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Abstract
We investigate the high-energy behavior of strong interactions through a study on the inclusive
hadroproduction of charmed B-mesons (Bc or B∗c states) accompanied by non-charmed b-hadron
or light-flavored jet emissions at LHC energies and kinematic configurations. By making use of the
hybrid high-energy and collinear factorization, where the standard fixed-order description based on
collinear parton densities and fragmentation functions is enhanced via the Balitsky–Fadin–Kuraev–
Lipatov (BFKL) resummation of energy logarithms, we perform a full next-to-leading order analysis
of distributions differential in rapidities and azimuthal angles calculated by the hands of the JETHAD

multi-modular working package. The large observed transverse momenta justify the use of non-
relativistic QCD next-to-leading order fragmentation functions to describe the heavy-flavored meson
production mechanism.We come out with the conclusion that the study of this process can be included
in forthcoming analyses at the (high-luminosity) LHC as a tool to access the QCD dynamics at high
energies and to explore possible common ground between different resummation approaches.

1. Introduction
Inclusive emissions of heavy-quark flavored particles in

high-energy hadronic scatterings are widely recognized as
excellent sounds to unveil the inner dynamics of fundamen-
tal interactions. Heavy quarks are expected to couple with
beyond-the-Standard-Model (BSM) objects, thus making
them sentinels in the search for signals of New Physics.
Yet they can serve as useful tools to make precision studies
of strong interactions, the charm and bottom masses lying
in a region where perturbative Quantum Chromodynamics
(QCD) is at work. Particular relevance in the QCD context
has the investigation of reactions featuring quarkonium pro-
duction. The discovery of the J∕ in 1974 [1, 2] provided us
with a first evidence of the existence of heavy-quark flavors.
Although being easily studied at the experimental level, the
theoretical description of quarkonium hadronization mech-
anisms still remains a challenge. Many models have been
proposed so far, none of them being however capable of
catching all the signatures coming from data.

In order to solve the quarkonium production puzzle, an
effective theory, called non-relativistic QCD (NRQCD), was
built [3–5]. It relies on the assumption that to the physical
quarkonium all possible Fock states contribute via a linear
superposition (|QQ̄⟩, |QQ̄g⟩, and so on). All these terms
are organized as a double expansion in powers of the strong
coupling, �s, and the relative velocity of the two constituentheavy quarks, v. Cross sections for quarkonium emissions
take the form of a sum of partonic hard factors featuring the
emission of a given Fock state, each of them beingmultiplied
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by a long-distance matrix element (LDME) that embodies
the non-perturbative information about the hadronization.

The advent of NRQCD allowed for stringent tests of
quarkonium production mechanisms, in particular the short-
distance emission of a (QQ̄) pair directly produced in the
hard scattering. This channel dominates in the low observed
transverse-momentum (q) regions, since the pair is created
with a relative transverse distance of order 1∕|q|. When |q|
grows another mechanism becomes important, i.e. the frag-
mentation of a single parton followed by its inclusive decay
into the observed quarkonium. According to collinear fac-
torization, DGLAP-evolving fragmentation functions (FFs)
need to be used to describe the hadronization. These per-
turbative FFs can be computed in NRQCD [6]. First phe-
nomenological analyses aimed at shedding light on the
transition sector between short-distance and fragmentation
mechanisms were conducted in the ’90s [7, 8]. See [9] for a
review of progresses and challenges in quarkonium studies.

An intriguing opportunity to probe the QCD non-rela-
tivistic limit and, more in general, the heavy-flavor sector,
emerges from the study of charmed B-mesons. They are the
only hadron species whose lowest Fock state is composed by
two heavy quarks with different flavor: |cb̄⟩ for the positive-
charged case, and |c̄b⟩ for the negative one. At variance with
quarkonia1 these mesons cannot annihilate into gluon. This
makes them quite stable states with narrow decay widths.
Moreover, since top quarks are extremely short-lived and
they decay before hadronizing, charmed-bottomed systems
are thought to be the final frontier for meson spectroscopy

1Some authors extend the definition of quarkonia by including also
charmed-bottomed bound states. In this work we adopt the traditional
definition, under which quarkonia are mesons whose lowest Fock state
contains a heavy quark and the correspondent antiquark, as |cc̄⟩ or |bb̄⟩.
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(see [10] and references therein). The first observed state
was theBc(1S0) by CDF Tevatron in 1998 [11]. After almost
twenty years, ATLAS detected a signature of the Bc(3S1) ≡
B∗c resonance [12]. Further signals of Bc excited states werereported by CMS [13] and LHCb [14] Collaborations.

