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Plan
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I will highlight here a few broad directions with substantial 
recent progress but still in need for improvements
(NB: this is a personal selection, not an exhaustive list) 

Why do we care about precise theoretical predictions? 

The keyword: precision
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Precision theory
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• LHC already collected around 150 fb-1 at 13 TeV. No major energy 
increase foreseen in the next 20 years 

• Up to now, collected only 5% of the full expected dataset (3 ab-1)

• The reach of many precision tests will increase considerably

• Processes with a tiny cross section will benefit incredibly from the 
increase in luminosity + expect improvements in search 
techniques that are background limited   

• Possible discoveries at the LHC might be indirect ones               
⇒ precision as tool for indirect discoveries 
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Given the detailed projections from the experiments substantial 
further progress will be needed from theory calculations if these 
are not to become a limiting factor in interpreting a wide range 
of High-Luminosity LHC (HL-LHC) data
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One example (out of many)
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⇒ see talk by H. Abramowicz
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Precision through perturbation 
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colliding protons

scattering between 
elementary partons

Perturbative cross section: 
Expansion in the coupling 

constant (LO, NLO, NNLO ... ) 

Parton distribution functions 
(PDFs): extracted from data at one 

scale, evolution is perturbative

d⇤pp�hadrons

dX
=

⇤

a,b

⌅
dx1dx2fa(x1, µF )fb(x2, µF )� d⇤̂ab�partons(�s(µR), µR, µF )

dX
+O

��n
QCD

Qn

⇥
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Perturbation in a nutshell
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Leading order (LO): 

adapted from M. Wiesemann 
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Perturbation in a nutshell
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Leading order (LO): Next-to-Leading order (NLO): 

adapted from M. Wiesemann 
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Perturbation in a nutshell
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Leading order (LO): Next-to-Leading order (NLO): 

NNLO: 

adapted from M. Wiesemann 



Giulia Zanderighi — EPS, July 2019

Perturbation in a nutshell

7

Leading order (LO): Next-to-Leading order (NLO): 

NNLO: All-orders?

…

adapted from M. Wiesemann 
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Experimental data:

Perturbation in a nutshell
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Leading order (LO): Next-to-Leading order (NLO): 

NNLO: 

adapted from M. Wiesemann 
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Perturbation in a nutshell
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Take-home messags: 

1.Assessing how reliable a perturbative approximation is a 
very hard task. The assignment of a robust theoretical 
uncertainty is crucial to claim deviations 
Conventionally: renormalization/factorization scale variation around the “physical scale”, 
look at convergence, see later 

2.While perturbation theory relies on theoretical ground, 
decades of experience in data/theory comparison is 
incredibly valuable   
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Known at N3LO
1. Inclusive Higgs production in the large-mt approximation 

Anastasiou et al. 1602.00695
Mistlberger 1802.00833 

2. Inclusive Vector Boson Fusion 
Higgs cross-section (DIS approx.)

Dreyer & Karlberg 1606.00840

� = 48.58pb+2.22pb(4.56%)
�3.27pb(�6.72%)theory ± 1.56pb(3.2%)(PDF + �s)

NB: NNLO non-factorizable 
effects sub-percent 

Liu et al. 1906.10899
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New at N3LO
New at N3LO:  
Higgs rapidity (using a 
threshold expansion) 

Dulat, Mistlberger, Pelloni 1810.09462 

⇒Remarkable stability of
   perturbative expansion 
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N3LO: future prospects?

