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High-energy factorization at a glance

Singly/double off-shell coefficient functions
Forward/central production emission functions

(a) Single forward (b) Single central (c) Forward-backward

Hors d’oceuvre: Hybrid Factorization (HyF)
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Fast g/ g + small-x

Hylbrid factorization
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gg induced

High-energy factorization

or small-x improved PDFs

& [M. Bonvini, S. Marzani (2018)]
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High-energy factorization at a glance

Singly/double off-shell coefficient functions
Forward/central production emission functions
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(a) Single forward (b) Single central (c) Forward-backward
Fast g/ g + small-x gg induced Large rapidity distances, AY > 1
Hybrid factorization High-energy factorization High energies, moderate x
+ Threshold or small-x improved PDFs PDFs + t-channel (NLL/NLO HyF)
& [M. Bonvini, S. Marzani (2018)] Imbalance logs « back-to-back
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From Mueller-Navelet to Higgs and heavy flavor

#8 Pheno path: hunt for channels leading to a NLL at natural scales (;!)

HIGGS BOSON
Stabilizers < large Higgs transverse masses
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(Higgs + jet, NLL/NLO*) £ [F. G. C. et al., Eur. Phys. J. C (2021) 8, 780]

(NLO Higgs coeff. function) & [F. G. C. et al., JHEP 08 (2022) 092]

1.1 HyF at work
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From Mueller-Navelet to Higgs and heavy flavor

#% Pheno path: hunt for channels leading to a NLL at natural scales (;!)
HIGGS BOSON HEAVY FLAVOR AT LARGE Py
Stabilizers < large Higgs transverse masses Stabllizers < gluon fragmentation channels
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Anatomy of Higgs + jet in hybrid factorization (HyF)
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Anatomy of Higgs + jet in hybrid factorization (HyF)




Anatomy of Higgs + jet in hybnd factorization (HyF)
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Anatomy of Higgs + jet in hybrid factorization (HyF)
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Azimuthal-angle multiplicity
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Szymanowski, S. Wallon, Phys. Rev. Lett. 112 (2014) 082003]
[F. G. C., A. Papaq, Phys. Rev. D 106 (2022) 11, 114004]
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Azimuthal-angle multiplicity
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& [B. Ducloué, L. Szymanowski, S. Wallon, Phys. Rev. Lett. 112 (2014) 082003] (figure below) & [F. G. C. et al., Eur. Phys. J. C 81 (2021) 4, 293]
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NLL accurate predictions

matched 1o NLO
via the JETHAD Methoad
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(Higgs + jet, NLL/NLO* HyF) & [F. G. C. et al., Eur. Phys. J. C (2021) 8, 780]
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(Higgs + jet, NLL/NLO* HyF) & [F. G. C., D Yu. Ilvanov, M, M. A. Mohammed, A. Papa, Eur. Phys. J. C (2021) 8, 780]
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; Precision corrections expected
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(Higgs + jet, NLL/NLO* HyF) & [F. G. C., D Yu. lvanov, M, M. A. Mohammed, A. Papa, Eur. Phys. J. C (2021) 8, 780]
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; Precision corrections expected, but HyF predicts large deviations from f.o. ! 6
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Matching NLL to NLO with JETHAD

; Precision corrections expected < need for an accurate NLL-to-NLO Matching procedure !/

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

doNENLOT(AY 0 5) = doNFO(AY, @, 5) + do™E (AY, ¢, s) — AdoNENLOT(AY o, s)

POWHEG w/0 PS

3.1 NLL/NLO matching via JETHAD



Matching NLL to NLO with JETHAD

; Precision corrections expected < need for an accurate NLL-to-NLO Matching procedure !

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

doNLE/NLOT(AY, . s) = doNMO(AY, ¢, s) + do™NE (AY, @, s) — AdeNFE/NLOT(AY o, s)
g —— ————
SN0 6) fixed order (HyF)
———
POWHEG w/0 PS

3.1 NLL/NLO matching via JETHAD



Matching NLL to NLO with JETHAD

; Precision corrections expected < need for an accurate NLL-to-NLO Matching procedure !

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

doNLE/NLOT(AY, . s) = doNMO(AY, ¢, s) + do™NE (AY, @, s) — AdeNFE/NLOT(AY o, s)
g —— ———— S ——

ISiTeY fixed order (HyF) NLL" expanded at NLO

S—— —_—_———
POWHEG w/o PS JETHAD w/o NLO™ double counting

3.1 NLL/NLO matching via JETHAD



Matching NLL to NLO with JETHAD

; Precision corrections expected < need for an accurate NLL-to-NLO Matching procedure !

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

do™NEON(AY, 0,5) = doNO(AY, p,5) + do™E (AY, p,5) — Ade™NRLO(AY g, s)
—— —.—.)l N— N— — —m——.
matched NETE) fixed order dyF)  NEEISRPERasa] o NLO

S — — N ———
POWHEG & JETHAD POWHEG w/o PS JETHAD w/o NLO™ double counting

HELL + ggHiggs
N3|_|_Ix/|_|_sx/N3|_O

Inclusive Higgs

& [M. Bonvini, S. Marzani (2018)]

3.1 NLL/NLO matching via JETHAD


https://arxiv.org/abs/1802.07758
https://arxiv.org/abs/1802.07758

Matching NLL to NLO with JETHAD

; Precision corrections expected < need for an accurate NLL-to-NLO Matching procedure !

