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Higgs production from LHC to FCC

High-energy resummation (BFKL)    PDFs at small-x 🔗 

Altarelli-Ball-Forte 🔗 to stabilize the NLLsx BFKL kernel 🔗 
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Higgs production from LHC to FCC

High-energy resummation (BFKL)    PDFs at small-x 🔗 

Altarelli-Ball-Forte 🔗 to stabilize the NLLsx BFKL kernel 🔗 

N3LLlx/LLsx/N3LO rapidity-inclusive coefficient functions 

⇒
(¡!)    100 TeV EW physics    small-x physics! 

(¿?)  Can LHC physics be resummation physics?
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Stabilizers    large Higgs transverse masses⇔

From Mueller-Navelet to Higgs and heavy flavor
Pheno path: hunt for channels leading to a NLL stabilization pattern at natural scales (¡!)

(Higgs + jet, NLL/NLO*) 🔗 [F. G. C. et al., Eur. Phys. J. C (2021) 8, 780] 
(NLO Higgs emission function) 🔗 [F. G. C., M. Fucilla et al., JHEP 08 (2022) 092]

31.1  Higgs studies in high-energy QCD

https://arxiv.org/abs/2105.06432
https://arxiv.org/abs/2205.02681
https://arxiv.org/abs/2105.06432
https://arxiv.org/abs/2205.02681


Stabilizers    gluon fragmentation channels⇔
Heavy flavor at large pT
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Stabilizers    large Higgs transverse masses⇔

From Mueller-Navelet to Higgs and heavy flavor
Pheno path: hunt for channels leading to a NLL stabilization pattern at natural scales (¡!)

(  baryons, NLL/NLO) 🔗 [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007] 
(  or , NLL/NLO) 🔗 [F. G. C. et al., Eur. Phys. J. C 82 (2022) 10, 929] 

(  or , NLL/NLO) 🔗 [F. G. C., Phys. Lett. B 835 (2022) 137554]
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(Higgs + jet, NLL/NLO*) 🔗 [F. G. C. et al., Eur. Phys. J. C (2021) 8, 780] 
(NLO Higgs emission function) 🔗 [F. G. C., M. Fucilla et al., JHEP 08 (2022) 092]
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Stabilizers    large Higgs transverse masses⇔

From Mueller-Navelet to Higgs and heavy flavor
Pheno path: hunt for channels leading to a NLL stabilization pattern at natural scales (¡!)

μF,R ∼ MH,⊥

(  baryons, NLL/NLO) 🔗 [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007] 
(  or , NLL/NLO) 🔗 [F. G. C. et al., Eur. Phys. J. C 82 (2022) 10, 929] 

(  or , NLL/NLO) 🔗 [F. G. C., Phys. Lett. B 835 (2022) 137554]
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Anatomy of Higgs + jet in hybrid factorization (HyF)
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Anatomy of Higgs + jet in hybrid factorization (HyF)
Forward region

Forward region 5
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NLL accurate predictions 

matched to NLO 

via the  Method𝙹𝙴𝚃𝙷𝙰𝙳



Matching NLL to NLO with JETHAD

¡ Precision corrections expected    need for an accurate NLL-to-NLO Matching procedure !⇔

  Method    NLL/NLO Additive Matching (analytic: BFKL kernel + coefficient functions) 𝙹𝙴𝚃𝙷𝙰𝙳 →

72.1  NLL/NLO matching via 𝙹𝙴𝚃𝙷𝙰𝙳
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Matching NLL to NLO with JETHAD

¡ Precision corrections expected    need for an accurate NLL-to-NLO Matching procedure !⇔

  Method    NLL/NLO Additive Matching (analytic: BFKL kernel + coefficient functions) 𝙹𝙴𝚃𝙷𝙰𝙳 →

N3LLlx/LLsx/N3LO
 + 𝙷𝙴𝙻𝙻 𝚐𝚐𝙷𝚒𝚐𝚐𝚜

Inclusive Higgs
🔗 [M. Bonvini, S. Marzani (2018)]

