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QCD was developed and defined 
over a brief period from 1972 - 73

The asympto(c freedom of strong interac@ons 
was discovered in 1973 by D. Gross, F. Wilczek, 
and D. Politzer – Nobel Prize in 2004 

confinement
(hadrons)

asympto1c freedom
(quarks, gluons)

Low energy High energyMeV GeV TeV

Very different energy regimes, over mul@ple orders of magnitude, 
spanning the full spectrum of par2cle physics experiments

LQCD

Flavor Physics EW Physics New Physics

A paradigmatic QFT that can be calculated 
from first principles  ⟶  Lattice QCD

…..



Goals of QCD studies - 2023 
• Understanding strong interac.ons per se (in different regimes of energy, density, …)
• pQCD – parton dynamics in HE-collider events  
• non-perturba:ve QCD – PDFs, hadroniza2on, new states of ma=er, …
• QCD phase transi2on – early-universe dynamics, …
• Global symmetries of QCD – flavor, spectroscopy, …
• Strong CP problem – axions, …

• Understanding the impact of strong interac.ons on anything else
• Other sectors of the Standard Model 

Ø SM masses and couplings
Ø The least known of all: Higgs – EWSB

• New physics searches – both direct and indirect
Ø SM backgrounds
Ø Precision EW physics – Global fits of the SM and beyond 

See talks by Petrov, Schune, Ozcelik, Kim, 
Bianchi, Pepe, Karliner, Polyakov

See talks by Grosse-Oetringhaus, Mohamty 

See talk by Schwartz

See talks by Mühlleitner, Liu, di Micco

See talks by d’Enterria, Liao

See talk by Silvestrini



The (HL)-LHC and precision 
phenomenology

• Percent level phenomenology as the opportunity to study some of the core ques7ons of 
par7cle physics and uncover new physics. The physics poten7al of the LHC greatly depends 
on enabling and successfully execu7ng a broad precision phenomenology program.



Living the LHC era - Precision phenomenology

Universal 
limita:ons

Luminosity

Energy resolu2on
(par@cles, jets)

Both about 1 %

ATLAS, 2212.09379
CMS, 2104.01927

ATLAS, 1703.09665
CMS, 1607.03663

20 -fold increase in sta2s2cs 
by the end of HL-LHC

Sta:s:cal limita:ons will be overcome 
for a very large number of observables

Theore.cal systema.cs could become the main limita.on

Focus on systema6cs!



PROJECTIONS FOR HIGGS COUPLINGS

S. Dawson

62

ILC250 ILC500
kg 1.1 1.0
kW 1.8 0.4
kZ .38 0.3
kg 2.2 0.97
kb 1.8 0.60
kt 1.9 0.80

Uncertainties in % with 2 ab-1
CLIC350 GeV, 

1 ab-1
3 TeV, 
5 ab-1

kg - 2.3
kW 0.8 0.1
kZ 0.4 0.2
kg 2.1 0.9
kb 1.3 0.2
kt 2.7 0.9

CLIC, uncertainties in %

Large theory errors 
at HL-LHC Energy critical at e+e- machines; negligible theory error

Establishing the scalar sector of the SM and probing LNP

Dk/k ~ O(v2/L2)

Improved systematics 
probes higher scales

Theory could become the 
main limita2on

Theory need to improve modeling and interpreta2on of LHC events, in par2cular when new 
physics may not be a simple rescaling of SM interac2ons

For new physics at 1 TeV 
expect devia2ons of O(6%)



SM global fits: solving the MW puzzle

DMW~ 100 MeV → 1-2 % 
change in the spectrum

DMW~10 Mev → 0.1% control 
on kinema1c distribu1ons

Mass measured by fitting template distributions 
of transverse momentum and mass

Template fitting is acceptable if theory 
describes data with high accuracy
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Electroweak Fit (J. de Blas et al.)
arXiv:2112.07274

Electroweak Fit (J. Haller et al.)
EPJC 78 (2018) 675

CDF II
Science 376 (2022) 170

LHCb
JHEP 01 (2022) 036

ATLAS
EPJC 78 (2018) 110

LEP combination
Phys. Rept. 532 (2013) 119

D0 II
PRL 108 (2012) 151804
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PRD 70 (2004) 092008

Total uncertainty

Stat. uncertainty
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W bosons identified in their decays to  and eν μν
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ETA:

  198.
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W + 0,1,2,3 jet(s) Events
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CDF

