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Abstract We propose the inclusive detection at the LHC
of a cascade �−/�̄+ baryon in association with a jet, as a
novel probe channel for the QCD dynamics at high energies.
We investigate the behavior of a selection of distributions,
differential in rapidity, azimuthal angle and/or transverse
momenta, calculated via the hybrid high-energy/collinear
factorization encoding the full next-to-leading BFKL resum-
mation of energy logarithms. We come out with the conclu-
sion that the fragmentation mechanism underlying the pro-
duction of �−/�̄+ baryon states leads to stabilization effects
of the resummation, similar to those recently observed in the
context of heavy-flavor studies within the same formalism.

1 Opening remarks

The study of the dynamics of Quantum ChromoDynamics
(QCD) in the high-energy domain is a core research field
at the Large Hadron Collider (LHC) as well as of new-
generation accelerators and facilities [1–23]. In the Regge–
Gribov or semi-hard regime [24,25], namely where a strin-
gent scale hierarchy,

√
s � {Q} � �QCD, (s is the center-

of-mass energy squared, {Q} represents one or a set of
hard scales typical of the process, and �QCD is the QCD
hadronization scale) is stringently preserved, large ln(s/Q2)

type logarithms become relevant. They enter the perturbative
expansion with a power growing with the order of the strong
coupling, αs . The convergence of the perturbative series
needs to be restored by accounting for those large energy
logarithms. The most adequate formalism to perform such
an all-order resummation is the Balitsky–Fadin–Kuraev–
Lipatov (BFKL) approach [26–29], allows us to catch all
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terms proportional to (αs ln(s))n , in the leading-logarithmic
(LL) approximation, and of those of the form αn+1

s ln(s)n , in
the next-to-leading logarithmic (NLL) approximation.

The BFKL-resummed cross section is built as a high-
energy convolution between a Green’s function, which deter-
mines the resummation of energy logarithms and it is inde-
pendent from the considered final state, and two impact fac-
tors, describing the fragmentation of each incoming parti-
cles. The BFKL Green’s function evolves according to an
integral equation, whose kernel was computed within the
next-to-leading order (NLO) for any fixed, not growing with
s, momentum transfer t and for any possible two-gluon
exchange of color in the t-channel [30–38]. Impact factors
are instead process-dependent. Therefore, they are the most
challenging building blocks of the cross section. Only a few
of them are known at the NLO: (a) quarks and gluons [39–
43], i.e. the common basis to calculate (b) forward-jet [44–
48] and (c) forward light-hadron [49] impact factors, (d) the
impact factor for the light vector-meson leptoproduction, (e)
the (γ ∗ → γ ∗) impact factor [50–56], and (f ) the forward-
Higgs impact factor in the large top-mass limit [57,58].

Remarkably, the high-energy resummation provided by
BFKL gives us a chance to unveil the proton structure at
low x by means of single-forward production reactions.
The BFKL unintegrated gluon distribution (UGD) in the
proton reads as a convolution in the transverse-momentum
space [59–63] between the BFKL Green’s function and a
soft, nonperturbative quantity, known as proton impact factor.
First studies on the UGD were performed via deep-inelastic-
scattering structure functions [64,65] and light vector-meson
helicity-dependent observables at HERA [66–73] and, more
recently, at the Electron-Ion Collider (EIC) [74–78]. Then,
the UGD was investigated through forward Drell–Yan [79–
82] and single-forward quarkonium [83–91] emissions. Tak-
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ing advantage of the information on the gluon motion
inside the proton encoded in the UGD, pioneering deter-
minations of low-x enhanced collinear parton distribu-
tion functions (PDFs) as well as of transverse-momentum-
dependent (TMD) spin-dependent gluon TMDs were respec-
tively obtained in Refs. [92–102].

First studies of high-energy observables accessible at
the LHC in the spirit of BFKL where done in the con-
text of the Mueller–Navelet emission of two jets produced
at large transverse momenta and with a high distance in
rapidity [103]. Here, a hybrid high-energy/collinear factor-
ization [104] was build to embody collinear inputs in the
standard BFKL description (see Refs. [105–112] for another
formalism, similar to our one). Since Mueller–Navelet jet
detections probe incoming protons at moderate values of
longitudinal-momentum fractions, a PDF-based description
is valid. On the other side, however, high rapidity inter-
vals lead to large transverse-momentum exchanges in the
t-channel, so that energy logarithms are heightened. There-
fore, a hybrid factorization was proposed, where BFKL-
resummed partonic hard factors are genuinely convoluted
with collinear PDFs. Several phenomenological analyses
of Mueller–Navelet azimuthal-angle correlations were pro-
posed so far [113–127] and compared with the only experi-
mental data available, i.e. the CMS ones at

√
s = 7 TeV and

for symmetric configurations of the transverse momenta of
the two jets [128]. Further studies of high-energy QCD via the
hybrid factorization include: the inclusive detection of two
light hadrons well separated in rapidity [129–133], multi-
jet emissions [134–147], hadron plus jet correlations [148–
152], Higgs plus jet rapidity and transverse-momentum dis-
tributions [153–157], Drell–Yan plus jet tags [158], heavy-
flavored hadrons’ hadroproductions [159–173], and heavy-
light two jet systems [174,175]. Among them, a study on �-
baryons emissions possibly accompanied by light-jet detec-
tions provided us with an evidence that the tag of � hyperons
eases the comparison between theoretical results and exper-
imental data for semi-hard observables [152]. This is due
to the lower statistics featured by the production of these
baryons, which quenches the contamination of the so-called
minimum-bias events.

One of the most relevant issues rising from the analysis
of Mueller–Navelet final states is the weight of NLL cor-
rections, which are of the same order, but generally with
and opposite sign with respect to pure LL contributions.
This brings to instabilities of the high-energy series that
become strongly manifest when studies on renormalization
and factorization scale variations are made. As a result, dif-
ferential cross distributions can easily become negative as
of the rapidity separation between the two jets increases.
Moreover, the high-energy description of observables sensi-
tive to azimuthal-angle correlations turns out to be unphys-
ical both in the small and the large rapidity range. To cure

these instabilities, several strategies have been proposed so
far. Among them, the Brodsky–Lepage–Mackenzie (BLM)
procedure [176–179], as specifically designed for semi-hard
reactions [121], became very popular, since it allowed us to
moderately suppress these instabilities on azimuthal-angle
correlations and to slightly raise the agreement with exper-
imental data. Unfortunately, employing BLM is fruitless on
cross sections for light di-hadron and light hadron-jet observ-
ables. In particular, the found optimal renormalization scales
are significantly larger than the natural ones suggested by
kinematics [25,148,151]. This leads to a sizable loss of statis-
tics for total cross sections. Therefore, any attempt at reach-
ing the precision level was ineffective.

First, clear signals of a reached stability of the high-energy
resummations under higher-order corrections and energy-
scale variation were discovered only recently in LHC final
states characterized by the production of particles with a large
transverse mass, such as Higgs bosons [153–156]. A striking
result at the NLL level was achieved by studying again semi-
hard observables sensitive to baryon detections, this time �c

hadrons. Strong stabilizing effects emerged in a study on
double �c and �c plus jet emissions at the LHC [164], and
then on analogous observables sensitive to single-bottomed
hadrons [165]. Here, we provided a corroborating evidence
that the peculiar behavior of variable-flavor-number-scheme
(VFNS) [180,181] collinear fragmentation functions (FFs)
depicting the production of those heavy-flavored hadrons at
large transverse momenta [182–188] leads to a natural sta-
bilization of the high-energy series, with a substantial sup-
pression of instabilities associated to higher-order correc-
tions. The same stabilization pattern was then discovered
also in the context of vector-quarkonium [168] and charmed
B-meson [171] final states studied by combining the BFKL
resummation with collinear PDFs and nonrelativistic-QCD
FFs [189–193]. This corroborated the statement that the nat-
ural stability is an intrinsic feature shared by heavy-flavor
emissions.

In this article we consider the inclusive semi-hard detec-
tion of a �− baryon, or its antiparticle �̄+, accompanied by
a jet, as a novel probe channel for the high-energy dynam-
ics of QCD (see Fig. 1). This reaction extends our program
on baryon emissions at high energies, started with � hyper-
ons [152] and carried on with �c hadrons [164]. The fam-
ily of � particles consists of baryons whose lowest Fock
state contains one up or one down quark and two other, more
massive quarks. Due to their highly unstable nature, they
are also known as cascade particles. Indeed they are typi-
cally observed to rapidly decay into lighter hadrons via a fast
chain of decays, called cascade. The existence of a neutral
cascade hyperon, �0, as well as of a negatively charged one,
�−, was predicted by the Gell-Mann–Nishijima strangeness
theory [195,196]. The �− baryon was discovered in the con-
text of cosmic-ray experiments in 1952 [197–199]. The �0
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Fig. 1 Hybrid high-energy/collinear factorization for the inclusive
�−/�̄+ plus jet detection. The blue (green) blob denotes the off-
shell hard factor encoded in the hadron (jet) impact factor, whereas the
indigo arrow depicts a � baryon emission via the fragmentation mech-
anism. The BFKL ladder, portrayed by the yellow blob, is connected to
impact factors through Reggeon lines. The diagram was created with
JaxoDraw 2.0 [194]

hyperon was observed for the first time at the Lawrence
Berkeley Laboratory in 1959 [200], and then as a daughter
product for �− baryon decays at the Brookhaven National
Laboratory in 1964 [201]. Both the �0 and the �+ hyperons
are part of the baryon octet [202,203].

By studying distributions differential in rapidity, azimuthal
angle and/or transverse momenta, we will provide arguments
supporting the statement that the �−/�̄+ collinear FFs act
as stabilizers of the high-energy series. The found stabi-
lization effects are milder than the ones generated by FFs
depicting heavy-flavored hadron productions, but enough rel-
evant to allow us for a study of our distributions at the nat-
ural energy scales indicated by kinematics. We will calcu-
late these observables within the full NLL/NLO accuracy
by considering two different representations for resummed
cross sections. One of these representations contains terms
which genuinely go beyond the NLL level. Thus, we will
provide the first and pioneer systematic analysis on assessing
effects coming from two distinct higher-order cross-section
representations and from the inclusion of next-to-NLL con-
tributions in a hadron-plus-jet hadroproduction process.

The structure of this article is the following. In Sect. 2
we introduce the hybrid high-energy/collinear factorization
and the observables of interest (Sect. 2.2). In Sect. 3, we
present our phenomenological analysis, after giving high-

lights on the stabilization mechanism connected to fragmen-
tation (Sect. 3.1). Finally (Sect. 4), we come out with conclu-
sions and outlook.

2 Hybrid factorization at work

The reaction matter of our analysis is (see Fig. 1)

p(Pa)+p(Pb) → �(κ�, ϕ�, y�)+X+jet(κJ , ϕJ , yJ ), (1)

where p(Pa,b) is a parent proton with momentum Pa,b,
�(κ�, y�) is a �− baryon, or its antiparticle �̄+, detected
with momentum κ�, azimuthal angle ϕ� and rapidity y�,
the jet is emitted with momentum κJ , azimuthal angle ϕJ

and rapidity yJ , and X denotes all the undetected products.
The large transverse momenta, |�κ�,J |, and the high rapidity
separation, 	Y ≡ y� − yJ , allows us to access diffractive
semi-hard configurations in the final state.

The momenta of the two parent protons form a Sudakov-
vector basis satisfying P2

a = P2
b = 0 and (Pa · Pb) = s/2,

so that the outgoing-object momenta can be decomposed as

κ�,J = x�,J Pa,b + �κ 2
�,J

x�,J s
Pb,a + κ�,J⊥, κ2

�,J⊥ = −�κ 2
�,J .

(2)

Here, the longitudinal momentum fractions of our final-state
particles, x�,J , are connected to the corresponding rapidities

by the relations y�,J = ± 1
2 ln

x2
�,J s

�κ2
�,J

and dy�,J = ± dx�,J
x�,J

.

We have

	Y = y� − yJ = ln

(
x�xJ

|�κ�||�κJ | s
)

. (3)

2.1 Differential cross section at NLL

In a pure QCD collinear-factorization approach at LO, the
differential cross section for our reaction reads as a one-
dimensional convolution between on-shell parton hard factor,
the parent-proton PDFs, and baryon FFs

dσLO[coll.]
dx�dxJd2�κ�d2�κJ

=
∑

u,v=q,q̄,g

∫ 1

0
dxa

∫ 1

0
dxb fu (xa) fv (xb)

×
∫ 1

x�

dζ

ζ
D�
u

(
x�

ζ

)
dσ̂u,v

(
ŝ
)

dx�dxJd2�κ�d2�κJ
. (4)

The u, v indices stand for the parton species (quarks
q = u, d, s, c, b; antiquarks q̄ = ū, d̄, s̄, c̄, b̄; gluon g),
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fu,v

(
xa,b, μF

)
are the proton PDFs and D�

u (x�/ζ, μF )

denote the �-particle FFs; xa,b are the longitudinal frac-
tions of the partons entering the hard subprocess, while ζ

represents the longitudinal fraction of the outgoing parton
fragmenting into �. Then, dσ̂u,v

(
ŝ
)

is the partonic hard fac-
tor, where ŝ ≡ xaxbs is the squared center-of-mass energy of
the partonic collision. For the sake of simplicity, the explicit
dependence factorization scale, μF , has been everywhere
dropped.

