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OUTLINE 

 Introduction

 Motivation

 Brief description (state of the art (QCD) computations for the LHC)


 Fellini Project - N3LO as the New Standard for Precision Physics at the LHC 

 The qT-subtraction/resummation formalism

 The third order (N3LO)


 Outlook
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MOTIVATION 
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Why precision physics is important at the LHC? 

 Photon PDFs

 Vector boson measurements

 Diphoton production

 Triphoton production

 etc, …

LUX qed PDFs

Data already at O(1%)

Very large NNLO corrections

Very large NNLO corrections

 Higgs Physics

The success in comparisons TH/Data wouldn’t be possible with NLO precision


 The 750 GeV excess

Precision Modeling and Model Building working together


 Bottom Hadroproduction at the Tevatron

a 10 yrs discrepancy between theory (NLO QCD) and data (CDF and D0)

S. Catani, L. C, D. de 
Florian, G. Ferrera and M. 
Grazzini (2011)

DYTurbo

Camarda, Bozzi, Catani, L. 
C, Ferrera, et. al (2019)

S. Catani, L. C, D. de Florian, 

G. Ferrera and M. Grazzini (2011)

S. Catani, L. C, D. de Florian, 

G. Ferrera and M. Grazzini (2018)

 New interesting tasks are just recently initiated: Yukawas 

Nello Bruscino’s Talk



MOTIVATION 
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Why precision physics is important at the LHC? 

• all options aimed at attobarn-1 physics 
• requires to go far beyond NNLO for theory 
• Even conservative estimates not reachable with current techniques 



“The NNLO revolution”

5

 QCD perturbative corrections play a crucial role at modern 
colliders (LHC, Tevatron)

 Until a few years ago, the standard for such calculations was 
next-to-leading order (NLO) accuracy

 In the past recent years a number of growing next-to-next-to-
leading order (NNLO) results were computed

STATE OF THE ART OF PRECISION PHYSICS AT THE LHC  



THE NNLO STANDARD
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NNLO hadron-collider calculations v. time
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explosion of calculations  
in past 24 months

as of April 2017, let me know of omissions

NNLO HADRON-COLLIDER CALCULATIONS VS. TIME 

DY, van Neerven et al.

NNLO hadron-collider calculations v. time
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ptw, Gehrmann et al. 
MATRIX at NNLO, Grazzini et al 

Explosion of calculations 
starting in 2014

2010

2012

2014

2016

2018

2008
20062004

2002

1990

ZZ, G. Heinrich, et al.

VBF diif. J. Cruz-Martinez, et al.

HH (VBF-diff) F. A. Dreyer et. al

𝛾j-𝛾 Gehrmann et. al

2019

Nested SC Melnikov et. al

tt Catani  et. al

𝛾𝛾𝛾, M. Czakon et. al

20202021

ttH Catani  et. al

bb Catani  et. al
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2014 2015 2016 2017 2018

First calculations

Higgs (TH, app.) C. Anastasiou, C. Duhr, F. Dulat, F. Herzog and B. Mistlberger

Higgs (VBF) F. A. Dreyer and A. Karlberg

Higgs (Diff  in TH app.) F. Dulat, B. Mistlberger and A. Pelloni

Higgs, B. Mistlberger

Higgs (Diff. qT-subt) 

L. C, X. Chen, T. Gehrmann, E. W. N. Glover and A. Huss
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N3LO HADRON-COLLIDER CALCULATIONS VS. TIME 

2019

HH (VBF) F. A. Dreyer and A. Karlberg

Higgs (Diff  in TH app.) F. Dulat, B. Mistlberger and A. Pelloni

bb->H, Duhr, Dulat, Mistlberger

N3LOPHYSICS

2020

DY(off-shell photon)

Duhr, Dulat, Mistlberger

HH (Diff. qT-subt)

Chen,Tao Li,Shao, Wangd

DY(W)

Duhr, Dulat, Mistlberger2021
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THE QT-SUBTRACTION/RESUMMATION FORMALISM
 NNLO+NNLL QCD

S. Catani and M. Grazzini (2007)

G. Bozzi, S. Catani, D. de Florian and M. Grazzini (2005)

S. Catani, S. Devoto, M. Grazzini, S. Kallweit and J. Mazzitelli and H. Sargsyan  (2019)


S. Catani, L. C, D. de Florian, G. Ferrera and M. Grazzini (2013)

Colourless final states

Heavy quark production

 Extension at NLO+NLL QED+QCD L. C, G. Ferrera and G. F. R. Sborlini (2018)