Mass measured by fitting template distributions 
of transverse momentum and mass
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dimensional “transverse mass” mT is used in the mW

fit:

mT =
√

2p l
T p/T (1 − cos∆φ), (3)

where∆φ is the angle in the transverse plane between
the leptons, whose masses are negligible. The fit to
the mT distribution provides the statistically most
precise measurement of mW .
The charged lepton, which can be measured pre-

cisely, carries most of the observable mass informa-
tion in the event. We calibrate the muon momen-
tum using high statistics samples of the meson de-
cays J/ψ → µµ and Υ → µµ, which are fully re-
constructable and have well known masses. This re-
sults in a precise track momentum calibration, which
we transfer to the calorimeter with a fit to the ra-
tio of calorimeter energy to track momentum (E/p)
of electrons from W boson decays. The accuracy of
these calibrations is demonstrated by applying them
to measurements of the Z boson mass in the muon
and electron decay channels. We then incorporate
the known Z boson mass as an additional calibration
constraint.
The other directly measurable quantity needed for

the calculation of mT is the recoil transverse momen-
tum #uT . Since the W and Z bosons are produced at a
similar Q2, they have similar recoil distributions. We
use the leptons from the Z boson decay to measure
the pT of the Z boson. We then calibrate our model
of #uT by measuring the balance between the recoil
and Z boson #pT . The Z boson statistics are suffi-
cient to perform a recoil calibration to 1% accuracy,
which leads to a systematic uncertainty commensu-
rate with other uncertainties on mW .
To accurately model the shape of the mT distri-

bution, we use a fast Monte Carlo simulation of the
pp̄ → W → lν process including the recoil and the
detector response. The custom fast simulation allows
flexibility in parametrizing the detector response and
in separating the effects of the detector model com-
ponents. We use a binned likelihood to fit the mea-
sured mT distributions to templates (Section II D)
generated from the fast simulation, with mW as the
free parameter. All mW and lepton energy scale fits
are performed with this procedure.
Though less statistically precise, the plT and

p/T distributions provide additional information on
the W boson mass and are used as important tests
of consistency. We separately fit these distributions
for mW and combine all fits in our final result.
During the measurement process, all W boson

mass fits were offset by a single unknown random
number chosen from a flat distribution in the range
[-100,100] MeV. The fit result was thus blinded to

the authors until the analysis was complete [27]. The
final measured mW and its uncertainty have not
changed since the random offset was removed from
the fit results.
We give a brief overview of the template likelihood

fitting procedure in Section IID. Section III describes
the detector and the fast detector simulation used in
the analysis. The W boson measurement samples
are defined in Section IV. We describe the precision
measurements of muons and electrons in Sections V
and VI, respectively. These sections include event se-
lection, calibration, and resolution studies from the
dilepton and W boson data samples. Measurement of
the recoil response and resolution is presented in Sec-
tion VII. The backgrounds to the W boson sample
are discussed in Section VIII. Theoretical aspects of
W and Z boson production and decay, including con-
straints from the current data sample, are described
in Section IX. We present the W boson mass fits and
cross-checks in Section X. Finally, in Section XI we
show the result of combining our measurement with
previous measurements, and the corresponding impli-
cations on the predicted standard model Higgs boson
mass.

D. Template Likelihood Fits

All the fits involving mass measurements and the
energy scale (Sections V, VI, and X) are performed
with a template binned likelihood fitting procedure.
A given distribution to be fit is generated as a discrete
function of the fit parameter, using the fast simula-
tion. These simulated distributions are referred to
as “templates.” For each value of the fit parameter,
the simulated distribution is compared to the data
distribution and the logarithm of a binned likelihood
is calculated. The binned likelihood is the Poisson
probability for each bin to contain the ni observed
data events givenmi expected events, multiplied over
the N bins in the fit range:

L =
N
∏

i=1

e−minmi

i

ni!
. (4)

We calculate the logarithm of the likelihood using the
approximation lnn! ≈ (n+ 1/2) ln(n+ 1)− n:

lnL ≈
N
∑

i=1

[ni lnmi −mi − (ni +1/2) ln(ni +1)+ni].