72.1  NLL/NLO matching via 𝙹𝙴𝚃𝙷𝙰𝙳
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Matching NLL to NLO with JETHAD

¡ Precision corrections expected    need for an accurate NLL-to-NLO Matching procedure !⇔

  Method    NLL/NLO Additive Matching (analytic: BFKL kernel + coefficient functions) 𝙹𝙴𝚃𝙷𝙰𝙳 →

N3LLlx/LLsx/N3LO
 + 𝙷𝙴𝙻𝙻 𝚐𝚐𝙷𝚒𝚐𝚐𝚜

Inclusive Higgs
🔗 [M. Bonvini, S. Marzani (2018)]

NLLsx-/NLO

 framework𝙷𝙴𝙹

Higgs + jet(s)
🔗 [J. R. Andersen et al. (2022)]

72.1  NLL/NLO matching via 𝙹𝙴𝚃𝙷𝙰𝙳
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Matching NLL to NLO with JETHAD

¡ Precision corrections expected    need for an accurate NLL-to-NLO Matching procedure !⇔

  Method    NLL/NLO Additive Matching (analytic: BFKL kernel + coefficient functions) 𝙹𝙴𝚃𝙷𝙰𝙳 →

N3LLlx/LLsx/N3LO
 + 𝙷𝙴𝙻𝙻 𝚐𝚐𝙷𝚒𝚐𝚐𝚜

Inclusive Higgs
🔗 [M. Bonvini, S. Marzani (2018)]

NNLLTM/NLO

 + 𝚁𝚊𝚍𝙸𝚂𝙷 𝙼𝙲𝙵𝙼-𝟾 . 𝟹

Higgs + jet
🔗 [P.F. Monni et al. (2020)]

NLLsx-/NLO

 framework𝙷𝙴𝙹

Higgs + jet(s)
🔗 [J. R. Andersen et al. (2022)]

72.1  NLL/NLO matching via 𝙹𝙴𝚃𝙷𝙰𝙳

https://arxiv.org/abs/1802.07758
https://arxiv.org/abs/1802.07758
https://arxiv.org/abs/1909.04704
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https://arxiv.org/abs/2210.10671
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 spectrumΔY

The Higgs + jet spectrum from POWHEG + JETHAD

 spectrumpH
NLL matched to NLO fixed-order  +  (in progress)𝙿𝙾𝚆𝙷𝙴𝙶 𝙹𝙴𝚃𝙷𝙰𝙳

@14 TeV LHC

82.2   +  distributions𝙿𝙾𝚆𝙷𝙴𝙶 𝙹𝙴𝚃𝙷𝙰𝙳
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Small-x Large-x
Impact of large-x threshold logs on NLO emission functions to be gauged2.2   +  distributions𝙿𝙾𝚆𝙷𝙴𝙶 𝙹𝙴𝚃𝙷𝙰𝙳
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Finite top- and bottom-mass corrections

(Physical masses at NLO) [F. G. C., L. Delle Rose, M. Fucilla, G. Gatto, A. Papa (2024)]

@14 TeV LHC @100 TeV FCC

102.2   +  distributions𝙿𝙾𝚆𝙷𝙴𝙶 𝙹𝙴𝚃𝙷𝙰𝙳



The NLL/NLO  spectrum 

of Higgs + charm

-
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|y2 | < 2.5

The Higgs + charm spectrum at NLL/NLO  HyF-

|y2 | < 4.7@14 TeV LHC

12(NLL/NLO  HyF) [F. G. C., L. Delle Rose, M. Fucilla, G. Gatto, A. Papa (in progress)]+3.1  Towards Higgs + charm at NLL/NLO+