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

do™NEON(AY, 0,5) = doNO(AY, p,5) + do™E (AY, p,5) — Ade™NRLO(AY g, s)
—— —.—.)l N— N— — —m——.
matched NETEY fixed order dyF)  NEEISRPERasa] o NLO

— ———— — —_
POWHEG © JETHAD POWHEG w/o PS JETHAD w/o NLO™ double counting

HELL + ggHiggs HEJ framework
N3LLix/LLsx/N3LO NLLsx/NLO
Inclusive Higgs Higgs + jet(s)
& [M. Bonvini, S. Marzani (2018)] & [J.R. Andersen et al. (2022)]

3.1 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 !

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

do™NEON(AY, 0,5) = doNO(AY, p,5) + do™E (AY, p,5) — Ade™NRLO(AY g, s)
—— —.—.)l N— N— — —m——.
matched NETEY fixed order dyF)  NEEISRPERasa] o NLO

— ———— — —_
POWHEG © JETHAD POWHEG w/o PS JETHAD w/o NLO™ double counting

HELL + ggHiggs HEJ framework + MCFM-8. 3
N3LLix/LLsx/N3LO NLLsx/NLO /NLO
Inclusive Higgs Higgs + jet(s) Higgs + jet
& [M. Bonvini, S. Marzani (2018)] & [J. R. Andersen et al. (2022)] & [P.F. Monni et al. (2020)]

3.1 NLL/NLO matching via JETHAD
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The Higgs + jet spectrum from POWHEG + JETHAD
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Effect of collinear improvement on NLL BFKL kernel
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Paving the way toward precision

M Semi-inclusive Higgs + jet as novel probe for High-Energy QCD

M Encouraging statistics for rapidity & transverse-momentum distributions

M Fair stability under NLL corrections

Checkpoints & perspectives




Paving the way toward precision

M Semi-inclusive Higgs + jet as novel probe for High-Energy QCD

M Encouraging statistics for rapidity & transverse-momentum distributions

M Fair stability under NLL corrections :C mf

[ Precision studies & NLL/NLO Matching via the JETHAD Methcd

[] Systematic uncertainties: top & bottom masses, PDF impact, Matching

] Compare TM spectrum with Parton Shower, then Match/Merge with NLLxx (g ?)
[] Transversal formalism as underlying staging for several resummations

Checkpoints & perspectives
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Higgs production from LHC to FCC

PHYSICAL REVIEW LETTERS 120, 202003 (2018)

Double Resummation for Higgs Production

. L] . .2
Marco Bonvini® and Simone Marzani o1

1INFN, Sezione di Roma 1, Piazzale Aldo Moro 5, 00185 Roma, Italy
2Dipartimento di Fisica, Universita di Genova and INFN, Sezione di Genova, Via Dodecaneso 33, I-16146 Genova, Italy

® (Received 26 February 2018; published 16 May 2018)

We present the first double-resummed prediction of the inclusive cross section for the main Higgs
production channel in proton-proton collisions, namely, gluon fusion. Our calculation incorporates to all
orders in perturbation theory two distinct towers of logarithmic corrections which are enhanced,
respectively, at threshold, i.e., large x, and in the high-energy limit, i.e., small x. Large-x logarithms
are resummed to next-to-next-to-next-to-leading logarithmic accuracy, while small-x ones to leading
logarithmic accuracy. The double-resummed cross section is furthermore matched to the state-of-the-art
fixed-order prediction at next-to-next-to-next-to-leading accuracy. We find that double resummation
corrects the Higgs production rate by 2% at the currently explored center-of-mass energy of 13 TeV and its
impact reaches 10% at future circular colliders at 100 TeV.

DOI: 10.1103/PhysRevLett.120.202003

High-energy ( ) = PDFs at small-x ©

—  Altarelli-Ball-Forte # to stabilize the NLLsx BFKL kernel

N3LLix/LLs/N3LO rapidity-inclusive coefficient functions

(b) Single central

Cyi(x,a,) = B8 (x,a,) + ACH(x, a,) + ACH (x, a,)
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Higgs production from LHC to FCC

PHYSICAL REVIEW LETTERS 120, 202003 (2018)
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Mueller-Navelet jets @ LHC & resummation instabilities

#¢ Inclusive hadroproduction of two jets with high prand large rapidity separation, AY

i  Moderate x (collinear PDFs), but t-channel pr ( ) = hybrid factorization (HyF)

1
do do,s(x1x08, Ur)
o = Z deljdXZfr(xl’HF)fs(xz’HF) " 122—» ZF-»
dyldyzd kld k2 rs=q.g | dyldyzd kld kz




Mueller-Navelet jets @ LHC & resummation instabilities

## Inclusive hadroproduction of two jets with high prand large rapidity separation, AY

@  Moderate x (collinear PDFs), but t-channel pr | ) = hybrid factorization (HyF)

