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Where we are at a glance

V’

1 TeV

10 TeV

1 TeV

“Vanilla” NP must be heavy 

→ δSM~Q2/Λ2 ~ percent 
or better

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-005/
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Higgs physics

arXiv:2402.05742 

The  couplings of the Higgs are investigated with great precision, we have 20 times more statistics than at the time of 

discovery:  

comprehensive SMEFT interpretation, including STXT & differential measurements

Established couplings to third generation fermions, but second generation fermions 

are behind the corner!

couplings
Production

Mondal, Lange

Charting the Higgs sector 
•~5-10% accuracy in 

many channels/
observables 

•Exploring Yukawa sector 
•First steps towards Higgs 

potential 
•…

https://twiki.cern.ch/twiki/bin/view/CMSPublic/SummaryPlotsEXO13TeV
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-005/
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Summary and conclusion

Andris Potrebko (RTU, LV)                                                           Measurements of the strong coupling constant in CMS at 13 TeV         Moriond QCD ‘24

• CMS has 7 measurements of 𝛼𝑠 at𝑠 = 13 TeV: a broad spectrum of analyses
• (N)NLL or NNLO predictions missing for some measurements (e.g., jet substructure, 𝑅Δ𝜙)

• For the measurements using NNLO prediction, fit uncertainty has become dominant (often jet energy → dominant uncertainty)• Ratios of cross sections like 𝑅Δ𝜙 , 𝑅32are beneficial for cancelling uncertainties
• Simultaneous measurements (dijet+𝑡𝑡) are one of the options for further improvements
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Figure 10: (a) Presen
t measured value of <,

, compared to SM prediction from the global electr
oweak fit [6], and to

the measurements of LEP [10], Tevatron [18, 19] and the LHC [12, 13]. (b) The 68% and 95% confidence level

contours of the <,

and < C
indirect

determ
inations from the global electr

oweak fit [7], compared
to the 68% and

95% confidence-lev
el contours of the presen

t ATLAS measurement of <,

, the ATLAS measurement of <�

[61]

and the LHC measurement of < C
[60].

Standard Model electr
oweak fit are shown in Figure 10(b), and are compared to the presen

t measurement

of <,

and to the combined value of the LHC top-quark mass determ
inations at 7 and 8 TeV [60].

7 Measurement of the ]-boson width
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Extracting fundamental parameters 
•W-mass, αs… 
•Often competitive with world average
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𝛼𝑠 ata broad spectrum of 
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jet 
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𝑅32
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•W-mass, αs… 
•Often competitive with world average

Is theory coping?
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The usual picture
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Power corrections
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In principle, easy to imagine mechanisms for linear power corrections. 
Disastrous for precision programme (1 GeV/30 GeV ~ 3%)

Non-perturbative effects in Z pT
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Determination of as(mZ) from pT Z at 8 TeV

● as(mZ) from a fit to the double-
differential pT-y Z cross section 
measured in full-lepton phase space

● Experimental sensitivity evaluated 
with pseudodata: Das/as = 0.05%

● Postfit c2/dof = 82/72

● Determination performed at lower 
orders demonstrating convergence 
of the perturbative series

as = 0.11828 ± 0.00067(fit) ± 0.00042 (scales)
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What about  ~% at 30 GeV…Λ2 ln2 Λ

Do we understand 
these effects well 

enough?

Impact on ultra-precise 
measurements?



PDFs and evolution: the rise of N3LO (+th. unc.)
<latexit sha1_base64="/jHoApBC76dr5zSqWVIv/A7TjkI=">AAACfXicdVFdb9MwFHXCgFG+CjzyYq2a1MAUkkI3XpAmhtCEkFgluk1quujGcTprthPZDqKK8i/4Zbztr+xlc9JMbAiuZPn4nHt9v5KCM22C4Nxx76zdvXd//UHv4aPHT572nz0/1HmpCJ2SnOfqOAFNOZN0apjh9LhQFETC6VFyttfoRz+o0iyX382yoHMBC8kyRsBYKu7/qiIlcFpHmi0E4A84YtLgjsQ/4/AGHuFsaBmvvU aeVdr8laJWvvVP3L4KUKZuIrYa98/xl3oYvo4EmFMCHH8bRl9tnSmcyJX7ZO9T/WZyIj0v7g8CPxwH4+0R7sDbPyD0g9YGqLODuP87SnNSCioN4aD1LAwKM69sfkY4rXtRqWkB5AwWdGahBEH1vGqrr/GmZVKc5coe23vL3oyoQGi9FIn1bGrXf2sN+S9tVprs/bxisigNlWSVKCs5NjluVoFTpigxfGkBEMVsrZicggJi7MJ6dgjXneL/g8ORH27748m7we7Hbhzr6CXaQEMUoh20i/bRAZoigi4c7HjOK+fS3XS3XH/l6jpdzAt0y9ydK3Navpc=</latexit>

d� =

Z
dx1dx2f(x1)f(x2)d�part(x1, x2)FJ(1 +O(⇤n

QCD/Q
n))

→ see Tommaso’s talk

• A lot of effort in computing N3LO evolution [Davies, Falcioni, Gehrmann, 
Herzog, von Manteuffel, Moch, Pelloni, Ruijl, Sotnikov, Ueda, Vermaseren, Vogt, Yang…] 

• In many cases, enough moments + asymptotic for collider pheno
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• Still to improve: small-x 

• Issue: DGLAP/BFKL duality problematic, 
because the latter ill-defined beyond 
(LC) NLL 

• Thanks to amplitudes development, 
better control on BFKL → interesting 
investigations ahead[F
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PDFs and evolution: the rise of N3LO (+th. unc.)



N3LO: evolution and the problems of small-x

•N3LO: rapid small-x growth → perturbative instabilities@N3LO 

•NLL resummation known, but large subleading effects [Bonvini, Marzani (2018)]
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Figure 6.3. The double di↵erential PDF luminosities as a function of µ = MX and y, Eq. (6.1),
comparing the gluon-gluon (left plots) and quark-antiquark (right plots) luminosities between the NNLO
and NNLO+NLLx fits normalized to the central value of the former. We show the results as a function
of y for MX = 10, 30, 100 GeV (top to bottom).
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Lgg

NNLO: an issue at low-mass, not quite so at the EW scale

γpert = − 2ᾱs+0 ᾱ2
s+0 ᾱ3

s−4ζ3 ᾱ4
s + . . . , ᾱs = αs/(πN)

γres ∼ N−0.3

[Altarelli, Ball, Forte, 
Ciafaloni, Colferai, Salam, 

Stasto]
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Lgg

NNLO: an issue at low-mass, not quite so at the EW scale

γpert = − 2ᾱs+0 ᾱ2
s+0 ᾱ3

s−4ζ3 ᾱ4
s + . . . , ᾱs = αs/(πN)

γexact ∼ N−0.3

[Altarelli, Ball, Forte, 
Ciafaloni, Colferai, Salam, 

Stasto]

High-scale-only PDFs, to be compared 

with inclusive fits?