The simultaneous presence of two different heavy-quark
flavors in their leading Fock statesmakes charmedB-mesons
excellent probe channels to reveal the deep nature of strong
and weak interactions. Studies on direct productions as well
as on indirect emissions from electroweak decays represent
a very fertile ground where to unveil not only the B(∗)c pro-
duction mechanisms, but also the properties of the decaying
objects. With this aim, detailed analyses on B(∗)c emissions
via decays W -bosons [15, 16], Z-bosons [17–19], and top
quarks [20, 21] have been conducted. By making use of
symmetry-preserving approaches to hadronic bound states
in the continuum, the semileptonic decay of charmed B-
mesons to �c and J∕ was proposed as a benchmark channel
for Standard-Model predictions [22].

Notably, productions of heavy-quarkonium states and of
charmed B-mesons can be excellent channels to investigate
rare Higgs decays (see, e.g., [23, 24]). A NRQCD approach
was employed in [25] to evaluate the B(∗)c production rate
in Higgs boson decays both via the short-distance and the
fragmentation mechanism. A major outcome of that work is
the fair evidence that such a reaction will be detectable at the
high-luminosity LHC.

Higher-order calculations are a key ingredient to conduct
precision studies of B(∗)c emissions. Next-to-leading order
(NLO) calculations of these observables can be found, e.g.,
in [19, 26–28]. Within the NRQCD formalism, collinear
FFs for b̄ and c quarks fragmenting into Bc and B∗c mesons
were obtained with leading-order (LO) [17, 29, 30] and
NLO accuracy [31]. This result was followed by the cal-
culation of NLO gluon FFs depicting the g → B(∗)c pro-
cess, recently achieved in [32] by means of the subtraction
method [33] and in [34] through an automated approach
based on sector-decomposition strategies [35]. On the other
hand, the validity of the fragmentation approximation for
charmedB-mesons was explored in [36], and the conclusion
was that this channel starts to prevail on the short-distance
mechanism when the meson is emitted with a transverse
momentum larger than 10 GeV. A more critical result came
out from [37], where this lower bound was set to 80 GeV.

Inclusive productions of heavy-flavored hadrons can be
used to access the QCD dynamics in its high-energy asymp-
totic limit. In this kinematic regime, large logarithms of
the center-of-mass energy, √s, are enhanced. They appear
to all orders of the perturbative expansion up to spoil the
convergence of the QCD running-coupling series. The most
adequate framework to perform an all-order resummation
of those large logarithms is the Balitsky–Fadin–Kuraev–
Lipatov (BFKL) approach [38–40], whose validity holds
up to the leading logarithmic approximation (LL), which
includes all contributions proportional to �ns ln(s)n, and to
the next-to-leading one (NLL), which accounts for all terms
proportional to �n+1s ln(s)n.

BFKL cross sections for hadronic reactions are high-
energy factorized as a convolution of two impact factors and
a process-independent Green’s function, which encodes the
resummation of energy logarithms [41–44] and it is known
with NLO accuracy. Impact factors are process-dependent,
and a few of them have been calculated up to NLO. They
contain collinear inputs such as incoming-hadron parton dis-
tribution functions (PDFs) and outgoing-object FFs. An in-
complete list of phenomenological probe channels for BFKL
contains: the Mueller–Navelet channel [45] (see [46–50] for
applications), the inclusive emission of light hadrons [51,
52], multi-jet tags [53], Higgs plus jet [54, 55], forward
Drell–Yan [56] with a possible associated backward-jet de-
tection [57], and heavy-flavored emissions [58–64].