At variance with collinear factorization, the expression for
the resummed cross section in our hybrid formalism is written
in terms of a high-energy factorization, genuinely encoded
in the BFKL formalism, between the Green’s function and
two forward-production impact factors. Collinear PDFs and
FFs are then embodied via a one-dimensional convolution in
the latters. It is convenient to rewrite the differential cross
section as a Fourier sum of azimuthal-angle coefficients

dσ

dy�dyJ d �p�d �pJ dϕ�dϕJ
= 1

(2π)2

[
C0 + 2

∞∑
m=1

cos(mϕ) Cm
]

,

(5)

where ϕ = ϕ� − ϕJ − π contains the difference between
final-state particles’ azimuthal angles.

The first building block of the resummed cross section is
the NLL Greens’ function

GNLL(	Y,m, ν, μR) = e	Y ᾱs (μR) χNLO(m,ν), (6)

with ᾱs(μR) ≡ αs(μR)Nc/π , Nc the number of colors, and
β0 = 11Nc/3 − 2n f /3 the first coefficient of the QCD β-
function. The BFKL kernel entering the exponent of Eq. (6)
contains the NLL resummation of energy logarithms

χNLO(m, ν) = χ(m, ν) + ᾱs χ̃(m, ν), (7)

where χ(m, ν) stand for the eigenvalues of the kernel at LO

χ (m, ν) = −2γE − 2 Re

{
ψ

(
m + 1

2
+ iν

)}
, (8)

where γE is the Euler–Mascheroni constant and ψ(z) ≡
�′(z)/�(z) the logarithmic derivative of the Gamma func-
tion. The χ̃ (m, ν) function in Eq. (7) is the NLO BFKL kernel
correction

χ̃ (m, ν) = χ̄ (m, ν) + β0

8Nc
χ(m, ν)

{
−χ(m, ν) + 10

3
+ 4 ln

μR

μ̃

}
,

(9)

with the characteristic χ̄(m, ν) function calculated in Refs.
[204,205]. Then, μ̃ = √

M�⊥|�κJ |, with M�⊥ =√
M2

� + |�κ�|2 the transverse mass of the � baryon and
M� = 1.32171 GeV its mass.

The second building block is the forward-hadron NLO
impact factor, calculated in the Mellin space by the projec-
tion onto the LO BFKL eigenfunctions. We rely on the cal-
culation done in Ref. [49], which is suited for light-flavored
bound states as well as heavy-flavored ones detected at large
transverse momenta. Its expression reads

�NLO
� (m, ν, |�κ|, x) = ��(ν, |�κ|, x)

+αs(μR) �̂�(m, ν, |�κ|, x), (10)

where the LO part is given by

��(ν, |�κ|, x) = 2

√
CF

CA
|�κ|2iν−1

∫ 1

x

dζ

ζ

(
ζ

x

)2iν−1

×
⎡
⎣CA

CF
fg(ζ )D�

g

(
x

ζ

)
+

∑
u=q,q̄

fu(ζ )D�
u

(
x

ζ

)⎤
⎦ , (11)

while the NLO correction, �̂�(m, ν, |�κ|, x), can be found in
Eqs. (4.58) to (4.65) of Ref. [49] (see also Eqs. (77) to (84)
of its open-access arXiv version).

The last ingredient is the forward-jet NLO impact factor
in the Mellin representation

�NLO
J (m, ν, |�κ|, x) = �J (ν, |�κ|, x)

+αs(μR) �̂J (m, ν, |�κ|, x), (12)

with

�J (ν, |�κ|, x) = 2

√
CF

CA
|�κ|2iν−1

⎡
⎣CA

CF
fg(x) +

∑
v=q,q̄

fv(x)

⎤
⎦

(13)

the LO contribution. The expression for the NLO correc-
tion depends on the jet algorithm. We employ the for-
mula obtained by combining Eq. (36) of Ref. [113] with
Eqs. (4.19) and (4.20) of Ref. [48] (Eqs. (53) and (54) of its
open-access arXiv version). It relies on computations per-
formed in Refs. [47,49], suited to numerical analyses, where
a jet algorithm calculated in the “small-cone” approximation
(SCA) [206,207] is adopted in the cone-type case (for further
details, see Ref. [48]). Following the choice done in recent
CMS experimental studies on Mueller–Navelet jets, we fix
the jet-cone radius to RJ = 0.5 [128].

Combining all the ingredients, we come out with a con-
sistent definition of NLL-resummed azimuthal coefficients,
valid in the MS renormalization scheme [208]. We write (for
technical details, see Ref. [113])
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CNLL/NLO+
m = e	Y

s

∫ +∞

−∞
dν GNLL(	Y,m, ν, μR) α2

s (μR)

×
{
�NLO

� (m, ν, |�κ�|, x�)[�NLO
J (m, ν, |�κJ |, xJ )]∗

+ α2
s (μR)	Y

β0

4π

[
i

2

d

dν
ln

��

�∗
J

+ ln (|�κ�||�κJ |)
]}

.

(14)

The NLL/NLO+ label indicates that a full NLL resumma-
tion of energy logarithms is consistently performed within
the NLO perturbative accuracy. The ‘+’ superscript reflects
that, in our representation for azimuthal coefficients, terms
beyond the NLL level are generated by the cross product of
the NLO impact-factor corrections. Another representation,
valid within the NLL accuracy and labeled as NLL/NLO is
the one obtained by discarding the next-to-NLL factor com-
ing from the cross product. In our analysis we will consider
both the NLL/NLO+ and NLL/NLO representations. We
will show that, for the considered final-state kinematics, the
effect of switching from one to the other produces no relevant
effects.

A comprehensive high-energy versus DGLAP study
would rely on comparing observables calculated via our
hybrid factorization and pure fixed-order computations.
According to our knowledge, however, a numerical code to
study NLO distributions for inclusive semi-hard hadron-plus-
jet hadroproductions is not yet available. Thus, to assess the
weight of the high-energy resummation on top of DGLAP
predictions, we will compare our BFKL-inspired results with
corresponding ones calculated by a high-energy fixed-order
treatment, originally developed in the context of light di-
jet [119,120] and hadron-jet [151] azimuthal correlations.
It consists in truncating the high-energy series up to the
NLO accuracy. This permits us to mimic the high-energy
signal coming from a pure NLO calculation. Operationally,
we cut the expansion of azimuthal coefficients in Eq. (14)
up to O(α3

s ). Thus, we obtain an effective high-energy fixed-
order (HE-NLO+) expression which can be easily adopted
in our phenomenological study. The MS expression of the
azimuthal coefficients in the HE-NLO+ limit reads

CHE-NLO+
m = e	Y

s

∫ +∞
−∞

dν α2
s (μR)

{G(0)
NLL(	Y,m, ν, μR)

+�NLO
� (m, ν, |�κ�|, x�)[�NLO

J (m, ν, |�κJ |, xJ )]∗}
,

(15)
with

G(0)
NLL(	Y,m, ν, μR) = ᾱs(μR)	Yχ(m, ν) (16)

the first term of the expansion of the BFKL Green’s function
in αs . Analogously to the NLL case, it is possible to obtain
a HE-NLO expression by removing the next-to-NLL factor
coming from the cross product of the NLO corrections of the
two impact factors.

We will also compare or BFKL and high-energy DGLAP
predictions with corresponding ones taken in the pure LL
limit, given in the MS scheme by

CLL/LO
m = e	Y

s

∫ +∞
−∞

dν eG
(0)
NLL(	Y,m,ν,μR)α2

s (μR)

×��(m, ν, |�κ�|, x�)[�J (m, ν, |�κJ |, xJ )]∗, (17)

with ��,J (m, ν, |�κ�,J |, x�,J ) the LO �-baryon and jet
impact factors presented in Eqs. (11) and (13), respectively.

Renormalization and factorization scales will be set to
the natural energies provided by the given final state. One
has μR = μF ≡ μN , with μN = M�⊥ + |�κJ | the natural
reference scale of the process. To assess the weight of higher-
order corrections, μF and μR scales will be varied around
μN by a factor controlled by the Cμ parameter (see Sect. 3).

2.2 Observables and kinematics

The first observable considered in our study is the rapid-
ity distribution, namely the cross section differential in the
rapidity interval, 	Y . Its expression can be got by integrat-
ing the C0 azimuthal coefficient over transverse momenta and
rapidities of the two outgoing objects, while 	Y is kept fixed.
We have

dσ

d	Y
=

∫ κmax
�

κmin
�

d|�κ�|
∫ κmax

J

κmin
J

d|�κJ |
∫ min(	Y+ymax

J , ymax
� )

max(	Y+ymin
J , ymin

� )

×dy� C0 (|�κ�|, |�κJ |, y�, yJ )
∣∣∣
yJ = y�−	Y

, (18)

where a δ(	Y − (y� − yJ )) delta has been used to remove
the integration in yJ and to set the extremes of integration in
y� accordingly. The � hadron is reconstructed by the CMS
barrel detector, thus having |y�| < 2.4. As for its transverse-
momentum window, we admit 10 GeV < |�κ�| < 35 GeV.
The jet is always detected in its typical CMS ranges [128],
namely |yJ | < 4.7 and 35 GeV < |�κJ | < 60 GeV. Employ-
ing disjoint windows for the transverse momenta of the two
emitted objects helps to better disentangle pure high-energy
imprints from the DGLAP background [119,120,151]. It also
quenches Sudakov logarithmic contaminations rising from
almost back-to-back final states that would require the use of
another appropriate resummation [122,209–212]. Further-
more, it suppresses possible instabilities rising in next-to-
leading calculations [213,214] as well as NLL violations of
the energy-momentum conservation [215].

The second observable matter of our interest is the
azimuthal distribution, namely the normalized cross section
differential both in 	Y and in the azimuthal-angle distance, ϕ

1

σ

dσ

d	Ydϕ
= 1

π

[
1

2
+

∞∑
m=1

〈cos(mϕ)〉 cos(mϕ)

]
, (19)
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where the mean values of azimuthal-angle cosines can be
calculated as ratios of azimuthal coefficients, 〈cos(mϕ)〉 ≡
Cm/C0. Here, Cm stand for the integrated azimuthal coeffi-
cients, obtained by generalizing the phase-space integration
in Eq. (18) the differential Cm>0 ones. Originally proposed
in the context of Mueller–Navelet jets [114,216,217], the
azimuthal distribution represents one of the most promis-
ing observables where to hunt for the high-energy QCD
dynamics. Indeed, it embodies signals coming from all
azimuthal modes, and not just fromC0 or from a single cosine
〈cos(mϕ)〉. Moreover, being differential in ϕ, it eases the
comparison with data, since detectors hardly cover the whole
(2π) range. The outcome of a quite recent investigation on
Mueller–Navelet ϕ-distributions was the study of these dis-
tributions allows us (i) to overcome the well-known problems
rising in the description of light-flavored final states at nat-
ural energy scales and (ii) to enhance the agreement with
experimental data collected at 7 TeV CMS [128]. We will
present predictions for �-plus-jet azimuthal distributions in
the same kinematic ranges proposed above, and for given
values of 	Y .

The third observable is the double differential transverse-
momentum distribution

dσ

d	Yd|�κ�|d|�κJ | =
∫ min(	Y+ymax

J , ymax
� )

max(	Y+ymin
J , ymin

� )

×dy� C0 (|�κ�|, |�κJ |, y�, yJ )

∣∣∣
yJ = y�−	Y

,

(20)

i.e. the cross section differential in 	Y and in the observed-
particle transverse momenta, which we allow to lie in the
10 GeV < |�κ�,J | < 100 GeV range. This distribution was
recently proposed in the context of high-energy inclusive
emissions of bottom-flavored hadrons plus light-flavored jets
as a common basis to unveil the interplay among different
kinds of resummation mechanisms. Indeed, when the trans-
verse momenta stay in wider windows, other regions contigu-
ous to the semi-hard one are accessed. As an example, when
the transverse momenta are high or their mutual separation
is large, the size of DGLAP-type logarithms and of thresh-
old contaminations [218–235] increases. This makes the
description afforded by a pure high-energy approach inad-
equate. Then, in the very-low transverse-momentum regime,
enhanced |�κ|-logarithms entering the perturbative expansion
are not caught neglected by BFKL. Furthermore, diffusion-
pattern effects [236] (see also Refs. [237,238]) grow and
grow up to prevent the convergence of the high-energy resum-
mation. The most powerful way to take into account those
logarithms relies in an all-order transverse-momentum (TM)
resummation [239–246]. TM-resummed distributions have
been recently investigated for the hadroproduction of pho-
ton [247–250], Higgs [251] and W -boson [252] pairs, and

for boson-plus-jet [253,254] and Z -plus-photon [255] final
states. TM-based third-order fiducial predictions for Drell–
Yan and Higgs emissions were presented in Refs. [256–259]
and [257,260–262], respectively. Finally, when the trans-
verse momenta of the two detected particles lead to almost
back-to-back final-state configurations, the previously men-
tioned Sudakov-type logarithms emerges and they need to
be resummed as well [122,209–212]. We will present predic-
tions for �-plus-jet double differential |�κ|-distributions with-
out pretending to catch all the dominant features underlying
these observables by the hands of our high-energy/collinear
setup, but rather to set the ground for futures analyses aimed
at unraveling the interplay among all these resummations.

