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with the impact factors of the
colliding particles

Green’s function is process-independent, describes energy dependence and
obeys BFKL equation; impact factors are known in the NLA just for few processes
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Heavy-flavor FFs heavily dominate

Gluon FF smooth-behaved with μF

Rapidity distribution stable  
        under scale variations

82.2  Heavy-light hadrons at NLL/NLO
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Stabilizing effects of heavy-flavor fragmentation
Stabilization mechanism encoded in the heavy-flavor gluon FF

Forward-hadron LO impact factor    gluon FF enhanced by gluon PDF in collinear convolution⇒
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 (NLO impact factor) 🔗 [D. Yu. Ivanov, A. Papa JHEP 07 (2012) 045]

Forward-hadron LO impact factor    gluon FF enhanced by gluon PDF in collinear convolution⇒

Forward-hadron NLO impact factor    a non-diagonal heavy-flavor channel open...⇒

…but  |Cgg | ∼ 50 ÷ 104 |Cgq |
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Stabilizing effects of heavy-flavor fragmentation
Stabilization mechanism encoded in the heavy-flavor gluon FF

 (NLO impact factor) 🔗 [D. Yu. Ivanov, A. Papa JHEP 07 (2012) 045]

Gluon FF rises with energy    this compensates PDF and BFKL kernel decreasing behavior⇒

Forward-hadron LO impact factor    gluon FF enhanced by gluon PDF in collinear convolution⇒

Forward-hadron NLO impact factor    a non-diagonal heavy-flavor channel open...⇒

…but  |Cgg | ∼ 50 ÷ 104 |Cgq |

92.3  Shedding light on the stabilization

https://arxiv.org/abs/1205.6068
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Is the natural stabilization robust?

(1)   KKKS08 and KKSS19 VFNS collinear FFs share the same extraction technology

¿ Might natural stability be related to the given FF determination(s) ?
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Is the natural stabilization robust?

(1)   KKKS08 and KKSS19 VFNS collinear FFs share the same extraction technology

¿ Might natural stability be related to the given FF determination(s) ?

(2)   KKKS08 and KKSS19 VFNS collinear FFs assume no initial-scale gluon, but evolution-driven

¿ Might natural stability be artificially generated by this Ansatz ?

103.1  Is the natural stability robust?
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(1)   ¡ Let us consider  and  at large     single-parton fragmentation from NRQCD !J/ψ Υ pT →
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(LO) 🔗 [E. Braaten et al., Phys. Rev. D 48 (1993) 4230-4235] 
(NLO) 🔗 [X. Zheng et al., Phys. Rev. D 100 (2019) 1, 014005]

ZCW19 onium FFs: APFEL++(Q → 𝒬 Q) ⊗
[μ0 = 3mQ]

Color Singlet (CS)
3.2  Vector quarkonium at NLL/NLO

🔗 [F. G. C., M. Fucilla, Eur. Phys. J. C 82 (2022) 10, 929]
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Vector quarkonium from single-parton fragmentation

(2)   ¡ Let us consider  and  at large     initial-scale heavy-quark  gluon from NRQCD !J/ψ Υ pT → +
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3.2  Vector quarkonium at NLL/NLO
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(2)   ¡ Let us consider  and  at large     initial-scale heavy-quark  gluon from NRQCD !J/ψ Υ pT → +
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Vector quarkonium + jet at the LHC
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A high-energy QCD portal to exotic matter

16

¡ Key ingredient: interplay between resummation(s) & production mechanisms !

High-energy QCD precision era is at the energy frontier(s) of new-generation colliders

¿ Might high-energy QCD give us access to exotic matter ?