1 1

do [ 15,5 (1125, ir) —
S = dxi | dxo fr(x1, 1) fs(xo, 1up) ’ AR | jet vertices w
dyy dy, d%ky d%k; ,,'SZq'g ) : ) 2 Jrlon wr)fo (22 up dyy dy, d%ky d%k; | (off-shell coefficient 4"

dGys(x1X28, W) 1

dyl dyz dzla dZEZ (27-()2 ‘
2= |
NLOH) X JM V;r)(ql,so,x1,k1) o #




Mueller-Navelet jets @ LHC & resummation instabilities

#¢ Inclusive hadroproduction of two jets with high prand large rapidity separation, AY

@  Moderate x (collinear PDFs), but t-channel pr | ) = hybrid factorization (HyF)

1 1

16rs(rimas, pup)
= 3 | [ o) flra ) S TR jet vertices
rs=q.8 3 dyq dyo d=kq d<ky  (off-shell coefficient functions)

do
dyl dyQ d2E1 dZEZ

dGys(x1X28, W) 1

dyl dyz dzla dZEZ (27T)2
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i Strong manifestation of higher-order instabilities via scale variation (;!)

i4 & At natural scales: NLL/LL ratio large, no agreement with data, unphysical values !

#2 BLMscales, theory vs experiment: CMS @7TeV with symmetric pr-ranges, only
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& [CMS Collaboration, JHEP 08 (2016) 139]
& [B. Ducloué et al., Phys. Rev. Lett. 112 (2014) 082003
& [F. Caporale et al., Eur. Phys. J. C 74 (2014) 10, 3084]

1| (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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s Strong manifestation of higher-order instabilities via scale variation (;!)

i4 & At natural scales: NLL/LL ratio large, no agreement with data, unphysical values !

BLM scales, theory vs experiment: CMS @/7TeV with symmetric pr-ranges, only
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Unsuccessful scale optimization — processes featuring (

proton(py) + proton(pz) — jet(ky1,ys1) + X + jet(k2, y2)

- BLM MS

21 B NLA BFKL

| B8 LLA BFKL
| ¢ CMS data

- PDF4ALHC15 NLO (100 replicas)
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&% yBIM s = doP™M/de" ~ 1071+2) = precision studies hampered

& [CMS Collaboration, JHEP 08 (2016) 139
& [B. Ducloué et al., Phys. Rev. Lett. 112 (2014) 082003
& [F. Caporale et al., Eur. Phys. J. C 74 (2014) 10, 3084

(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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Higgs + jet highlights from the FCC Week 2022

The high-energy QCD dynamics from Higgstjet correlations at FCC

Francesco G. Celiberto ®1.23 and Alessandro Papa ®4.5

FCC Week 2022, Sorbonne Université, France

Hors d'oceuvre

\\

Gluon fusion — key ingredient for precision QCD

Higgs sector — SM benchmarks, BMS portals

Fixed-order « improved by resummations

FCC energies — high-energy (HE) resummation

Higgstjet - golden channel to hunt for HE signo)ls/)

NLL/NLO differential cross section
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Hybrid high-energy and collinear factorization at work
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Distributions stable under NLL corrections

A path towards precision

. @ NLL bands nested inside LL ones — solid stability

™ HE signal clearly disengaged from NLO background

@ Way toward precision studies of HE QCD (;!)

O Multilateral formalism — encode other resummations

O A window on proton structure at small-x (¢?) l/)
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The high-energy QCD dynamics from Higgstjet correlations at FCC
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Gluon fusion — key ingredient for precision QCD
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The Higgs + jet spectrum from POWHEG + JETHAD
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Anatomy of Higgs + jet in hybrid factorization (HyF)
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High-energy QCD at new-gen Forward Facilities
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High-energy QCD at new-gen Forward Facilities
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Inclusive z* (FPF) + D'* (ATLAS) production
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Rapidity distributions @FPF+ATLAS
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Rapidity distributions @FPF+ATLAS
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INnclusive Higgs + jet at the LHC
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INnclusive Higgs + jet at the LHC
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INnclusive Higgs + jet at the LHC

&4  Inclusive h.p. of a Higgs + jet system with high p, and large rapidity separation, AY

== Large energy scales expected to stabilize the high-energy resummed series
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The Higgs + jet spectrum in hybrid factorization

AY spectrum
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HigQgs transverse-momentum distribution
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A Y-distribution
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Mueller-Navelet jets
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Angular correlations
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A Y-distribution in the infinite top-mass limit
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Angular correlations in the infinite top-mass limit
R.o(AY,s) = C,/Cy = (cosny)

Mueller-Navelet jets
& [B. Ducloué, L. Szymanowski, S. Wallon, Phys.Rev.Lett. 112 (2014) 082003]
(figure below) & [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691]
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Angular correlations in the infinite top-mass limit
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Higgs transverse-momentum distribution for (M, — 4+ o)
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Higgs + jet at @FCC: small-x enhancement from PDFs

High-energy resummation + NNPDF3.0 &

s 2(Pa) + D(Py) = H(pr, y) + X -+ jet(ps, us)
- JETHAD v0.5.0 SN LL/LO :

i @#2 NLL/NLO* |

10 ) K4 NLO POWHEG :

— | e 5
S e D
—  10' —— \\ :
>~4‘\ >~ 0__ | —=—o N
\<]/ g 10 . NNPDF3.0 PDF set
,g  1/2< C, < 2 ]

1071 /s =100 TeV
- |lym| < 2.5 |ys| < 4.7
20 < p/GeV < 2M,;/GeV; 20 < p;/GeV < 60