We complement our study on the transverse-momentum
spectrum of �-baryon emissions by investigating the behav-
ior of the κ�-distribution

dσ

d|�κ�| =
∫ κmax

J

κmin
J

d|�κJ |
∫ 	Ymax

	Ymin
d	Y

∫ min(	Y+ymax
J , ymax

� )

max(	Y+ymin
J , ymin

� )

×dy� C0 (|�κ�|, |�κJ |, y�, yJ )
∣∣∣
yJ = y�−	Y

, (21)

namely the cross section differential in the �-particle trans-
verse momentum, and integrated in 	Y windows and in the
30 GeV < |�κJ | < 120 GeV jet transverse-momentum range.
We will highlight how this observable permits to clearly dis-
criminate between BFKL and high-energy fixed-order pre-
dictions in the large-|�κ�| regime.

3 Phenomenology

The numerical analysis presented in this section has been
made by making use theJETHADmulti-modular interface [4,
151]. The sensitivity of our observables on renormalization-
and factorization-scale variations has been assessed by letting
μR,F stay around the natural values given by kinematics, up
to a factor ranging from 1/2 to two, according to the Cμ scale
parameter. Uncertainty bands entering plots embodies the
overall effect of scale variations and multi-dimensional inte-
gration over the final-state phase space. The latter has been
steadily kept below 1% by JETHAD integrators. Collinear
PDFs are described via the novel NNPDF4.0 NLO determi-
nation [263,264] as provided by the LHAPDF package [265].
It was obtained from global fits via the replica method,
originally proposed in Ref. [266] in the context of neural-
network techniques. Collinear FFs employed in our analysis
for the �−/�̄+ octet baryons have been recently determined
via the NLO SHKS22 fit [267] on data for single inclusive
electron-positron annihilations through the MontBlanc
neural-network framework [268,269] developed by the MAP
Collaboration [270] (see Ref. [271] for a similar study on
unidentified charged light-hadron FFs). �c baryons and
� hyperons are depicted byKKSS19 [186] andAKK08 [272]
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Fig. 2 Factorization-scale dependence of KKSS19, AKK08, and SHKS22 NLO FFs respectively depicting �c-baryon, �-hyperon, and �-baryon
production, for z = 0.4 
 〈z〉

NLO FFs, respectively. A two-loop running-coupling setup
with αs (MZ ) = 0.118 and a dynamic flavor number, n f , is
adopted. All computations are done in the MS scheme. The
center-of-mass energy is set to

√
s = 14 TeV.

3.1 Natural stability

We present highlights on the stabilization mechanism emerg-
ing from the fragmentation mechanism depicting the pro-
duction of bound states. Details on the connection between
the behavior of heavy-hadron VFNS FFs and the stability of
high-energy resummed cross section were recently discussed
in Section 3.4 of Ref. [164] (�c baryons) and Appendix A of
Ref. [165] (noncharmed B mesons and �b baryons). In upper
panels of Fig. 2 we consider the μF -behavior of KKSS19
�c (left) and AKK08 � (right) FF sets for a value of the
hadron momentum fraction that roughly matches the average
value of z at which FFs are typically probed of our analysis,
namely z = 0.4 
 〈z〉. As expected, charm- and bottom-
quark functions strongly prevail in �c production, while the

strange-quark one prevails in � fragmentation. We notice
that the KKSS19 gluon function grows with μF up to reach a
plateau. Conversely, the AKK08 gluon density falls off when
μF increases. This dichotomy turns out to be relevant when
FFs are diagonally convoluted with collinear PDFs in LO
forward-hadron impact factors (Eq. (11)). In the kinematic
sector of our interest, namely when in the 10−4 � x � 10−2,
the gluon PDF heavily dominates over the quark channels,
and the behavior of the gluon FF is enhanced.1 On one hand,
larger μR values translate in a numerically smaller running
coupling, both in the Green’s function and in the impact fac-
tors. On the other hand, higher values of μF heighten the
contribution of the gluon PDF. When the latter is convo-
luted with an increasing-with-μF gluon FF, such as the �c

one, the two effects balance each other. This gives rise to
the stability of �c-distributions under scale variations. Con-
versely, the decreasing pattern of the �-hyperon gluon FF

1 As pointed out in Ref. [164], this feature holds also at NLO, where
(qg) and (gq) nondiagonal channels are opened (see Eq. (4.58) of
Ref. [49]).
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when μF increases prevents the two effects to offset each
other. This hampers any possibility of reaching a stability
in the description of �-sensitive high-energy cross sections.
In the lower panel of Fig. 2 we show the μF -dependence
of SHKS22 FFs depicting �-baryon emissions at z = 0.4.
We observe a smooth-behaved, nondecreasing-with-μF pat-
tern of the gluon FF. It represents an intermediate situation
between the �c and the � case. We will provide arguments
supporting the statement that this peculiar behavior is respon-
sible for a stabilization pattern of high-energy cross sections
sensitive �-baryon detections, weaker than what happens in
the �c case, but still present.

3.2 Rapidity distributions

In upper panels of Fig. 3 we show the 	Y -shape of the
rapidity distribution for the � plus jet detection in the kine-
matic range presented in Sect. 2.2 and for

√
s = 14 TeV.

For the sake of comparison, we present the 	Y -behavior
of the same observable for �c plus jet (central panels) and
� plus jet (lower panels) production channels. The down-
turn at large 	Y is a common feature shared by all the
distributions, and it rises as a net effect of two competing
trends. Indeed, as predicted by BFKL, although high-energy
resummed off-shell hard factors strengthen with 	Y , and
thus with energy, their collinear convolution with PDFs and
FFs in the impact factors strongly suppresses that upturn.
In left (right) panels we compare NLL/NLO (NLL/NLO+)
predictions with pure LL/LO results as well as with corre-
sponding high-energy fixed-order HE-NLO (HE-NLO+) cal-
culations. Ancillary panels below main plots show reduced
	Y -distributions, namely cross sections divided by their cen-
tral value, taken at Cμ = 1. This helps to better visualize the
relative size of scale-uncertainty bands. We observe that NLL
bands are uniformly smaller than LL ones. Furthermore, all
bands related with �-hyperon emissions are larger than cor-
responding ones for �c- and �-baryon detections. These fea-
tures indicate that the energy-resummed series gains stability
when NLL corrections are accounted for, and that the stabi-
lization mechanism coming from gluon FFs plays a role. As
a general remark, we note that the reached stability is not in
the whole range of 	Y . Indeed, while NLL bands are almost
overlapped to LL ones in the low-	Y region, their mutual
distance becomes wider and wider as 	Y grows. This pattern
turns out to be in line with previous analyses on semi-hard
heavy-flavor production, where the impressive stability of
cross sections on NLL corrections observed in di-hadron pro-
duction channels (double �c baryons, [164], double bottom-
flavored hadrons [165], and double vector quarkonia [168])
is partially spoiled when a heavy bound state is emitted in
association with a jet. Furthermore, although the discrep-
ancy between NLL/NLO and NLL/NLO+ distributions is
very small for all the considered final states, it numerically

grows with 	Y , passing from roughly 0.5% at 	Y 
 2 to
almost 5% at 	Y 
 6, with the NLL/NLO+ results con-
stantly staying below the NLL/NLO ones. This gives us a
clue that possible effects coming from Sudakov-type loga-
rithms, enhanced when parton longitudinal fractions become
closer and closer to one, are present. These threshold loga-
rithms, which are systematically neglected by our hybrid fac-
torization, become relevant in the large-	Y range and they
must be resummed to all orders [218–232]. Combining the
resummation of energy and threshold logarithms is not an
easy task. While such a double-resummation procedure was
set up for Higgs-boson rapidity-inclusive rates [273–275], its
extension to two-particle rapidity-differential distributions,
as the ones investigated in this article, leads to difficulties
rising when the analytic double-counting removal procedure
is performed in the Mellin space. This represents a relevant
development to be carried out in more formal, future studies.

For all the considered channels bands for HE-NLO(+)

cross sections are almost overlapped with NLL/NLO+ and
LL/LO ones ans, in some cases, they stay in between. Thus,
at this level a search for a net disengagement between
the resummed signal and the fixed-order background still
remains unfulfilled (see Sect. 3.3).

To further examine the stabilizing effect coming from
collinear FFs (see Sect. 3.1), in Fig. 4 we study the 	Y -trend
of our rapidity distributions under a progressive variation of
μR,F scales in a wider range, given by 1 < Cμ < 30. Upper,
central and lower plots respectively refer to �, �c and � plus
jet inclusive emissions. In the same way as in Fig 3, ancil-
lary panels below primary plots contain information about
the reduced cross sections, i.e. divided by the ones taken at
Cμ = 1. Going from bottom to top, we observe that the �

plus jet 	Y -distribution strongly depends on the scale param-
eter Cμ. In particular, it decreases as Cμ grows, up to lose
60% magnitude when Cμ = 30. Conversely, the �c plus jet
	Y -distribution is quite stable onCμ variation, its magnitude
loss staying from 5 to 10% only. The pattern of the � plus jet
	Y -distribution stays in between the previous two, namely
its magnitude loss does not exceed 35%. The founds trend
are in line with the statement that the behavior of collinear
FFs and, in particular, of the gluon one, determine if and to
which level the stabilizing effect is present. No significant
variation of the stabilization pattern is spotted when passing
from the NLL/NLO (left panels) to the NLL/NLO+ (right
panels) representation.

3.3 Azimuthal distributions

In Fig. 5 we show the behavior of the azimuthal distributions
at 	Y = 1, 3, 5. The first ancillary panels right below main
plots exhibit reduced ϕ-distributions, i.e. azimuthal cross
sections divided by their central value, taken at Cμ = 1.
For the sake of simplicity, we consider the NLL/NLO+
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Fig. 3 	Y -dependence of the rapidity distribution within the
NLL/NLO (left) and NLL/NLO+ (right) accuracy, for �-baryon
(upper), �c-baryon (central), and �-hyperon (lower) plus jet detec-

tions at
√
s = 14 TeV. Shaded bands embody the combined effect of

renormalization- and factorization-scale variation in the 1 < Cμ < 2
range and of phase-space numerical multidimensional integration
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Fig. 4 	Y -dependence of the rapidity distribution within the
NLL/NLO (left) and NLL/NLO+ (right) accuracy, and for

√
s = 14

TeV. A study on progressive variation of renormalization and factoriza-

tion scales has been made in the 1 < Cμ < 30 range for � baryons
(upper), �c baryons (central), and � hyperons (lower)
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Fig. 5 Azimuthal distribution for the �−/�̄+ plus jet detection at
	Y = 1, 3, 5, for

√
s = 14 TeV, and within the LL/LO (left)

and NLL/NLO+ (right) accuracy. Shaded bands embody the com-

bined effect of renormalization- and factorization-scale variation in the
1 < Cμ < 2 range and of phase-space numerical multidimensional
integration

representation only. Form the inspection of our plots, we
fairly observe the emergence of high-energy dynamics. All
ϕ-distributions exhibit a peak at ϕ = 0, namely when the
� baryon and the jet are emitted in back-to-back configu-
rations. The peak height shrinks as 	Y increases, and the
distribution width broadens. This a consequence of the onset
the BFKL dynamics. Indeed, when 	Y grows, the weight of
gluons strongly ordered in rapidity, predicted by the resum-
mation, increases. This reduces the azimuthal-angle correla-
tion between the baryon and the jet, so that the number of
back-to-back events diminishes. We note that the discrepancy
among results taken at different values of 	Y is larger in the
LL case with respect to the NLL one. This is in line with pre-
vious findings in the context of semi-hard reactions involv-
ing hadron emissions (see, e.g., Refs. [131,148,151,168]),
where a recorrelation effect due to genuine NLL contribu-
tions was observed. Besides the lowering-with-	Y trend of
the peak, which is a common feature of all the semi-hard
final states investigated so far, our novel � plus jet detec-
tion process exhibit some peculiar features. Indeed, while �-
particle collinear FFs lead to a stabilization pattern, typical of
heavy-flavored hadron species, the pattern of ϕ-distributions
sensitive to � emissions is more similar to the one typi-
cal of light-flavored objects. It is easy to see that distribu-
tions of Fig. 5 are more similar to corresponding ones for
Mueller–Navelet jet and light-hadron detections [151], with
milder peaks and wider widths than the ones observed in
vector-quarkonium [168] and B(∗)

c -meson [171] hadropro-

ductions. The duality of phenomenological aspects emerg-
ing in � plus jet studies, leading both to stabilizing features
typical of heavy-flavor emissions and to distribution patterns
close to light-flavor detections, makes our process novel and
intriguing. Further investigations on the origin and interplay
of these aspects will help us to deepen our understanding of
high-energy QCD.