In the two cases where N3LO results are known, the series 
shows a remarkable convergence and stability:

• it will be interesting to see whether the same pattern holds 
for Drell-Yan production and other processes

• it will be interesting to see how stable the picture is with 
realistic LHC fiducial cuts

⇒ see talk by C. Duhr
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Core processes at N3LO
Experimental precision of core 2→1 and 2 → 2 processes likely 
to approach 1% precision over a substantial range of phase-space 

NNLO predictions do not 
normally reach 1% precision            
⇒ strong case for seeking 

N3LO accuracy, also in the 
PDF extraction 

Example:
�Z/�ZZ = O(100) LHL/LRunI = O(100)

⇒ permille statistical error in ZZ at HL-LHC
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Status of NNLO 
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Talk given by G. Salam at LHCP2016

Things are developing rapidly, but a 
number of conceptual and technical 
challenges remain to be faced  ⇒ see talk by C. Duhr
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Status of NNLO 
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Talk given by G. Salam at LHCP2016

Things are developing rapidly, but a 
number of conceptual and technical 
challenges remain to be faced  

Every SM 2→2 process known at NNLO

No full 2→3 process known at NNLO   

⇒ see talk by C. Duhr
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NNLO for 2→3
A number of crucial processes involving a 2→3 structure 
beyond today’s state-of-the-art for NNLO calculations          
(e.g. 3-jet, ttH, ttV, H+2jets, …) 

Example: 
ttH expected to have 2% statistical precision at the 
end of the HL-LHC. Without NNLO QCD and 
NLO electroweak (EW) calculations such an  
experimental precision cannot be fully exploited 

ATLAS 1806.00425
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Five-particle 2-loop amplitudes

⇒ see talk by D. Chicherin
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Does NLO scale uncertainty 
account for the size of NNLO? 

Talk given by 
G. Salam at 
LHCP2016
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NNLO for diboson production
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Clear NLO not enough to describe current LHC data
Same conclusion in all measurements examined so far

NLO

NNLO
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Top@NNLO: spin correlation

NNLO calculation including spin 
correlation

Fiducial level: good agreement NNLO 
& data

Inclusive level: less good agreement, 
mostly likely due to generators used in 
extrapolation 
[EW effects tiny, see Frederix et al. 1804.10071]

Reminiscent of discrepancy in inclusive WW cross-section reported a few years ago 

ATLAS reported a 3.2σ deviation in the azimuthal angle between between 
leptons in fully leptonic top-decay mode

ATLAS-CONF-2018-027

Behring et al. 1901.05407

18



Giulia Zanderighi — EPS, July 2019

H+jet@NLO with top mass
Jones, Kerner, Luisoni 1803.00349

NLO loop-induced:  
different scaling  
behaviour at large pT 

HEFT: mt ! 1  limit 

• large pT sensitive to BSM
• settles a longstanding question 

about uncertainties due to 
unknown top-mass effects

19
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H(→4l)+jet @ NNLO 
Chen, Gehrmann, Glover, Huss 1905.13738

Good agreement with ATLAS and CMS data (within their larger errors) 

ATLAS lepton isolation:  removal of non-isolated jet 
CMS lepton isolation: removal of non-isolated lepton → worse convergence 
of acceptance at fixed-order  

20
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H(→4l)+jet @ NNLO 
Chen, Gehrmann, Glover, Huss 1905.13738

Good agreement with ATLAS and CMS data (within their larger errors) 

ATLAS lepton isolation:  removal of non-isolated jet 
CMS lepton isolation: removal of non-isolated lepton → worse convergence 
of acceptance at fixed-order  

Example illustrates that theoretical calculations are 
up to the task of providing useful input              

(e.g. choice of isolation requirements, cuts, etc.) 

20
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H(→4l)+jet @ NNLO 
Chen, Gehrmann, Glover, Huss 1905.13738

Good agreement with ATLAS and CMS data (within their larger errors) 

ATLAS lepton isolation:  removal of non-isolated jet 
CMS lepton isolation: removal of non-isolated lepton → worse convergence 
of acceptance at fixed-order  

Example illustrates that theoretical calculations are 
up to the task of providing useful input              

(e.g. choice of isolation requirements, cuts, etc.) 

But example also illustrates shortcomings of 
NNLO calculations, where only 4 leptons from 

the Higgs decay are present 

20
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NNLO or PS ? 