Need for fragmentation mechanisms depicting exotic atoms/molecules/hadrons

4.1  From heavy hadrons to tetrquarks

High-energy  

physics

Hadronic  

structure



Vector quarkonium from single-parton fragmentation
  ¡ Let us consider heavy-light  tetraquarks at large     single-parton fragmentation !XQqQ̄q̄ pT →

Pb

q/g(xbPb)

Pa

q/g(xaPa)

174.2  Heavy-light tetraquark FFs

[F. G. C., A. Papa, in preparation]
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  ¡ Let us consider heavy-light  tetraquarks at large     single-parton fragmentation !XQqQ̄q̄ pT →

Pb

q/g(xbPb)

Pa

q/g(xaPa)

174.2  Heavy-light tetraquark FFs

[F. G. C., A. Papa, in preparation]

[μ0 = mX + mQ]
(LO) 🔗 [S. M. Moosavi Nejad, Phys. Rev. D 05 (2022) 3, 034001] 

(framework) 🔗 [M. Suzuki, Phys. Rev. D 33 (1986) 676]

TQHL1.0 FFs: APFEL++(Q → XQqQ̄q̄) ⊗
-waveS

https://arxiv.org/abs/2110.15251
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Xcuc̄ū - LL/LO
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Strong manifestation of higher-order instabilities via scale variation (¡!) 

¡ At natural scales: NLL/LL ratio large, no agreement with data, unphysical values ! 

 BLM scales, theory vs experiment: CMS @7TeV with symmetric pT-ranges, only

Mueller-Navelet jets & resummation instabilities
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Strong manifestation of higher-order instabilities via scale variation (¡!) 

¡ At natural scales: NLL/LL ratio large, no agreement with data, unphysical values ! 

 BLM scales, theory vs experiment: CMS @7TeV with symmetric pT-ranges, only

Mueller-Navelet jets & resummation instabilities

(left figure) 🔗 [F. G. C., A. Papa (2022)] 
(right figure) 🔗 [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691]
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Strong manifestation of higher-order instabilities via scale variation (¡!) 

¡ At natural scales: NLL/LL ratio large, no agreement with data, unphysical values ! 

 BLM scales, theory vs experiment: CMS @7TeV with symmetric pT-ranges, only

        precision studies hampered  

 Unsuccessful scale optimization    processes featuring natural stability (¿?)

μBLM
R ≫ μnat.

R ⇒ dσBLM/dσnat. ∼ 10−(1÷2) ⇒

→

Mueller-Navelet jets & resummation instabilities

(left figure) 🔗 [F. G. C., A. Papa (2022)] 
(right figure) 🔗 [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691]
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Vector quarkonium + jet at the LHC
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From light to heavy-light bound states
Light-hadron+jet: higher-order instabilities via scale variation, as in Mueller-Navelet (¡!)

 baryonsΛc

🔗 [F. G. C. et al., Eur. Phys. J. C (2021) 8, 780]

1.5 2.0 2.5 3.0 3.5

�Y = yH1 � yH2

10�2

10�1

100

101

102

103

104

C
0

[n
b]

MS scheme

MMHT14 + KKSS19/AKK08

1/2 < Cµ < 2
p

s = 13 TeV

10 GeV < pH1,H2 < pmax
⇤

|yH1,H2| < 2.0
JETHAD v0.4.4

proton(P1) + proton(P2) ! H(pH1, yH1) + X + H(pH2, yH2)

LLA - ⇤±
c

LLA - ⇤(⇤̄)

NLA - ⇤±
c

NLA - ⇤(⇤̄)

Backup

https://arxiv.org/abs/2105.06432
https://arxiv.org/abs/2105.06432


From light to heavy-light bound states
Light-hadron+jet: higher-order instabilities via scale variation, as in Mueller-Navelet (¡!)

Bottom-flavored hadrons

pH [GeV]

10

102 pJ
[G

eV
]

10

102

d
�

d
p

H
,J

d
�

Y

h
n
b

G
eV

2

i

50

100

150

200

250

300

p s =
13

Te
V

NLA

JETHAD v0.4.6

Hb + jet (�Y = 3 ; Cµ = 1)

0

20

40

60

80

100

120

🔗 [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007]

 baryonsΛc

🔗 [F. G. C. et al., Eur. Phys. J. C (2021) 8, 780]

1.5 2.0 2.5 3.0 3.5

�Y = yH1 � yH2

10�2

10�1

100

101

102

103

104

C
0

[n
b]

MS scheme

MMHT14 + KKSS19/AKK08

1/2 < Cµ < 2
p

s = 13 TeV

10 GeV < pH1,H2 < pmax
⇤

|yH1,H2| < 2.0
JETHAD v0.4.4

proton(P1) + proton(P2) ! H(pH1, yH1) + X + H(pH2, yH2)

LLA - ⇤±
c

LLA - ⇤(⇤̄)

NLA - ⇤±
c

NLA - ⇤(⇤̄)

Backup

https://arxiv.org/abs/2109.11875
https://arxiv.org/abs/2109.11875
https://arxiv.org/abs/2105.06432
https://arxiv.org/abs/2105.06432


From light to heavy-light bound states
Light-hadron+jet: higher-order instabilities via scale variation, as in Mueller-Navelet (¡!)