Another intriguing aspect is the (ln RJ )-dependence of
our observables. Although, from a general QCD viewpoint,
it is natural to set RJ ∼ O(1) (see, e.g., Ref. [276]),
smaller values are adopted in most practical applications in
hadron scatterings. Indeed, small-RJ choices are helpful to
dampen the so-called pileup contaminations rising from mul-
tiple hadron-hadron interactions, as well as to resolve the
jet substructure. The small-RJ limit leads to the enhance-
ment of terms proportional to (αs ln 1/R2

J )
n , which need to

be resummed to all orders [277–283]. The question whether
(ln 1/R2

J )-contributions are important for our high-energy
observables becomes particularly relevant for angular distri-
butions. Indeed, any variation of the jet-radius size can have
an influence on the number of back-to-back events. With
our choice, RJ = 0.5, witch matches the CMS experimen-
tal setup [128], and for a typical value of the running cou-
pling, say αs 
 0.25, one has αs ln 1/R2

J 
 0.35, which is
not so large. Therefore, by relying on our formalism where
these logarithms are encoded in the jet impact factor but they
are not resummed, we can estimate the effect of varying
the jet radius on a reference range, say 0.3 < RJ < 0.7.
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The second ancillary panel below the right plot of Fig. 5
shows how varying RJ reflects on the NLL/NLO+ reduced
ϕ-distribution taken at natural scales, Cμ = 1. Our angu-
lar observable increases with RJ , but the effect is generally
small, say below 3%. The only exception is represented by
the case corresponding to the largest value of the rapidity
interval, 	Y = 5. Here, the uncertainty band generated by
varying RJ becomes larger and larger when ϕ � π/2, up
to roughly 30%. While further studies are needed to more
deeply investigate this feature, a possible explanation can
be already guessed. We note that (ln 1/R2

J )-terms enter the
NLO forward-jet impact-factor correction as multiplicative
factors for ζ−2γ ≡ ζ 1−2iν and for all the Pi j splitting func-
tions (see Eq. (36) of Ref. [113]). Since Pi j kernels do not
depend on the angular kinematics, the origin of the increased
sensitivity on ln 1/R2

J with 	Y must be sought in the inte-
gration over ζ . Indeed, the lower bound of that integral is
xJ , whose value faster enters the already-mentioned thresh-
old region for large 	Y -values. Therefore, variations of RJ

could magnify the instabilities already present in our for-
malism due to nonresummed threshold logarithms. Future
analyses will focus on encoding the jet-radius resummation
into our high-energy formalism, as well as to explore pos-
sible common ground with studies on jet angularities [284–
286].

A key aspect emerging from the previous discussion is
making use of azimuthal distributions as useful tools to
access the intersection corners among different resumma-
tion approaches. More in particular, ϕ-differential observ-
ables gives us a direct access to almost-back-to back con-
figurations generating the peak region of Fig. 5. Here, due
to collinear enhancement, final-state soft gluons tend be
emitted aligned to jet directions. A large part of this radi-
ation falls into jet cones, thus becoming part of the jets.
The remaining soft-gluon radiation standing lightly outside
jet cone generates positive angular asymmetries which can
have a sizable impact on azimuthal observables [287,288].
Its net effect is the rise of double and single Sudakov-
type logarithms in the small transverse-momentum imbal-
ance between the two detected objects. Our hybrid factoriza-
tion does not embody the resummation of these logarithms.
Since in our studies a large rapidity interval is required,
so that each of the two final-state particles stems from a
distinct fragmentation region, soft-gluon logarithms appear
only at the cross-section level and not at the impact-factor
one. Therefore, accounting them for is not straightforward.
Conversely, the semi-inclusive emission of a hadronic sys-
tem made of two forward particles represents a more favor-
able configuration. In that case, the Sudakov resummation of
small transverse-momentum imbalances can be performed
directly inside the impact factor. Advancements in this direc-
tion have been made in the context of inclusive dijet tags
in deeply inelastic electron-nucleus scatterings via the sat-

uration framework (see Ref. [289] for a recent overview)
and they can be also planned for diffractive dihadron detec-
tions [290,291].

3.4 Transverse-momentum distributions

In Fig. 6 we present predictions for the double differential
transverse-momentum cross sections at 	Y = 5. For the
sake of simplicity, we consider the NLL/NLO+ represen-
tation only. Our distributions exhibit a very fast decreasing
behavior when the two transverse momenta, |�κ�| and |�κJ |,
grow or when their mutual distance increases. LL results (left
panels) are much more sensitive to scale variations than cor-
responding ones for 	Y - and ϕ-distributions. Indeed, they
globally decrease with Cμ (from upper to lower panels).
Conversely, NLL predictions (right panels) tend to oscillate
around Cμ = 1, which seems to act as a critical point. This
represents a clear indication that a stability on scale variations
of our double κT -observables distributions is reached when
energy logarithmic corrections are taken at NLL. In all cases,
we observe the absence of any peak. However, a peak could
be present in the very small transverse-momentum range, i.e.
in the region dominated by TM-resummation effects, which
has been excluded from our study. Surface 3D plots are com-
plemented by 2D contour projections showing the behavior
of our distributions at |�κ�| = 0 and at |�κJ | = 0. The infor-
mation gathered from the inspection on these projections at
low/intermediate κT is that cross sections are smaller when
|�κ�| < |�κJ | than when |�κ�| > |�κJ |. This reflect the fact
that cross sections are generally larger when a light hadron
is produced rather than a jet (see, e.g, Refs. [148,151]). As
pointed out in the context of bottom-flavored hadrons plus
jets [165], this hierarchy of predictions eventually reverts
when the transverse momentum increases.

In Fig. 7 we show the |�κ�|-differential cross section inte-
grated in two ranges for the rapidity interval, 2 < 	Y < 4
(upper panels) and 4 < 	Y < 6 (lower panels). In left
(right) panels, NLL/NLO (NLL/NLO+) results are com-
pared with corresponding LL/LO and HE-NLO (HE-NLO+)
calculations. To propose realistic distribution configurations
that can be easily compared with future experimental data to
be collected at the LHC and its high-luminosity upgrade, we
consider |�κ�| bins with a fixed length of 10 GeV and in the
range from 10 to 120 GeV. The information gathered from
these plots significantly extends and complements the one
encoded in our double differential cross sections of Fig. 6.

Two subregions can be distinguished. The first one is
the low-to-moderate |�κ�| region, which ranges from 10 to
roughly 60 GeV. Here, NLL bands are almost everywhere
nested inside LL ones, their size being always much smaller
than the LL one, see ancillary panels below primary fig-
ures. This further confirms the impressive stability of the
hybrid factorization under higher-order corrections and scale
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Fig. 6 Double differential transverse-momentum distribution for the �−/�̄+ plus jet detection at 	Y = 5,
√
s = 14 TeV, within the LL/LO (left)

and NLL/NLO+ (right) accuracy. The Cμ energy-scale parameter ranges from 1/2 to 2 (from top to bottom)
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Fig. 7 Behavior of the |�κ�|-differential distribution at
√
s = 14 TeV

and within the NLL/NLO (left) and NLL/NLO+ (right) accuracy, for
2 < 	Y < 4 (upper) and 4 < 	Y < 6 (lower). Shaded bands embody

the combined effect of renormalization- and factorization-scale varia-
tion in the 1 < Cμ < 2 range and of phase-space numerical multidi-
mensional integration

variations. The found pattern is expected. Indeed, although
the jet transverse momentum is integrated in a larger range,
30 GeV < |�κJ | < 120 GeV, its main contribution to cross sec-
tion comes from the lower spectrum of values. A similar argu-
ment applies for κ�. Thus, in the considered low-to-moderate
subregion the weight of (almost) back-to-back events, gener-
ally well described by the BFKL resummation, is large. At the
same time, since (almost) symmetric transverse-momentum
windows are not well suited to disentangle the BFKL pattern
from fixed-order contaminations, in this region NLL bands
are also overlapped with high-energy NLO ones.

The second region is the moderate-to-large |�κ�| one,
60 GeV � |�κ�| < 120 GeV. Here, the NLL signal decouples

from the LL one, thus indicating a potential loss of stabil-
ity of the hybrid factorization. Indeed, although the num-
ber of (almost) back-to back events equals the one typical
of the previous region, their weight is smaller. On the one
hand, this translates in a growth of relevance of asymmetric
transverse-momentum configurations, suited to disentangle
BFKL from fixed-order results. On the other hand, kinematic
configurations featuring a large mutual distance between |�κ�|
and |�κJ | lead to rising DGLAP-type logarithms as well as
threshold effects, which are not accounted for in our for-
malism and could spoil the convergence of the resummed
series. In contrast to the mentioned potential issues, the out-
come emerging from the inspection of our distribution is
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favorable. Indeed, although being larger than the one in the
low-to-moderate region, the width of NLL uncertainty bands
encoding the effect of scale variations remains steady. This
corroborates the statement that the hybrid factorization is still
valid. Moreover, the discrepancy between NLL results and
high-energy fixed-order computations progressively widens
as |�κ�| increases, up to make the corresponding uncertainty
bands not anymore nested to each other. Thus, a clear indi-
cation comes out that the moderate-to-large |�κ�| range is
a fertile ground where to hunt for distinctive high-energy
imprints on top of the fixed-order background. As a final
remark, we note that, for large |�κ�| values, a slight or mod-
erate difference between NLL/NLO and NLL/NLO+ pre-
dictions becomes more and more evident, as highlighted in
the ancillary panels. Further studies will gauge the impact of
this effect in larger transverse-momentum ranges or/and in
other transverse-momentum related observables.

4 Paving the way toward precision

We have proposed the inclusive detection at the LHC of a cas-
cade �−/�̄+ baryon in association with a jet, as a new probe
channel for the high-energy spectrum of QCD. Their large
separation in rapidity and their high transverse has made pos-
sible the description of differential cross sections by means
of the hybrid high-energy/collinear factorization within the
NLO perturbative order and the NLL logarithmic accuracy.
A first, systematic analysis has been performed on gaug-
ing effects rising from employing two distinct higher-order
cross-section representations. One of them embodies terms
which are beyond the NLL accuracy.

The study presented in this article extends our program
on high-energy emissions of baryons at the LHC, started
with a similar analysis on � hyperons [153] and carried
on with the discovery of the natural stability of the high-
energy resummation from �c fragmentation [164]. The sta-
bilization mechanism is connected to the behavior of the
heavy-hadron gluon FF. It comes out as a general property
shared by all the heavy-flavored species recently studied in
the context of high-energy QCD phenomenology: single-
charmed [164] and single-bottomed hadrons [165], vector-
quarkonium states [168–170], and charmed B mesons [171].
In this article a clear evidence was provided that the stabiliza-
tion mechanism coming from collinear fragmentation is also
present in the �-baryon case, and has allowed us to study
� plus jet differential distributions around the natural energy
scales provided by kinematics.

Two prospective developments are underway. On one
hand, a formal proof of the natural stability, emerged so far
as a phenomenological property of semi-hard observables,
needs to be provided. In particular, this will help us to shed
light on the reason why the nondecreasing-with-μF behavior

of the gluon FF is shared also by some lighter hadron species,
such as � particles.

On the other hand, a required step to reach the precision
level in the theoretical analysis of high-energy observables
relies in enhancing our hybrid factorization into a multi-
lateral and unified formalism that encodes several different
resummations. This is in line with recent studies on ultra-
forward emissions of light mesons [4] or single-charmed
hadrons [172] at the planned Forward Physics Facility [2,3].
There, it was highlighted that, although resummed distribu-
tions are stable under scale variations, they still exhibit a sen-
sitivity when passing from a pure LL to a full NLL treatment.
This is due to the simultaneous presence of both energy log-
arithms and large-x , threshold ones. Improving our hybrid
factorization by including the latters represents an urgent task
to be undertaken in the short-term future.

Acknowledgements The Author thanks Maryam Soleymaninia, Hadi
Hashamipour, Hamzeh Khanpour, and Hubert Spiesberger for provid-
ing him with grids of the SHKS22 fragmentation functions [267]. The
Author would like to express is gratitude to Alessandro Papa for a
critical reading of the manuscript and for useful suggestions, and to
Simone Caletti for a discussion on jet-radius and jet-angularity resum-
mations. This work is supported by the Atracción de Talento Grant n.
2022-T1/TIC-24176 of the Comunidad Autónoma de Madrid, Spain,
and by the INFN/NINPHA Project, Italy. The Author thanks the Uni-
versità degli Studi di Pavia for the warm hospitality.

Data availability statement This manuscript has no associated data or
the data will not be deposited. [Authors’ comment: Data produced in
this work are summarized in figures; they can be made available upon
request.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3. SCOAP3 supports the goals of the International
Year of Basic Sciences for Sustainable Development.