Hard scattering: Higgs, ggF
•ggF: N3LO is not enough 

•a lot of recent work (from many people in the audience!) to improve on it

2.2.1.1 Gluon fusion

In this section we document cross section predictions for a standard model Higgs boson produced through
gluon fusion in 27 TeV pp collisions. To derive predictions we include contributions based on pertur-
bative computations of scattering cross sections as studied in Ref. [47]. We include perturbative QCD
corrections through next-to-next-to-next-to-leading order (N3LO), electroweak (EW) and approximated
mixed QCD-electroweak corrections as well as effects of finite quark masses. The only modification
with respect to YR4 [45] is that we now include the exact N3LO heavy top effective theory cross section
of Ref. [48] instead of its previous approximation. The result of this modification is only a small change
in the central values and uncertainties. To derive theoretical uncertainties we follow the prescriptions
outlined in Ref. [47]. We use the following inputs:

ECM 27 TeV
mt(mt) 162.7 GeV
mb(mb) 4.18 GeV

mc(3 GeV) 0.986 GeV
↵S(mZ) 0.118

PDF PDF4LHC15_nnlo_100 [49]

(5)

All quark masses are treated in the MS scheme. To derive numerical predictions we use the program
iHixs [50].

Sources of uncertainty for the inclusive Higgs boson production cross section have been assessed
recently in refs. [47, 51, 52, 45]. Several sources of theoretical uncertainties were identified.
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Fig. 1: The figure shows the linear sum of the different sources of relative uncertainties as a function
of the collider energy. Each coloured band represents the size of one particular source of uncertainty as
described in the text. The component �(PDF+↵S) corresponds to the uncertainties due to our imprecise
knowledge of the strong coupling constant and of parton distribution functions combined in quadrature.

– Missing higher-order effects of QCD corrections beyond N3LO (�(scale)).
– Missing higher-order effects of electroweak and mixed QCD-electroweak corrections at and be-

yond O(↵S↵) (�(EW)).
– Effects due to finite quark masses neglected in QCD corrections beyond NLO (�(t,b,c) and �(1/mt)).
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with respect to YR4 [45] is that we now include the exact N3LO heavy top effective theory cross section
of Ref. [48] instead of its previous approximation. The result of this modification is only a small change
in the central values and uncertainties. To derive theoretical uncertainties we follow the prescriptions
outlined in Ref. [47]. We use the following inputs:

ECM 27 TeV
mt(mt) 162.7 GeV
mb(mb) 4.18 GeV

mc(3 GeV) 0.986 GeV
↵S(mZ) 0.118

PDF PDF4LHC15_nnlo_100 [49]

(5)

All quark masses are treated in the MS scheme. To derive numerical predictions we use the program
iHixs [50].

Sources of uncertainty for the inclusive Higgs boson production cross section have been assessed
recently in refs. [47, 51, 52, 45]. Several sources of theoretical uncertainties were identified.
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Fig. 1: The figure shows the linear sum of the different sources of relative uncertainties as a function
of the collider energy. Each coloured band represents the size of one particular source of uncertainty as
described in the text. The component �(PDF+↵S) corresponds to the uncertainties due to our imprecise
knowledge of the strong coupling constant and of parton distribution functions combined in quadrature.

– Missing higher-order effects of QCD corrections beyond N3LO (�(scale)).
– Missing higher-order effects of electroweak and mixed QCD-electroweak corrections at and be-

yond O(↵S↵) (�(EW)).
– Effects due to finite quark masses neglected in QCD corrections beyond NLO (�(t,b,c) and �(1/mt)).
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[Bonetti, Melnikov, Tancredi 
(2017); Bonetti, Panzer, 

Smirnov, Tancredi (2020); 
Bacchetti, Bonciani, del Duca, 
Hirschi, Moriello, Schweitzer 

(2020)]

[Czakon, Harlander, 
Klappert, Niggetiedt (2021); 
Higgs pt:  Bonciani, Del Duca, 
Frellesvig, Hidding,Hirschi, 
Moriello, Salvatori, Somogyi, 
Tramontano]

[Czakon, Eschment, 
Niggedietd, Poncelet, 

Schellenberger (2023)]

→ see Marco’s talk

Bottom effects: previous results based 

on NLL available. Can we use exact 

calculation to inform approximate 

methods → higher orders, more 
complex processes



ttH & ttV@NNLO

→ see Simone’s + Javier’s talks

•Despite a lot of progress in scattering amplitudes (see Federico’s, Vasily’s & 
Andreas’ talks), these amplitudes are still out of reach 

•Idea: approximate them, and study impact on physical cross-section

[Catani, Devoto, Grazzini, 
Kallweit, Mazzitelli, Savoini]

NEW: Higgs  spectrumpT

PRELIMINARY

Uncertainties from soft-approximation 
over the Higgs  spectrum remain of the 
same order (a similar uncertainty is
obtained by using  variations)

pT

μIR

At first sight this is counterintuitive 
since at large  the soft approximation 
is expected to become worse !

pT,H

However at large  the role of the  
channel is reduced and the  channel, 
which is under better control, plays the 
major role 

pT,H gg
qq̄

17
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oriond 2023]

Do we need 2L amplitudes for NNLO?
In principle, obviously yes. In practice?

Results: updated ATLAS measurement

15

the updated measurement is compatible with our prediction at the 
level of    

good agreement also for the ratio 

1.4σ

[ATLAS: arXiv 2401.05299] 

updated ATLAS 
measurements 

first time in which our NNLO SM 
prediction is used as theory 

reference!!

σATLAS = 880 ± 50 (stat.) ± 70 (syst.) = 880 ± 80 fb
σtheory = 745 ± 50 (scale) ± 13 (2loop approx.) ± 19 (PDF, αs) fb

σ(tt̄W+)/σ(tt̄W−) = 1.96 ± 0.21 (stat.) ± 0.09 (syst.) = 1.96 ± 0.22

see talk by Oliver Majersky

C. Savoini

• NNLO predictions for ttW

• “NN”: full 2L amplitude 
missing, replaced with 
estimates based on formal 
limits 

• key: the total contribution of 
the 2L scattering amplitude 
is small! 

• Still true in different fiducial 
regions. More differential?[C. Savoini, talk at Moriond 2024]

ttH ttW
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• NNLO predictions for ttW

• “NN”: full 2L amplitude 
missing, replaced with 
estimates based on formal 
limits 

• key: the total contribution of 
the 2L scattering amplitude 
is small! 