Natural stability as a tool to investigate high-energy dynamics of QCD
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Heavy flavor at the LHC: BLM scales

Heavy-light hadrons Vector quarkonia
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Vector quarkonium + jet at the LHC
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Charmed -mesons from single-parton fragmentationB

(2)   ¡ Let us consider  and  at large     single-parton fragmentation from NRQCD !Bc(1S0) Bc(3S1) pT →

(NLO heavy quark) 🔗 [X. Zheng et al., Phys. Rev. D 100 (2019) 3, 034004] 
(NLO gluon) 🔗 [X. Zheng et al., JHEP 05 (2022) 036]

🔗 [F. G. C., under revision (2022)]
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Higgs+jet distributions



 Inclusive h.p. of a Higgs + jet system with high  and large rapidity separation,  

 Large energy scales expected to stabilize the high-energy resummed series
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Mueller-Navelet jets
🔗 [B. Ducloué, L. Szymanowski, S. Wallon, Phys.Rev.Lett. 112 (2014) 082003] 

(figure below) 🔗 [F. G. C., A. Papa (2022)]
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NLL resummation via the  Method𝙹𝙴𝚃𝙷𝙰𝙳
 

🔗 [F. G. C. (2021)]+

Mueller-Navelet jets
🔗 [B. Ducloué, L. Szymanowski, S. Wallon, Phys.Rev.Lett. 112 (2014) 082003] 

(figure below) 🔗 [F. G. C., A. Papa (2022)]
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(figure below) 🔗 [F. G. C. et al., Eur. Phys. J. C 81 (2021) 4, 293] 

(NLO Higgs) 🔗 [F. G. C. et al., JHEP 08 (2022) 092]
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3 Phenomenology

3.1 Azimuthal correlations and pT -distribution

The first observables of our consideration are the azimuthal-angle coe�cients integrated
over the phase space for two final-state particles, while the rapidity interval, �Y , between
the Higgs boson and the jet is kept fixed:

Cn(�Y, s) =

Z
p
max
H

p
min
H

d|~pH |
Z

p
max
J

p
min
J

d|~pJ |
Z

y
max
H

y
min
H

dyH

Z
y
max
J

y
min
J

dyJ � (yH � yJ � �Y ) Cn . (27)

Pursuing the goal of fitting realistic kinematic cuts adopted by the current experimental
analyses at the LHC, we constrain the Higgs emission inside the rapidity acceptances
of the CMS barrel detector, i.e. |yH | < 2.5, while we allow for a larger rapidity range
of the jet [107], which can be detected also by the CMS endcaps, namely |yJ | < 4.7.
Furthermore, three distinct cases for the final-state transverse momenta are considered:

a) symmetric configuration, suited to the search of pure BFKL e↵ects, where both
the Higgs and the jet transverse momenta lie in the range: 20 GeV < |~pH,J | < 60
GeV;

b) asymmetric selection, typical of the ongoing LHC phenomenology, where the Higgs
transverse momentum runs from 10 GeV to 2Mt, where the jet is tagged inside its
typical CMS configuration, from 20 to 60 GeV;

c) disjoint windows, which allows for the maximum exclusiveness in the final state:
35 GeV < |~pJ | < 60 GeV and 60 GeV < |~pH | < 2Mt.

We study the '-averaged cross section (alias the �Y -distribution), C0(�Y, s), the azimu-
thal-correlation moments, Rn0(�Y, s) = Cn/C0 ⌘ hcos n'i, and their ratios, Rnm =
Cn/Cm [95, 96] as functions of the Higgs-jet rapidity distance, �Y .