References

1. E. Chapon et al., Prog. Part. Nucl. Phys. 122, 103906 (2022).
arXiv:2012.14161

2. L.A. Anchordoqui et al., Phys. Rep. 968, 1 (2022).
arXiv:2109.10905

3. J.L. Feng et al., J. Phys. G 50, 030501 (2023). arXiv:2203.05090
4. F.G. Celiberto, Phys. Rev. D 105, 114008 (2022).

arXiv:2204.06497
5. M. Hentschinski et al., in 2022 Snowmass Summer Study (2022).

arXiv:2203.08129

123

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/2012.14161
http://arxiv.org/abs/2109.10905
http://arxiv.org/abs/2203.05090
http://arxiv.org/abs/2204.06497
http://arxiv.org/abs/2203.08129


332 Page 16 of 20 Eur. Phys. J. C (2023) 83 :332

6. A. Accardi et al., Eur. Phys. J. A 52, 268 (2016). arXiv:1212.1701
7. R. Abdul. Khalek et al., Nucl. Phys. A 1026, 122447 (2022).

arXiv:2103.05419
8. R. Abdul Khalek et al., in 2022 Snowmass Summer Study (2022).

arXiv:2203.13199
9. D. Acosta, E. Barberis, N. Hurley, W. Li, O.M. Colin,

D. Wood, X. Zuo, in 2022 Snowmass Summer Study (2022).
arXiv:2203.06258

10. I. Adachi et al. (ILC International Development Team and ILC
Community), (2022). arXiv:2203.07622

11. O. Brunner et al. (2022). arXiv:2203.09186
12. A. Arbuzov et al., Prog. Part. Nucl. Phys. 119, 103858 (2021).

arXiv:2011.15005
13. V.M. Abazov et al. (SPD proto) (2021). arXiv:2102.00442
14. G. Bernardi et al. (2022). arXiv:2203.06520
15. S. Amoroso et al., Acta Phys. Polon. B 53, A1 (2022).

arXiv:2203.13923
16. F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, M.M.A. Mohammed,

A. Papa, in 2022 Snowmass Summer Study. (2021).
https://www.snowmass21.org/docs/files/summaries/EF/
SNOWMASS21-EF6_EF1-074.pdf

17. S. Klein et al. (2020). arXiv:2009.03838
18. A. Canepa, M. D’Onofrio, Report number: FERMILAB-

PUB-22-248-PPD (2022). https://lss.fnal.gov/archive/2022/pub/
fermilab-pub-22-248-ppd.pdf

19. J. de Blas et al. (Muon Collider) (2022). arXiv:2203.07261
20. C. Aimè et al. (2022). arXiv:2203.07256
21. N. Bartosik et al. (Muon Collider), in 2022 Snowmass Summer

Study (2022). arXiv:2203.07964
22. C. Accettura, D. Adams, R. Agarwal, C. Ahdida, C. Aimè,

N. Amapane, D. Amorim, P. Andreetto, F. Anulli and R. Appleby,
et al., (2023). arXiv:2303.08533 [physics.acc-ph]

23. M. Begel, S. Hoeche, M. Schmitt, H.W. Lin, P.M. Nadolsky, C.
Royon, Y.J. Lee, S. Mukherjee, C. Baldenegro, J. Campbell, et al.,
(2021) submitted to Snowmass. arXiv:2209.14872 [hep-ph]

24. L.V. Gribov, E.M. Levin, M.G. Ryskin, Phys. Rep. 100, 1 (1983)
25. F.G. Celiberto, Ph.D. thesis, Università della Calabria and INFN-

Cosenza (2017). arXiv:1707.04315
26. V.S. Fadin, E. Kuraev, L. Lipatov, Phys. Lett. B 60, 50 (1975)
27. E.A. Kuraev, L.N. Lipatov, V.S. Fadin, Sov. Phys. JETP 44, 443

(1976)
28. E. Kuraev, L. Lipatov, V.S. Fadin, Sov. Phys. JETP 45, 199 (1977)
29. I. Balitsky, L. Lipatov, Sov. J. Nucl. Phys. 28, 822 (1978)
30. V.S. Fadin, L.N. Lipatov, Phys. Lett. B 429, 127 (1998).

arXiv:hep-ph/9802290
31. M. Ciafaloni, G. Camici, Phys. Lett. B 430, 349 (1998).

arXiv:hep-ph/9803389
32. V.S. Fadin, R. Fiore, A. Papa, Phys. Rev. D 60, 074025 (1999).

arXiv:hep-ph/9812456
33. V.S. Fadin, D.A. Gorbachev, JETP Lett. 71, 222 (2000)
34. V.S. Fadin, D.A. Gorbachev, Phys. At. Nucl. 63, 2157 (2000)
35. V.S. Fadin, R. Fiore, A. Papa, Phys. Rev. D 63, 034001 (2001).

arXiv:hep-ph/0008006
36. V.S. Fadin, R. Fiore, Phys. Lett. B 610, 61 (2005a). [Erratum:

Phys.Lett.B 621, 320 (2005)]. arXiv:hep-ph/0412386
37. V.S. Fadin, R. Fiore, Phys. Rev. D 72, 014018 (2005).

arXiv:hep-ph/0502045
38. V.S. Fadin, M. Fucilla, A. Papa (2023). arXiv:2302.09868
39. V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa, Phys. Rev. D 61,

094005 (2000). arXiv:hep-ph/9908264
40. V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa, Phys. Rev. D 61,

094006 (2000). arXiv:hep-ph/9908265
41. M. Ciafaloni, Phys. Lett. B 429, 363 (1998).

arXiv:hep-ph/9801322
42. M. Ciafaloni, D. Colferai, Nucl. Phys. B 538, 187 (1999).

arXiv:hep-ph/9806350

43. M. Ciafaloni, G. Rodrigo, JHEP 05, 042 (2000).
arXiv:hep-ph/0004033

44. J. Bartels, D. Colferai, G.P. Vacca, Eur. Phys. J. C 24, 83 (2002).
arXiv:hep-ph/0112283

45. J. Bartels, D. Colferai, G.P. Vacca, Eur. Phys. J. C 29, 235 (2003).
arXiv:hep-ph/0206290

46. F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, A. Perri, JHEP
02, 101 (2012). arXiv:1112.3752

47. D. Yu. Ivanov, A. Papa, JHEP 05, 086 (2012). arXiv:1202.1082
48. D. Colferai, A. Niccoli, JHEP 04, 071 (2015). arXiv:1501.07442
49. D. Yu. Ivanov, A. Papa, JHEP 07, 045 (2012). arXiv:1205.6068
50. J. Bartels, S. Gieseke, C.F. Qiao, Phys. Rev. D 63,

056014 (2001). [Erratum: Phys.Rev.D 65, 079902 (2002)].
arXiv:hep-ph/0009102

51. J. Bartels, S. Gieseke, A. Kyrieleis, Phys. Rev. D 65, 014006
(2002). arXiv:hep-ph/0107152

52. J. Bartels, D. Colferai, S. Gieseke, A. Kyrieleis, Phys. Rev. D 66,
094017 (2002). arXiv:hep-ph/0208130

53. J. Bartels, Nucl. Phys. B Proc. Suppl. 116, 126 (2003)
54. J. Bartels, A. Kyrieleis, Phys. Rev. D 70, 114003 (2004).

arXiv:hep-ph/0407051
55. V.S. Fadin, D.Yu. Ivanov, M.I. Kotsky, Phys. At. Nucl. 65, 1513

(2002). arXiv:hep-ph/0106099
56. I. Balitsky, G.A. Chirilli, Phys. Rev. D 87, 014013 (2013).

arXiv:1207.3844
57. M. Hentschinski, K. Kutak, and A. van Hameren, Eur. Phys. J.

C 81, 112 (2021). [Erratum: Eur. Phys. J. C 81, 262 (2021)].
arXiv:2011.03193

58. F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, M.M.A. Mohammed,
A. Papa, JHEP 08, 092 (2022). arXiv:2205.02681

59. S. Catani, M. Ciafaloni, F. Hautmann, Phys. Lett. B 242, 97 (1990)
60. S. Catani, M. Ciafaloni, F. Hautmann, Nucl. Phys. B 366, 135

(1991)
61. S. Catani, M. Ciafaloni, F. Hautmann, Phys. Lett. B 307, 147

(1993)
62. R.D. Ball, Nucl. Phys. B 796, 137 (2008). arXiv:0708.1277
63. F. Caola, S. Forte, S. Marzani, Nucl. Phys. B 846, 167 (2011).

arXiv:1010.2743
64. M. Hentschinski, A. Sabio Vera, C. Salas, Phys. Rev. Lett. 110,

041601 (2013). arXiv:1209.1353
65. M. Hentschinski, A. Sabio Vera, C. Salas, Phys. Rev. D 87, 076005

(2013). arXiv:1301.5283
66. I. Anikin, D.Yu. Ivanov, B. Pire, L. Szymanowski, S. Wallon,

Nucl. Phys. B 828, 1 (2010). arXiv:0909.4090
67. I. Anikin, A. Besse, D.Yu. Ivanov, B. Pire, L. Szymanowski, S.

Wallon, Phys. Rev. D 84, 054004 (2011). arXiv:1105.1761
68. A. Besse, L. Szymanowski, S. Wallon, JHEP 11, 062 (2013).

arXiv:1302.1766
69. A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, A. Papa, Eur. Phys.

J. C 78, 1023 (2018). arXiv:1808.02395
70. A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, A. Papa, Frascati

Phys. Ser. 67, 76 (2018). arXiv:1808.02958
71. A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, A. Papa, Acta

Phys. Polon. Suppl. 12, 891 (2019). arXiv:1902.04520
72. A.D. Bolognino, A. Szczurek, W. Schaefer, Phys. Rev. D 101,

054041 (2020). arXiv:1912.06507
73. F.G. Celiberto, Nuovo Cim. C 42, 220 (2019). arXiv:1912.11313
74. A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, A. Papa, W.

Schäfer, A. Szczurek, Eur. Phys. J. C 81, 846 (2021).
arXiv:2107.13415

75. A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, A. Papa, SciPost
Phys. Proc. 8, 089 (2022). arXiv:2107.12725

76. A.D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov,
A. Papa, W. Schäfer, A. Szczurek (2022). arXiv:2202.02513

77. F.G. Celiberto (2022). arXiv:2202.04207

123

http://arxiv.org/abs/1212.1701
http://arxiv.org/abs/2103.05419
http://arxiv.org/abs/2203.13199
http://arxiv.org/abs/2203.06258
http://arxiv.org/abs/2203.07622
http://arxiv.org/abs/2203.09186
http://arxiv.org/abs/2011.15005
http://arxiv.org/abs/2102.00442
http://arxiv.org/abs/2203.06520
http://arxiv.org/abs/2203.13923
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF6_EF1-074.pdf
https://www.snowmass21.org/docs/files/summaries/EF/SNOWMASS21-EF6_EF1-074.pdf
http://arxiv.org/abs/2009.03838
https://lss.fnal.gov/archive/2022/pub/fermilab-pub-22-248-ppd.pdf
https://lss.fnal.gov/archive/2022/pub/fermilab-pub-22-248-ppd.pdf
http://arxiv.org/abs/2203.07261
http://arxiv.org/abs/2203.07256
http://arxiv.org/abs/2203.07964
http://arxiv.org/abs/2303.08533
http://arxiv.org/abs/2209.14872
http://arxiv.org/abs/1707.04315
http://arxiv.org/abs/hep-ph/9802290
http://arxiv.org/abs/hep-ph/9803389
http://arxiv.org/abs/hep-ph/9812456
http://arxiv.org/abs/hep-ph/0008006
http://arxiv.org/abs/hep-ph/0412386
http://arxiv.org/abs/hep-ph/0502045
http://arxiv.org/abs/2302.09868
http://arxiv.org/abs/hep-ph/9908264
http://arxiv.org/abs/hep-ph/9908265
http://arxiv.org/abs/hep-ph/9801322
http://arxiv.org/abs/hep-ph/9806350
http://arxiv.org/abs/hep-ph/0004033
http://arxiv.org/abs/hep-ph/0112283
http://arxiv.org/abs/hep-ph/0206290
http://arxiv.org/abs/1112.3752
http://arxiv.org/abs/1202.1082
http://arxiv.org/abs/1501.07442
http://arxiv.org/abs/1205.6068
http://arxiv.org/abs/hep-ph/0009102
http://arxiv.org/abs/hep-ph/0107152
http://arxiv.org/abs/hep-ph/0208130
http://arxiv.org/abs/hep-ph/0407051
http://arxiv.org/abs/hep-ph/0106099
http://arxiv.org/abs/1207.3844
http://arxiv.org/abs/2011.03193
http://arxiv.org/abs/2205.02681
http://arxiv.org/abs/0708.1277
http://arxiv.org/abs/1010.2743
http://arxiv.org/abs/1209.1353
http://arxiv.org/abs/1301.5283
http://arxiv.org/abs/0909.4090
http://arxiv.org/abs/1105.1761
http://arxiv.org/abs/1302.1766
http://arxiv.org/abs/1808.02395
http://arxiv.org/abs/1808.02958
http://arxiv.org/abs/1902.04520
http://arxiv.org/abs/1912.06507
http://arxiv.org/abs/1912.11313
http://arxiv.org/abs/2107.13415
http://arxiv.org/abs/2107.12725
http://arxiv.org/abs/2202.02513
http://arxiv.org/abs/2202.04207


Eur. Phys. J. C (2023) 83 :332 Page 17 of 20 332

78. A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, A. Papa,
W. Schäfer, A. Szczurek, Zenodo, (2022). arXiv:2207.05726.
https://doi.org/10.5281/zenodo.7112750