(5)
The best-fit value of the parameter maximizes the
likelihood (or equivalently minimizes − lnL), and the
±1σ values are those that increase− lnL by 1/2. The
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ΔmW = 100 MeV

CDF II measurement of the W boson mass

ΔmW = 100 MeV
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ton’s (antiproton’s) total momentum, producing a W
or Z boson at center of mass energy

√
ŝ ≡ Q equal

to its mass times c2. The rate of production can be
predicted from two components: (1) the momentum
fraction distributions of the quarks, fq(x,Q2), which
are determined from fits to world data [23, 24]; and
(2) a perturbative calculation of the qq̄′ → W or Z
boson process [25].

d (u)
u
u (d)

p Epx

u
u
d

p Epx

)0 (Z+W
Q

+l

)- (lν

FIG. 4: Leading-order annihilation of a quark and an-
tiquark inside the proton and antiproton, respectively,
producing a W+ or Z0 boson. The quark (antiquark)
has energy xpEp (xp̄Ep̄), where Ep (Ep̄) represents the
total proton (antiproton) energy. The production occurs
at a partonic center-of-mass energy Q. The uū → Z0 and
dū → W− processes are similar.

W and Z bosons can decay to lepton or quark
pairs. Decays to quark pairs are not observable
given the large direct qq̄′ background, and decays to
τ → ντ+hadrons are not as precisely measured as
boson decays to electrons or muons. For these rea-
sons we restrict ourselves to the direct electronic and
muonic decays (W → eν, W → µν, Z → ee, and
Z → µµ), with the corresponding decays to τ → lep-
tons considered as backgrounds to these processes
(Section VIII). The branching ratio for each lep-
tonic decay W → lν (Z → ll) is ≈11% (3.3%), and
the measured cross section times branching ratio is
(2749± 174) pb [(254.9± 16.2) pb] [26].

B. Conventions

We use both Cartesian and cylindrical coordinate
systems, in which +z points in the direction of the
proton beam (east) and the origin is at the center
of the detector. In the right-handed Cartesian coor-
dinate system, +x points north (outward from the
ring) and +y points upwards; in the cylindrical sys-
tem, φ is the azimuthal angle and r is the radius from
the center of the detector in the x − y plane. The
rapidity y = − 1

2 ln[(E − pzc)/(E + pzc)] is additive

l
Tp

ν
Tp

Tu

||u

u

FIG. 5: A W boson event, with the recoil hadron mo-
mentum (!uT ) separated into axes parallel (u||) and per-
pendicular (u⊥) to the charged lepton.

under Lorentz boosts along the z axis. For massless
particles, this quantity is equal to the pseudorapidity
η = − ln[tan(θ/2)], where θ is the polar angle with
respect to the z axis. All angles are quoted in radians
unless otherwise indicated.
Because the interacting quarks’ longitudinal mo-

menta pz are not known for each event, we gener-
ally work with momenta transverse to the beam line.
The interacting protons and antiprotons have no net
transverse momentum. Electron energy (muon mo-
mentum) measured using the calorimeter (tracker) is
denoted as E (&p), and the corresponding transverse
momenta &pT are derived using the measured track
direction and neglecting particle masses. The event
calorimetric &pT , excluding the lepton(s), is calculated
assuming massless particles using calorimeter tower
energies (Section IIIA 2) and the lepton production
vertex, and provides a measurement of the recoil mo-
mentum vector &uT . The component of recoil pro-
jected along the lepton direction is denoted u|| and
the orthogonal component is u⊥ (Fig. 5). The trans-
verse momentum imbalance in a W boson event is
a measure of the neutrino transverse momentum &p ν

T
and is given by &p/T = −(&p l

T + &uT ), where &p l
T is the

measured charged lepton transverse momentum.
When electromagnetic charge is not indicated,

both charges are considered. We use units where
! = c ≡ 1 for the remainder of this paper.

C. Measurement Strategy

The measurement of the final state from W → lν
decays involves a measurement of &p l

T and the total
recoil &uT . The neutrino escapes detection and the
unknown initial partonic pz precludes the use of pz
conservation in the measurement. The boson invari-
ant mass is thus not reconstructable; rather, the 2-

pℓ
T

uT

pW
T

pν
T

C. Hays, ICHEP 2022
How to achieve that?

LHCb-FIGURE-2022-003 



QCD for percent-level 
phenomenology

• A realm where mathema7cal progress and phenomenological studies and intui7on are 
strongly intertwined and have brought so much progress, paving the way to tackling future 
challenges.