The second observable of our interest is the pH-distribution for a given value of �Y :

d�(|~pH |, �Y, s)

d|~pH |d�Y
=

Z
p
max
J

p
min
J

d|~pJ |
Z

y
max
H

y
min
H

dyH

Z
y
max
J

y
min
J

dyJ � (yH � yJ � �Y ) C0 , (28)

the Higgs and jet rapidity ranges being given above and 35 GeV < |~pJ | < 60 GeV.

3.2 Results and discussion

In Fig. 4 we present results for the �Y -distribution, C0, in the three kinematic configura-
tions under investigation. Here, the usual onset of the BFKL dynamics comes easily out.
The growth with energy of the pure partonic cross sections is quenched by the convolu-
tion with PDFs, this leading to a lowering with �Y of hadronic distributions. Notably,
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Higgs transverse-momentum distribution

 🔗 [F. G. C., D. Yu. Ivanov, M. M. A. Mohammed, A. Papa, Eur. Phys. J. C 81 (2021) 4, 293]
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3 Phenomenology

3.1 Azimuthal correlations and pT -distribution

The first observables of our consideration are the azimuthal-angle coe�cients integrated
over the phase space for two final-state particles, while the rapidity interval, �Y , between
the Higgs boson and the jet is kept fixed:

Cn(�Y, s) =
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Pursuing the goal of fitting realistic kinematic cuts adopted by the current experimental
analyses at the LHC, we constrain the Higgs emission inside the rapidity acceptances
of the CMS barrel detector, i.e. |yH | < 2.5, while we allow for a larger rapidity range
of the jet [107], which can be detected also by the CMS endcaps, namely |yJ | < 4.7.
Furthermore, three distinct cases for the final-state transverse momenta are considered:

a) symmetric configuration, suited to the search of pure BFKL e↵ects, where both
the Higgs and the jet transverse momenta lie in the range: 20 GeV < |~pH,J | < 60
GeV;

b) asymmetric selection, typical of the ongoing LHC phenomenology, where the Higgs
transverse momentum runs from 10 GeV to 2Mt, where the jet is tagged inside its
typical CMS configuration, from 20 to 60 GeV;

c) disjoint windows, which allows for the maximum exclusiveness in the final state:
35 GeV < |~pJ | < 60 GeV and 60 GeV < |~pH | < 2Mt.

We study the '-averaged cross section (alias the �Y -distribution), C0(�Y, s), the azimu-
thal-correlation moments, Rn0(�Y, s) = Cn/C0 ⌘ hcos n'i, and their ratios, Rnm =
Cn/Cm [95, 96] as functions of the Higgs-jet rapidity distance, �Y .

The second observable of our interest is the pH-distribution for a given value of �Y :

d�(|~pH |, �Y, s)
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=
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the Higgs and jet rapidity ranges being given above and 35 GeV < |~pJ | < 60 GeV.

3.2 Results and discussion

In Fig. 4 we present results for the �Y -distribution, C0, in the three kinematic configura-
tions under investigation. Here, the usual onset of the BFKL dynamics comes easily out.
The growth with energy of the pure partonic cross sections is quenched by the convolu-
tion with PDFs, this leading to a lowering with �Y of hadronic distributions. Notably,
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Higgs + jet at @FCC: small-  enhancement from PDFsx
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Small-x resummation on PDFs       @NLL/NLO*⇒ + (13.5 ÷ 2.10) %
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3 Phenomenology

3.1 Azimuthal correlations and pT -distribution

The first observables of our consideration are the azimuthal-angle coe�cients integrated
over the phase space for two final-state particles, while the rapidity interval, �Y , between
the Higgs boson and the jet is kept fixed:

Cn(�Y, s) =
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p
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Pursuing the goal of fitting realistic kinematic cuts adopted by the current experimental
analyses at the LHC, we constrain the Higgs emission inside the rapidity acceptances
of the CMS barrel detector, i.e. |yH | < 2.5, while we allow for a larger rapidity range
of the jet [107], which can be detected also by the CMS endcaps, namely |yJ | < 4.7.
Furthermore, three distinct cases for the final-state transverse momenta are considered:

a) symmetric configuration, suited to the search of pure BFKL e↵ects, where both
the Higgs and the jet transverse momenta lie in the range: 20 GeV < |~pH,J | < 60
GeV;

b) asymmetric selection, typical of the ongoing LHC phenomenology, where the Higgs
transverse momentum runs from 10 GeV to 2Mt, where the jet is tagged inside its
typical CMS configuration, from 20 to 60 GeV;

c) disjoint windows, which allows for the maximum exclusiveness in the final state:
35 GeV < |~pJ | < 60 GeV and 60 GeV < |~pH | < 2Mt.