102 3
22 |
g 1 UMM ARTIanans|n \\\‘\\\\\Q\\ &\\k\\_\\\

N I R R m T h N i \\‘\\\\‘__\\“ “\‘\‘\“\*\“ ]
92 3 4 5 6
AY =yg — Yy



https://arxiv.org/abs/1410.8849
https://arxiv.org/abs/1410.8849

Higgs + jet at @FCC: small-x enhancement from PDFs

High-energy resummation + NNPDF3.0 &’ High-energy resummation + NNPDF3.1sx &

P(Po) + p(P) = H(pr,yn) + X + jet(ps,ys)
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Small-x resummation on PDFs = 4+ (13.5+2.10) % @NLL/NLO*
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Higgs + jet at @FCC: large-x enhancement from PDFs

High-energy resummation + NNPDF3.0 &’ High-energy resummation + NNPDF3.01x &’
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From Higgs + jet 1o bound states

Di-hadron and hadron-jet correlations

Inclusive di-hadron production Inclusive hadron-jet production
[D.Yu. Ilvanov, A. Papa (2012)] (NLO forward-hadron impact factor) [A.D. Bolognino, FGC., DYu. lvanov, MM A. Mohammed, A. Papa (2018)]
[F.G.C., DYu. lvanov, B. Murdaca, A. Papa (2016, 2017)] [F.G.C. (in preparation)]
[;T m, K=, p(p) [,T =, K~,p(p)
(k1,71) (K1, 1)
" > “ —C

™, K=,p(p)

P2 (K2, y2) p2

¢ NLO impact factors known = full NLA BFKL analysis feasible
¢ PDFs + FFs at work (both), hadrons at smaller rapidities than jets (di-hadron)
& genuine asymmetric cuts in transverse momenta (hadron-jet)

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020

& [F. G. C., Eur. Phys. J. C 81 (2021) 8, 691]
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Stabllizing effects of heavy-flavor fragmentation

& [S. Albino et al., Nucl. Phys. B 803 (2008) 42-104]
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Stabllizing effects of heavy-flavor fragmentation

& [S. Albino et al., Nucl. Phys. B 803 (2008) 42-104]
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Stabllizing effects of heavy-flavor fragmentation

¢ AKKO08 VFNS collinear FFs for A hyperon: | uds) & [S. Albino et al., Nucl. Phys. B 803 (2008) 42-104]
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Rapidity distribution sensitive to scale variations

(A hyperons) &

[F. G. C. etal., Phys. Rev. D 102 (2020) 9, 094019]
(cascade = baryons) & [F. G. C., Eur. Phys. J. C (in press)]
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Stabllizing effects of heavy-flavor fragmentation

& [B. A.Kniehl et al., Phys. Rev. D 101 (2020) 11, 114021]
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Stabllizing effects of heavy-flavor fragmentation

& [B. A.Kniehl et al., Phys. Rev. D 101 (2020) 11, 114021]
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Stabllizing effects of heavy-flavor fragmentation

& [B. A.Kniehl et al., Phys. Rev. D 101 (2020) 11, 114021]
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JETHAD v0.4.6

(B¢ hadrons) & [F. G. C., Phys. Lett. B 835 (2022) 137554]
(A, baryons, in this slide) & [F. G. C. et al., Eur. Phys. J. C 81 (2021) 8, 780]
(H, hadrons) & [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007]



https://arxiv.org/abs/2004.04213
https://arxiv.org/abs/2004.04213
https://arxiv.org/abs/2206.09413
https://arxiv.org/abs/2105.06432
https://arxiv.org/abs/2109.11875
https://arxiv.org/abs/2206.09413
https://arxiv.org/abs/2105.06432
https://arxiv.org/abs/2109.11875

Stability under scale variations & NLL corrections
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Stability under scale variations & NLL corrections

104 T T 5 e T E
NS scheme LLA - Af_ f - MS scheme LLA - Agc_ -
103k MMHT14 + KKSS19/AKKO8 LLi_ N 103; ~ MMHT14 + KKSS19/AKKO8 e |
: 1/2 s i NLA - A2 F (BLM /2 <O < o (CBLM ] NLA - Ac_

2k Vs=13TeV

L 101
S
10YE
10~1 3 10 GeV < p Hy Hy < pﬁlax “"Q":‘*““MM‘\ E 10~ 1 3

< 2.0 el
[y JETHAD v0.4.4 "L

15 2.0 2.5 3.0 3.5 NLL A Y
C

(A, baryons, in this slide) & [F. G. C. et al., Eur. Phys. J. C 81 (2021) 8, 780]
(H, hadrons) & [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007]
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Stability under scale variations & NLL corrections

Hybrid factorization @work: A_baryons |udc) versus A hyperons |uds)
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& [B. A. Kniehl, H. Spiesberger, Phys. Rev. D 98 (2018) 11, 114010]

& [B. A. Kniehl et al., Phys. Rev. D 77 (2008) 11, 01401 1]
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Stabllizing effects of heavy-flavor fragmentation
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Hy hadron emission

Stabllizing effects of heavy-flavor fragmentation

& [B. A. Kniehl, H. Spiesberger, Phys. Rev. D 98 (2018) 11, 114010]