A very challenging endeavor

QCD at 1% accuracy

QCD infrastructure 
for these calculations

N2LO and N3LO 
calculations

all-round standards 
for accuracy control

representative 
uncertainty estimates

𝜎 = ∑"# ∫𝑑𝑥$ 𝑑𝑥% 𝑓&," 𝑥$ 𝑓&,# 𝑥% )𝜎 𝑥$𝑥%𝑠 + 𝑂(( ⁄Λ()* 𝑄)&)

• Parton-shower event generators
• Adapting theoretical tools to 

experimental analyses

• Well-defined standards for 
theore1cal systema1cs

• Sta1s1cal models for data analysis

Parton Distribu1on 
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Dissecting the challenge
Shower Monte Carlo Event Generators

B
e
a
m

B
e
a
m

Hard
Scattering
Q ≈ 100GeV

Hadronization

Fixed-order calculations 

Parton shower

3

• Parton Showers are at the core of Shower Monte Carlo Generators, which contain all the ingredients 
to realistically describe complex collider events 

• Reproduce much of the data from LHC and its predecessors  
• Unknown or poor formal accuracy, especially of the Parton Shower component 

Herwig 

Sherpa 

3

From S. Ferrario Ravasio, 
RADCOR 2023

𝜎 = ∑"# ∫𝑑𝑥$ 𝑑𝑥% 𝑓&," 𝑥$ 𝑓&,# 𝑥% )𝜎 𝑥$𝑥%𝑠 + 𝑂(( ⁄Λ()* 𝑄)&)
Parton Distribu1on 
Func1ons (PDF)

hard-sca^ering 
partonic xsec (pQCD)

Hadroniza1on, 
non-p QCD



QCD predicGons: NXLO state of the art

ICHEP 2022Gavin Salam

LO

2→1 2→2 2→3 2→4 2→5

NLO

NNLO

N3LO

split. 
fns

most procs. known 
(some w. public code)
some procs. known 
/ no public code
some inputs known 
(no full calcn)

QCD fixed-order as of 2022

major 
recent 
progress

From G. Salam, ICHEP 2022 (slightly modified)

Major challenges and progress:
• Multiloop scattering amplitudes
• Real emission → IR subtraction
• All-order resummations in specific 

regions of phase space
• Predictions for fiducial regions

S2ll a good summary for 2023, 
with much progress in 

red-circled boxes

Q
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Higgs produc,on via gg fusion at N3LO 
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A strong case to demonstrate the need for higher-order QCD

• The leading Higgs produc@on mode
• A benchmark test of QCD, including H+j produc@on
• An excellent tes@ng ground to probe theore@cal accuracy

Anastasiou, Duhr, Dulat, 
Herzog, Mistlberger
1503.06056
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… crucial to map residual uncertain,es
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Figure 1: Relative cummulative contributions to the total cross section as a function of
the collider energy.

components of the cross section as a function of the collider energy; the data
for such a plot is readily obtained by running iHixs a few times for di↵erent
values of the collider energy.

From a single run of iHixs we also obtain estimates for the residual
uncertainty on the cross section. iHixs provides detailed estimates for the
various sources of uncertainty

�(theory) = +0.13pb
�1.20pb

�
+0.28%
�2.50%

�
�(scale)

+ ±0.56pb (±1.16%) �(PDF-TH)
+ ±0.49pb (±1.00%) �(EWK)
+ ±0.41pb (±0.85%) �(t,b,c)
+ ±0.49pb (±1.00%) �(1/mt)
= +2.08pb

�3.16pb

�
+4.28%
�6.5%

�
,

�(PDF) = ±0.89pb (±1.85%) ,
�(↵S) = +1.25pb

�1.26pb

�
+2.59%
�2.62%

�
.

(38)
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Dulat, Lazopoulos, Mistlberger
1802.00827 (iHixis)LHC @ 13 TeV

Uncertainty removed by calcula1on 
of exact NNLO mt dependence

Czakon, Harlander, Klappert, 
Niegge1ed, 2105.04436

Reduced uncertainty  to 0.26% by 
calculation of NLO mixed QCD+EW

Becchetti, Bonciani, Del Duca, Hirschi, 
Moriello, Schweitzer, 2010.09451

Future challenges:
• N3LO PDF!  → d(PDF-TH)
• Light-quark mass effects → d(b,c)
• More EW correc1ons
• Large logs resumma1on (fiducial)?