21

NNLO: 

good perturbative accuracy, accurate 
inclusive cross-sections, but limited to 
low multiplicity and parton level only

Parton shower (PS): 

less accurate, but realistic description, 
including multi-parton interactions, 
resummation, hadronization effects 

?
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NNLO or PS ? 

21

NNLO: 

good perturbative accuracy, accurate 
inclusive cross-sections, but limited to 
low multiplicity and parton level only

Parton shower (PS): 

less accurate, but realistic description, 
including multi-parton interactions, 
resummation, hadronization effects 

?Matching of NLO & PS achieved in seminal papers about 15 years ago

Today: NLOPS codes (MC@NLO, POWHEG, Sherpa) well-established and 
used in all advanced LHC analyses 

Nason hep-ph/0409146; Frixione & Webber hep-ph/0204244
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NNLOPS
Matching of NNLO and PS (NNLOPS) is a must to have the best perturbative 
accuracy with a realistic description of final state

Hoeche, Li,Prestel [UNNLOPS] 
Astill, Bizon, Hamilton, Karlberg, Nason, Re, GZ  [MiNLO]

Alioli, Bauer, Berggren, Guns, Tackmann, Walsh [Geneva]  

NNLOPS: currently three 
methods exist (UNNLOPS, 
Geneva, MiNLO) but very hard 
to extend to generic 2 → 2 
processes. New approaches/ideas 
required?  

22
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NNLOPS
Example: associated HW production with cuts used by HXSWG 

23

Bizon et al. 1603.01620 

• PS and hadronization 
cause migration 
between jet-bins 

• Difficult to reach high 
accuracy in jet-
binned observables 

BoostedLow pT
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NNLOPS for WW
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(a) (b) (c)

(d) (e) (f)

Figure 10. Same as Fig. 7, but for various distributions in the fiducial phase space measured in the
8 TeV analysis by ATLAS [6]: (a) transverse momentum of the leading lepton pT,`1 (b) transverse
momentum pT,``, (c) invariant mass m`�`+ and (d) rapidity of the dilepton pair, (d) azimuthal
lepton separation ��``, and (e) |cos(✓?)| defined in Eq. (3.5).

The two distribution which require some additional discussion in Fig. 10 are pT,`` and

��``. We note at this point that in the fiducial phase space the LHE-level NNLOPS result

before shower, which is shown only in the ratio frame, has a di↵erent normalization (by

about�5%) than after shower. This is due to the jet-veto requirements and does not appear

in the inclusive nor the fiducial-noJV phase space. It can be understood by realizing that

the LHE-level results are unphysical in regions sensitive to soft-gluon radiation where large

logarithmic contributions are resummed by the shower. In other phase-space regions LHE-

level results coincide with the respective fixed-order result. Since among the fiducial cuts

only the jet-veto requirements are subject to e↵ects from soft gluons, large di↵erences

between LHE-level and showered results appear in the fiducial-JV setup primarily.

The pT,`` distribution in Fig. 10 (b) shows some interesting features: at 20GeV the

NNLO curve develops some perturbative instability. The integrable logarithmic singularity

[153] is caused by the fiducial pmiss
T > 20 GeV cut, which at LO implies that the cross section

– 27 –

pT of dileptons

→ NNLOPS cures perturbative instabilities (pT    cut)
→ NNLOPS induces additional shape effects
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Figure 6. Comparison of MiNLO (black, dotted), NNLO (red, dashed) and NNLOPS (blue, solid)
predictions in the fiducial phase space as a function of pvetoT,j1

for (a) the cross section and (b) the
jet-veto e�ciency.

the jet-veto e�ciency predicted by MiNLO is about 4% below the NNLOPS one for typical

jet-veto cuts applied by the experiments (20GeV. pvetoT,j
1

. 30GeV).

The agreement between NNLO and NNLOPS results is remarkable. Even down to

pvetoT,j
1

= 15GeV their di↵erence is within ⇠ 2%. Similar results were found in Ref. [83]

with resummation e↵ects at high logarithmic accuracy of about ⇠ 2–3% beyond NNLO for

pvetoT,j
1

= 30GeV. This shows that jet-veto logarithms at typical jet-veto cuts applied by the

experiments are not particularly large and still well described by a NNLO computation.