Rapidity distribution very stable under scale variations

& [B. A.Kniehl et al., Phys. Rev. D 77 (2008) 11, 014011]

p(P1) + p(P2) = Ho(pr,, yu,) + X + Hy(pH,, Ym,)

MS scheme

MMHT14 4+ KKSSO7
Vs =13 TeV
20 < le,H2/GeV < 60

2.4
[y, b, | < JETHAD v0.4.6

(H, hadrons, in this slide) & [F. G. C. et al., Phys. Rev. D 104 (2021) 11, 114007]
(A, baryons) & [F. G. C. etal., Eur. Phys. J. C 81 (2021) 8, 780]
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Stabllizing effects of heavy-flavor fragmentation

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

cA(n, " |ﬁ\,:c) I g_j(‘ﬁ|2)w—1/2 /1 % (E)%V—l :g—ifg(z)Dé\ (f) + Z_fa(z)Dé\ (E):

s 2 \Z




Stabllizing 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

o=/ Tern [ G [ GREE - 5 ron ()

Forward-hadron NLO impact factor = a non-diagonadl heavy-flavor channel open...

. Cr (=\=3 1 [Ydz [*d¢ [z
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. . 104
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(NLO impact factor) & [D. Yu. Ivanov, A. Papa JHEP 07 (2012) 045]
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Stabllizing 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

o=/ Tern [ G [ GREE - 5 ron ()

Forward-hadron NLO impact factor = a non-diagonadl heavy-flavor channel open...

. Cr (=\=3 1 [Ydz [*d¢ [z
Dl ) = o[ (B) o [ [ €(%)

a

y g_f; f,(z)D! (x—) Cog (#,Q) + ) fo(2)Dg (

a1

. . 104
:EC) qu( ,C) bUt ‘ng‘ ~ 50— 10 ‘ng‘

#% Gluon FF rises with energy = this PDF and BFKL kernel decreasing behavior

(NLO impact factor) & [D. Yu. Ivanov, A. Papa JHEP 07 (2012) 045]
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s the natural stability robust?

(1) KKSsS07 and KKSs19 VFNS collinear FFs share the same extraction technology

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




s the natural stability robust?

(1) KKSsS07 and KKSs19 VFNS collinear FFs share the same extraction technology

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

(2) KKSS07 and KKss19 VFNS collinear FFs assume no initial-scale gluon, but evolution-driven

¢ Might natural stability be artificially generated by this Ansatz ?




Vector quarkonium from single-parton fragmentation

(1) i Let us consider J/y and Y at large p; — single-parton fragmentation from NRQCD !




Vector quarkonium from single-parton fragmentation

(1)

i Let us consider J/y and Y at large p; — single-parton fragmentation from NRQCD !

2.1 High-energy resummed cross section

The process under investigation is

p(Pa) +p(Pb) — Q(anyQ) + X +jet(pJ7yJ) ) (1)

where p(P,;) stands for an initial proton with momentum P,;, Q(pg,yo) is a J/¢ or a T
emitted with momentum pg and rapidity yo, the light jet is tagged with momentum p; and
rapidity y;, and X denotes all the undetected products of the reaction. High observed trans-
verse momenta, |pg s|, together with a large rapidity separation, AY = yg — vy, are required
conditions to get a diffractive semi-hard configuration in the final state. Furthermore the
transverse-momentum ranges need to be enough large to ensure the validity of description of
the quarkonium production mechanism in terms of single-parton VFNS collinear fragmentation.

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

(1) ; Let us consider J/w and Y at large p; — single-parton fragmentation from NRQCD !

2.1 High-energy resummed cross section

The process under investigation is

p(Pa) +p(Pb) — Q(anyQ) + X +jet(pJayJ) ) (1)

where p(P,;) stands for an initial proton with momentum P,;, Q(pg,yo) is a J/¢ or a T
emitted with momentum pg and rapidity yo, the light jet is tagged with momentum p; and
rapidity y;, and X denotes all the undetected products of the reaction. High observed trans-
verse momenta, |pg s|, together with a large rapidity separation, AY = yg — vy, are required
conditions to get a diffractive semi-hard configuration in the final state. Furthermore the
transverse-momentum ranges need to be enough large to ensure the validity of description of
the quarkonium production mechanism in terms of single-parton VFNS collinear fragmentation.

& [F.G.C.etal., Eur. Phys. J. C 82 (2022) 10, 929]

(LO) & [E. Braaten et al., Phys. Rev. D 48 (1993) 4230-4235]
(NLO) & [X. Zheng et al., Phys. Rev. D 100 (2019) 1, 014005}

c/b c/b
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Vector guarkonium + jet at the LHC

Y collinear FFs

J/y collinear FFs

J /W emission
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Vector guarkonium + jet at the LHC

104:
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p(Fo) + p(FPy) = J/W(pg,yo) + X + jet(ps, ys)
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& [F. G.C.etal, Eur. Phys. J. C 82 (2022) 10, 929]
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Vector quarkonium from single-parton fragmentation

(2) ; Let us consider J/w and Y at large p; — initial-scale heavy-quark + gluon from NRQCD !