79. L. Motyka, M. Sadzikowski, T. Stebel, JHEP 05, 087 (2015).
arXiv:1412.4675

80. D. Brzeminski, L. Motyka, M. Sadzikowski, T. Stebel, JHEP 01,
005 (2017). arXiv:1611.04449

81. L. Motyka, M. Sadzikowski, T. Stebel, Phys. Rev. D 95, 114025
(2017). arXiv:1609.04300

82. F.G. Celiberto, D. Gordo Gómez, A. Sabio Vera, Phys. Lett. B
786, 201 (2018). arXiv:1808.09511

83. I. Bautista, A. Fernandez Tellez, M. Hentschinski, Phys. Rev. D
94, 054002 (2016). arXiv:1607.05203

84. A. Arroyo Garcia, M. Hentschinski, K. Kutak, Phys. Lett. B 795,
569 (2019). arXiv:1904.04394

85. M. Hentschinski, E. Padrón Molina, Phys. Rev. D 103, 074008
(2021). arXiv:2011.02640

86. V.P. Gonçalves, F.S. Navarra, D. Spiering, Phys. Lett. B 791, 299
(2019). arXiv:1811.09124

87. J. Cepila, J.G. Contreras, M. Krelina, Phys. Rev. C 97, 024901
(2018). arXiv:1711.01855

88. V. Guzey, E. Kryshen, M. Strikman, M. Zhalov, Phys. Lett. B 816,
136202 (2021). arXiv:2008.10891

89. L. Jenkovszky, V. Libov, M.V.T. Machado, Phys. Lett. B 824,
136836 (2022). arXiv:2111.13389

90. C. Flore, J.-P. Lansberg, H.-S. Shao, Y. Yedelkina, Phys. Lett. B
811, 135926 (2020). arXiv:2009.08264

91. A. Colpani Serri, Y. Feng, C. Flore, J.-P. Lansberg, M.A. Ozce-
lik, H.-S. Shao, Y. Yedelkina, Phys. Lett. B 835, 137556 (2022).
arXiv:2112.05060

92. R.D. Ball, V. Bertone, M. Bonvini, S. Marzani, J. Rojo, L. Rottoli,
Eur. Phys. J. C 78, 321 (2018). arXiv:1710.05935

93. M. Bonvini, F. Giuli, Eur. Phys. J. Plus 134, 531 (2019).
arXiv:1902.11125

94. A. Bacchetta, F.G. Celiberto, M. Radici, P. Taels, Eur. Phys. J. C
80, 733 (2020). arXiv:2005.02288. https://doi.org/10.1140/epjc/
s10052-020-8327-6

95. F.G. Celiberto, Nuovo Cim. C 44, 36 (2021). arXiv:2101.04630
96. F.G. Celiberto, Universe 8, 661 (2022). arXiv:2210.08322
97. A. Bacchetta, F.G. Celiberto, M. Radici, P. Taels, SciPost Phys.

Proc. 8, 040 (2022). arXiv:2107.13446
98. A. Bacchetta, F.G. Celiberto, M. Radici, PoSEPS–HEP2021, 376

(2022). arXiv:2111.01686
99. A. Bacchetta, F.G. Celiberto, M. Radici, PoS PANIC2021, 378

(2022). arXiv:2111.03567
100. A. Bacchetta, F.G. Celiberto, M. Radici, J.P.S. Conf, Proc. 37,

020124 (2022). arXiv:2201.10508
101. A. Bacchetta, F.G. Celiberto, M. Radici (2022). arXiv:2206.07815
102. A. Bacchetta, F.G. Celiberto, M. Radici, A. Signori, Zen-

odo, (2022). arXiv:2208.06252 . https://doi.org/10.5281/zenodo.
7085045

103. A.H. Mueller, H. Navelet, Nucl. Phys. B 282, 727 (1987)
104. D. Colferai, F. Schwennsen, L. Szymanowski, S. Wallon, JHEP

12, 026 (2010). arXiv:1002.1365
105. M. Deak, F. Hautmann, H. Jung, K. Kutak, JHEP 09, 121 (2009).

arXiv:0908.0538
106. A. van Hameren, P. Kotko, K. Kutak, Phys. Rev. D 92, 054007

(2015). arXiv:1505.02763
107. M. Deak, A. van Hameren, H. Jung, A. Kusina, K. Kutak, M.

Serino, Phys. Rev. D 99, 094011 (2019). arXiv:1809.03854
108. H. Van Haevermaet, A. Van Hameren, P. Kotko, K. Kutak, P. Van

Mechelen, Eur. Phys. J. C 80, 610 (2020). arXiv:2004.07551
109. E. Blanco, A. van Hameren, P. Kotko, K. Kutak, JHEP 12, 158

(2020). arXiv:2008.07916
110. A. van Hameren, P. Kotko, K. Kutak, S. Sapeta, Phys. Lett. B 814,

136078 (2021). arXiv:2010.13066

111. B. Guiot, A. van Hameren, Phys. Rev. D 104, 094038 (2021).
arXiv:2108.06419

112. A. van Hameren, L. Motyka, G. Ziarko, JHEP 11, 103 (2022).
arXiv:2205.09585

113. F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, Nucl. Phys. B
877, 73 (2013). arXiv:1211.7225

114. B. Ducloué, L. Szymanowski, S. Wallon, JHEP 05, 096 (2013).
arXiv:1302.7012

115. B. Ducloué, L. Szymanowski, S. Wallon, Phys. Rev. Lett. 112,
082003 (2014). arXiv:1309.3229

116. F. Caporale, B. Murdaca, A. Sabio Vera, C. Salas, Nucl. Phys. B
875, 134 (2013). arXiv:1305.4620

117. F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, Eur. Phys. J.
C 74, 3084 (2014). [Erratum: Eur. Phys. J. C 75, 535 (2015)].
arXiv:1407.8431

118. B. Ducloué, L. Szymanowski, S. Wallon, Phys. Rev. D 92, 076002
(2015). arXiv:1507.04735

119. F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Eur. Phys. J.
C 75, 292 (2015). arXiv:1504.08233

120. F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Acta Phys.
Polon. Suppl. 8, 935 (2015). arXiv:1510.01626

121. F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, Phys. Rev. D 91,
114009 (2015). arXiv:1504.06471

122. A. Mueller, L. Szymanowski, S. Wallon, B.-W. Xiao, F. Yuan,
JHEP 03, 096 (2016). arXiv:1512.07127

123. F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Eur. Phys. J.
C 76, 224 (2016). arXiv:1601.07847

124. F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, PoSDIS2016,
176 (2016). arXiv:1606.08892

125. F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Gómez, A.
Sabio Vera, Nucl. Phys. B 935, 412 (2018). arXiv:1806.06309

126. N.B. de León, G. Chachamis, A. Sabio Vera, Eur. Phys. J. C 81,
1019 (2021). arXiv:2106.11255

127. F.G. Celiberto, A. Papa, Phys. Rev. D 106, 114004 (2022).
arXiv:2207.05015

128. V. Khachatryan et al. (CMS), JHEP 08, 139 (2016).
arXiv:1601.06713

129. F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Phys. Rev. D
94, 034013 (2016). arXiv:1604.08013

130. F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, A.I.P. Conf,
Proc. 1819, 060005 (2017). arXiv:1611.04811

131. F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Eur. Phys. J.
C 77, 382 (2017). arXiv:1701.05077

132. F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, in 25th Low-x
Meeting (2017). arXiv:1709.01128

133. F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, in
17th conference on Elastic and Diffractive Scattering (2017).
arXiv:1709.04758

134. F. Caporale, G. Chachamis, B. Murdaca, A. Sabio Vera, Phys.
Rev. Lett. 116, 012001 (2016). arXiv:1508.07711

135. F. Caporale, F.G. Celiberto, G. Chachamis, A. Sabio Vera, Eur.
Phys. J. C 76, 165 (2016). arXiv:1512.03364

136. F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Gómez, A.
Sabio Vera, Nucl. Phys. B 910, 374 (2016). arXiv:1603.07785

137. F. Caporale, F.G. Celiberto, G. Chachamis, A Sabio Vera, PoS
DIS2016, 177 (2016). arXiv:1610.01880

138. F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Gómez, A.
Sabio Vera, Eur. Phys. J. C 77, 5 (2017). arXiv:1606.00574

139. F.G. Celiberto, Frascati Phys. Ser. 63, 43 (2016).
arXiv:1606.07327

140. F. Caporale, F.G. Celiberto, G. Chachamis, D. D. Gordo
Gómez, A. Sabio Vera, AIP Conf. Proc. 1819, 060009 (2017).
arXiv:1611.04813

141. F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Gómez,
B. Murdaca, A. Sabio Vera, in 24th Low-x Meeting, vol. 5 (2017),
p. 47. arXiv:1610.04765

123

http://arxiv.org/abs/2207.05726
https://doi.org/10.5281/zenodo.7112750
http://arxiv.org/abs/1412.4675
http://arxiv.org/abs/1611.04449
http://arxiv.org/abs/1609.04300
http://arxiv.org/abs/1808.09511
http://arxiv.org/abs/1607.05203
http://arxiv.org/abs/1904.04394
http://arxiv.org/abs/2011.02640
http://arxiv.org/abs/1811.09124
http://arxiv.org/abs/1711.01855
http://arxiv.org/abs/2008.10891
http://arxiv.org/abs/2111.13389
http://arxiv.org/abs/2009.08264
http://arxiv.org/abs/2112.05060
http://arxiv.org/abs/1710.05935
http://arxiv.org/abs/1902.11125
http://arxiv.org/abs/2005.02288
https://doi.org/10.1140/epjc/s10052-020-8327-6
https://doi.org/10.1140/epjc/s10052-020-8327-6
http://arxiv.org/abs/2101.04630
http://arxiv.org/abs/2210.08322
http://arxiv.org/abs/2107.13446
http://arxiv.org/abs/2111.01686
http://arxiv.org/abs/2111.03567
http://arxiv.org/abs/2201.10508
http://arxiv.org/abs/2206.07815
http://arxiv.org/abs/2208.06252
https://doi.org/10.5281/zenodo.7085045
https://doi.org/10.5281/zenodo.7085045
http://arxiv.org/abs/1002.1365
http://arxiv.org/abs/0908.0538
http://arxiv.org/abs/1505.02763
http://arxiv.org/abs/1809.03854
http://arxiv.org/abs/2004.07551
http://arxiv.org/abs/2008.07916
http://arxiv.org/abs/2010.13066
http://arxiv.org/abs/2108.06419
http://arxiv.org/abs/2205.09585
http://arxiv.org/abs/1211.7225
http://arxiv.org/abs/1302.7012
http://arxiv.org/abs/1309.3229
http://arxiv.org/abs/1305.4620
http://arxiv.org/abs/1407.8431
http://arxiv.org/abs/1507.04735
http://arxiv.org/abs/1504.08233
http://arxiv.org/abs/1510.01626
http://arxiv.org/abs/1504.06471
http://arxiv.org/abs/1512.07127
http://arxiv.org/abs/1601.07847
http://arxiv.org/abs/1606.08892
http://arxiv.org/abs/1806.06309
http://arxiv.org/abs/2106.11255
http://arxiv.org/abs/2207.05015
http://arxiv.org/abs/1601.06713
http://arxiv.org/abs/1604.08013
http://arxiv.org/abs/1611.04811
http://arxiv.org/abs/1701.05077
http://arxiv.org/abs/1709.01128
http://arxiv.org/abs/1709.04758
http://arxiv.org/abs/1508.07711
http://arxiv.org/abs/1512.03364
http://arxiv.org/abs/1603.07785
http://arxiv.org/abs/1610.01880
http://arxiv.org/abs/1606.00574
http://arxiv.org/abs/1606.07327
http://arxiv.org/abs/1611.04813
http://arxiv.org/abs/1610.04765


332 Page 18 of 20 Eur. Phys. J. C (2023) 83 :332

142. G. Chachamis, F. Caporale, F. Celiberto, D. Gordo Gómez, A
Sabio Vera, PoS DIS2016, 178 (2016)

143. G. Chachamis, F. Caporale, F.G. Celiberto, D. Gordo Gómez,
A. Sabio Vera (2016). arXiv:1610.01342

144. F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Gómez, A
Sabio Vera, EPJ Web Conf. 164, 07027 (2017). arXiv:1612.02771

145. F. Caporale, F.G. Celiberto, G. Chachamis, D. Gordo Gómez, A.
Sabio Vera, Phys. Rev. D 95, 074007 (2017). arXiv:1612.05428

146. ’ G. Chachamis, F. Caporale, F.G. Celiberto, D. Gordo Gómez, A
Sabio Vera, PoS DIS2017, 067 (2018). arXiv:1709.02649

147. F. Caporale, F.G. Celiberto, D. Gordo Gómez, A. Sabio Vera,
G. Chachamis, in 25th Low-x Meeting (2017). arXiv:1801.00014

148. A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, M.M.A.
Mohammed, A. Papa, Eur. Phys. J. C 78, 772 (2018).
arXiv:1808.05483

149. A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, M.M.A.
Mohammed, A. Papa, PoS DIS2019, 049 (2019).
arXiv:1906.11800

150. A.D. Bolognino, F.G. Celiberto, D.Yu. Ivanov, M.M.A.
Mohammed, A. Papa, Acta Phys. Polon. Suppl. 12, 773 (2019).
arXiv:1902.04511

151. F.G. Celiberto, Eur. Phys. J. C 81, 691 (2021). arXiv:2008.07378
152. F.G. Celiberto, D.Yu. Ivanov, A. Papa, Phys. Rev. D 102, 094019

(2020). arXiv:2008.10513
153. F.G. Celiberto, D.Yu. Ivanov, M.M.A. Mohammed, A. Papa, Eur.

Phys. J. C 81, 293 (2021). arXiv:2008.00501
154. F.G. Celiberto, D.Yu. Ivanov, M.M.A. Mohammed, A. Papa, Sci-

Post Phys. Proc. 8, 039 (2022). arXiv:2107.13037
155. F.G. Celiberto, M. Fucilla, A. Papa, D.Yu. Ivanov, M.M.A.

