doi.org/10.1103/PhysRevD.53.150
https://doi.org/10.1103/PhysRevD.53.150
https://doi.org/10.1103/PhysRevD.53.150
https://doi.org/10.1103/PhysRevD.56.4412
https://doi.org/10.1103/PhysRevD.72.014004
https://doi.org/10.1103/PhysRevD.72.014004
https://doi.org/10.1142/S0217751X00000227
https://doi.org/10.1016/S0146-6410(01)00154-5
https://doi.org/10.1016/j.physrep.2020.08.007
https://doi.org/10.1103/PhysRevD.81.014032
https://doi.org/10.1103/PhysRevD.81.014032
https://doi.org/10.1103/PhysRevD.90.034006
https://doi.org/10.1103/PhysRevD.90.034006
https://doi.org/10.1007/JHEP08(2023)105
https://doi.org/10.1007/JHEP08(2023)105
https://doi.org/10.1103/PhysRevD.100.034004
https://doi.org/10.1140/epjc/s10052-022-10818-8
https://doi.org/10.1140/epjc/s10052-022-10818-8
https://doi.org/10.1016/j.physletb.2022.137554
https://doi.org/10.1140/epjc/s10052-024-12704-x
https://doi.org/10.1103/PhysRevLett.114.041801
https://doi.org/10.1103/PhysRevLett.114.041801
https://doi.org/10.1103/PhysRevLett.131.151902
https://doi.org/10.1103/PhysRevLett.131.151902
https://doi.org/10.1016/j.scib.2025.04.035
https://doi.org/10.1016/j.scib.2025.04.035
https://doi.org/10.1016/j.nuclphysb.2021.115393


[129] F. Feng, Y. Huang, Y. Jia, W.-L. Sang, X. Xiong, and J.-Y.
Zhang, Phys. Rev. D 106, 114029 (2022).

[130] F. G. Celiberto and A. Papa, Phys. Lett. B 848, 138406
(2024).

[131] X.-W. Bai, F. Feng, C.-M. Gan, Y. Huang, W.-L. Sang, and
H.-F. Zhang, J. High Energy Phys. 09 (2024) 002.

[132] F. G. Celiberto, Universe 12, 13 (2026).
[133] H.-H. Ma, Z.-K. Tao, and J.-J. Niu, Eur. Phys. J. C 85, 397

(2025).
[134] F. G. Celiberto, A. V. Giannini, V. P. Gonçalves, and Y. N.

Lima, Phys. Rev. D 113, 054014 (2026).
[135] H. S. Nakhaei and G. R. Boroun, Phys. Rev. D 112,

054039 (2025).
[136] M. Gell-Mann, Phys. Lett. 8, 214 (1964).
[137] L. Maiani, F. Piccinini, A. D. Polosa, and V. Riquer, Phys.

Rev. D 71, 014028 (2005).
[138] R. L. Jaffe and F. Wilczek, Phys. Rev. Lett. 91, 232003

(2003).
[139] F.-K. Guo, C. Hidalgo-Duque, J. Nieves, and M. P.

Valderrama, Phys. Rev. D 88, 054014 (2013).
[140] M. De Sanctis, J. Ferretti, R. Magaña Vsevolodovna, P.

Saracco, and E. Santopinto, Few Body Syst. 57, 1177
(2016).

[141] A. Bacchetta, F. Conti, and M. Radici, Phys. Rev. D 78,
074010 (2008).

[142] A. Bacchetta, M. Radici, F. Conti, and M. Guagnelli, Eur.
Phys. J. A 45, 373 (2010).

[143] A. Bacchetta, F. G. Celiberto, M. Radici, and P. Taels, Eur.
Phys. J. C 80, 733 (2020).

[144] A. Bacchetta, F. G. Celiberto, and M. Radici, Eur. Phys. J.
C 84, 576 (2024).

[145] D. Chakrabarti, P. Choudhary, B. Gurjar, R. Kishore, T.
Maji, C. Mondal, and A. Mukherjee, Phys. Rev. D 108,
014009 (2023).

[146] K. Banu, A. Mukherjee, A. Pawar, and S. Rajesh, Phys.
Rev. D 110, 054009 (2024).

[147] M. Nzar and P. Hoodbhoy, Phys. Rev. D 51, 32 (1995).
[148] B.-Q. Ma, I. Schmidt, J. Soffer, and J.-J. Yang, Phys. Rev.