o :
Dg(Z:/-LF — /’LO) — DC%),LO(Z) i ‘;f),/:‘:n) ‘RQ(O)PFQP\LO(‘Z) (Q —> @ Q) Ot //to — 3mQ
¢

c/b

(LO) & [E. Braaten et al., Phys. Rev. D 48 (1993) 4230-4235]
(NLO) & [X. Zheng et al., Phys. Rev. D 100 (2019) 1, 014005]
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& [F. G. C.etal., Eur. Phys. J. C 82 (2022) 10, 929]
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Vector quarkonium from single-parton fragmentation

(2) ; Let us consider J/w and Y at large p; — initial-scale heavy-quark + gluon from NRQCD !

o’ -
Dz, 1r = o) = D(2) + b8 R (0) P TN
Q

(LO) & [E. Braaten et al., Phys. Rev. D 48 (1993) 4230-4235]
(NLO) & [X. Zheng et al., Phys. Rev. D 100 (2019) 1, 014005]
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(LO) & [A. Braaten, T.C Yuan, Phys. Rev. Lett. 71 (1993), 1673]

& [F. G.C. etal, Eur. Phys. J. C 82 (2022) 10, 929]

(Q— QQ) At uy=3m,

_|_

(Q = @Qgg) At py=2my,
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Vector quarkonium from single-parton fragmentation

(2) ; Let us consider J/w and Y at large p; — initial-scale heavy-quark + gluon from NRQCD !

| o L
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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]
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Vector guarkonium + jet at the LHC

J /W emission

J/y collinear FFs
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Vector guarkonium + jet at the LHC

J/y collinear FFs

J /W emission

& [F. G.C.etal, Eur. Phys. J. C 82 (2022) 10, 929]
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Vector guarkonium + jet at the LHC

JIy+ jet

P,) + p(Py) = J/¥(pg,yo) + X + jet(ps,ys)
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p(P) + p(Py) — Y(po,yo) + X + jet(ps, ys)
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Heavy flavor at the LHC: BLM scales

Heavy-light hadrons

proton(py) + proton(ps) — H(pm,,ym,) + X + H(pw,, ym,)
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Vector qguarkonia

p(Pa) + p(Pb) — H(pH1ayH1) + X + H(pﬂzayﬂz)
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& [F. G. C. etal., Eur. Phys. J. C 82 (2022) 10, 929]
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Vector guarkonium + jet at the LHC

p(Pa) _I_ p(Pb) _> J/\I’(pg,yg) _l_ X"‘Jet(pJayJ)

p(FPa) + p(P) = T(pg,Yo) + X + jet(ps, ys)
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CHARMED B MESONS




Charmed B-mesons from single-parton fragmentation

(2) i Let us consider Bc(lSO) and Bc(gSl) at large p; — single-parton fragmentation from NRQCD'!

p(pa) + P(py) = B**(la1], v1) + X + jet(|qz|, y2)

7

6

5

60 < |q1|/GeV < 120: 50 < |qz|/GeV < 120

| < 24 |yo| < 4.7 MMHT14 + ZCFW22 ]

- /s =14 TeV 1/2 < Cp < 2+

[ JETHAD v0.4.9 NLL/NLO
1 AY =1 -
1 AY =

(NLO heavy quark) & [X. Zheng et al., Phys. Rev. D 100 (2019) 3, 034004]
[X.Zheng et al., JHEP 05 (2022) 034]

do /(o dy)

A

(NLO gluon) &

P(Pa) + P(Pp) — B:i(|Q1|a y1) + X + jet(|gz2|, y2)

7

6

o

—~

oo
— 1

60 < |q1]/GeV < 120: 50 < |ga|/GeV < 120
ly| < 2.4 |yo| < 4.7 MMHT14 + ZCFW22 |
-\/§:14TeV 1/2<CM<2_:
| JETHAD v0.4.9 HE-NLO
| A\ AY —

& TTAY =



https://arxiv.org/abs/1901.03477
https://arxiv.org/abs/2112.10520
https://arxiv.org/abs/1901.03477
https://arxiv.org/abs/2112.10520
https://arxiv.org/abs/2206.09413
https://arxiv.org/abs/2206.09413

Charmed B-mesons + jet at the HL-LHC

B*(1S,) collinear FFs B*(°S,) collinear FFs
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Charmed B-mesons + jet at the HL-LHC

Bci(lSO) + b-hadron BC__I_(gSl) + jet

P(Pa) + P(Pb) — BME(|qul, yl) + X+ ’Hb(\qzl,yz) p(pa) + p(pb) — B(*)i(\qll y1) + X + jet(|gz|, y2)
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Charmed B-mesons + jet at the HL-LHC

P(Pa) + P(pp) = B (|1],y1) + X + jet(|ga], y2) p(Pa) + (o) = BiF(laul, y1) + X + jet(|ga]s y2)

10° 10°
JETHAD v0.4.9 NLL/NLO JETHAD v0.4.9
| — C,=1 —— C, =10 | - -
1025‘ ZCFW22 — C, = C, = 20 7 1025‘ ZCFW22 3
| — Cu=4 — Cu=30 | |
2 10 e 2 10 -
>~ >~
-<o'] 10} %] 109
~— - MMHT14 + ZCFW22 ~ - MMHT14 + ZCFW22
'g N Vs =14 TeV % N Vs = 14 TeV
107 101}
0 - ya| < 2.4 |yo| < 4.7 ] <245 |ya| <47 NLL/NLO 5
60 < |qu|/GeV < 120 60 < |qu|/GeV < 120 g“f; g“f;g:
10 2¢ 50 < |g2|/GeV < 120 ; 1077 50 < |g2|/GeV < 120 S M—4 S— M—g()_E
X ] X ©ro IS ]
o 1.0 — e o 1.0
2 — z
~ 0.5 _ = 0.5 —
2 3 a4 5 6 2 3 4 5 6