We study the '-averaged cross section (alias the �Y -distribution), C0(�Y, s), the azimu-
thal-correlation moments, Rn0(�Y, s) = Cn/C0 ⌘ hcos n'i, and their ratios, Rnm =
Cn/Cm [95, 96] as functions of the Higgs-jet rapidity distance, �Y .

The second observable of our interest is the pH-distribution for a given value of �Y :

d�(|~pH |, �Y, s)

d|~pH |d�Y
=

Z
p
max
J

p
min
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d|~pJ |
Z

y
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y
min
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dyH

Z
y
max
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min
J

dyJ � (yH � yJ � �Y ) C0 , (28)

the Higgs and jet rapidity ranges being given above and 35 GeV < |~pJ | < 60 GeV.

3.2 Results and discussion

In Fig. 4 we present results for the �Y -distribution, C0, in the three kinematic configura-
tions under investigation. Here, the usual onset of the BFKL dynamics comes easily out.
The growth with energy of the pure partonic cross sections is quenched by the convolu-
tion with PDFs, this leading to a lowering with �Y of hadronic distributions. Notably,
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3.1 Azimuthal correlations and pT -distribution

The first observables of our consideration are the azimuthal-angle coe�cients integrated
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Pursuing the goal of fitting realistic kinematic cuts adopted by the current experimental
analyses at the LHC, we constrain the Higgs emission inside the rapidity acceptances
of the CMS barrel detector, i.e. |yH | < 2.5, while we allow for a larger rapidity range
of the jet [107], which can be detected also by the CMS endcaps, namely |yJ | < 4.7.
Furthermore, three distinct cases for the final-state transverse momenta are considered:

a) symmetric configuration, suited to the search of pure BFKL e↵ects, where both
the Higgs and the jet transverse momenta lie in the range: 20 GeV < |~pH,J | < 60
GeV;

b) asymmetric selection, typical of the ongoing LHC phenomenology, where the Higgs
transverse momentum runs from 10 GeV to 2Mt, where the jet is tagged inside its
typical CMS configuration, from 20 to 60 GeV;

c) disjoint windows, which allows for the maximum exclusiveness in the final state:
35 GeV < |~pJ | < 60 GeV and 60 GeV < |~pH | < 2Mt.

We study the '-averaged cross section (alias the �Y -distribution), C0(�Y, s), the azimu-
thal-correlation moments, Rn0(�Y, s) = Cn/C0 ⌘ hcos n'i, and their ratios, Rnm =
Cn/Cm [95, 96] as functions of the Higgs-jet rapidity distance, �Y .

The second observable of our interest is the pH-distribution for a given value of �Y :
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the Higgs and jet rapidity ranges being given above and 35 GeV < |~pJ | < 60 GeV.

3.2 Results and discussion

In Fig. 4 we present results for the �Y -distribution, C0, in the three kinematic configura-
tions under investigation. Here, the usual onset of the BFKL dynamics comes easily out.
The growth with energy of the pure partonic cross sections is quenched by the convolu-
tion with PDFs, this leading to a lowering with �Y of hadronic distributions. Notably,
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The first observables of our consideration are the azimuthal-angle coe�cients integrated
over the phase space for two final-state particles, while the rapidity interval, �Y , between
the Higgs boson and the jet is kept fixed:

Cn(�Y, s) =

Z
p
max
H

p
min
H

d|~pH |
Z

p
max
J

p
min
J

d|~pJ |
Z

y
max
H

y
min
H

dyH

Z
y
max
J

y
min
J

dyJ � (yH � yJ � �Y ) Cn . (27)

Pursuing the goal of fitting realistic kinematic cuts adopted by the current experimental
analyses at the LHC, we constrain the Higgs emission inside the rapidity acceptances
of the CMS barrel detector, i.e. |yH | < 2.5, while we allow for a larger rapidity range
of the jet [107], which can be detected also by the CMS endcaps, namely |yJ | < 4.7.
Furthermore, three distinct cases for the final-state transverse momenta are considered:

a) symmetric configuration, suited to the search of pure BFKL e↵ects, where both
the Higgs and the jet transverse momenta lie in the range: 20 GeV < |~pH,J | < 60
GeV;

b) asymmetric selection, typical of the ongoing LHC phenomenology, where the Higgs
transverse momentum runs from 10 GeV to 2Mt, where the jet is tagged inside its
typical CMS configuration, from 20 to 60 GeV;

c) disjoint windows, which allows for the maximum exclusiveness in the final state:
35 GeV < |~pJ | < 60 GeV and 60 GeV < |~pH | < 2Mt.