4-loop splijng func1ons (low moments) – Moch, Ruijl, Ueda, Vermaseren, Vogt, 2111.15561 
DY@N3LO QCD – Duhr, Dulat, Mistlberger, 2001.07717, 2007.13313



DY at N3LO – input to PDF fits and MW measurement
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Duhr, Dulat, Mistlberger, 2001.07717

Duhr, Dulat, Mistlberger, 2007.13313

• Scale dependence: non-uniform behavior in all Q-regions
• Important input for PDFs (not yet included)
• Region around Q~MW: reconsider how to esPmate 

theorePcal uncertainty from scale variaPon 

MW

Recall from before: need 0.1% accuracy in template 
distributions in order to achieve DMW~10 MeV

NC-DY CC-DY



DY at N3LO – dedicated PDF study
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Overall consistency 
among different sets

Large varia1on 
in error bands

Systema1cs introduced by 
choosing different sets can 
be substan1al 

Different patterns observed in CC vs NC cannot be ignored for precision 
measurements, since the introduced bias can be sizable at percent level.

Baglio, Duhr, Mistlberger, Szafron, 2209.06138
(n3loxs – public numerical code)



DY at N3LO+N3LL – differen,al 
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Chen, Gehrmann, Glover, Huss, Monni, 
Re, Ro^oli, Torrielli, 2203.01565

Ro^oli, Torrielli, Vicini, 2301.04059Challenging to control theore1cal 
uncertain1es below percent level!

Consider different observable?

𝑝!,#$%ℓ 𝑝!,#$'ℓ 𝑝!,#()ℓ

DMW
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Shi' in jacobian peak 
by DMW/2

DMW~±15 MeV
feasible



VH at N3LO, first complete calculation
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Same color structure as DY, same characteristic behavior, same lesson learnt in assessing 
theoretical uncertainties

Baglio, Duhr, Mistlberger, Szafron, 2209.06138



NNLO for 2→3 processes 
• Several recent results for pp → 𝛾𝛾𝛾, 𝛾𝛾𝑗, 𝛾𝑗𝑗, 𝑗𝑗𝑗

• Most recently first NNLO results for mul6-scale processes: 𝑏"𝑏𝑊, 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝐻
Chawdry, Czakon, Mitov, Poncelet; Kallweit, Sotnikov, Wiesemann; Badger, Gerhmann, Marcoli, Moodie; 

1 massive final-state 
par@cle (b massless) 3 massive final-state 

par@cles
Hartanto, Poncelet, Popescu, Zoia
2205.01687 Buonocore,  Devoto, Grazzini, Kallweit, 

Mazzitelli, Rotoli, Savoini , 2306.16311
Catani, Devoto, Grazzini, Kallweit, 
Mazzitelli, Savoini , 2210.07846

Major bo=le neck: 2-loop 5-point amplitudes
Evaluated in 𝑡 ̅𝑡𝑊, 𝑡 ̅𝑡𝐻 calcula2on by so^-W/H approxima2on
Several groups working at providing exact 2-loop amplitudes 

Major impact on LHC 
phenomenology



𝑡 ̅𝑡𝑊 and 𝑡 ̅𝑡𝐻	at NNLO
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pp ! tt̄H µR = µF = mt + mH/2

4

� [pb]
p
s = 13TeV

p
s = 100TeV

�LO 0.3910+31.3%
�22.2% 25.38+21.1%

�16.0%

�NLO 0.4875+5.6%
�9.1% 36.43+9.4%

�8.7%

�NNLO 0.5070 (31)+0.9%
�3.0% 37.20(25)+0.1%

�2.2%

TABLE II: LO, NLO and NNLO cross sections at
p
s = 13TeV andp

s = 100TeV. The errors stated in brackets at NNLO combine
numerical errors with the uncertainty due to the soft Higgs boson

approximation.

expected to be smaller than these values. We multiply
this uncertainty by a tolerance factor that is chosen to
be 3 for both the gg and the qq̄ channels, taking into
account the overall quality of the approximation and the
e↵ect of the µIR variations discussed above. To obtain
the final uncertainty on the full NNLO cross section, we
linearly combine the ensuing uncertainties from the gg

and qq̄ channels. As we will see, the overall uncertainty
on the NNLO cross section estimated in this way is still
significantly smaller than the residual perturbative un-
certainties.