• Still true in different fiducial 
regions. More differential?[C. Savoini, talk at Moriond 2024]

ttH ttW

•The problem: the approximations (soft Higgs/W, 
massless top) are non-parametric, and typically non-
convergent

•The solution: it seems that the impact of the 
(properly defined) finite remainder on the total cross 
section is small for the cross section, as long as it is 
not outrageous, O(50%) control is enough

Do we understand this?
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• NNLO predictions for ttW
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the 2L scattering amplitude 
is small! 

• Still true in different fiducial 
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ttH ttW

•This seems to be a feature of processes whose IR physics we control 
very well (basically pt-like plus some soft stuff), with some caveat

•ttH, VV: finite remainder ~ 0.1% of the total NNLO cross-section

•This does not seem the case e.g. for jjj, but do we have a good IR 
control there?

•Validating these observation in more fiducial regions + wide class of 
processes is paramount. 2L amplitudes crucial

•But if this helps in elucidating what is going on, huge potential! The 
“ultimate” (f.o.) merging scheme, for processes for which N-loop is 
too difficult…



The revenge of amplitudes: VBF

4 Frédéric A. Dreyer et al.: On the impact of non-factorisable corrections in VBF single and double Higgs production
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Fig. 5: Diagrams for Higgs pair production. (a) The T1 topology. (b) The T2 topology. (c) The B1 topology. (d) The
B2 topology.

up to NLO due to colour conservation. At NNLO this is no
longer true, as in particular two gluons in a colour singlet
state can be emitted between the two quark lines, as shown
in figure 6. As the gluons have to be in a colour singlet state,
these diagrams will be colour suppressed compared to their
factorisable counterparts. For this reason it has long been
argued that they can be neglected when considering NNLO
corrections to VBF [5].

Due to the complexity involved in computing the
two-loop non-factorisable corrections, very little has been
known about them beyond the fact that they are colour
suppressed. However, very recently [12] significant progress
was made, when it was shown that the corrections can be
estimated within the eikonal approximation [22–25]. This
calculation exploits the fact that when typical VBF cuts
are applied, the VBF cross section can be expanded in
the ratio of the leading jet transverse momentum over the
total partonic centre-of-mass energy

⇠ =
pt,j1
p
s
. (6)

In this kinematical configuration, the authors of Ref. [12]
conclude that the non-factorisable corrections receive a ⇡2-
enhancement connected to the presence of a Glauber phase,
which can partially compensate their colour suppression.
Indeed, it turns out that for VBF single Higgs production,
the non-factorisable corrections can contribute up to 1%
in certain regions of phase space, making them larger than
the factorisable N3LO corrections. In what follows we will
use the same approximation to estimate the impact of
non-factorisable corrections for the case of double Higgs
production as well.

In order to see how the NNLO non-factorisable cor-
rections can be estimated in the eikonal approximation
both for single and double Higgs production, let us con-
sider a generic VBF Born diagram, which we will call D,
for the production of an in principle arbitrary number of
Higgs bosons, see Fig. 3a. In what follows this diagram will
represent either the Born diagram for VBF single Higgs
production T of Fig. 4, or any of the Born diagrams for
double Higgs production T1, T2, B1 or B2 in Fig. 5.

It is important to stress here that, somewhat coun-
terintuitively, we will be considering QCD corrections on

each single diagram separately, and not on the full Born
matrix element. Since we are interested in computing the
NNLO QCD corrections to this class of processes, we imag-
ine dressing the diagram D with 1-loop or 2-loop QCD
corrections, as depicted in Fig. 6, where we provide two
representative diagrams for illustration only.

(a) (b)

Fig. 6: Generic form of non-factorisable 1-loop (a) and
2-loop (b) corrections to the production of n Higgs boson.

It turns out that, at least up to two loops in QCD, we
can limit ourselves to diagrams where the gluons are in
a colour-singlet configuration, i.e. exchanged between the
two quark lines. All other configurations do not contribute
to the cross-section due to colour conservation. Therefore,
the calculation of the one- and two-loop QCD corrections
in the eikonal approximation reduces e↵ectively to the cor-
responding calculation in QED, with the colour-averaged
e↵ective coupling

e↵s =

✓
N2

c
� 1

4N2
c

◆1/2

↵s . (7)

Following Ref. [12], let us consider the process

q(p1) + q(p2) ! q(p3) + q(p4) +X(P ) (8)

where X(P ) can represent one or multiple Higgs bosons
produced in vector-boson fusion. At leading order, we call
the momenta flowing in the two vector bosons respectively

q1 = p1 � p3 , q2 = p2 � p4 . (9)

Starts at NNLO; kinematic suppressed 
in VBF region, color-suppressed (but 

π2 enhanced)
Only recently leading contribution has 
been computed. Large residual scale 

uncertainty
[Liu, Melnikov, Penin (2019), 

Dreyer, Karlberg, Tancredi (2020)]

•Non-factorizable VBF: bulk of the effect comes from scattering amplitude
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Figure 3: Transverse momenta distributions of hardest and next-to-hardest jets in Higgs

boson production in weak boson fusion. The upper panes show the LO (tree-level) dis-

tributions and the lower panes show the ratio of non-factorizable contributions to LO for

corrections of O(↵2
s) (blue) and O(�0↵3

s) (red). The factorization scale, µF , is kept fixed

and only the renormalization scale, µ, is varied. See text for further details.

WBF cross section and are responsible for stabilizing the dependence of the theoretical

prediction on the renormalization scale. Indeed, we find that after including these O(�0↵3
s)

corrections, the dependence of the cross section on the renormalization scale reduces from

about O(20) percent to below O(5) percent. Similar reductions of the scale dependence are

observed in theoretical predictions for major kinematic distributions including transverse

momenta and rapidity distributions of the tagging jets and the Higgs boson.

We provided a simple one-dimensional integral representation of the O(�0↵3
s) non-

factorizable corrections as well as the analytic formulas for these corrections. Although

the analytic results are complex, they can easily be implemented into partonic Monte

Carlo and used to obtain phenomenological predictions. In fact, we have used the one-

dimensional integral representation of these corrections to cross check the results of the

analytic computation. Under realistic running conditions, analytic formulas provide a

significant speed-up whereas a one-dimensional integral representation is a slow but robust

way to compute cross sections and distributions.

Acknowledgments: This research of K.M. and M.M.L is partially supported by the

Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under grant 396021762

- TRR 257. The work of C.B.H. presented here is supported by the Carlsberg Foundation,

grant CF21-0486. K.M. would like to thank the Galileo Galilei Institute for Theoreti-

– 12 –

Recent progress: leading-nf 
contribution, to fix this

[Brønnum-Hansen, Long, 
Melnikov (2023)]



Characterising the Higgs: ΓH

•ΓH ~ 4 MeV, detector resolution ~ GeV → need indirect constraints

8

Higgs mass and width

Higgs mass precision is now at the 0.1% level for both 
experiments, was 0.2% after run I.