Major issues in attempts at precision studies of Mueller–
Navelet cross sections and azimuthal correlations were high-
lighted in [47–49]. More in particular, NLL corrections both
to the BFKL Green’s function and impact factors come out
with same weight and opposite sign of genuine LL results.
This makes the high-energy series unstable, its main man-
ifestation emerging when renormalization and factorization
scales are varied around the natural energies suggested by
kinematics. The presence of those instabilities was later
confirmed also when light hadrons are detected [65].

A first unambiguous signal of a reached stability of high-
energy predictions under NLL corrections at natural scales
emerged quite recently in the context of inclusive detec-
tions of heavy-light hadrons, Λc baryons [63] and bottom-
flavored hadrons [64], whose lowest Fock state contains
either the charm or the bottom quark. In these studies it
was discovered that the typical pattern of variable-flavor-
number-scheme (VFNS) [66] collinear FFs depicting the
parton hadronization to heavy-light hadrons at large |q| leads
to a natural stabilization of the high-energy resummation.
These stabilizing effects were soon after observed also in
inclusive emissions of J∕ or Υ accompanied by light-jet
tags [67]. That study relied on the fragmentation approx-
imation for the quarkonium production at large |q|. More
in particular, a DGLAP-evolved FF set based on a NQRCD
NLO input [68, 69], called ZCW19, was built. In view of
these results, it becomes relevant the search for a possible
systematic stabilization of high-energy dynamics through
the production of other heavy-quark bound states that can
by described via the NRQCD fragmentation.

In this work we make use of rapidity and azimuthal-
angle differential distributions for the inclusive production
of B∗c mesons accompanied by other bottomed states (non-
charmed B-mesons and Λb baryons, comprehensively la-
beled b-hadrons or b) or by light jets, as tools to access
the high-energy spectrum of QCDwithin the NLL accuracy.

We believe that the analyses proposed here could serve
as common basis for a win-win strategy. The hunt for the
aforementioned stabilizing effects is needed to assess the
feasibility of precision studies at high energies, which in turn
can be employed to investigate the production mechanisms
of charged B-mesons, and to possibly validate the use of the
NRQCD fragmentation.
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2. Theoretical framework
We investigate the following hadroproduction reaction

proton(pa) + proton(pb)→ B(∗)c (q1, y1) +  + (q2, y2) , (1)
where a charmed B-meson is inclusively emitted in associ-
ation with a b-hadron or a light-flavored jet,  = {b, jet},and together with an undetected gluon-radiation system,
 . The two particles are emitted with transverse momenta
|q1,2|≫ ΛQCD, and a large rapidity interval, ΔY ≡ y1 − y2.The q1,2 four-momenta are decomposed à la Sudakov on the
basis of the colliding-proton momenta, pa,b, thus having

q1,2 = x1,2pa,b +
q21,2
x1,2s

pb,a + q1,2⟂ , q21,2⟂ = −q
2
1,2 . (2)

In the center-of-mass system rapidities are connected to
corresponding final-state longitudinal momentum fractions,
x1,2, via the relation y1,2 = ± ln(x1,2

√

s∕q21,2).
2.1. NLO/NLL cross section

The cross section differential in the rapidity distance,
ΔY , and in the difference between the azimuthal angles of
the detected particles, ' ≡ '1 − '2 − �, can be cast in the
form of a Fourier sum of azimuthal coefficients, Cm≥0

d�
d' dΔY

= 1
2�

[

C0 + 2
∞
∑

m=1
cos(m')Cm

]

. (3)

The hybrid high-energy and collinear factorization provides
us with a general formula for theCm coefficients which holds
at the NLO perturbative order and embodies the resumma-
tion of high-energy logarithms up to NLL accuracy.Working
in theMS renormalization scheme, one has [70]

CNLLm =∫

qsup1

qinf1

d|q|1 ∫

qsup2

qinf2

d|q|2 ∫

ysup1

yinf1

dy1 ∫

ysup2

yinf2

dy2 �(y1−y2−ΔY )