Results. We are now ready to present our results for
the inclusive tt̄H cross section. In Table II we report
LO, NLO and NNLO cross sections. The scale uncer-
tainties are obtained through the customary procedure of
independently varying the renormalisation (µR) and fac-
torisation (µF) scales by a factor of 2 around their cen-
tral value with the constraint 0.5  µR/µF  2. Since,
as can be seen from Table II, such scale uncertainties
are highly asymmetric, especially at NNLO, in the fol-
lowing we will conservatively consider their symmetrised
version as our estimate of perturbative uncertainty. More
precisely, we take the maximum among the upward and
downward variations, assign it symmetrically and leave
the nominal prediction unchanged.

The errors stated in brackets at NNLO are obtained
by combining the uncertainty from the soft Higgs bo-
son approximation, estimated as discussed above, with
the (much smaller) systematic uncertainty from the sub-
traction procedure. Comparing NLO and LO results
we see that NLO corrections increase the LO result by
25% at

p
s = 13TeV and by 44% at

p
s = 100TeV. The

impact of NNLO corrections is much smaller: they in-
crease the NLO result by 4% at

p
s = 13TeV and by

2% at
p
s = 100TeV. The NNLO contribution of the

o↵-diagonal channels [43] is below the permille level atp
s = 13TeV, while it amounts to about half of the com-

puted correction at
p
s = 100TeV. Perturbative uncer-

tainties are reduced down to the few-percent level. The
uncertainty from the soft Higgs boson approximation
amounts to about ±0.6% at both values of

p
s. We point

out that this uncertainty, although not negligible, is still
significantly smaller than the remaining perturbative un-
certainties.

FIG. 1: LO, NLO and NNLO cross sections with their perturbative
uncertainties as functions of the centre-of-mass energy. The

experimental results from ATLAS [3] and CMS [4] at
p
s = 13TeV are

also shown. The lower panel illustrates the impact of NNLO
corrections with respect to the NLO result. The inner NNLO band
denotes the uncertainty from the soft approximation combined with

the systematic uncertainty from the subtraction procedure.

In Fig. 1 we show the LO, NLO and NNLO cross sec-
tions and their perturbative uncertainties as functions
of the centre-of-mass energy

p
s. The lower panel illus-

trates the relative impact of the NNLO corrections with
respect to the NLO result. The inner NNLO band de-
notes the combination of the uncertainty from the soft
approximation with the systematic uncertainty from the
subtraction procedure. We see that NNLO corrections
range from about +4% at low

p
s to about +2% atp

s = 100TeV. The perturbative uncertainty is reduced
from ±9% at NLO in the entire range of

p
s to ±3%

(±2%) at
p
s = 8TeV (

p
s = 100TeV). We observe that

the NNLO band is fully contained within the NLO band.
The experimental results by ATLAS (Fig. 04a in the aux-
iliary material of Ref. [3]) and CMS [4] at

p
s = 13TeV

are also shown for reference in Fig. 1. We point out
that for a sensible comparison with experimental data
NLO EW corrections should be considered as well. Atp
s = 13TeV, NLO EW corrections increase the cross

section by 1.7% with respect to the NLO result [28].

Summary. The associated production of a Higgs bo-
son with a top–antitop quark pair is a crucial process
at hadron colliders since it allows for a direct measure-
ment of the top-quark Yukawa coupling. In this Letter
we have presented first NNLO QCD results for the tt̄H

cross section in proton collisions. The calculation is com-
plete except for the finite part of the two-loop virtual
amplitude that is computed by using a soft Higgs bo-

Catani et al., 2210.07846

Buonocore et al., 2306.16311

Theoretical uncertainty 
reduced to 3% level

NNO QCD+NLO EW within at 
most 2s of exp. measurement. 

Ra1o ⁄𝜎, ̅,.( 𝜎, ̅,.) in very 
good agreement with ATLAS 
measurement

Comparison in fiducial volumes 
may give further insight



NLO: push the mul,plicity challenge
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Beyond on-shell produc2on to match fiducial measurements

Bevilacqua, Bi, Hartanto, 
Kraus, Worek, 2005.09427 

Bevilacqua, Bi, Febres Cordero, Hartanto, 
Kraus, Nasufi, LR, Worek, 2109.15181 
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Off-shell effects most relevant in tails 
and end-points of distributions, where 
new physics effects can be hidden

Modelling full process crucial to 
match experimental fiducial cuts 
and estimate theoretical systematic
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PDF – first approximate N3LO  sets aN3LO →	MSHT20aN3LO

• Including PDF uncertainty from 
missing higher-orders (MHOU) as 
theore1cal uncertainty in the fit

• Making use of all available 
knowledge to constrain PDF 
parametriza1on, including 
both exact, resummed, and 
approximate es1mates of 
N3LO results

• Based on N3LO approximation 
to structure functions and 
DGLAP evolution

Ø Gluon fusion to H: the increase in the cross section prediction at N3LO is 
compensated by the N3LO PDF, suggesting a cancellation between terms in the 
PDF and cross section theory at N3LO → matching orders matters!