Clearly, below pvetoT,j
1

= 15GeV NNLO loses all predictive power and even turns negative at

some point. The scale-uncertainty band completely underestimates the true uncertainty

of the NNLO prediction due to missing higher-order corrections in this region. It is nice

to see how matching to the parton shower cures the unphysical behaviour of the NNLO

result, so that NNLOPS yields accurate predictions in the entire range of jet-veto cuts.

Furthermore, the scale uncertainty band of the NNLOPS curve widens at small pvetoT,j
1

,

reflecting the fact that higher-order logarithmic terms become important in this region

and degrade the accuracy of the perturbative prediction.

3.4 Di↵erential distributions in the fiducial phase space

We now turn to discussing di↵erential cross sections. The figures in this section have the

same layout as before. Additionally, we show the central NNLOPS result at LHE level,

i.e. before the shower is applied, in the ratio frame. We start by considering observables

which are sensitive to soft-gluon emissions. In phase-space regions where the cross section

– 22 –

Jet veto

miss→ NNLOPS physical down to pT = 0

Re, Wiesemann, GZ 1805.09857 

24
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EW effects & accuracy at high pT
Understanding logarithmically enhanced EW effects at high pT, also in 
relevant background processes, will be crucial to fully exploit future data

Examples: 
Two most important examples are high-pT Higgs 
production and dark matter searches

Plot also highlights importance of genuine 
mixed QCD+EW effects — combining 
corrections multiplicatively or additively    
leads to large ambiguities 

Biedermann et al. 1611.05338

25
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Public codes 

26



Giulia Zanderighi — EPS, July 2019

Public codes 

26



Giulia Zanderighi — EPS, July 2019

Public codes 

26



Giulia Zanderighi — EPS, July 2019

Public codes 

26



Giulia Zanderighi — EPS, July 2019

Public codes 
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14/07/2019, 10*12Homepage of the POWHEG BOX

Page 1 of 11http://powhegbox.mib.infn.it/

The POWHEG BOX   
          
              

Project 

The POWHEG BOX is a general computer
framework for implementing NLO calculations in
shower Monte Carlo programs according to the
POWHEG method. It is also a library, where
previously included processes are made available
to the users. It can be interfaced with all modern
shower Monte Carlo programs that support the Les
Houches Interface for User Generated Processes.

Available Processes

Single vector-boson production with decay, S. Alioli, P. Nason, C. Oleari and E. Re, JHEP 0807
(2008) 060, arXiv:0805.4802 [paper]

       POWHEG-BOX/W
       POWHEG-BOX/Z

Vector boson plus one jet production with decay, S. Alioli, P. Nason, C. Oleari and E. Re, JHEP
1101 (2011) 095, arXiv:1009.5594 [paper]

        POWHEG-BOX/Zj
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Public codes 
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The POWHEG BOX   
          
              

Project 

The POWHEG BOX is a general computer
framework for implementing NLO calculations in
shower Monte Carlo programs according to the
POWHEG method. It is also a library, where
previously included processes are made available
to the users. It can be interfaced with all modern
shower Monte Carlo programs that support the Les
Houches Interface for User Generated Processes.

Available Processes

Single vector-boson production with decay, S. Alioli, P. Nason, C. Oleari and E. Re, JHEP 0807
(2008) 060, arXiv:0805.4802 [paper]

       POWHEG-BOX/W
       POWHEG-BOX/Z

Vector boson plus one jet production with decay, S. Alioli, P. Nason, C. Oleari and E. Re, JHEP
1101 (2011) 095, arXiv:1009.5594 [paper]

        POWHEG-BOX/Zj

+ many more codes with (semi) automated 
implementation of NLO, NNLO, NLO-EW, NLO-BSM  
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Top mass
Top-mass determination is a very challenging theoretical problem

No consensus in the theory community on a number of points 

Progress in understanding differences and reaching consensus
HE-LHC Working Group report 1902.04070

Optimal 
observables?