× eΔY

s ∫

+∞

−∞
d� eΔY �̄s�

NLO(m,�) �2s (�R)
[

�̄2s
�0ΔY
4Nc

�(m, �)f (�)

+ cNLO1 (m, �, |q1|, x1)[cNLO2 (m, �, |q2|, x2)]∗
]

, (4)

with �̄s(�R) ≡ �s(�R)Nc∕�, Nc the number of colors, and
�0 = 11Nc∕3−2nf∕3. The BFKL kernel at the exponent in
Eq. (4) encodes the NLL resummation of energy logarithms

�NLO(m, �) = �(m, �) + �̄s�̂(m, �) , (5)
where �(m, �) are the LO BFKL eigenvalues

� (m, �) = 2
{

 (1) − Re
[

 ((m + 1)∕2 + i�)
]} (6)

with  (z) = Γ′(z)∕Γ(z). The �̂(m, �) function in Eq. (5) is
the NLO kernel correction
�̂ (m, �) = �̄(m, �) +

�0
8Nc

�(m, �) (7)
×

{

−�(m, �) + 10∕3 + 2 ln
[(

�2R∕|q1||q2|
)]}

with the characteristic function �̄(m, �) calculated in [71].
The two expressions

cNLO1,2 (m, �, |q|, x) = c1,2 + �s(�R) ĉ1,2 (8)
stand for the NLO impact factors. We depict the emis-
sions of heavy hadrons (B∗c and b) via the impact factor
calculated in [72]. Although being designed to study light
hadrons, the use of this impact factor is valid in our VFNS
approach, provided that transverse-momenta windows im-
posed for hadrons’ detection are much larger than heavy-
quark thresholds for DGLAP evolution. The LO hadron
impact factor takes the form of a collinear convolution

cℎ(m, �, |q|, x) = �c |q|2i�−1 ∫

1

x
d�∕� x̃1−2i�

×
[

�cfg(�)Dℎ
g (x̃) +

∑

s=q,q̄
fs(�)Dℎ

s (x̃)
]

, (9)

where x̃ = x∕�, �c = 2
√

CF ∕CA, and �c = CA∕CF , with
CF = (N2

c − 1)∕(2Nc) and CA ≡ Nc the Casimir factors
related to a gluon emission from a quark and from a gluon,
respectively. Then fs

(

x, �F
) is the PDF for the parton

s extracted from the incoming proton and Dℎ
s
(

x∕�, �F
)

denote the collinear FF for the parton s fragmenting to the
tagged hadron, ℎ ≡ {B∗c ,b}. The NLO hadron impact
factor was calculated in [72]. The LO light-jet impact factor
is

cJ (m, �, |q|, x) = �c|q|2i�−1
(

�cfg(x) +
∑

s=q,q̄
fs(x)

)

. (10)

The formula for the NLO jet impact factor can be got by
combining Eq. (36) of [70] with Eqs. (4.19)-(4.20) of [73].
It is based on a small-cone algorithm [74] with the jet-cone
radius fixed at J = 0.5, as usually employed in recent
studies at CMS [75]. The f (�) function in Eq. (4) reads

f (�) = i
2

[ d
d�
ln(c1∕c∗2 ) + ln

(

|q1||q2|
)

]

. (11)
In order to compare our NLL predictions with a refer-

ence fixed-order calculation, we truncate the expansion of
azimuthal coefficients in Eq. (4) up to (�3s ). In this way
we obtain an effective high-energy fixed-order (HE-NLO)
expression that can be handily employed in our phenomeno-
logical study. It encodes leading-power asymptotic signal
present in a pure NLO DGLAP calculation, and does not
contain those factors which are suppressed by inverse powers
of the partonic center-of-mass energy. The MS formula for
our Cm coefficients in the HE-NLO limit is

CHE-NLOm =∫

qsup1

qinf1

d|q|1 ∫

qsup2

qinf2

d|q|2 ∫

ysup1

yinf1

dy1 ∫

ysup2

yinf2

dy2 �(y1−y2−ΔY )