Towards Z + jet 

at NLL/NLO  

via the  Method

+

𝙹𝙴𝚃𝙷𝙰𝙳



Forward Drell-Yan production

144.1  Forward Drell-Yan @LHC
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(LO DY emission functions + Mellin) 🔗 [G. Golec-Biernat, E. Lewandowska, A. M. Stasto, Phys. Rev. D 82 (2010) 094010]  
(LO DY emission functions + Mellin) 🔗 [L. Motyka, M. Sadzikowski, T. Stebel, JHEP 05 (2015) 087] 

(Twist decomposition + pheno) 🔗 [D. Brzemiński, L. Motyka, M. Sadzikowski, T. Stebel, JHEP 01 (2017) 005]
144.1  Forward Drell-Yan @LHC

https://arxiv.org/abs/1008.2652v1
https://arxiv.org/abs/1412.4675
https://arxiv.org/abs/1611.04449
https://arxiv.org/abs/1008.2652v1
https://arxiv.org/abs/1412.4675
https://arxiv.org/abs/1611.04449


Forward Drell-Yan production @LHC (2018)
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NLL/NLO  studies @7TeV LHCb−

LL/LO HyF 
NLL/NLO  HyF 
LHCb data (2013)

−

 🔗 [F. G. C., D Gordo Gómez, A. Sabio Vera, Phys. Lett. B 786 (2018) 201-206]4.1  Forward Drell-Yan @LHC

https://arxiv.org/abs/1808.09511
https://arxiv.org/abs/1808.09511


Forward Drell-Yan production @LHC (2018)
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NLL/NLO  studies @7TeV LHCb−

LL/LO HyF 
NLL/NLO  HyF 
LHCb data (2013)

− LL/LO HyF 
NLL/NLO  HyF 
ATLAS data (2014)

−

 🔗 [F. G. C., D Gordo Gómez, A. Sabio Vera, Phys. Lett. B 786 (2018) 201-206]
NLL/NLO  studies @7TeV ATLAS−

4.1  Forward Drell-Yan @LHC

https://arxiv.org/abs/1808.09511
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Higgs bosoN + Jet
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From Mueller-Navelet to Higgs and heavy flavor

(Higgs + jet, NLL/NLO*) 🔗 [F. G. C. et al., Eur. Phys. J. C (2021) 8, 780] 
(NLO emission function) 🔗 [F. G. C., M. Fucilla et al., JHEP 08 (2022) 092]

164.2  EW studies in high-energy QCD

https://arxiv.org/abs/2105.06432
https://arxiv.org/abs/2205.02681
https://arxiv.org/abs/2105.06432
https://arxiv.org/abs/2205.02681
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From Mueller-Navelet to Higgs and heavy flavor

(Higgs + jet, NLL/NLO*) 🔗 [F. G. C. et al., Eur. Phys. J. C (2021) 8, 780] 
(NLO emission function) 🔗 [F. G. C., M. Fucilla et al., JHEP 08 (2022) 092]
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Z boson + jet

(DY + jet, LL/LO ) 🔗 [L. Motyka et al., JHEP 12 (2018) 091] 
(DY and Z + jet, NLL/NLO ) [F. G. C. et al. (in progress)]

+

−
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4.2  EW studies in high-energy QCD

https://arxiv.org/abs/2105.06432
https://arxiv.org/abs/2205.02681
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1. I punti seguenti saranno discussi dall’intero C.d.D. 
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d�

dyH dyJ d2~pH d2~pJ

=
X

r,s=q,g

1Z

0

dx1

1Z

0

dx2 fr(x1,µF) fs(x2,µF)
d�̂r,s(x1x2s,µF)

dyH dyJ d2~pH d2~pJ

The expression for the partonic cross section in the BFKL approach reads:

jet
p2

q/g(x2p2)

(pJ , yJ)

H

(pH , yH)

p1

g(x1p1)
d�̂r,s(x1x2s,µ)

dyH dyJ d2~pH d2~pJ

=
1

(2⇡)2

⇥
Z

d
2~q1

~q 2
1

V
(r)
H

(~q1, s0, x1,~pH)

⇥
Z�+i1

�-i1

d!