Ø Vector Boson Fusion: no relevant change in going from N2LO to N3LO PDF, 
due to different partonic channel involved.

McGowan, Cridge, Harland-
Lang, Thorne, 2207.04739



Parton-shower event generators

Radcor, backup slidesSilvia Ferrario Ravasio

It’s time for better Parton Showers!

44

DGLAP splitting functions
LO NLO NNLO [parts of N3LO]

1980 1990 2000 2010 20201970

Drell-Yan (γ/Ζ) & Higgs production at hadron colliders
NLOLO NNLO[……………….] N3LO

transverse-momentum resummation (DY&Higgs)
NLL[……]LL NNLL[…] N3LL

fixed-order matching of parton showers
LO NLO NNLO […….] [N3LO]

parton showers
[parts of NLL…………………………………………..]LL

(many of today’s widely-used showers only LL@leading-colour)

Slide from G. Salam

From S. Ferrario Ravasio, RADCOR 2023

Crucial ingredient to reproduce 
the complexity of collider events

Open unknown or with poor formal 
accuracy (built in approx., tunings, etc.)

Ø Standard PS are Leading Logarithmic (LL) → becoming a limita@on
Ø Several groups aiming for NLL hadron-collider PS  
Nagy&Soper, PanScales, Holguin- Forshaw-Platzer, Herren-Höche-Krauss- Reichelt-Schönherr 

Shower Monte Carlo Event Generators

B
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Hard
Scattering
Q ≈ 100GeV

Hadronization

Fixed-order calculations 

Parton shower

3

• Parton Showers are at the core of Shower Monte Carlo Generators, which contain all the ingredients 
to realistically describe complex collider events 

• Reproduce much of the data from LHC and its predecessors  
• Unknown or poor formal accuracy, especially of the Parton Shower component 

Herwig 

Sherpa 

3



More challenges: non-perturbative effects O((Λ!"#/Q)p) 

Estimate of “p” for all relevant processes crucial to LHC precision program

Ferrario Ravasio, Limatola, Nason, 2011.14114

Caola, Ferrario Ravasio, Limatola, Melnikov, Nason, 2108.08897, same+Ozcelik 2204.02247

A few tens GeV < Q < a few hundreds GeV ⟶	 ( ⁄Λ()* 𝑄)&~(0.01)&−(0.001)& 

Perturba2ve predic2ons at percent level will have to be supplemented with non-
perturba2ve effects if p = 1 for a par2cular process or observable.

No general theory. Direct calcula2ons have shown that there are no linear non-pert 
power correc2ons in:

Ø Z transverse-momentum distribu@ons

Ø Observables that are inclusive with respect to QCD radiation

The pT of the Z: a kinematic argument

The soft radiation pattern is not azimuthally symmetric

A IR linear renormalon is strictly related to soft emissions

If we model a IR linear renormalon as due to the emission of a soft particle with
transverse momentum ⇠ ⇤QCD, we may assume that it can also a↵ect the p

Z

T
by

recoil!

Giovanni Limatola — July 7th, 2022 Linear Power Corrections in Collider Processes 8/17



Summary and Outlook

Ø QCD: a mature theory that s@ll offers plenty of conceptual challenges

Ø In this talk we have mainly focused on aspects of QCD predic@ons for collider physics

Ø Understanding the mul(ple components of QCD predic(ons becomes crucial to interpret precision 
measurements as well as direct searches of new physics. Of course, QCD+EW correc@ons will be part 
of the balance (not covered in this talk).

Ø Now accessible high-precision measurements pose a serious challenge to theore(cal predic(ons

Ø Theore@cal development during the last few years have deeply changed tradi(onal approaches to 
QCD calcula@ons and given results that were unimaginable only a decade ago, giving us confidence 
that challenges can be met.

Ø Interpre@ng the complexity of LHC events at with HL-LHC precision will be challenging and will 
require diversity of approaches.