× eΔY

s ∫

+∞

−∞
d� �2s (�R)

[

�̄s(�R)ΔY �(m, �)

+ cNLO1 (m, �, |q1|, x1)[cNLO2 (m, �, |q2|, x2)]∗
]

, (12)
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Figure 1: ZCFW22 NLO FFs for Bc (left) and B∗c (right) production, as functions of �F and for z ≡ ⟨z⟩ ≃ 0.45.

where the exponentiated BFKL kernel underwent an expan-
sion up to (�s). Finally, by neglecting all NLO terms in
Eqs. (7) and (8), we get a LO/LL limit for Cm coefficients.

We set renormalization and factorization scales at the
natural energies of the process. Thus we fix �F = �R =

�N ≡ m1⟂ + m2⟂, with mi⟂ =
√

m2i + q2i the transverse
mass of the observed i particle. Particle masses used in our
phenomenology are mBc = 6.275 GeV and mb

≡ mΛb =
5.62GeV. Since in our treatment jet mass corrections are not
considered, we can safely set m2⟂ ≡ |q2| in jet emissions.
2.2. Collinear inputs

We employ NLO collinear PDFs extracted by the MMHT14

Group [76]. In order to describe B(∗)c emissions, we have
built a DGLAP-evolved FF set relying on corresponding
NRQCD inputs. We combined the initial-scale heavy-quark
(c or b) NLO FFs calculated in [31] with the gluon NLO FFs
obtained in [32], and we performed the DGLAP evolution
through the APFEL package [77]. This allowed us to generate
a novel LHAPDF [78] FF set, ready for phenomenology, which
we called ZCFW22 set. b hadrons are depicted via KKSS07

NLO FFs [79, 80].
The FF characteristic pattern shown in Fig. 1 for a

momentum fraction z which approximately corresponds to
its average value, ⟨z⟩ ≃ 0.45, gives us a clear indication
that strong stabilizing effects are expected whenB(∗)c mesons
are emitted at high energies. Indeed, as pointed out in [63,
64, 67], in our hybrid factorization a key role is played by
the heavy-hadron gluon FF. Its impact on the cross section
is enhanced by the convolution with the gluon PDF in the
LO hadron impact factor (Eq. (9)), which prevails also over
the non-diagonal gq channel opened at NLO. The smooth-
behaved, non-decreasing with �F gluon FFs in both panels
of Fig. 1 compensate the lowering with �R of the running
coupling in the exponentiated kernel and the impact factors,
thus generating the stability observed in heavy-flavor high-
energy cross sections (see, e.g., Appendix of [64] for details).

In FFs depicting Λc [81] andb [79] emissions, as well
as in the NRQCD-based ZCW19 set for J∕ and Υ [67, 69],
initial-scale light-parton FFs are set to zero, so that glu-
ons and light quarks are generated by DGLAP evolution
only. Conversely, as mentioned, our ZCFW22 FFs for B(∗)cmesons contain a non-zero initial-scale gluon input from
NRQCD [32]. This provides us with a decisive evidence that
the natural stabilization of the high-energy resummation
is an intrinsic property of heavy-flavor emissions, which
becomes manifest whenever a heavy-hadron species is de-
tected, regardless of Ansätze made on corresponding FFs.

3. Phenomenology
Analyses of our observables were performed via the nu-

merical implementation of NLO/NLL distributions provided
by the JETHAD multi-modular interface [65]. We studied the
sensitivity of our observables by varying �R and �F scales
around their natural values, up to a factor going from 1/2
to two. The C� parameter entering figures stands for the
ratio C� = �R,F ∕�N . Uncertainty bands in our plots encode
the overall effect of scale variation and phase-space multi-
dimensional computation. The latter was constantly kept
below 1% by JETHAD integration algorithms.