2⇡i

✓
x1x2s

s0

◆!

G!(~q1,~q2)

⇥
Z

d
2~q2

~q 2
2

V
(s)
J

(~q2, s0, x2,~pJ)

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

���������/)52)0

�����)7�9)57);

�����-++6�9)57);

���6�:-7,�7,5)6,30(

�356�(�>895)

10°2

10°1

100

101

102

103
d
æ
(¢

Y
,s

)

d
¢

Y
[p

b
]

NNPDF3.0lx PDF set

1/2 < Cµ < 2
p

s = 100 TeV

20 < pH/GeV < 2Mt; 20 < pJ/GeV < 60

|yH| < 2.5 ; |yJ | < 4.7

JETHAD v0.5.0

p(Pa) + p(Pb) ! H(pH, yH) + X + jet(pJ, yJ)

LL/LO

NLL/NLO§

NLO POWHEG

2 3 4 5 6
¢Y = yH ° yJ

1

2

ra
ti
o

#)81,1;?�,1:;91*<;176�����	�� �JETHAD�=:��� �POWHEG�

0.0

0.5

1.0

1 æ

d
æ

d
'

('
,¢

Y
,s

)

20 < pH/GeV < 2Mt; 20 < pJ/GeV < 60

|yH| < 2.5 ; |yJ | < 4.7
p

s = 100 TeV

NNPDF3.0lx PDF set

1/2 < Cµ < 2

JETHAD v0.5.0

p(Pa) + p(Pb) ! H(pH, yH) + X + jet(pJ, yJ)

NLL/NLO§

¢Y = 3

¢Y = 5

°º °º
2

0 º
2

º

' = 'H ° 'J ° º

0.75

1.00

1.25

ra
ti
o

0.0

0.5

1.0

1 æ

d
æ

d
'

('
,¢

Y
,s

)

20 < pH/GeV < 2Mt; 20 < pJ/GeV < 60

|yH| < 2.5 ; |yJ | < 4.7
p

s = 100 TeV

NNPDF3.0lx PDF set

1/2 < Cµ < 2

JETHAD v0.5.0

p(Pa) + p(Pb) ! H(pH, yH) + X + jet(pJ, yJ)

NLL/NLO§

¢Y = 3

¢Y = 5

°º °º
2

0 º
2

º

' = 'H ° 'J ° º

0.75

1.00

1.25

ra
ti
o

�@15<;0)4�,1:;91*<;176�);����	�� �

�����5)6811%7-32�*531�JETHAD 

���%5+)�;�NNPDF3.0lx���������������
	� 

���314%5-632�:-7,�*-;)(�35()5�*531�POWHEG 

���-675-&87-326�67%&0)�82()5�����'355)'7-326

������&%2(6�2)67)(�-26-()����32)6�� ��630-(�67%&-0-7< 

�����6-+2%0�'0)%50<�(-6)2+%+)(�*531�����&%'/+5382( 

��$%<�73:%5(�45)'-6-32�678(-)6�3*���� ����¡!�

→

���807-0%7)5%0�*351%0-61�� ��)2'3()�37,)5�5)6811%7-326 

����:-2(3:�32�453732�6758'785)�%7�61%00�;��¿?�

→

���-++6�6)'735�� ��!��&)2',1%5/6����!�4357%06�

���0832�*86-32�� ��/)<�-2+5)(-)27�*35�45)'-6-32� ���

���-;)(�35()5��� ��-14539)(�&<�5)6811%7-326�

������)2)5+-)6�� ��,-+,�)2)5+<������5)6811%7-32�

���-++6�.)7�� ��+30()2�',%22)0�73�,827�*35����6-+2%06

→

→

←

↔

→

�1//:� �,1:;91*<;176�����	�� �JETHAD�=:��� �POWHEG�pT

10°6

10°5

10°4

10°3

10°2

10°1

100

101

d
æ
(p

H
,¢

Y
,s

)

d
p

H
[p

b
/
G

eV
]