Linear power 
corrections? 

Which mass is 
better when? 

Effect of cutoff in 
Monte Carlo? 

What type of 
infrared sensitivity? Impact of width?

Analytic progress in understanding power corrections: Ravasio, Nason, Oleari 1810.10931
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Top mass
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Progress in understanding differences and reaching consensus
HE-LHC Working Group report 1902.04070
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Top mass
Realistic top-quark simulation: considerable theoretical progress in 
matching NLO & PS in a “resonance-aware” way

• Residual theoretical uncertainty 
of O(200 MeV) if no smearing to 
account for experimental 
uncertainties is performed and 
small R is used (R=0.4-0.5) 

• Best observable remains the 
reconstructed top invariant mass 
(not lepton observables or Eb,max)

Ravasio et al. 1906.09166

Jezo, Nason 1509.09071
Two main conclusions: 

Eb,max → Agashe et al. 1903.03445
Leptonic obs. → Frixione, Mitov 1407.2763
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Resummations
Current status: in several cases, the accuracy of all-order resummed 
predictions pushed to NNLL or even N3LL, properly matched to fixed order
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Resummations
Current status: in several cases, the accuracy of all-order resummed 
predictions pushed to NNLL or even N3LL, properly matched to fixed order

• On one side, once an accurate fixed order result is available, the impact of 
the resummation is limited to regions of low transverse momenta, see e.g. 

Melnikov LHCP 2019 
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Both points seem to imply that resummations are not quite that useful. 
I want to argue that this is not true. 

Resummations
Current status: in several cases, the accuracy of all-order resummed 
predictions pushed to NNLL or even N3LL, properly matched to fixed order

• On the other side, resummed predictions are often inclusive and do not 
allow for fiducial cuts. This limits the applicability of resummed calculations

• On one side, once an accurate fixed order result is available, the impact of 
the resummation is limited to regions of low transverse momenta, see e.g. 

Melnikov LHCP 2019 
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Resummations

Bizon et al. 1905.05171
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Selected example: transverse momentum spectrum of weak bosons at 
N3LL+NNLO with fiducial cuts 
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Joint resummations
Even if the hard scale is of O(100 GeV), fiducial cuts can push all the 
kinematics at low transverse momentum values, e.g. for Higgs production 
the bulk of the cross section lies well below 30 GeV 

Double differential resummed 
predictions, e.g. NNLL resummed 
predictions for the Higgs transverse 
momentum with a veto on jets

Reminder: jet-veto is required in the WW 
decay channel to suppress top background

Monni et al. ’19 

Preliminary!
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Other joint resummmations

• pT,H and small-x 

• pT,H and large-x 

• small-x and large-x 

• pT,H and jet-radius

• pT,V and 0-jettiness

• 2 angularities  

Banfi et al. 1511.02886

Bonvini and Marzani 1802.07758

Marzani 1511.06039; Forte and Muselli 1511.05561

Laenen et al. hep-ph/0010080; Kulesza et al. hep-ph/0309264 
Lustermans et 1605.027400; Muselli et al. 1701.01464

Lustermans et al. 1901.03331

Larkoski et al. 1501.4458; Procura et al. 1806.10622

Increasing interest in resummations in more exclusive regions 

Resummations no longer limited to inclusive observables

⇒ closer connection between resummed predictions and measurements 
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Conclusions
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• Precision QCD crucial to enhance sensitivity in the search 
for physics beyond the SM

• Theoretical calculations are reaching an impressive level of 
sophistication

• I presented a selection of recent new theoretical results
➡ N3LO, NNLO, automated EW, NLO+EW, loop-induded, NNLOPS, (joint) 

resummations, heavy-flavour effects, …  

• Lots of room and need for improvements in various areas

• Precision is not just about computing one more order in 
perturbation theory, it is really a multilateral challenge  