We study the '-averaged cross section (alias the �Y -distribution), C0(�Y, s), the azimu-
thal-correlation moments, Rn0(�Y, s) = Cn/C0 ⌘ hcos n'i, and their ratios, Rnm =
Cn/Cm [95, 96] as functions of the Higgs-jet rapidity distance, �Y .
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the Higgs and jet rapidity ranges being given above and 35 GeV < |~pJ | < 60 GeV.

3.2 Results and discussion

In Fig. 4 we present results for the �Y -distribution, C0, in the three kinematic configura-
tions under investigation. Here, the usual onset of the BFKL dynamics comes easily out.
The growth with energy of the pure partonic cross sections is quenched by the convolu-
tion with PDFs, this leading to a lowering with �Y of hadronic distributions. Notably,
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3.1 Azimuthal correlations and pT -distribution

The first observables of our consideration are the azimuthal-angle coe�cients integrated
over the phase space for two final-state particles, while the rapidity interval, �Y , between
the Higgs boson and the jet is kept fixed:
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Pursuing the goal of fitting realistic kinematic cuts adopted by the current experimental
analyses at the LHC, we constrain the Higgs emission inside the rapidity acceptances
of the CMS barrel detector, i.e. |yH | < 2.5, while we allow for a larger rapidity range
of the jet [107], which can be detected also by the CMS endcaps, namely |yJ | < 4.7.
Furthermore, three distinct cases for the final-state transverse momenta are considered:

a) symmetric configuration, suited to the search of pure BFKL e↵ects, where both
the Higgs and the jet transverse momenta lie in the range: 20 GeV < |~pH,J | < 60
GeV;

b) asymmetric selection, typical of the ongoing LHC phenomenology, where the Higgs
transverse momentum runs from 10 GeV to 2Mt, where the jet is tagged inside its
typical CMS configuration, from 20 to 60 GeV;

c) disjoint windows, which allows for the maximum exclusiveness in the final state:
35 GeV < |~pJ | < 60 GeV and 60 GeV < |~pH | < 2Mt.

We study the '-averaged cross section (alias the �Y -distribution), C0(�Y, s), the azimu-
thal-correlation moments, Rn0(�Y, s) = Cn/C0 ⌘ hcos n'i, and their ratios, Rnm =
Cn/Cm [95, 96] as functions of the Higgs-jet rapidity distance, �Y .

The second observable of our interest is the pH-distribution for a given value of �Y :

d�(|~pH |, �Y, s)

d|~pH |d�Y
=

Z
p
max
J

p
min
J

d|~pJ |
Z

y
max
H

y
min
H

dyH

Z
y
max
J

y
min
J

dyJ � (yH � yJ � �Y ) C0 , (28)

the Higgs and jet rapidity ranges being given above and 35 GeV < |~pJ | < 60 GeV.

3.2 Results and discussion

In Fig. 4 we present results for the �Y -distribution, C0, in the three kinematic configura-
tions under investigation. Here, the usual onset of the BFKL dynamics comes easily out.
The growth with energy of the pure partonic cross sections is quenched by the convolu-
tion with PDFs, this leading to a lowering with �Y of hadronic distributions. Notably,
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Green’s function is process-independent and takes care of the energy
dependence

�! determined through the BFKL equation

[Ya.Ya. Balitskii, V.S. Fadin, E.A. Kuraev, L.N. Lipatov (����)]
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Figure 1.6: Schematic representation of integral equation for G
(R)

! .