1/2 < Cµ < 2

20 < pH/GeV < 2Mt; 20 < pJ/GeV < 60

|yH| < 2.5 ; |yJ | < 4.7
p

s = 100 TeV

NNPDF3.0lx PDF set

¢Y = 3¢Y = 3

JETHAD v0.5.0

p(Pa) + p(Pb) ! H(pH, yH) + X + jet(pJ, yJ)

LL/LO

NLL/NLO§

NLO POWHEG

50 100 150 200

pH [GeV]

1

2

ra
ti
o

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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Rapidity distribution: NLL/NLO*  vs NLO 𝙹𝙴𝚃𝙷𝙰𝙳 𝙿𝙾𝚆𝙷𝙴𝙶
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Small-  and large-  enhancement from PDFsx x

Impact of large-x threshold logs on NLO emission functions to be gauged
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Effect of collinear improvement on NLL BFKL kernel

Effect of ABF-stabilized kernel 🔗🔗 to be gauged
(Collinear improvement) 🔗 [G.P. Salam, JHEP 07 (1998) 019];  🔗 [M. Ciafaloni et al., Phys.Lett.B 587 (2004) 87-94];  🔗 [A. Sabio Vera, Nucl.Phys.B 722 (2005) 65-80]

@14 TeV LHC @100 TeV FCC
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 spectrumΔY

The Higgs + jet spectrum from POWHEG + JETHAD

 spectrumpH
NLL matched to NLO fixed-order  +  (in progress)𝙹𝙴𝚃𝙷𝙰𝙳 𝙿𝙾𝚆𝙷𝙴𝙶

@100 TeV FCC
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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
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(left figure) 🔗 [F. G. C., A. Papa, Phys. Rev. D 106 (2022) 11, 114004] 
(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 (¿?)
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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, Phys. Rev. D 106 (2022) 11, 114004]

0 º
2

º

' = '1 ° '2 ° º

10°2

10°1

100

101

1 æ

d
æ

d
'

('
,s

)

35 < qT 1,2/GeV < 60

p
s = 7 TeV

NNPDF4.0 PDF set

1/2 < Cµ < 2

MS scheme

JETHAD v0.5.0

6 < ¢Y < 9.4

p(Pa) + p(Pb) ! jet(qT 1, y1) + X + jet(qT 2, y2)

LL/LO

NLL/NLO+

CMS data

Azimuthal-angle multiplicity

natural

https://arxiv.org/abs/1309.3229
https://arxiv.org/abs/2207.05015
https://arxiv.org/abs/1309.3229
https://arxiv.org/abs/2207.05015


Hybrid factorization via the  code𝙹𝙴𝚃𝙷𝙰𝙳  
🔗 [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691].  🔗 [F. G. C. , Phys. Rev. D 105 (2022) 11, 114008]
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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, Phys. Rev. D 106 (2022) 11, 114004]
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(NLO Higgs coefficient function) 🔗 [F. G. C. et al., JHEP 08 (2022) 092]
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Ultraforward 

charm + Higgs production 

@14 TeV FPF+ATLAS



High-energy QCD at new-gen Forward Facilities

Forward + backward CMS detections: Mueller-Navelet, hadron-jet, di-hadron 
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High-energy QCD at new-gen Forward Facilities

Forward + backward CMS detections: Mueller-Navelet, hadron-jet, di-hadron 

|yjet | < 4.7
barrel + endcap |yhadron | < 2.4

barrel

Ultra-forward FPF + central ATLAS detections: single-charmed hadrons + Higgs

5 < |yD*, Λc
| < 7

FPF |yHiggs | < 2.5
ATLAS barrel

(charm + Higgs) 🔗 [F. G. C. et al., Phys. Rev. D 105 (2022) 11, 114056] 
(light mesons + heavy flavor) 🔗 [F. G. C., Phys. Rev. D 105 (2022) 11, 114008]
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High-energy QCD in ultraforward directions