       

arXiv:2308.07216
arXiv:2308.04775

 ATLAS most precise mH measurement at 0.09% 

mH = 125.11 ± 0.11 GeV 

Profits of various performance improvements: 
• ~4x improvements in photon energy calibration!  

➡Reduces ! → "" systematics by factor  3: 
          320 MeV → 80 MeV

CCCMS-PAS-HIG-21-019

Bouquet, Mondal 

→ latest CMS result

•Three main methods 

•global fits 

•Off-shell: ✓ very strong constraints,  ✘ some model dependence 

•Mass shift in γγ: ✓ expected less model dependence,  ✘ weaker 
constraints, difficult to compute exactly what experimentalists measure 
(detector simulation)
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Important progress on both fronts



Off-shell: first full NLO result 5
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Figure 3: Top-quark-only contributions to the ZZ invari-
ant mass distribution in pp collisions. The absolute value
of the two-loop virtual correction is shown separately in the
qT , Catani-Seymour (CS), and Catani (C) schemes. The
dashed curve represents an approximate NLO result obtained
by rescaling the massive Born amplitude with the massless
K-factor.

mainders in the Catani scheme were previously shown to
be more sensitive to kinematic expansions of the two-loop
expressions than in the qT scheme [31], and may thus
be interpreted as representing more directly the genuine
two-loop e↵ects. Choosing a scheme for which the virtual
contributions are numerically small can be of practical
importance in situations where their exact evaluation is
possible but computationally expensive, since one can re-
duce the number of phase-space points for the numerical
integration in this way. Nevertheless, in the present work,
we were able to obtain su�cient statistics that the virtual
could be reliably obtained in each subtraction scheme, as
shown.

We also compare our results to an approximation,
NLOAh

approx
similar to [19], obtained using exact ingredi-

ents except for the massive two-loop virtual amplitudes.
In this approximation, the massive two-loop virtual am-
plitude is replaced by the top-quark only Born amplitude
rescaled by the ratio 1

2
V

(2)/V
(1) computed using only the

massless quark amplitudes. This rescaling is performed
fully di↵erentially at the level of individual phase-space
points. We find that the approximation describes the
exact results well in most of the phase-space for the un-
polarized distributions, particularly in the high energy
region.

In figure 4, we show the invariant mass distribution
for ZZ production in the gluon channel for the LHC
with

p
s = 13.6 TeV, taking into account all massless

and massive contributions, including those mediated by
a Higgs boson. As above, the shaded bands indicate the
scale uncertainty. We find that the complete NLO correc-
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Figure 4: Diboson invariant mass distribution for gluon-
initiated ZZ production at the LHC. The Solid curves repre-
sent the LO and NLO results with complete massless and mas-
sive contributions, including Higgs-mediated diagrams. The
dashed curve represents an approximate NLO result obtained
as described in the text.

tions are large, ranging from 1.8 near the ZZ production
threshold and dropping to around 1.4 at 1 TeV invariant
mass.

For the dashed curve, NLOapprox, we again employ the
approximation in which the two-loop massive virtual am-
plitude is replaced by the rescaled top-quark only Born
amplitude, as described above. At low invariant mass,
the cross-section is dominated by diagrams containing
loops of massless quarks and, to a lesser extent, their in-
terference with the Higgs-mediated contribution, both of
which are included exactly in the approximation. Con-
versely, at high invariant mass, where the massive con-
tribution is more important, the massive amplitudes are
approximated well. As a result, we observe that the ap-
proximation works well across the entire invariant mass
range for the full unpolarized NLO correction.

For the full NLO cross-section in the gluon channel at
p

s = 13.6 TeV with exact dependence on the top-quark
mass, we obtain

�LO = 1316+23.0%
�18.0% fb , (16)

�NLO = 2275(12)+14.0%
�12.0% fb . (17)

Here, the number in parenthesis indicates the statistical
Monte-Carlo error, while the percentages specify the un-
certainty stemming from simultaneous variation of the
renormalization and factorization scales by a factor of
2. The complete NLO corrections to the gluon channel
are large, increasing the contribution by a factor of 1.7
compared to the leading order and beyond the naive scale
uncertainty estimate. The corrections approximately half
the scale uncertainty. The impact of including the direct

[Agarwal, Jones, Kerner, von Manteuffel (2024)]

•Mixed analytical/numerical approach 

•Result provided much-needed validation for current estimates for the NLO 
K-factor (used by experiments…) 

•Confirmed large destructive interference at NLO as well 

•The usual issue: top-quark scheme uncertainties? Now we can study…

→ see Andreas’ talk



γγ interference: leading terms beyond NLO
[Bargiela, Buccioni, FC, Devoto, von Manteuffel, Tancredi]

Federica Devoto                                      Rencontres de Moriond, 01/04/2024

 NNLO SV calculation: resultsH → γγ

13

ΔM(N)NLO = ΔMLO K(N)NLO

150 MeV: <(10-20) 


 75 MeV: <(3-5)

ΔMγγ ∼ ΓH ΓH,SM

ΔMγγ ∼ ΓH ΓH,SM

•Soft-virtual approx to NNLO (bulk of the effect: virtual + low-pt physics) 
•Unfortunately: looser bounds (but impressive experimental progress) 

•Off-the-shelf “SV improvements” don’t work for the background/interference → 
non-trivial NLP behaviour (→ see Michal’s talk)
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[similar approach applied 
to rare H→Zγ decay, 

Buccioni, Devoto, Djouadi, 
Ellis, Quevillon, Tancredi]



The devil is in the details backgrounds
Backgrounds playing an increasingly crucial role (e.g. ttH, VH)

Better handle on V+jets/V+HF needed

The good news: technology (=2L) is ~ready for Vjj → NNLO “around the corner”

Prepared for submission to JHEP CERN-TH-2021-114, FR-PHENO-2021-009

Two-Loop Hexa-Box Integrals for Non-PlanarFive-Point One-Mass Processes

Samuel Abreu,1,2,3 Harald Ita,4 Ben Page,1 Wladimir Tschernow41Theoretical Physics Department, CERN, Geneva, Switzerland2Mani L. Bhaumik Institute for Theoretical Physics, Department of Physics and Astronomy,
UCLA, Los Angeles, CA 90095, USA3Higgs Centre for Theoretical Physics, School of Physics and Astronomy,The University of Edinburgh, Edinburgh EH9 3FD, Scotland, UK4Physikalisches Institut, Albert-Ludwigs-Universität Freiburg,D-79104 Freiburg, Germany