The method

Explicit form 


qT-subt. Ingredients

Universal relation between


 hard-virtual factors and 


two-loop scattering amplitudesS. Catani and M. Grazzini (2011)

Helicity-Flip


Contributions

Buonocore, Grazzini, Kallweit, Savoini, Tramontano (2021)

 Extension at NLO QED FSR

Bonciani, Catani, Grazzini, Sargsyan, Torre (2015)

 N3LO+N3LL QCD
 Soft virtual cross sections and threshold resummation S. Catani, L. C, D. de Florian, G. Ferrera and M. Grazzini (2014)

 N3LO QCD L. C, X. Chen, T. Gehrmann, E. W. N. Glover, and A. Huss (2018)

 Sub leading power corrections NLO L. C, Oleari, Rocco (2019) Leonardo Vernazza’s Talk

 Extension at NNLO QED+QCD L. C, M. Der, de Florian and J. Mazzitelli  (2020)

 Extension at NNLO QED FSR

Buonocore, Grazzini, Tramontano (2019)

New

8
Manoj Kumar Mandal  Talk



• Goals


• qT-subtraction formalism at N3LO in QCD (in a closed form)


• qT-resummation formalism at N3LO+N3LL in QCD (in a closed form)


• qT-subtraction formalism for mixed NNLO (QCD+QED)


• Drell-Yan phenomenology at NNLO (QCD+QED)


• Application of precedent formalisms to 


• Higgs boson phenomenology at N3LO+N3LL


• Drell-Yan phenomenology at N3LO+N3LL


• Research development 


• qT-subtraction formalism for mixed NNLO (QCD+QED)


• Drell-Yan phenomenology at NNLO (QCD+QED)


• qT-subtraction formalism at N3LO in QCD (in a closed form)


• qT-resummation formalism at N3LO+N3LL in QCD


• Drell-Yan phenomenology at N3LO+N3LL 


• Higgs boson phenomenology at N3LO+N3LL

Published 

Unpublished

RESEARCH PROJECT
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NEW RESULTS DRELL-YAN NNLO [QCD+QED]
L. C, D. De Florian, M. Der and J. Mazzitelli (2020)

The new version of DYTurbo, will be published  
and it will be publicly available also for QED+QCD. 

The first version of  DYTurbo [Eur. Phys. J.C 80 (2020)]  
can be found in  

https://dyturbo.hepforge.org

Channel qq0 qg q� g�

qT -subtraction [pb] 52.6(4) �34.8(3) �1.41(1) 0.569(2)

Analytic (ref. [31]) [pb] 52.3 �35.0 �1.41 0.571

Table 1: The O(↵s↵) contribution to the inclusive on-shell Z production cross section for the
di↵erent partonic channels. The results obtained using qT -subtraction are compared to the in-
clusive predictions obtained in ref. [31]. Numerical uncertainties on the last digit are indicated
in parenthesis for our predictions, while the uncertainties of the inclusive implementation are be-
low the last digits shown. The category denoted by qq0 includes all combinations of quarks and
anti-quarks.

value µR = µF = m`1`2 . For the cuto↵ parameter of the subtraction method, qT,cut, we choose the

central value qT,cut = 0.2 GeV. We checked that our results are compatible within uncertainties

when varying this parameter around its central value by a factor of 2.

As a first check of our implementation, we computed the inclusive cross section for the pro-

duction of an on-shell Z boson, and compared to the predictions obtained from the analytic

results presented in ref. [31]. The corresponding O(↵s↵) contributions to the cross section, split

into quark-quark, quark-gluon, quark-photon and gluon-photon initiated channels, are shown in

table 1. As can be seen from the table, we can reach sub-percent precision for these inclusive

predictions, and we find full agreement with the analytic results from ref. [31]. As an additional

validation, we have computed the NNLO QCD di↵erential distributions using the public code

Matrix [45], finding full agreement with our results.

For all of the di↵erential distributions presented here, we consider the following set of cuts,

pT,`1 > 25 GeV , pT,`2 > 20 GeV , |y|`1,2 < 2.5 , m`1`2 > 50 GeV, (31)

where `1 and `2 represent the final-state leptons, ordered according to their transverse momentum.

Since we consider only neutrinos in the final state, there is no need to recombine collinear leptons

and photons.