🔗 [FPF Snowmass Whitepaper]
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Inclusive  (FPF) +  (ATLAS) productionπ± D*±

🔗 [FPF Snowmass Whitepaper]
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Higgs + Jet Distributions
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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:
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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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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
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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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of the jet [107], which can be detected also by the CMS endcaps, namely |yJ | < 4.7.
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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:
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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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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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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.
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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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Higgs transverse-momentum distribution for  (Mt → + ∞)

 🔗 [F. G. C., D. Yu. Ivanov, M. M. A. Mohammed, A. Papa, Eur. Phys. J. C 81 (2021) 4, 293]
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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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Threshold resummation on PDFs       @NLL/NLO*⇒ + (10.7 ÷ 2.15) %

High-energy resummation  +  NNPDF3.0lx 🔗
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u(ū)

s(s̄)

c(c̄)

b(b̄)

KKSS19 VFNS collinear FFs for  baryons:   Λc |udc⟩  🔗 [B. A. Kniehl et al., Phys. Rev. D 101 (2020) 11, 114021]

https://arxiv.org/abs/2004.04213
https://arxiv.org/abs/2004.04213


Stabilizing effects of heavy-flavor fragmentation

101 102

µF [GeV]

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

z
D

H g
/
q
(z

,µ
F
)

JETHAD v0.4.6

§±
c baryon emission

z = 0.5; KKSS19 FFs
g

d(d̄)

u(ū)
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Forward-hadron LO impact factor    gluon FF enhanced by gluon PDF in collinear convolution⇒
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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...⇒
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BFKL resummation
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[Ya.Ya. Balitskii, V.S. Fadin, E.A. Kuraev, L.N. Lipatov (����)]
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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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BFKL resummation
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✓
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s0

◆!

G!(~q1,~q2)

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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(  space) 🔗 [M. Hentschinski et al. (2021)] 
(  & Mellin) 🔗 [F.G.C. et al. (2022)]

κT

κT

¡ NEW ! 

NLO Higgs

https://arxiv.org/abs/2011.03193
https://arxiv.org/abs/2205.02681
https://arxiv.org/abs/2011.03193
https://arxiv.org/abs/2205.02681


BACKUP slides
Gluon Reggeization in perturbative QCD

⇧ Gluon quantum numbers in the t-channel: 8
- representation

⇧ Regge limit: s ' -u ! 1, t not growing with s

! amplitudes governed by gluon Reggeization ! Dµ⌫ = -i
gµ⌫

q2

⇣
s

s0

⌘↵g(q
2)-1

feature���! all-order resummation: LLA [↵n
s (ln s)n] + NLA [↵n+1

s (ln s)n]
consequence�����! factorization of elastic and real part of inelastic amplitudes
example���! Elastic scattering process: A + B �! A

0 + B
0

�
A

-
8

�A
0
B
0

AB
= � c

A0A

"✓
-s

-t

◆j(t)

-

✓
s

-t

◆j(t)
#

� c

B0B

j(t) = 1 +!(t) , j(0) = 1

!(t) ! Reggeized gluon trajectory

� c

A0A
= ghA

0
|T

c
|Ai�A0A ! PPR vertex

T
c ! fundamental (q) or adjoint (g)

QCD is the unique SM theory where all elementary particles reggeize
Possible extensions: N=� SYM, AdS/CFT,...
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Ims {A} =
s

(2⇡)D-2
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�+i1Z
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✓
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s0

◆!

G!(~q1,~q2)

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 (����)]

!G!(~q1,~q2) = �D-2(~q1 -~q2)+

Z
d

D-2
q K(~q1,~q)G!(~q,~q1) .

q1

q2

q1 � q

q2 � q

q1 q1 � q

q1

q
0
1

q2

q1 � q

q
0
1
� q

q2 � q

= +G
(R)

!