Abstract: We present the calculation of the three distinct non-planar hexa-box topologies for
five-point one-mass processes. These three topologies are required to obtain the two-loop virtual
QCD corrections for two-jet-associated W, Z or Higgs-boson production. Each topology is solved
by obtaining a pure basis of master integrals and efficiently constructing the associated differential
equation with numerical sampling and unitarity-cut techniques. We present compact expressions
for the alphabet of these non-planar integrals, and discuss some properties of their symbol. No-
tably, we observe that the extended Steinmann relations are in general not satisfied. Finally, we
solve the differential equations in terms of generalized power series and provide high-precision val-
ues in different regions of phase space which can be used as boundary conditions for subsequent
evaluations.
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Leading-Color Two-Loop Amplitudes for Four Partons

and a W Boson in QCD

S. Abreu,a,b,c F. Febres Cordero,d H. Ita,e M. Klinkert,e B. Page,a and V. Sotnikovf

aTheoretical Physics Department, CERN, 1211 Geneva, Switzerland

bHiggs Centre for Theoretical Physics, School of Physics and Astronomy,

The University of Edinburgh, Edinburgh EH9 3FD, Scotland, UK

cMani L. Bhaumik Institute for Theoretical Physics, Department of Physics and Astronomy,

UCLA, Los Angeles, CA 90095, USA
dPhysics Department, Florida State University, 77 Chieftan Way, Tallahassee, FL 32306, USA

ePhysikalisches Institut, Albert-Ludwigs-Universität Freiburg,

D-79104 Freiburg, GermanyfMax Planck Institute for Physics (Werner Heisenberg Institute), D–80805 Munich, Germany
Abstract: We present the leading-color two-loop QCD corrections for the scattering of four

partons and a W boson, including its leptonic decay. The amplitudes are assembled from the

planar two-loop helicity amplitudes for four partons and a vector boson decaying to a lepton pair,

which are also used to determine the planar two-loop amplitudes for four partons and a Z/�⇤

boson with a leptonic decay. The analytic expressions are obtained by setting up a dedicated

Ansatz and constraining the free parameters from numerical samples obtained within the framework

of numerical unitarity. The large linear systems that must be solved to determine the analytic

expressions are constructed to be in Vandermonde form. Such systems can be very e�ciently

solved, bypassing the bottleneck of Gaussian elimination. Our results are expressed in a basis of

one-mass pentagon functions, which opens the possibility of their e�cient numerical evaluation.
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FIG. 2. Transverse momentum distribution of the bb̄ system.
Same layout as in Fig. 1.

Turning to the di↵erential distributions, we present
the transverse momentum of the charged lepton, pT,`,
in Fig. 1, for the inclusive, as well as exclusive, phase
space selection. Focusing on the perturbative conver-
gence of the spectrum, we can draw similar conclusions
as for the fiducial cross section. In the inclusive case, we
find sizeable NNLO QCD corrections of ⇠ 20%, which
are barely contained in the NLO uncertainty. The cor-
rections have a tendency to increase at higher energies,
being the largest around pT,` ⇡ 100 GeV, similarly to
the NLO corrections. For the exclusive phase space, we
find positive corrections of about 7% for low pT,`, and
negative corrections of order ⇠10% for pT,` > 100 GeV.
Again, we observe that the decorrelated prescription to
estimate the uncertainty is more reliable.

The next two distributions characterise the b b̄ sys-
tem. In Fig. 2, we show the transverse momentum of
the b b̄ system, pT,bb̄. In terms of perturbative corrections
we find a similar trend as for the charged lepton trans-
verse momentum. Additionally, the absolute distribu-
tions highlight that the inclusive spectrum is, in general,
harder than the exclusive case, confirming the intuition
that the jet veto suppresses additional large transverse
momentum jets. In the case of exclusive phase space, this
di↵erential distribution can be understood as a proxy for
the W transverse momentum.

The distribution of the invariant mass of the b b̄ system,
Mbb̄, is shown in Fig. 3. This observable is interesting

FIG. 3. Invariant mass distribution of the bb̄ system. Same
layout as in Fig. 1.

when considering the QCD process Wb b̄ as background
to the Higgs-strahlung process WH(! bb̄). Around the
Higgs mass we can see that the NNLO QCD corrections
are about 20% in the inclusive selection and only ⇠5% in
the exclusive case. By comparing the two prescriptions
for estimating the uncertainty, we see that around the
Higgs mass the 7-point prescription implies a 2-3 times
smaller uncertainty than the decorrelated method.
The reader is invited to find our results for other ob-

servables in the auxilliary files to this publication.

CONCLUSIONS

We presented fiducial and di↵erential cross sections for
the Wb b̄ process at the LHC with 8 TeV center-of-mass
energy. This includes the computation of the double vir-
tual amplitudes in the leading colour approximation with
incorporated decay of the W-boson.
We addressed the observation of large NLO QCD cor-

rections in this process, and found that the NNLO QCD
corrections are significantly smaller. We observe a signif-
icant reduction of the scale dependence, which indicates
perturbative convergence. We discussed the behaviour of
the jet-vetoed cross section, which exhibits much smaller
corrections but su↵ers from accidental cancellations in
the scale dependence, rendering the theory uncertainty
estimates from canonical scale variation unreliable. At

Wbb
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We compute the complete set of tw
o-loop master integrals

for the scatteri
ng of four massless particle

s

and a massive one. Ou
r results are rea

dy for phenomenological app
lications, removing a major obstacle to

the computation of complete next-to-next-to
-leading order QCD corrections to processes such as the

production of a
H=Z=W boson in assoc

iation with two
jets at the LHC

. Furthermore, they open
the door to

new investigations
into the structure of quantum-field theories and provide precious analytic data for

studying the mathematical propertie
s of Feynman integrals.

DOI: 10.1103/
PhysRevLett.1

32.141601

Feynman integrals pla
y a central role

in obtaining pr
ecise

predictions in q
uantum-field theory (Q

FT). They are a
lso of

great mathematical interest, giving rise to noteworthy

classes of special fun
ctions. Advanc

es in the calculation

of Feynman integrals have led to new insights into the

mathematical propertie
s of these functions, as well as to

new results in formal studies of QFTs and (beyond)

standard-model phenomenology. While the calculation of

two-loop five-point Feyn
man integrals is an

active area of

research [1–12], a
complete set of inte

grals is only av
ailable

for massless particles [1–7]. In this Letter, we advance

the state of the art by computing all Feynman integrals

necessary to describe the scattering of four massless

particles and a massive one at two loops.