— Y1 — Y2

BX('S) + it

& [F. G. C., Phys. Lett. B 835 (2022) 137554]

BC'_F(3S1) _I_ jet AY =y — Yo



https://arxiv.org/abs/2206.09413
https://arxiv.org/abs/2206.09413
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Heavy-light tetragquark from single-parton fragmentation
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Heavy-light tetragquark from single-parton fragmentation
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Heavy-light tetraquarks at the HL-LHC
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Heavy-light tetraguarks at the HL-LHC

Xcucu LL/LO szbs LL/LO
X eusa - NLL/NLO | X,.z5 - NLL/NLO
103 L ] |
.................. JETHAD v0.5.1 |
\g
=) \
H R
Vo N\
CQ \\\\\\\\\\\\\\\\
o MmN
‘<1 <<|102 <§§§§§§x
N—" 'U
L NNPDF4.0 -+ TQHL1.0 + HCFF1.0/KKSSO7
go N
Vs = 14 TeV
N
ly1,2] < 2.4 Ak
_
30 < |F{,1|/GeV < 120, 00 < |f<,2|/GeV < 120 \
101
] :
q 1.5
] :
—] 1.0f
1.5 2.0 2.5 3.0 35 1.0 45
AY =y — y2

p(pa) + p(pb) — XQqu(l"'Jllvyl) + X + ’HQ(IF»z\,yz)

10° -

103 ¢

p(pa) + p(pb) — XQqu(""fllayl) + X +Jet(|l~”»z|,yz)

LL /LO

______ Xcuéﬁ LL/LO X,, -
e e X cuza - NLL/NLO | X,.5s - NLL/NLO -
mg;.;.;.;.;.;.;.;.;{. ]
A\ S — -
nt JETHAD v0.5.1 1
m e
=
NNPDF4.0 4+ TQHL1.0 \@
Vs = 14 TeV \\\\\\
MMNRNNN
RN
30 < |k1|/GeV < 120; 50 < |ka|/GeV < 120 nims

NN

0000000000
ooooooooooooooooooooooooooooooo
ooooooooooooooooooooooooooooooooooooooooooooooooooooo
oooooooooooooooooooooooooooooooooooooooooooooooooooooooooo
ooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

AY spectrum

& [F. G.C., A. Papa, to appear in PLB]



https://arxiv.org/abs/2308.00809
https://arxiv.org/abs/2308.00809

5) 'pb/GeV]

(iCT(Fil,

Heavy-light tetraguarks at the HL-LHC
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BASICS OF BFIKIL




The high-energy resummation

@ BFKL resummation: [V.S. Fadin, E.A. Kuraev, L.N. Lipatov (1975, 1976, 1977); Y. Balitskii, L.N. Lipatov (1978)]

based on

> gluon Reggeization

leading logarithmic approximation (LL): «”(lns)™

~ S ~ 8 (as In s) ~ s (as In s)?

next-to-leading logarithmic approximation (NLL): "1 (lns)”

J ms{Aﬁg

Total cross sectionfor A+ B — X o45(8) = - < optical theorem

» Ims { A48} factorization:

convolution of the Green'’s function
of two interacting Reggeized gluons
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 NLL just for few processes

Francesco Giovanni Celiberto From Mueller-Navelet jets to | / W -plus-jet production January 14th, 2020




The high-energy resummation

d+i00

S dP—2q, S dP—2g, L dw (s \7 Lo
im, (A) = G5nms |t @aliso) [T 0p(s) | 55 (5) Gl
d—100

@ 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 (1975)]

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

—  known in the NLA just for few processes

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

(MN jets) [B. Ducloue, L. Szymanowski, S. Wallon (2014); F.G.C., D.Yu. lvanov, B. Murdaca, A. Papa (2015, 2016)

(di-hadron) [FG.C,, D.Yu. lvanov, B. Murdaca, A. Papa (2016, 2017)

(four-jet) [F. Caporale, FG.C., G. Chachamis, A. Sabio Vera (2016)

(multi-jet) F. Caporale, FG.C., G. Chachamis, D. Gordo Gomez, A. Sabio Vera (2016, 2017, 2017)

(heavy-quark pair) [FG.C., D.Yu. lvanov, B. Murdaca, A. Papa (2018); A.D. Bolognino, F.G.C,, D.Yu. Ivanov, M. Fucilla, A. Papa (2018)
)

|
|
]
|
|
(hadron-jet) IM.M.A. Mohammed, MD thesis (2018); A.D. Bolognino, F.G.C,, D.Yu. Ivanov, MM A. Mohammed, A. Papa (2018)]




The high-energy resummation

d+i00

S dP—2q, S dP—2g, L dw (s \7 Lo
im, (A) = G5nms |t @aliso) [T 0p(s) | 55 (5) Gl
d—100

@ 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 (1975)]