G
(R)

!

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:

K
(R) (~q1, ~q2; ~q) =

⇥
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+ K
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where K
(R)

r (~q1, ~q2; ~q) is the real part (see Fig. 1.7) and it reads

K
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2
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2

� ~q
2

!
.

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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BFKL in the LLA (I)

Inelastic scattering process A + B ! Ã + B̃ + n in the LLA

multi-Regge kinematics

ReAÃB̃+n

AB
= 2s �

c1

ÃA

 
nY

i=1

�
Pi

cici+1
(qi, qi+1)

✓
si

sR

◆!(ti) 1

ti

!
1

tn+1

✓
sn+1

sR

◆!(tn+1)

�
cn+1

B̃B

�
Pi

cici+1
(qi, qi+1) ! RRG vertex

sR ! energy scale, irrelevant in the LLA
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BFKL in the LLA (II)

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

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

The high-energy resummation



BFKL versus DGLAP Introduction Hybrid factorization at work Closing statements Backup

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]
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k = x1p1

�
µ

l + k

l � q
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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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in�J , (12)

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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Forward-Higgs LO impact factor
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where ↵̄s ⌘ Nc/⇡ ↵s, with Nc the QCD color number,
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11

3
Nc � 2

3
nf (19)

the first coe�cient in the expansion of the QCD �-function (nf is the active-flavor num-
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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
variations of the energy scale s0, the renormalization scale µR and of the factorization
scale µF , getting
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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
renormalization group and leading to
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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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Forward-Higgs NLO-RG impact factor
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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
renormalization group and leading to
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Combining all the ingredients, we can write our master formula for the azimuthal
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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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Forward-jet NLO-RG impact factor
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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
renormalization group and leading to
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(n, ⌫, |~pJ |, xJ) = cJ(n, ⌫, |~pJ |, xJ)

⇢
�0

4Nc

✓
2 ln

µR2

|~pJ | +
5

3

◆
+

� (n, ⌫)

2
ln

✓
s0

|~pJ |2

◆
(25)

� 1

2Nc

⇣
CA

CF

fg(xJ , µF2) +
P

a=q,q̄
fa(xJ , µF2)

⌘ ln
µ

2
F2

|~pJ |2

⇥
✓

CA

CF

Z 1

xJ

dz

z

"
Pgg(z)fg

⇣
xJ

z
, µF2

⌘
+
X

a=q,q̄

Pga(z)fa

⇣
xJ

z
, µF2

⌘#

+
X

a=q,q̄

Z 1

xJ

dz

z

h
Pag(z)fg

⇣
xJ

z
, µF2

⌘
+ Paa(z)fa

⇣
xJ

z
, µF2

⌘i◆)
.

Combining all the ingredients, we can write our master formula for the azimuthal
coe�cients,

Cn =
e
�Y

s

MH,?

|~pH |

⇥
Z +1

�1
d⌫

✓
xJxHs

s0

◆↵̄s(µRc
)

⇢
�(n,⌫)+↵̄s(µRc

)


�̄(n,⌫)+

�0
8Nc

�(n,⌫)


��(n,⌫)+ 10

3 +4 ln

✓
µRcp
~pH~pJ

◆���

⇥
�
↵

2
s
(µR1)cH(n, ⌫, |~pH |, xH)

 
{↵s(µR2)[cJ(n, ⌫, |~pJ |, xJ)]⇤} (26)

⇥
(

1 + ↵̄s(µR1)
c̃
(1)
H

(n, ⌫, |~pH |, xH)

cH(n, ⌫, |~pH |, xH)
+ ↵̄s(µR2)

"
c̃
(1)
J

(n, ⌫, |~pJ |, xJ)

cJ(n, ⌫, |~pJ |, xJ)

#⇤)
.

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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