We start by presenting the transverse momentum distribution of the leptons in figure 1. The

kinematical dependence of the mixed corrections is highly non trivial. This feature is also shared

by the pure QCD and QED corrections, and it is expected due to the particular features that

these two distributions present at fixed order in perturbation theory. At LO both leptons are

back-to-back, and therefore the distributions are identical. The radiative corrections produce the

change of shape that render the pT,`1 spectrum harder than the pT,`2 one, producing therefore

sizeable distortions in the distribution. Furthermore, some regions of the phase space are almost

not populated at LO, and therefore radiative corrections become more relevant. This is the case for

the region of pT,`2 below the lower cut on pT,`1 , which is directly not allowed for Born kinematics,
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Figure 1: Transverse momentum distributions for the hardest (left) and softer (right) lepton. The
upper panel shows the NLO QCD prediction, while the lower panel shows the NNLO QCD (blue),
NLO QED (green) and mixed (red) corrections, normalized to the NLO result.

or the region above pT,`1,2 ' MZ/2, which does not receive contributions from the Z peak at LO.

From figure 1 we can observe that for pT,`1 < MZ/2 the mixed corrections are positive, rep-

resenting an increase of about 0.5% with respect to the NLO prediction. The corrections then

change sign, being of the order of �0.5% in the first bins after pT,`1 = MZ/2, which corresponds

to the expected Sudakov shoulder near the kinematic boundaries mentioned in the previous para-

graph [46]. The mixed corrections then result smaller at the tail of the distribution. With respect

to the softer lepton, we can observe that the corrections become very large around and slightly

above pT,`2 = MZ/2, a pattern shared by the NNLO QCD corrections. In this region, the e↵ect of

the mixed QCD⌦QED contribution can reach the O(5%) with respect to the NLO QCD result.

In addition, we can also observe a small (negative) peak in the corrections around pT,`2 = 25 GeV,

which is related to the presence of a cut in pT,`1 , as mentioned before.

We continue by presenting the rapidity distributions of the leptons, again ordered according to

their transverse momentum, in figure 2. In both cases, we can observe that the mixed corrections

are extremely small, and show a very mild dependence on the corresponding kinematical variable.

The reason for this particularly small value of the corrections is a very strong cancellation between

the main partonic channels, that is the qq̄ and qg initiated processes, over the whole rapidity range

under consideration, a pattern that can also be observed for instance at the level of the total cross
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Figure 3: Lepton-pair transverse momentum (left) and rapidity (right) distributions. The upper
panel shows the NLO QCD prediction, while the lower panel shows the NNLO QCD (blue), NLO
QED (green) and mixed (red) corrections, normalized to the NLO result.

Finally, we present in figure 4 the �⇤ and cos ✓⇤ distributions, defined as [47]

�⇤ = tan

✓
⇡ � ��

2

◆
sin ✓⇤

�� = � `1 � � `2 (32)

cos ✓⇤ = tanh

✓
y `1 � y `2

2

◆
.

Since at LO the two leptons are back-to-back, the �⇤ distribution is trivial at that order,

and contributions with �⇤ 6= 0 only start at NLO. As in the case of the transverse momentum,

the small-�⇤ region is not well behaved at fixed order and it is necessary the use of transverse

resummation in order to recover the reliability of the prediction in those kinematical regions.

The pattern of corrections, not only for the mixed but also for the NNLO QCD and NLO QED

contributions, is very similar to the one observed in the pT,`1`2 distribution, in particular with the

mixed corrections being negative at small �⇤ and becoming positive for larger values, and about

a factor of 2 smaller than the NLO QED corrections in the tail of the distribution.

In the case of cos ✓⇤, the distribution is rather flat in the central region, and presents a strong

suppression for cos ✓⇤ = ±1, which is only populated by events with very large and opposite
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OUTLOOK
• Fellini Program First Year


• 1 published paper [JHEP 09 (2020)]

• 1 published Les Houches proceeding  [2003.01700]  


• 1 published review [EPJC-20-12-127] 


• 1 co-supervised PhD Thesis [Marco Rocco — Milano Bicocca] 


• 1 workshop organized [GGI]

• 5 invited talks [CERN, Workshop ThinkStart — GGI, ICAS, Florence University, REF Workshop]


• 2 publicly available numerical tools (summer 2021) [DYTurbo]

• Scientific equipment  [1. Desktop 20 threads computer. 1. Notebook 16 threads computer]

• Course work [several courses followed]

• Scientific collaborations 


• It is still uncertain the situation (COVID-19)

• New sources of interaction and collaborations 


• Factorization

• Sub-leading power corrections

• Multi-loop scattering amplitudes


• Secondment [IFIC 2021 ?] 
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Leonardo Vernazza’s Talk
Yiannis Makris Talk

Manoj Kumar Mandal  Talk



THANK YOU!