B(∗)c as well as b particles are detected inside rapidity
acceptances of the CMS barrel, namely from −2.4 and 2.4.
The light jet can be reconstructed also by CMS endcaps [75],
thus having |y2| < 4.7. To respect the validity range of the
fragmentation approximation [36, 37], transverse momenta
of charmed B-mesons lie in the range 60 < |q1|∕GeV <
120. An asymmetric choice for the  particle transverse
momentum, useful to better disengage high-energy resum-
mation signals from the fixed-order background [48, 50, 65],
is realized by letting 30 < |q2|∕GeV < 120 (b) and
50 < |q2|∕GeV < 120 (jet). Our selection for |q1,2| rangesis in line with the spirit of the VFNS approach, whose
validity holds when energy scales are sufficiently larger than
thresholds for the DGLAP evolution given by c- and b-quark
masses. The center-of-mass energy is√s = 14 TeV.
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Figure 2: Rapidity distribution for B(∗)c + b (left) and B(∗)c + jet (right) production at
√

s = 14 TeV. Shaded bands exhibit the
combined uncertainty of scale variation and phase-space multi-dimensional integration.

3.1. Rapidity distribution
We consider the cross section differential in the final-

state rapidity interval, ΔY , obtained by integrating the r.h.s.
of Eq. (3) over the azimuthal angle distance, '. It genuinely
corresponds to the first azimuthal coefficient, C0. Panels of
Fig. 2 show the ΔY -behavior of C0 for B(∗)c +b (left) and
B(∗)c + jet (right) reactions. The common trend is a downfall
at large ΔY . It comes out as the net result of two competing
features: high-energy resummed hard factors increase with
ΔY and thus with energy, as predicted by BFKL, but their
collinear convolution with PDFs and FFs in the impact
factors heavily quenches that growth.

We observe that NLL/NLO bands for emissions of
Bc(3S1) resonances are constantly smaller and almost en-
tirely nested inside LL/LO ones. This is a clear signal that
the resummed series has reached a fair stability under higher-
order corrections and energy-scale variations. It represents
a significant and required step in the path toward precision
studies of our reactions at high energies. The stabilization
pattern is milder in the Bc(1S0) case, and the main reason is
that the Bc ZCFW22 gluon FF has a non-decreasing trend with
�F (Fig. 1, left panel), while the correspondingB(∗)c function
visibly increases with �F (right panel).

The heavier is the growth of the heavy-flavor gluon FF,
the stronger is the stabilizing power coming from the balance
of evolution effects on renormalization and factorization
scales. The larger size of the Bc gluon FF with respect to
the B(∗)c ones determines the hierarchy of predictions for C0.
We note that B(∗)c + b distributions are more stable than
B(∗)c + jet ones. In the first case KKSS07 FFs depicting bemissions act as a further stabilizer in a way that cannot be
achieved by light-jet detections. In all cases bands for fixed-
order HE-NLO predictions are substantially overlapped with
NLL/NLO and LL/LO ones, and sometimes they stay in
between. Therefore, at this stage a search for a clear discrim-
ination between BFKL and the fixed-order background still
remains open (see Section 3.2).

3.2. Azimuthal distribution
We study the azimuthal distribution, namely the normal-

ized cross section differential in ' and ΔY
1
�

d�
d' dΔY

= 1
�

[

1
2
+

∞
∑

m=1
cos(m') ⟨cos(m')⟩

]

, (13)

where themean values of cosines are the so called azimuthal-
correlation moments, ⟨cos(m')⟩ ≡ Cm∕C0. It representsone of the most solid observables where to hunt for high-
energy imprints. Indeed, it collects signals coming from all
azimuthal modes, and not just from C0 or from a single
ratio Cm∕C0. Furthermore, being differential in ', it eases
the comparison with experimental data, whose kinematic
spectrum is limited by the fact that detectors generally do
not cover the full (2�) range.