Figure 1.7: Schematic representation or real part of kernel at Born approximation.

where K
(R) is the kernel of the integral function and consists of two parts: a

virtual part, which is expressed in terms of the gluon Regge trajectory and
the real part K

(R)

r related to the real particle production in Reggeon-Reggeon
collisions. It has the following expression:
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If R = 0 the equation (1.15) is called BFKL equation.
The integral equation (1.15) is an iterative equation; in fact, knowing the kern
at Born level, it allows to obtain all the LLA terms of the Green’s function. In
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Impact factors are process-dependent and
depend on the hard scale, but not on the energy
�! known in the NLA just for few processes

A A

~q1 ~q1

⇧ colliding partons
[V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa (����)]

[M. Ciafaloni, G. Rodrigo (����)]

⇧ �* �! V, with V = ⇢0, !, �, forward case
[D.Yu. Ivanov, M.I. Kotsky, A. Papa (����)]

⇧ forward jet production

[J. Bartels, D. Colferai, G.P. Vacca (����)]
(exact IF) [F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, A. Perri (����)]

(small-cone IF) [D.Yu. Ivanov, A. Papa (����)]
(several jet algorithms discussed) [D. Colferai, A. Niccoli (����)]

⇧ forward identi�ed hadron production
[D.Yu. Ivanov, A. Papa (����)]

⇧ �* �! �*
[J. Bartels et al. (����), I. Balitsky, G.A. Chirilli (����, ����)]
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Elastic amplitude A + B �! A
0 + B

0 in the LLA via s-channel unitarity

A
A
0
B
0

AB
=

X

R

(AR)A
0
B
0

AB
, R = � (singlet), �- (octet), . . .

The �- color representation is important for the bootstrap, i.e. the consistency
between the above amplitude and that with one Reggeized gluon exchange
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BFKL resummation
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Green’s function is process-independent and takes care of the energy
dependence

�! determined through the BFKL equation
[Ya.Ya. Balitskii, V.S. Fadin, E.A. Kuraev, L.N. Lipatov (����)]

Impact factors are process-dependent and
depend on the hard scale, but not on the energy

�! known in the NLA just for few processes

A A

~q1 ~q1

Successful tests of NLA BFKL in theMueller–Navelet channel with the
advent of the LHC; nevertheless, new BFKL-sensitive observables as well as
more exclusive �nal-state reactions are needed (di-hadron, hadron-jet,
heavy-quark pair,multi-jet, production processes,...)

(MN jets) [B. Ducloué, L. Szymanowski, S. Wallon (����); F.G.C., D.Yu. Ivanov, B. Murdaca, A. Papa (����, ����)]
(di-hadron) [F.G.C., D.Yu. Ivanov, B. Murdaca, A. Papa (����, ����)]
(four-jet) [F. Caporale, F.G.C., G. Chachamis, A. Sabio Vera (����)]

(multi-jet) F. Caporale, F.G.C., G. Chachamis, D. Gordo Gómez, A. Sabio Vera (����, ����, ����)]
(heavy-quark pair) [F.G.C., D.Yu. Ivanov, B. Murdaca, A. Papa (����); A.D. Bolognino, F.G.C., D.Yu. Ivanov, M. Fucilla, A. Papa (����)]

(hadron-jet) [M.M.A. Mohammed, MD thesis (����); A.D. Bolognino, F.G.C., D.Yu. Ivanov, M.M.A. Mohammed, A. Papa (����)]
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Mueller–Navelet jets

Forward-jet impact factor

take the impact factors for colliding partons
[V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa (����)]

[M. Ciafaloni and G. Rodrigo (����)]

quark vertex gluon vertex

“open” one of the integrations over the phase space of the intermediate state
to allow one parton to generate the jet

xp1

~q

(xJp1, ~kJ)

quark jet vertex

xp1

~q

(xJp1, ~kJ)

gluon jet vertex

use QCD collinear factoriz.:
P

s=q,q̄ fs ⌦ [quark vertex]+ fg ⌦ [gluon vertex]

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June ��th, ���� �/�� Backup

Hybrid factorization at work



⌫, b

k = x1p1

�
µ

l + k

l � q

l

k + q

µ, a

�
⌫ = x2p

⌫

2/s

q

1

Figure 3: Representative Feynman diagram for the squared modulus of the amplitude for
the gluon scattering o↵ a Reggeon to produce a Higgs particle. The Reggeized gluon is
depicted by the zigzag line.