Mohammed, PoSEPS–HEP2021, 589 (2022). arXiv:2110.09358
156. F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, M.M.A. Mohammed,

A. Papa, PoS PANIC2021, 352 (2022). arXiv:2111.13090
157. F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, M.M.A. Mohammed,

A. Papa, SciPost Phys. Proc. 10, 002 (2022). arXiv:2110.12649
158. K. Golec-Biernat, L. Motyka, T. Stebel, JHEP 12, 091 (2018).

arXiv:1811.04361
159. R. Boussarie, B. Ducloué, L. Szymanowski, S. Wallon, Phys. Rev.

D 97, 014008 (2018). arXiv:1709.01380
160. F.G. Celiberto, D.Yu. Ivanov, B. Murdaca, A. Papa, Phys. Lett. B

777, 141 (2018). arXiv:1709.10032
161. A.D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, B. Mur-

daca, A. Papa, PoS DIS2019, 067 (2019). arXiv:1906.05940
162. A.D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, A.

Papa, Eur. Phys. J. C 79, 939 (2019). arXiv:1909.03068
163. A.D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, B. Mur-

daca, A. Papa, PoS DIS2019, 067 (2019). arXiv:1906.05940
164. F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, A. Papa, Eur. Phys. J. C

81, 780 (2021). arXiv:2105.06432
165. F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, M.M.A. Mohammed,

A. Papa, Phys. Rev. D 104, 114007 (2021). arXiv:2109.11875
166. A.D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, A.

Papa, PoS EPS–HEP2021, 389 (2022)
167. A.D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, A.

Papa, PoS EPS–HEP2021, 389 (2022). arXiv:2110.12772
168. F.G. Celiberto, M. Fucilla, Eur. Phys. J. C 82, 929 (2022).

arXiv:2202.12227
169. F.G. Celiberto, (2022). arXiv:2211.11780 [hep-ph]
170. A. D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov,

M.M.A. Mohammed, A. Papa, (2022). arXiv:2211.16818 [hep-
ph]

171. F.G. Celiberto, Phys. Lett. B 835, 137554 (2022).
arXiv:2206.09413

172. F.G. Celiberto, M. Fucilla, M.M.A. Mohammed, A. Papa, Phys.
Rev. D 105, 114056 (2022). arXiv:2205.13429

173. F.G. Celiberto, M. Fucilla, Zenodo, (2022). arXiv:2208.07206.
https://doi.org/10.5281/zenodo.7237044

174. A.D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, A.
Papa, Phys. Rev. D 103, 094004 (2021). arXiv:2103.07396

175. A.D. Bolognino, F.G. Celiberto, M. Fucilla, D.Yu. Ivanov, A.
Papa, SciPost Phys. Proc. 8, 068 (2022). arXiv:2103.07396

176. S.J. Brodsky, F. Hautmann, D.E. Soper, Phys. Rev. Lett. 78,
803 (1997). [Erratum: Phys. Rev. Lett. 79, 3544 (1997)].
arXiv:hep-ph/9610260

177. S.J. Brodsky, F. Hautmann, D.E. Soper, Phys. Rev. D 56, 6957
(1997). arXiv:hep-ph/9706427

178. S.J. Brodsky, V.S. Fadin, V.T. Kim, L.N. Lipatov, G.B. Pivovarov,
JETP Lett. 70, 155 (1999). arXiv:hep-ph/9901229

179. S.J. Brodsky, V.S. Fadin, V.T. Kim, L.N. Lipatov, G.B. Pivovarov,
JETP Lett. 76, 249 (2002). arXiv:hep-ph/0207297

180. B. Mele, P. Nason, Nucl. Phys. B 361, 626 (1991) [Erratum: Nucl.
Phys. B 921, 841–842 (2017)]

181. M. Cacciari, M. Greco, Nucl. Phys. B 421, 530 (1994).
arXiv:hep-ph/9311260

182. T. Kneesch, B.A. Kniehl, G. Kramer, I. Schienbein, Nucl. Phys.
B 799, 34 (2008). arXiv:0712.0481

183. B.A. Kniehl, G. Kramer, I. Schienbein, H. Spiesberger, Phys. Rev.
D 77, 014011 (2008). arXiv:0705.4392

184. G. Kramer, H. Spiesberger, Phys. Rev. D 98, 114010 (2018).
arXiv:1809.04297

185. G. Kramer, H. Spiesberger, Chin. Phys. C 42, 083102 (2018).
arXiv:1803.11103

186. B.A. Kniehl, G. Kramer, I. Schienbein, H. Spiesberger, Phys. Rev.
D 101, 114021 (2020). arXiv:2004.04213

187. D.P. Anderle, T. Kaufmann, M. Stratmann, F. Ringer, I. Vitev,
Phys. Rev. D 96, 034028 (2017). arXiv:1706.09857

188. M. Soleymaninia, H. Khanpour, S.M. Moosavi Nejad, Phys. Rev.
D 97, 074014 (2018). arXiv:1711.11344

189. E. Braaten, K.-M. Cheung, T.C. Yuan, Phys. Rev. D 48, 4230
(1993). arXiv:hep-ph/9302307

190. E. Braaten, T.C. Yuan, Phys. Rev. Lett. 71, 1673 (1993).
arXiv:hep-ph/9303205

191. X.-C. Zheng, C.-H. Chang, X.-G. Wu, Phys. Rev. D 100, 014005
(2019). arXiv:1905.09171

192. X.-C. Zheng, C.-H. Chang, T.-F. Feng, X.-G. Wu, Phys. Rev. D
100, 034004 (2019). arXiv:1901.03477

193. X.-C. Zheng, C.-H. Chang, X.-G. Wu, JHEP 05, 036 (2022).
arXiv:2112.10520

194. D. Binosi, J. Collins, C. Kaufhold, L. Theussl, Comput. Phys.
Commun. 180, 1709 (2009). arXiv:0811.4113

195. M. Gell-Mann, Nuovo Cim. 4, 848 (1956)
196. K. Nishijima, Prog. Theor. Phys. 13, 285 (1955)
197. R. Armenteros, in 3rd International Cosmic Ray Conference

(1953), pp. 16–19
198. C.C. Butler et al., in 7th Annual Rochester Conference on High

energy nuclear physics (1957), pp. VI.1–44
199. R. Armenteros, K.H. Barker, C.C. Butler, A. Cachon, C.M. York,

in Contribution to the 3rd International Cosmic Ray Conference,
6–12 July 1953 (Bagnères-de-Bigorre, France, 1987)

200. L.W. Alvarez, P. Eberhard, M.L. Good, W. Graziano, H.K. Ticho,
S.G. Wojcicki, Phys. Rev. Lett. 2, 215 (1959)

201. V.E. Barnes et al., Phys. Rev. Lett. 12, 204 (1964)
202. M. Gell-Mann, Report number: CTSL-20, TID-12608 (1961).

https://doi.org/10.2172/4008239
203. Y. Ne’eman, Nucl. Phys. 26, 222 (1961)
204. A.V. Kotikov, L.N. Lipatov, Nucl. Phys. B 582, 19 (2000).

arXiv:hep-ph/0004008
205. A.V. Kotikov, L.N. Lipatov, Nucl. Phys. B 661, 19 (2003). [Erra-

tum: Nucl.Phys.B 685, 405–407 (2004)]. arXiv:hep-ph/0208220
206. M. Furman, Nucl. Phys. B 197, 413 (1982)
207. F. Aversa, P. Chiappetta, M. Greco, J.P. Guillet, Nucl. Phys. B

327, 105 (1989)

123

http://arxiv.org/abs/1610.01342
http://arxiv.org/abs/1612.02771
http://arxiv.org/abs/1612.05428
http://arxiv.org/abs/1709.02649
http://arxiv.org/abs/1801.00014
http://arxiv.org/abs/1808.05483
http://arxiv.org/abs/1906.11800
http://arxiv.org/abs/1902.04511
http://arxiv.org/abs/2008.07378
http://arxiv.org/abs/2008.10513
http://arxiv.org/abs/2008.00501
http://arxiv.org/abs/2107.13037
http://arxiv.org/abs/2110.09358
http://arxiv.org/abs/2111.13090
http://arxiv.org/abs/2110.12649
http://arxiv.org/abs/1811.04361
http://arxiv.org/abs/1709.01380
http://arxiv.org/abs/1709.10032
http://arxiv.org/abs/1906.05940
http://arxiv.org/abs/1909.03068
http://arxiv.org/abs/1906.05940
http://arxiv.org/abs/2105.06432
http://arxiv.org/abs/2109.11875
http://arxiv.org/abs/2110.12772
http://arxiv.org/abs/2202.12227
http://arxiv.org/abs/2211.11780
http://arxiv.org/abs/2211.16818
http://arxiv.org/abs/2206.09413
http://arxiv.org/abs/2205.13429
http://arxiv.org/abs/2208.07206
https://doi.org/10.5281/zenodo.7237044
http://arxiv.org/abs/2103.07396
http://arxiv.org/abs/2103.07396
http://arxiv.org/abs/hep-ph/9610260
http://arxiv.org/abs/hep-ph/9706427
http://arxiv.org/abs/hep-ph/9901229
http://arxiv.org/abs/hep-ph/0207297
http://arxiv.org/abs/hep-ph/9311260
http://arxiv.org/abs/0712.0481
http://arxiv.org/abs/0705.4392
http://arxiv.org/abs/1809.04297
http://arxiv.org/abs/1803.11103
http://arxiv.org/abs/2004.04213
http://arxiv.org/abs/1706.09857
http://arxiv.org/abs/1711.11344
http://arxiv.org/abs/hep-ph/9302307
http://arxiv.org/abs/hep-ph/9303205
http://arxiv.org/abs/1905.09171
http://arxiv.org/abs/1901.03477
http://arxiv.org/abs/2112.10520
http://arxiv.org/abs/0811.4113
https://doi.org/10.2172/4008239
http://arxiv.org/abs/hep-ph/0004008
http://arxiv.org/abs/hep-ph/0208220


Eur. Phys. J. C (2023) 83 :332 Page 19 of 20 332

208. W.A. Bardeen, A.J. Buras, D.W. Duke, T. Muta, Phys. Rev. D 18,
3998 (1978)

209. A. Mueller, B.-W. Xiao, F. Yuan, Phys. Rev. Lett. 110, 082301
(2013). arXiv:1210.5792

210. A. Mueller, B.-W. Xiao, F. Yuan, Phys. Rev. D 88, 114010 (2013).
arXiv:1308.2993

211. S. Marzani, Phys. Rev. D 93, 054047 (2016). arXiv:1511.06039
212. B.-W. Xiao, F. Yuan, Phys. Lett. B 782, 28 (2018).

arXiv:1801.05478
213. J.R. Andersen, V. Del Duca, S. Frixione, C.R. Schmidt, W.J. Stir-

ling, JHEP 02, 007 (2001). arXiv:hep-ph/0101180
214. M. Fontannaz, J.P. Guillet, G. Heinrich, Eur. Phys. J. C 22, 303

(2001). arXiv:hep-ph/0107262
215. B. Ducloué, L. Szymanowski, S. Wallon, Phys. Lett. B 738, 311

(2014). arXiv:1407.6593
216. C. Marquet, C. Royon, Phys. Rev. D 79, 034028 (2009).

arXiv:0704.3409
217. A. Sabio Vera, F. Schwennsen, Nucl. Phys. B 776, 170 (2007).

arXiv:hep-ph/0702158
218. G.F. Sterman, Nucl. Phys. B 281, 310 (1987)
219. S. Catani, L. Trentadue, Nucl. Phys. B 327, 323 (1989)
220. S. Catani, M.L. Mangano, P. Nason, L. Trentadue, Nucl. Phys. B

478, 273 (1996). arXiv:hep-ph/9604351
221. R. Bonciani, S. Catani, M.L. Mangano, P. Nason, Phys. Lett. B

575, 268 (2003). arXiv:hep-ph/0307035
222. D. de Florian, A. Kulesza, W. Vogelsang, JHEP 02, 047 (2006).

arXiv:hep-ph/0511205
223. V. Ahrens, T. Becher, M. Neubert, L.L. Yang, Eur. Phys. J. C 62,

333 (2009). arXiv:0809.4283
224. D. de Florian, M. Grazzini, Phys. Lett. B 718, 117 (2012).

arXiv:1206.4133
225. S. Forte, G. Ridolfi, S. Rota, JHEP 08, 110 (2021).

arXiv:2106.11321
226. A. Mukherjee, W. Vogelsang, Phys. Rev. D 73, 074005 (2006).

arXiv:hep-ph/0601162
227. P. Bolzoni, Phys. Lett. B 643, 325 (2006). arXiv:hep-ph/0609073
228. T. Becher, M. Neubert, Phys. Rev. Lett. 97, 082001 (2006).

arXiv:hep-ph/0605050
229. T. Becher, M. Neubert, G. Xu, JHEP 07, 030 (2008).

arXiv:0710.0680
230. M. Bonvini, S. Forte, G. Ridolfi, Nucl. Phys. B 847, 93 (2011).

arXiv:1009.5691
231. T. Ahmed, M.K. Mandal, N. Rana, V. Ravindran, JHEP 02, 131

(2015). arXiv:1411.5301
232. P. Banerjee, G. Das, P.K. Dhani, V. Ravindran, Phys. Rev. D 98,

054018 (2018). arXiv:1805.01186
233. C. Duhr, B. Mistlberger, G. Vita, JHEP 09, 155 (2022).

arXiv:2205.04493
234. Y. Shi, L. Wang, S.-Y. Wei, B.-W. Xiao, Phys. Rev. Lett. 128,

202302 (2022). arXiv:2112.06975
235. L. Wang, L. Chen, Z. Gao, Y. Shi, S.-Y. Wei, B.-W. Xiao, Phys.