Figures 3 and 4 contains predictions for azimuthal distri-
butions at fixed values ofΔY , for theB(∗)c +b andB(∗)c +jet
channels, respectively. All the distributions exhibit a clear
peak around ' = 0, namely when the two outgoing particles
are emitted (almost) back-to-back. In the NLL/NLO case
(left plots) the dominating peak is the one at the lowest
value of the rapidity distance, ΔY = 1. Then, when ΔY
grows, the peak height visibly decreases and the distribution
width broadens. The found pattern tells us that high-energy
dynamics has come into play in our kinematic regime. In-
deed, as expected from BFKL, the weight of undetected-
gluon radiation (the  system in Eq. (1)) accounted for
by the logarithmic resummation increases with ΔY . This
translates in a reduction of the rate of back-to-back events
and, consequently, in a loss of correlation in the azimuthal
plane. Conversely, HE-NLO azimuthal distributions (right
plots) are less sensitive to ΔY -variations, with peaks less
pronounced and uncertainty bands partially nested. This is
a consequence of the truncation at (�3s ) of the expansion
of azimuthal coefficients in Eq. (4), which means that the
number of secondary gluons radiated is fixed, independently
of ΔY .
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Figure 3: Azimuthal distribution for B(∗)c + b final states at
√

s = 14 TeV. Shaded bands exhibit the combined uncertainty of
scale variation and phase-space multi-dimensional integration.

We note that uncertainty bands are generally narrower
when B∗c resonances are detected. It comes out as a further
manifestation of the stabilizing power of heavy-flavor FFs
which, as previously mentioned, is stronger when the gluon
FF increases with �F in our typical ranges of the hadron’s
momentum fraction (see Fig. (1)). This in particular helps to
get a better description of our distributions at lower values
of the rapidity interval, say ΔY ≳ 1, when the BFKL
approach is stretched to its limits of applicability. All these
features supports the statement that azimuthal distributions
are excellent observables whereby observing and quanti-
fying distinctive effects of the onset of high-energy QCD
dynamics. They also offer us a fertile ground where BFKL-
driven signals can be effectively disengaged from fixed-
order results.

4. Conclusions and Outlook
Weproposed the inclusive hadroproduction of a charmed

B-meson accompanied by a non-charmed b-hadron or a
light jet, as a novel tool to access the high-energy QCD
dynamics. Their high rapidity distance and their large trans-
versemomenta allowed us to describe rapidity and azimuthal

distributions via the hybrid high-energy and collinear factor-
ization within the NLO/NLL. Relying on the fragmentation
approximation, we embodied in our formalism a new B(∗)ccollinear FF set, named ZCFW22. It was built via the DGLAP
evolution of NRQCD inputs for the fragmentation of gluon,
c- and b-quarks into Bc(1S0) and Bc(3S1) states at NLO.The fair stability exhibited by our distributions under
higher-order corrections and energy-scale variations pro-
vides us with a further and stronger evidence that heavy-
flavored emissions act as natural stabilizers of the high-
energy resummation. The stabilization mechanism is en-
coded in the peculiar behavior of the heavy-hadron gluon FF,
and it comes out as a general feature shared by all the heavy-
flavored species investigated so far, heavy-light hadrons [63,
64, 82], vector quarkonia [67], and now B(∗)c mesons. We
believe that the favorable statistics of our cross sections mo-
tivates further analyses on the high-energy spectrum of QCD
via heavy flavor at the (high-luminosity) LHC [83, 84] and
in ultra-forward directions of rapidity, as the ones accessible
at the forthcoming Forward Physics Facility (FPF) [85–87].
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Figure 4: Azimuthal distribution for B(∗)c + jet final states at
√

s = 14 TeV. Shaded bands exhibit the combined uncertainty of
scale variation and phase-space multi-dimensional integration.

Our plan for future extensions of studies presented in this
Letter is twofold. First, wewill investigate high-energy emis-
sions of charmed B-mesons in lower transverse-momentum
regimes, where short-distance mechanisms dominate over
fragmentation. This will help us to: (i) shed light on B(∗)cproduction mechanisms, (ii) explore the interplay between
the VFNS and other fixed-flavor approaches, and (iii) unveil
the connection between the high-energy formalism and other
resummations. Then, we will assess the feasibility of studies
on B(∗)c detections in forward directions at new-generation
lepton [88] and lepton-hadron colliders [89, 90].
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