For the sake of completeness, we give the corresponding expression for the jet LO
impact factor [16]
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where �J denotes the azimuthal angle of the vector ~pJ .
In the next section we will build the cross section for the process of our consideration,

by combining the BFKL Green’s function and impact factor for the jet, together with our
calculated Higgs-gluon impact factor.

2.2 Cross section and azimuthal coe�cients

For the sake of simplicity, we consider final-state configurations where the Higgs is always
tagged in a more forward direction with respect to the jet, thus implying �Y ⌘ yH �yJ >

0.
As anticipated, the Higgs and the jet are also expected to feature large transverse

momenta, |~pH |2 ⇠ |~pJ |2 � ⇤2
QCD. The four-momenta of the parent protons, p1,2, are

taken as Sudakov vectors satisfying p
2
1,2 = 0 and p1p2 = s/2, so that the final-state
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�0 =
11

3
Nc � 2

3
nf (19)

the first coe�cient in the expansion of the QCD �-function (nf is the active-flavor num-
ber),

� (n, ⌫) = 2 (1) �  

✓
n + 1

2
+ i⌫

◆
�  

✓
n + 1

2
� i⌫

◆
(20)

the eigenvalue of the LO BFKL kernel, cH,J(n, ⌫) are the Higgs and the jet LO impact
factors in the (⌫, n)-space, given by
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The energy-scale parameter, s0, is arbitrary within NLA accuracy and will be fixed in
our analysis at s0 = MH,?|~pJ |. The remaining quantities are the NLO impact-factor

corrections, c
(1)
H,J

(n, ⌫, |~pH,J |, xH,J). The expression for the Higgs NLO impact factor has
not been yet calculated. It is possible, however, to include some “universal” NLO con-
tributions to the Higgs impact factor, which can be expressed through the corresponding
LO impact factor, and are fixed by the requirement of stability within the NLO under
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The jet impact factor is known at the NLO [13–17], nonetheless we treated it on
the same ground as the Higgs one, including only the NLO corrections fixed by the
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Combining all the ingredients, we can write our master formula for the azimuthal
coe�cients,
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The renormalization scales (µR1,2,c) and the factorization ones (µF1,2) can, in principle, be
chosen arbitrarily, since their variation produces e↵ects beyond the NLO. It is however
advisable to relate them to the physical hard scales of the process. We chose to fix
them di↵erently from each other, depending on the subprocess to which they are related:
µR1 ⌘ µF1 = CµMH,?, µR2 ⌘ µF2 = Cµ|~pJ |, µRc

= Cµ

p
MH,?|~pJ |, where Cµ is a variation

parameter introduced to gauge the e↵ect of a change of the scale (see the discussion at
the end of Section 3.2).
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The renormalization scales (µR1,2,c) and the factorization ones (µF1,2) can, in principle, be
chosen arbitrarily, since their variation produces e↵ects beyond the NLO. It is however
advisable to relate them to the physical hard scales of the process. We chose to fix
them di↵erently from each other, depending on the subprocess to which they are related:
µR1 ⌘ µF1 = CµMH,?, µR2 ⌘ µF2 = Cµ|~pJ |, µRc
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parameter introduced to gauge the e↵ect of a change of the scale (see the discussion at
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10

Forward-jet NLO-RG impact factor



Backup

+
�0

4Nc

✓
2 ln

µR1

MH,?

◆
(24)

� 1

2Ncfg(xH , µF1)
ln

µ
2
F1

M
2
H,?

Z 1

xH

dz

z

"
Pgg(z)fg

⇣
xH

z
, µF1

⌘
+
X

a=q,q̄

Pga(z)fa

⇣
xH

z
, µF1

⌘#)
.

The jet impact factor is known at the NLO [13–17], nonetheless we treated it on
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advisable to relate them to the physical hard scales of the process. We chose to fix
them di↵erently from each other, depending on the subprocess to which they are related:
µR1 ⌘ µF1 = CµMH,?, µR2 ⌘ µF2 = Cµ|~pJ |, µRc

= Cµ

p
MH,?|~pJ |, where Cµ is a variation

parameter introduced to gauge the e↵ect of a change of the scale (see the discussion at
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