We obtain a representatio
n for the Feynm

an integrals in

dimensional regula
rization that ex

hibits their ana
lytic struc-

ture and allows for a stable and efficient numerical evalu-

ation. This is ac
hieved by findi

ng bases of pur
e integrals [13]

that satisfy diff
erential equatio

ns (DEs) [14–18]
in canonical

form [19], explicitly displaying all singularities of the

integrals. Desp
ite recent prog

ress [5,20–25], fin
ding a pure

basis is still am
ajor bottleneck

.We followed the a
pproach of

Refs. [3,6], building on modular arithmetic to bypass

intermediate computational bottlenecks [26,27]. Using

Chen iterated i
ntegrals [28], w

e solve the DE
s at each order

in the dimensional regula
tor in terms of a minimal set of

functions, called “(one-mass) pentagon functions.” We

demonstrate that this soluti
on is efficient and

numerically

stable over phase space and therefore ready for phenom-

enological app
lication. A C++ library [29

] for the evalua
tion

of the pentagon
functionsmakes our results

accessible to th
e

whole community. Previou
s approaches for constructing

such solutions [7,30
–32] relied on the possibility

of repre-

senting them through multiple polylog
arithms [33], but it is

generally unclear if such
a representation

exists [34]. W
e

show that this is not r
equired, and on

ly one evaluatio
n of the

integrals at a precision comparable to that at which
we

evaluate the pentagon functions is sufficient. Non
planar

integrals introduce added complexity: some exhibit non-

analytic behavior or a
logarithmic singularity within the

physical scatte
ring region. We isolate this behavior i

n the

pentagon functions, and
extend the numerical methods of

Refs. [7,32] to
deal with it.

Our results op
en the door to new explorations in

many

different direc
tions. On the analytic side, this is the first

complete set of two-loo
p integrals allow

ing us to explore

the (extended) Steinmann relations [35–41]. Moreover,

these integrals
make it possible to study how unexplained

observations of analytic cancellations
in gauge-theory
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].

�y
Z,b-jet1 and �R

Z,b-jet1 , see Figs. 6 and 7 of Ref. [15].
That behaviour also appears in the�y

Z,b-jet1 distribution
in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].
Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the

perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.

Acknowledgements.—We would like to thank Luca
Buonocore, Fernando Febres Cordero, Rhorry Gauld,
Massimiliano Grazzini, Pier Francesco Monni, Luca Rot-
toli and Giulia Zanderighi, for fruitful discussions and
comments on the manuscript. We are indebted to Fed-
erico Buccioni for providing OpenLoops amplitudes
with a di↵erent number of quarks running in the loops.
We are thankful to Stefan Kallweit for helping us with
a fixed-order implementation, which we used for com-
parison. We further thank Luca Buonocore and Luca
Rottoli for performing cross checks on the massification
procedure with us, and we thank Chiara Savoini and
Massimilano Grazzini for bringing to our attention the
issues related to the singular behaviour of the massless
amplitudes for certain mappings from the massive to the
massless momenta of the bottom quarks.

→ see Javier’s talk

•4FNS, retain (dominant) kinematic mass effects, neglect (2L) dynamic effects, 
“massification”. Matched with shower 

•Large corrections, as expected from 4FS. Good agreement with data 
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FIG. 2. Comparison of theory predictions with di↵erential distributions measured by CMS [15].
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Z,b-jet1 , see Figs. 6 and 7 of Ref. [15].
That behaviour also appears in the�y

Z,b-jet1 distribution
in an earlier ATLAS measurement [14]. A better under-
standing of this discrepancy requires additional studies
and potentially all-order resummation of logarithms in
mb through a 4FS and 5FS combination at NNLO+PS,
which is left for future work.

Summary.—In this letter, we presented a novel com-
putation for the production of a Z-boson in association
with bottom quarks in hadronic collisions. We have cal-
culated NNLO QCD corrections in the 4FS, including
the five-point two-loop amplitude in the small-mb ap-
proximation. In addition, the first NNLO+PS approach
for the production of a heavy-quark pair in association
with colour-singlet particles has been developed, which
can be readily applied to other processes, like bb̄W [55],
tt̄W [77], and tt̄H [78] production.

Our NNLO+PS calculation solves two (related)
long-standing issues for bb̄Z production: First, the
significant tension of NLO(+PS) predictions in the 4FS
with experimental data. Second, the large di↵erences
between 4FS and 5FS predictions for this process [18].
Our analysis identifies that missing higher-order correc-
tions in the 4FS cause these discrepancies and that the

perturbative accuracy of previous calculations has been
insu�cient. Including NNLO QCD corrections brings
the 4FS predictions in agreement with the experimental
data and with the 5FS results. The calculation presented
in this letter also builds the basis for a more accurate
determination of the bottom-quark mass e↵ects in
Drell-Yan production, relevant for MW measurements,
along the lines of the study in Ref. [79], which at the
time was pursued only at NLO+PS.
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→ see Javier’s talk

•4FNS, retain (dominant) kinematic mass effects, neglect (2L) dynamic effects, 
“massification”. Matched with shower 

•Large corrections, as expected from 4FS. Good agreement with data 

•Shower vs fixed-order effects?

•5FNS (massification should still work, as an IR regulator)? 

Difference in the ΔRbZ tail?

•Are there regions where dynamical mass effects are important? In 

general, how important mass effects are?

•Play with flavour algorithms…



A word on jet flavour

Multi-flavour

20

FIG. 10. Stress-tests of the performance of the plain anti-kt algorithm (with net flavour summation, left column), the flavour-
kt,⌦ algorithm (middle left column), and the anti-kt algorithm with flavour neutralisation (with ↵ = 1, middle right column,
and ↵ = 2, right column). The stress-tests are performed in pp ! Z + q collisions with ptZ > 1TeV, as simulated with
Pythia 8.3 at parton level with multi-parton interactions disabled (enabled) on the upper row (lower row). As a function of
the jet radius parameter R, the plots show the fraction of leading jets that are multi-flavoured, i.e. whose flavour is neither
that of a gluon nor a single quark or anti-quark (red band), singly flavoured (blue band) and flavourless (green band). The key
observation is the large fraction of multi-flavoured jets with the standard anti-kt algorithm, which occur due to contamination
of the hard jet flavour from low-momentum particles. With the flavour-kt,⌦ algorithm, we see some reduction, while anti-kt
with IFN shows a further reduced rate, especially for ↵ = 2.

quark, blue) or multi-flavoured (neither flavourless or
singly-flavoured, red), as a function of the jet radius pa-
rameter R used in the clustering. We perform this com-
parison with Pythia at parton level, where the underlying
event is turned o↵ (upper row), and with MPI turned on
(lower row). From left to right, the columns show results
with the standard anti-kt algorithm, flavour-kt,⌦ (↵ = 2),
and anti-kt with our IFN algorithm for two values of
↵ = {1, 2} (and ! = 3�↵). A first point to observe is the
large multi-flavoured contribution for the plain anti-kt al-
gorithm, about 14% at R = 0.4 without MPI, increasing
to 19% with MPI. Increasing R substantially worsens the
situation with over 40% multi-flavoured jets for R = 1
when MPI is on.