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

—  known in the NLA just for few processes

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

(MN jets) [B. Ducloue, L. Szymanowski, S. Wallon (2014); F.G.C., D.Yu. lvanov, B. Murdaca, A. Papa (2015, 2016)

(di-hadron) [FG.C,, D.Yu. lvanov, B. Murdaca, A. Papa (2016, 2017)

(four-jet) [F. Caporale, FG.C., G. Chachamis, A. Sabio Vera (2016)

(multi-jet) F. Caporale, FG.C., G. Chachamis, D. Gordo Gomez, A. Sabio Vera (2016, 2017, 2017)

(heavy-quark pair) [FG.C., D.Yu. lvanov, B. Murdaca, A. Papa (2018); A.D. Bolognino, F.G.C,, D.Yu. Ivanov, M. Fucilla, A. Papa (2018)
(hadron-jet) [M.M.A. Mohammed, MD thesis (2018); A.D. Bolognino, FG.C., DYu. Ivanov, MM.A. Mohammed, A. Papa (2018)
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(k, space) & [M. Hentschinski et al. (2021)]
(k; & Mellin) & [F.G.C. et al. (2022)]
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The high-energy resummation

Gluon Reggeization In perturbative QCD

¢ Gluon quantum numbers in the t-channel: 8~ representation

¢ Regge limit; s ~ —u — oo, t not growing with s

otg (9%)—1
— amplitudes governed by gluon Reggeization — D, = ig;ZV (sso) -

eare, all-order resummation:  LLA [ (Ins)"] + NLA [aT1(lns)"]

consequence

> factorization of elastic and real part of inelastic amplitudes

example

» Elastic scattering process: A +B — A’ + B’

A - - Al -

q i) =1+w(t), jO)=1
w(t) — Reggeized gluon trajectory

M4 = S(A'ITIA) 44 — PPRvertex

B - - B’ T¢ — fundamental (g) or adjoint (g)

@ QCD is the unique SM theory where all elementary particles reggeize
@ Possible extensions: N=4 SYM, AdS/CFT....

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020




The high-energy resummation

S S S dw [ s Lo
Ims {A} = (ZTt)D_ZJ El,lzq (DA(E]LSO)J 722@2@3(—q2,50) J 2—711(%) Gw (71.42)

d—i0c0

@ 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 (1975)]

W G (F1.52) = 8P 7% (1 — ») +JdD_2qK(71,7) Gw (4. q1) .

0 b g
ol o~

G :q1*§ éqquﬁ b —q

" e —

C]2+ +q2—q

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020




The high-energy resummation

@ Impact factors are process-dependent and A
depend on the hard scale, but not on the energy
—  known in the NLA just for few processes

¢ colliding partons

[V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa (2000)]
[M. Ciafaloni, G. Rodrigo (2000)]

o v — V,withV = pY w, ¢, forward case
[D.Yu. lvanov, M.I. Kotsky, A. Papa (2004)]

¢ forward jet production

[J. Bartels, D. Colferai, G.P. Vacca (2003
(exact IF) [F. Caporale, D.Yu. Ivanov, B. Murdaca, A. Papa, A. Perri (2012
(small-cone IF) [D.Yu. lvanov, A. Papa (2012

]
]
]
(several jet algorithms discussed) [D. Colferai, A. Niccoli (2015)]

S SN S SN

¢ forward identified hadron production

[DYu. Ivanov, A. Papa (2012)]

*

oY —Y
[J. Bartels et al. (2001), |. Balitsky, G.A. Chirilli (2011, 2013)]

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020




The high-energy resummation

BFKL in the LLA (I)

Inelastic scattering process A+B — A+ B+mn inthe LLA

A— — ]
' q1
g1
o >t 4
Veiciin (Qia C]i+1) — é‘é’@’m g; multi-Regge kinematics
9n
12 B
J " w (£;) W (t;41)
AB+n c P o S; 1 1 Sy41 e
ReAYp " =25 rAlA (H Yeici g (qi qiv1) (%) tz) . ( - ) FBB+
i=1

P.
Yooy (@i qic1) — RRG vertex

sg  — energy scale, irrelevant in the LLA

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020




The high-energy resummation

BFKL in the LLA (ll)

Elastic amplitude A+ B — A’ + B’ in the LLA via s-channel unitarity

x5 -1 g
2in q:l *§WW§+ q,

. qi+1

dn+1 é ; q;z—l—l

. T .
PB PB’

AP =3 (Ax)4s . R =1singlet) 8~ (octet), ..
R

The 8~ 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 17th, 2020




Hybrid factorization at work

Forward-jet impact factor

@ take the impact factors for colliding partons
[V.S. Fadin, R. Fiore, M.I. Kotsky, A. Papa (2000)]
M. Ciafaloni and G. Rodrigo (2000)]

Ip1 IpP1

>

qi 1q

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

(xJp1,%})
IpP1 ,Z : X\
74

quark jet vertex gluon jet vertex

@ use QCD collinear factoriz: » ,_ -fs ® lquark vertexl + f; ® Igluon vertexl

Francesco Giovanni Celiberto BFKL vs DGLAP in semi-hard processes June 17th, 2020




Forward-Higgs LO impact factor




Forward-Higgs NLO-RG impact factor




Forward-jet NLO-RG impact factor




Inclusive Higgs + jet: NLL/NLO* azimuthal coefficients
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