Rev. D 107, 016016 (2023). arXiv:2211.08322
236. J. Bartels, H. Lotter, Phys. Lett. B 309, 400 (1993)
237. F. Caporale, G. Chachamis, J.D. Madrigal, B. Murdaca, A. Sabio

Vera, Phys. Lett. B 724, 127 (2013). arXiv:1305.1474
238. D.A. Ross, A. Sabio. Vera, JHEP 08, 071 (2016).

arXiv:1605.08265
239. S. Catani, D. de Florian, M. Grazzini, Nucl. Phys. B 596, 299

(2001). arXiv:hep-ph/0008184
240. G. Bozzi, S. Catani, D. de Florian, M. Grazzini, Nucl. Phys. B

737, 73 (2006). arXiv:hep-ph/0508068
241. G. Bozzi, S. Catani, G. Ferrera, D. de Florian, M. Grazzini, Nucl.

Phys. B 815, 174 (2009). arXiv:0812.2862
242. S. Catani, M. Grazzini, Nucl. Phys. B 845, 297 (2011).

arXiv:1011.3918

243. S. Catani, M. Grazzini, Eur. Phys. J. C 72, 2013 (2012). [Erratum:
Eur.Phys.J.C 72, 2132 (2012)]. arXiv:1106.4652

244. S. Catani, L. Cieri, D. de Florian, G. Ferrera, M. Grazzini, Nucl.
Phys. B 881, 414 (2014). arXiv:1311.1654

245. S. Catani, D. de Florian, G. Ferrera, M. Grazzini, JHEP 12, 047
(2015). arXiv:1507.06937

246. C. Duhr, B. Mistlberger, G. Vita, Phys. Rev. Lett. 129, 162001
(2022). arXiv:2205.02242

247. L. Cieri, F. Coradeschi, D. de Florian, JHEP 06, 185 (2015).
arXiv:1505.03162

248. S. Alioli, A. Broggio, A. Gavardi, S. Kallweit, M.A. Lim,
R. Nagar, D. Napoletano, L. Rottoli, JHEP 04, 041 (2021).
arXiv:2010.10498

249. T. Becher, T. Neumann, JHEP 03, 199 (2021). arXiv:2009.11437
250. T. Neumann, Eur. Phys. J. C 81, 905 (2021). arXiv:2107.12478
251. G. Ferrera, J. Pires, JHEP 02, 139 (2017). arXiv:1609.01691
252. W.-L. Ju, M. Schönherr, JHEP 10, 088 (2021). arXiv:2106.11260
253. P.F. Monni, L. Rottoli, P. Torrielli, Phys. Rev. Lett. 124, 252001

(2020). arXiv:1909.04704
254. L. Buonocore, M. Grazzini, J. Haag, L. Rottoli, Eur. Phys. J. C

82, 27 (2022). arXiv:2110.06913
255. M. Wiesemann, L. Rottoli, P. Torrielli, Phys. Lett. B 809, 135718

(2020). arXiv:2006.09338
256. M.A. Ebert, J.K.L. Michel, I.W. Stewart, F.J. Tackmann, JHEP

04, 102 (2021). arXiv:2006.11382
257. E. Re, L. Rottoli, P. Torrielli, JHEP 09, 108 (2021).

arXiv:2104.07509
258. X. Chen, T. Gehrmann, E.W.N. Glover, A. Huss, P.F. Monni, E.

Re, L. Rottoli, P. Torrielli, Phys. Rev. Lett. 128, 252001 (2022).
arXiv:2203.01565

259. T. Neumann, J. Campbell, Phys. Rev. D 107, L011506 (2023).
arXiv:2207.07056

260. W. Bizon, P.F. Monni, E. Re, L. Rottoli, P. Torrielli, JHEP 02, 108
(2018). arXiv:1705.09127

261. G. Billis, B. Dehnadi, M.A. Ebert, J.K.L. Michel, F.J. Tackmann,
Phys. Rev. Lett. 127, 072001 (2021). arXiv:2102.08039

262. F. Caola, W. Chen, C. Duhr, X. Liu, B. Mistlberger, F. Petriello,
G. Vita, S. Weinzierl, in 2022 Snowmass Summer Study (2022).
arXiv:2203.06730

263. R.D. Ball et al. (NNPDF), Eur. Phys. J. C 81, 958 (2021).
arXiv:2109.02671

264. R.D. Ball et al. (NNPDF), Eur. Phys. J. C 82, 428 (2022).
arXiv:2109.02653

265. A. Buckley, J. Ferrando, S. Lloyd, K. Nordström, B. Page, M.
Rüfenacht, M. Schönherr, G. Watt, Eur. Phys. J. C 75, 132 (2015).
arXiv:1412.7420

266. S. Forte, L. Garrido, J.I. Latorre, A. Piccione, JHEP 05, 062
(2002). arXiv:hep-ph/0204232

267. M. Soleymaninia, H. Hashamipour, H. Khanpour, H. Spiesberger,
Nucl. Phys. A 2023, 01 (2022). arXiv:2202.05586

268. R.A. Khalek, V. Bertone, E.R. Nocera, Phys. Rev. D 104, 034007
(2021). arXiv:2105.08725

269. R. Abdul Khalek, V. Bertone, A. Khoudli, E.R. Nocera, Phys.
Lett. B 834, 137456 (2022). arXiv:2204.10331

270. A. Bacchetta, V. Bertone, C. Bissolotti, G. Bozzi, M. Cerutti,
F. Piacenza, M. Radici, A. Signori (MAP), JHEP 10, 127 (2022).
arXiv:2206.07598

271. M. Soleymaninia, H. Hashamipour, H. Khanpour, Phys. Rev. D
105, 114018 (2022). arXiv:2202.10779

272. S. Albino, B.A. Kniehl, G. Kramer, Nucl. Phys. B 803, 42 (2008).
arXiv:0803.2768

273. M. Bonvini, S. Marzani, Phys. Rev. Lett. 120, 202003 (2018).
arXiv:1802.07758

274. R.D. Ball, M. Bonvini, S. Forte, S. Marzani, G. Ridolfi, Nucl.
Phys. B 874, 746 (2013). arXiv:1303.3590

123

http://arxiv.org/abs/1210.5792
http://arxiv.org/abs/1308.2993
http://arxiv.org/abs/1511.06039
http://arxiv.org/abs/1801.05478
http://arxiv.org/abs/hep-ph/0101180
http://arxiv.org/abs/hep-ph/0107262
http://arxiv.org/abs/1407.6593
http://arxiv.org/abs/0704.3409
http://arxiv.org/abs/hep-ph/0702158
http://arxiv.org/abs/hep-ph/9604351
http://arxiv.org/abs/hep-ph/0307035
http://arxiv.org/abs/hep-ph/0511205
http://arxiv.org/abs/0809.4283
http://arxiv.org/abs/1206.4133
http://arxiv.org/abs/2106.11321
http://arxiv.org/abs/hep-ph/0601162
http://arxiv.org/abs/hep-ph/0609073
http://arxiv.org/abs/hep-ph/0605050
http://arxiv.org/abs/0710.0680
http://arxiv.org/abs/1009.5691
http://arxiv.org/abs/1411.5301
http://arxiv.org/abs/1805.01186
http://arxiv.org/abs/2205.04493
http://arxiv.org/abs/2112.06975
http://arxiv.org/abs/2211.08322
http://arxiv.org/abs/1305.1474
http://arxiv.org/abs/1605.08265
http://arxiv.org/abs/hep-ph/0008184
http://arxiv.org/abs/hep-ph/0508068
http://arxiv.org/abs/0812.2862
http://arxiv.org/abs/1011.3918
http://arxiv.org/abs/1106.4652
http://arxiv.org/abs/1311.1654
http://arxiv.org/abs/1507.06937
http://arxiv.org/abs/2205.02242
http://arxiv.org/abs/1505.03162
http://arxiv.org/abs/2010.10498
http://arxiv.org/abs/2009.11437
http://arxiv.org/abs/2107.12478
http://arxiv.org/abs/1609.01691
http://arxiv.org/abs/2106.11260
http://arxiv.org/abs/1909.04704
http://arxiv.org/abs/2110.06913
http://arxiv.org/abs/2006.09338
http://arxiv.org/abs/2006.11382
http://arxiv.org/abs/2104.07509
http://arxiv.org/abs/2203.01565
http://arxiv.org/abs/2207.07056
http://arxiv.org/abs/1705.09127
http://arxiv.org/abs/2102.08039
http://arxiv.org/abs/2203.06730
http://arxiv.org/abs/2109.02671
http://arxiv.org/abs/2109.02653
http://arxiv.org/abs/1412.7420
http://arxiv.org/abs/hep-ph/0204232
http://arxiv.org/abs/2202.05586
http://arxiv.org/abs/2105.08725
http://arxiv.org/abs/2204.10331
http://arxiv.org/abs/2206.07598
http://arxiv.org/abs/2202.10779
http://arxiv.org/abs/0803.2768
http://arxiv.org/abs/1802.07758
http://arxiv.org/abs/1303.3590


332 Page 20 of 20 Eur. Phys. J. C (2023) 83 :332

275. M.L. Mangano et al., CERN Yellow Rep. 3(3), 1 (2017).
arXiv:1607.01831

276. S. Catani, Y.L. Dokshitzer, M.H. Seymour, B.R. Webber, Nucl.
Phys. B 406, 187 (1993)

277. M. Dasgupta, F. Dreyer, G.P. Salam, G. Soyez, JHEP 04, 039
(2015). arXiv:1411.5182

278. M. Dasgupta, F.A. Dreyer, G.P. Salam, G. Soyez, JHEP 06, 057
(2016). arXiv:1602.01110

279. M. Cacciari, F. Dreyer, G. Soyez, G. Salam, M. Dasgupta, in 50th
Rencontres de Moriond on QCD and High Energy Interactions
(2015), pp. 169–173

280. A. Banfi, P.F. Monni, G.P. Salam, G. Zanderighi, Phys. Rev. Lett.
109, 202001 (2012). arXiv:1206.4998

281. A. Banfi, F. Caola, F.A. Dreyer, P.F. Monni, G.P. Salam, G. Zan-
derighi, F. Dulat, JHEP 04, 049 (2016). arXiv:1511.02886

282. Z.-B. Kang, F. Ringer, I. Vitev, JHEP 10, 125 (2016).
arXiv:1606.06732

283. X. Liu, S.-O. Moch, F. Ringer, Phys. Rev. Lett. 119, 212001
(2017). arXiv:1708.04641

284. G. Luisoni, S. Marzani, J. Phys. G 42, 103101 (2015).
arXiv:1505.04084

285. S. Caletti, O. Fedkevych, S. Marzani, D. Reichelt, S. Schumann,
G. Soyez, V. Theeuwes, JHEP 07, 076 (2021). arXiv:2104.06920

286. D. Reichelt, S. Caletti, O. Fedkevych, S. Marzani, S. Schumann,
G. Soyez, JHEP 03, 131 (2022). arXiv:2112.09545

287. Y. Hatta, B.-W. Xiao, F. Yuan, J. Zhou, Phys. Rev. D 104, 054037
(2021). arXiv:2106.05307

288. Y. Hatta, B.-W. Xiao, F. Yuan, J. Zhou, Phys. Rev. Lett. 126,
142001 (2021). arXiv:2010.10774

289. S. Wallon, in Diffraction and Low-x 2022 (2023).
arXiv:2302.04526

290. M. Fucilla, A.V. Grabovsky, L. Szymanowski, E. Li, S. Wallon,
in Diffraction and Low-x 2022 (2022). arXiv:2211.04390

291. M. Fucilla, A.V. Grabovsky, E. Li, L. Szymanowski, S. Wallon,
JHEP 03, 159 (2023). arXiv:2211.05774

123

http://arxiv.org/abs/1607.01831
http://arxiv.org/abs/1411.5182
http://arxiv.org/abs/1602.01110
http://arxiv.org/abs/1206.4998
http://arxiv.org/abs/1511.02886
http://arxiv.org/abs/1606.06732
http://arxiv.org/abs/1708.04641
http://arxiv.org/abs/1505.04084
http://arxiv.org/abs/2104.06920
http://arxiv.org/abs/2112.09545
http://arxiv.org/abs/2106.05307
http://arxiv.org/abs/2010.10774
http://arxiv.org/abs/2302.04526
http://arxiv.org/abs/2211.04390
http://arxiv.org/abs/2211.05774

	Emergence of high-energy dynamics from cascade-baryon detections at the LHC
	Abstract 
	1 Opening remarks
	2 Hybrid factorization at work
	2.1 Differential cross section at NLL
	2.2 Observables and kinematics

	3 Phenomenology
	3.1 Natural stability
	3.2 Rapidity distributions
	3.3 Azimuthal distributions
	3.4 Transverse-momentum distributions

	4 Paving the way toward precision
	Acknowledgements
	References