D 65, 034004 (2002).
[149] A. F. Falk, M. E. Luke, M. J. Savage, and M. B. Wise,

Phys. Rev. D 49, 555 (1994).
[150] L. Maiani, A. D. Polosa, and V. Riquer, Phys. Lett. B 749,

289 (2015).
[151] R. N. Faustov, V. O. Galkin, and E. M. Savchenko, Phys.

Rev. D 102, 114030 (2020).
[152] R. N. Faustov, V. O. Galkin, and E. M. Savchenko, Uni-

verse 7, 94 (2021).
[153] R. N. Faustov, V. O. Galkin, and E. M. Savchenko, Sym-

metry 14, 2504 (2022).
[154] A. P. Martynenko and V. A. Saleev, Phys. Lett. B 385, 297

(1996).
[155] M. A. Gomshi Nobary and R. Sepahvand, Phys. Rev. D 76,

114006 (2007).
[156] M. Suzuki, Phys. Rev. D 33, 676 (1986).
[157] G. P. Lepage and S. J. Brodsky, Phys. Rev. D 22, 2157

(1980).
[158] S. M. Moosavi Nejad and N. Amiri, Phys. Rev. D 105,

034001 (2022).
[159] R. Farashaeian and S. M. Moosavi Nejad, Eur. Phys. J. A

60, 65 (2024).

[160] R. Farashaeian and S. M. Moosavi Nejad, Eur. Phys. J. A
60, 143 (2024).

[161] M. Suzuki, Phys. Lett. 71B, 139 (1977).
[162] J. D. Bjorken, Phys. Rev. D 17, 171 (1978).
[163] K. Kinoshita, Prog. Theor. Phys. 75, 84 (1986).
[164] W. R. Inc., Mathematica, Version 14.2 (Champaign, IL,

2024), https://www.wolfram.com/mathematica.
[165] V. Bertone, N. P. Hartland, E. R. Nocera, J. Rojo, and L.

Rottoli (NNPDF Collaboration), Eur. Phys. J. C 78, 651
(2018); 84, 155(E) (2024).

[166] R. Mertig, M. Bohm, and A. Denner, Comput. Phys.
Commun. 64, 345 (1991).

[167] V. Shtabovenko, R. Mertig, and F. Orellana, Comput. Phys.
Commun. 207, 432 (2016).

[168] V. Shtabovenko, R. Mertig, and F. Orellana, Comput. Phys.
Commun. 256, 107478 (2020).

[169] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[170] M. A. Gomshi Nobary, J. Phys. G 20, 65 (1994).
[171] F. G. Celiberto, G. Gatto, and A. Papa, Eur. Phys. J. C 84,

1071 (2024).
[172] V. Bertone, S. Carrazza, and J. Rojo, Comput. Phys.

Commun. 185, 1647 (2014).
[173] S. Carrazza, A. Ferrara, D. Palazzo, and J. Rojo, J. Phys. G

42, 057001 (2015).
[174] V. Bertone, Proc. Sci. DIS2017 (2018) 201 [arXiv:1708

.00911].
[175] P. Artoisenet and E. Braaten, J. High Energy Phys. 04

(2015) 121.
[176] P. Zhang, C.-Y. Wang, X. Liu, Y.-Q. Ma, C. Meng, and

K.-T. Chao, J. High Energy Phys. 04 (2019) 116.
[177] X.-C. Zheng, Z.-Y. Zhang, and X.-G. Wu, Phys. Rev. D

103, 074004 (2021).
[178] X.-C. Zheng, X.-G. Wu, and X.-D. Huang, J. High Energy

Phys. 07 (2021) 014.
[179] X.-C. Zheng, C.-H. Chang, and X.-G. Wu, Phys. Rev. D

100, 014005 (2019).
[180] V. S. Fadin, E. Kuraev, and L. Lipatov, Phys. Lett. 60B, 50

(1975).
[181] E. Kuraev, L. Lipatov, and V. S. Fadin, Sov. Phys. JETP 45,

199 (1977).
[182] I. Balitsky and L. Lipatov, Sov. J. Nucl. Phys. 28, 822

(1978).
[183] L. V. Gribov, E. M. Levin, and M. G. Ryskin, Phys. Rep.

100, 1 (1983).
[184] V. S. Fadin and L. N. Lipatov, Phys. Lett. B 429, 127

(1998).
[185] M. Ciafaloni and G. Camici, Phys. Lett. B 430, 349 (1998).
[186] A. H. Mueller and H. Navelet, Nucl. Phys. B282, 727

(1987).
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