Flavour-kt,⌦ improves the situation somewhat, giving
a multi-flavoured contribution of 5% (10%) with MPI o↵
(on) at R = 0.4. The anti-kt algorithm with IFN brings
a more substantial improvement, yielding 2% (4%) for
↵ = 1 and 1.5% (3%) for ↵ = 2.16

Examining instead the unflavoured (“gluon”) jet frac-
tions, we find that all flavour algorithms give a ⇠ 4%

16 For the CMP⌦ algorithm there is freedom in how one extends
it to multi-flavoured events, and accordingly we defer study of
multi-flavoured events with that algorithm to future work.

gluon-jet fraction at R = 0.4, relatively una↵ected by
the presence of MPI. This figure is important to keep
in mind for quark/gluon discrimination studies [48]: the
fact that a jet was initiated by a quark in Pythia does not
mean that the corresponding jet observed after showering
is always a quark jet. In particular, Fig. 10 implies that if
one is attempting to tag gluon-jets and reject quark-jets,
and one is using Pythia’s Z + q and Z + g samples as
the sources of quark and gluon jets, then even a perfect
gluon tagger will still show an acceptance of about 4%
on the Z + q sample.

Ultimately, we would argue that the “truth” flavour
labels should be derived not from the generation pro-
cess, but by running a jet flavour algorithm such as anti-
kt+IFN. Nevertheless the anti-kt+IFN labelling remains
subject to some ambiguities, and the multi-flavoured jet
fraction discussed above is probably a good measure of
those ambiguities. As a future direction, one might wish
to investigate whether one can develop jet flavour algo-
rithms that further reduce the multi-flavoured jet frac-
tion, while maintaining other good properties.

Single-flavour Flavourless

[FC, Grabarczyk, Hutt, Salam, Scyboz, Thaler; Czakon, Mitov, Poncelet; Gauld, Huss Stagnitto]

•anti-kt does not do a good job in identifying “hard flavour” 

•Many recent work, but any alternative must be experimentally feasible → non-trivial



Back to the Higgs, & beyond: EWSB
•More and more data to explore EWSB mechanism, beyond the 

Higgs → polarised cross sections
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Figure 2. Distribution of charged lepton pair invariant mass at di↵erent orders of QCD. Doubly-
polarised setups are shown. From top-down: absolute value di↵erential distribution, ratio to o↵-shell
result, K-factor of the corresponding order. Monte-Carlo errors are shown in the middle and lower
panes as grey bands. Scale variation bands are shown as coloured bands in the upper pane.

to NLO level at both LL and TT setups, whereas for LT and TL setups it remains on the

same level.

Of interest are the polarisation fractions, i.e. the fractions of the cross section for vari-

ous polarised boson configurations. Although NNLO corrections di↵er among the di↵erent

polarisations, there is no significant di↵erence in the polarisation fractions with respect to

NLO, indicating that the fractions are rather independent of higher order QCD correc-

tions. In particular, the fraction of doubly-longitudinal polarised W, which gets the largest

corrections, is still small.

3.2 NNLO QCD corrections to di↵erential cross sections

In this section we will explore NNLO QCD e↵ects on the di↵erential distributions as they

appear without the loop-induced channel. Observables which allow discrimination between

di↵erent boson polarisations are of particular interest, theoretically and experimentally.

The key quantity here is again the (di↵erential) polarisation fractions. A general feature

of di↵erential polarisation fractions is that at high energies the longitudinal component

vanishes as the weak bosons get e↵ectively massless. Naturally, regions of large invariant

mass or transverse momentum are populated by transversely polarised W-bosons. Close

– 9 –
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G. Pelliccioli, G. Zanderighi : Polarised-boson pairs at the LHC with NLOPS accuracy 11

can be found in Appendix A.1. The figure structure enables to appreciate the di↵erences between the
fixed-order description (NLO) and the matched predictions (PS+hadr). For completeness, we have
also studied intermediate descriptions of the WZ process, by matching to QCD PS only, and in the
absence of hadronisation e↵ects. Since however hadronisation e↵ects are negligible, results without
hadronisation e↵ects are not shown separately in the plots.

The transverse momentum of the Z boson, i.e. of the muon–antimuon system, is considered in
Figure 3. The unpolarised distribution is dominated by the TT contribution, with a fraction which

Fig. 3. Distributions in the transverse momentum of the Z boson for W+Z production at the LHC. The
fiducial setup defined in Eq. (18) is understood. The colour code reads: full o↵-shell (black), unpolarised
(gray), LL (red), LT (goldenrod), TL (green), TT (blue), sum of polarised (magenta). The figure is structured
in 7 panels. Top left: absolute distributions at fixed order (NLO, dashed) and matched to QCD+QED PS
and hadronisation (PS+hadr, solid). Middle left: normalised distributions (to have unit integral) for polarised
states at NLO (dashed) and PS+hadr (solid). Bottom left: theory uncertainties for the polarised states from
7-point renormalisation and factorisation-scale variations of PS+hadr predictions, relative to the corresponding
central values. Top right: polarisation fractions (ratio of polarised results over unpolarised one) at NLO (dashed)
and PS+hadr (solid). Middle-top right: ratio of the full o↵-shell and sum of polarised cross sections over the
unpolarised one at NLO (dashed) and PS+hadr (solid). Middle-bottom right: ratio of NLO QCD cross sections
matched to QCD PS over the fixed-order ones. Bottom right: ratio of NLO QCD cross sections matched to
QCD+QED PS over the ones matched to QCD PS.

remains rather constant for values above 50GeV. In the lowest-pT region allowed by the implicit cuts
(induced by lepton cuts), the sum of mixed-state (LT, TL) cross sections is comparable to the TT one.
At large Z-boson transverse momenta (pT,Z & 400GeV), the LT contribution amounts at half of the
TT one, while the LL and TL are suppressed by one order of magnitude. The crossing of the red and
green curve around 200GeV highlights the fact that if the longitudinal Z boson has a large transverse
momentum the W is more likely to be longitudinal, favoured by the small real QCD corrections for the
LL state, while in the TL case the Z-boson transverse momentum is shared between the typically hard
real radiation and the transverse boson [19, 22, 25]. A similar reasoning motivates the large di↵erence
between the LT and TL states. The pT,Z is shared between the W boson and QCD real radiation,
therefore configurations with large pT,Z tend to favour a longitudinal W which is typically softer than
a transverse one. The much narrower QCD-scale band for the LL state compared to the others confirms
that the LL state receives small real QCD corrections, resulting in a truly NLO scale dependence. On
the contrary, the mixed and TT states are dominated by hard real radiation which induces a LO-like
scale dependence. Both o↵-shell and interference e↵ects are at the percent level and rather constant for
this observable. As depicted in the bottom right panels of Figure 3, the inclusion of QCD PS changes
all NLO shapes just in the low-pT region, with larger e↵ect (⇡ 5 � 10% in the lowest bin allowed by
the fiducial cuts). At moderate transverse momentum (& 100GeV), the QCD-shower corrections are
almost vanishing for the LL state, while they are not negligible for other states (above 5% for the TL

[Pelliccioli, Zanderighi (2023)]

Now also with PS, 

significant error budget 

(~50%)

→ see Giovanni’s & Ansgar’s talks → see Samuel’s talk for WWj



… and to standard candles: DY
•N3LO calculations and phenomenological explorations well underway (but see Arnd’s & 

Chen-Yu’s talks about going beyond colour singlet) 
•Ultra-precise studies (e.g. MW, sinθW), or large scale: mixed QCD-EWK
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Figure 18: NNLO IF QCD ⇥ EW (green) and dNLOQCD ⌦ dPhotos (red) corrections to
the FB asymmetry.

and photon radiation o↵ quarks, which we have evaluated without using the PA, and the
QCD⇥weak corrections with additional W/Z exchange in loops in PA. For the latter, we
have recalculated the needed two-loop Zq̄q formfactor and presented explicit analytical
results. For the QCD infrared (IR) singularities, which are only of NLO complexity in
this part, we have applied antenna and dipole subtraction. The IR singularities of the
QCD ⇥ photonic corrections, which are of NNLO complexity, are treated with antenna
subtraction. All our results have been derived in two completely independent calculations,
the results of which are in good mutual numerical agreement.

Although the Ø(↵s↵) corrections to the full o↵-shell lepton pair production process
have been calculated in recent years, the completion of the PA is still very useful. Firstly,
a detailed numerical comparison between the full calculation and the PA sheds light on
the structure of the Ø(↵s↵) corrections, which might be helpful in calculating or approx-
imating such corrections for related processes. The completion of the PA presented here
renders such a comparison possible. Secondly, the full o↵-shell calculation is extremely
complex and numerically challenging. For this reason, a detailed discussion of the Ø(↵s↵)
corrections to the forward–backward asymmetry AFB of the leptons that is fully di↵eren-
tial wrt. the invariant mass of the lepton pair was still missing in the literature. With the
numerical results presented in this paper we have closed this gap.

The prospects to measure the leptonic e↵ective weak mixing angle in the high-lumino-
sity phase of the LHC with a precision exceeding LEP accuracy, translates into a target
precision in the predictions for AFB of a few 10�4 in the Z resonance region. We have
presented a detailed survey of higher-order corrections, comprising results at the NLO
QCD + EW level, the NNLO QCD + QCD⇥ EW level, and leading EW e↵ects beyond
NLO from multi-photon emission and universal EW corrections. Photonic final-state
radiation (FSR) at NLO produces the largest correction to AFB of about 10�2, followed
by the NLO weak corrections of about 5 ⇥ 10�3. The remaining NLO contributions,
including QCD, a↵ect AFB at the level of few 10�3. The NNLO Ø(↵s↵) corrections of
IF type, which combine QCD corrections to Z production and photonic FSR o↵ the
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[Armadillo, Bonciani, Buccioni, Rana, Vicini, Devoto, Buonocore, Grazzini, Savoini, Kallweit, Dittmaier, Huss, 
Schwinn, Behring, FC, Delto, Devoto, Jaquier, von Manteuffel, Heller, Melnikov, Roentsch, Signorile-Signorile…]

•Recent high-precision estimate of AFB and its impact on parameter expansion 
•In general, good agreement with expectations, but at this level of accuracy one has to 

be careful… → see also Luca’s talk for resummation



Complex final states, event shapes
•Thanks to progress in scattering amplitudes (→ see Federico’s, Vasily’s & Andreas’ 

talks) + efficient-enough subtraction formalisms: 2 → 3 processes are now a reality

also γγγ,γγj,γjj

[Badger, Czakon, Hartanto, Moodie, Peraro, Chawdhry, Mitov, Poncelet, Kallweit, Sotnikov, 
Wiesemann, Alvarez, Cantero, Llorente]

•A highlight: 3j production, R3/2 and αs in the TeV region
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possibly divided by some constant rational factor. The PDFs are evaluated
using the LHAPDF package [35]; if not specified otherwise, the NNPDF3.1
PDF [36] parameterization is used. Estimates of uncertainties from missing
higher orders (MHO) are obtained from conventional 7-point scale variations
by a factor of 2, i.e. scale choices within the constraints 1/2  µF/µR  2.

As an example, the left-hand side in Fig. 1 shows the di↵erential R3/2-
ratio with respect to HT =

P
i2jets pT (ji) for 13 TeV proton-proton col-

lisions. The O(1) di↵erences between LO and NLO QCD indicate that
higher-order corrections are important to describe this observable. At NLO
QCD, the MHO uncertainty estimates are of O(20%) which cover the ac-
tual NNLO QCD corrections, which are, for high values of HT (> 800GeV),
about 3 � 5%. Estimates of corrections from beyond NNLO QCD are tiny
and not visibly resolved. The feature in the first bin can be traced back to
sensitivity to the phase space boundaries and corresponding enhancements
and instabilities.
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Fig. 1. Perturbative predictions through LO (green), NLO (blue) and NNLO (red)
QCD at 13 TeV. Bands indicate estimates of corrections from missing higher orders.
Left: plot of dR3,2/dHT , the upper panel shows absolute values, and the lower panel
ratios with respect to NLO QCD. Further details in Ref. [15]. Right: plot of the
transverse thrust observable ⌧? in di↵erent regions of HT,2 compared to ATLAS
data (black)[37]. For details, refer to Ref. [16].

Event shape observables have been designed to study the geometry of
events as a whole, not only a mere sum of its constituents. The (transverse)
’thrust’-observable T? (or rather ⌧? = 1 � T?) [38, 39], for example, sepa-
rates isotropic from anisotropic back-to-back configurations and is defined

Can we use these 
results to 

“understand”/measure 
the proper scale of αs in 

hard jet events?

[Czakon, Mitov, Poncelet (2021)]



Conclusions and outlook

•A significant bottleneck has been removed with more 2→3 loop 
amplitudes becoming available

A lot of technical progress in the last few years. 
Now we are reaping the (phenomenological) fruits

•With more complex final state, richer / more involved phenomenology. 
(Large K-factors etc should have a simple explanation…)

•They may be cracks in our overall factorisation framework, but they 
are not (yet) hampering us

•A rich interplay of many different effects, QCD/EWK corrections

•An even richer interplay as you start showering down to the hadronic 
scale → plenty to discuss in the next few days…



Thank you very much for your attention!

KEEP


