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➤Motivations of scrutinisation: 

➤To exercise our understanding of the Standard Model

➤To establish new sector of the Standard Model (Higgs)

➤To maximise sensitivity to new physics in measurements
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Uncertainties
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➤Direct discovery for new channels and new resonants
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σpp→H
➤SM has a wide range of theoretical uncertainties

0.1/billion ~ 10/cent

Uncertainties

➤Direct discovery for new channels and new resonants

➤ Indirect discovery with high precision


➤Wide resonance, Prepeak uptrend, Shape distortion
E − TSM ∝

1
Λ2

BSM

(E ± δE) − (TSM ± δTSM) ∝
1

Λ2
BSM
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Collider Event in Theorist’s Eye
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➤The idea of factorisation in Quantum Field Theory 
plays important role to help theorists understanding 
complex high energy processes:

https://arxiv.org/abs/2203.11601
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Theory Tools for Precision Predictions

Parton ShowerHard Scattering

General Tools (perturbative-QFT)

Q2 dαS

dQ2
= β(αS) = − α2

S(b0 + b1αS + ⋯)

m |≥1 → n |≥1

̂σ = ̂σ(0,0)
LO + ( α

2π ) ̂σ(0,1)
NLO + ( αS

2π ) ̂σ(1,0)
NLO + ( αS

2π )
2

̂σ(2,0)
NNLO + ⋯
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Theory Tools for Precision Predictions

Parton ShowerHard Scattering

General Tools (perturbative-QFT)

Special Tools (non-perturbative-QFT)

Proton    Parton

Q2 dαS

dQ2
= β(αS) = − α2

S(b0 + b1αS + ⋯)

m |≥1 → n |≥1

aHVP
μ

(Λ/Q)n
B. Chakraborty

̂σ = ̂σ(0,0)
LO + ( α

2π ) ̂σ(0,1)
NLO + ( αS

2π ) ̂σ(1,0)
NLO + ( αS

2π )
2

̂σ(2,0)
NNLO + ⋯

αS

mq

CKMCKM



B. Chakraborty
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Theory Tools for Precision Predictions

Hadronisation 

Parton ShowerHard Scattering

General Tools (perturbative-QFT)

Special Tools (non-perturbative-QFT)

Dedicate Tools (fitting)

Proton    Parton

̂σ = ̂σ(0,0)
LO + ( α

2π ) ̂σ(0,1)
NLO + ( αS

2π ) ̂σ(1,0)
NLO + ( αS

2π )
2

̂σ(2,0)
NNLO + ⋯Q2 dαS

dQ2
= β(αS) = − α2

S(b0 + b1αS + ⋯)

m |≥1 → n |≥1

aHVP
μ

(Λ/Q)n
CKM

αS Proton    Parton

Fragmentation 

Theory + Experiment


 To fit NP model

αS

mq
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 Perturbative QFT for Precision Predictions

Pr
ec

is
io

n 
Multiplicity 



Lo
op

s

Xuan Chen                                                                                  Standard Model Prediction Uncertainties                   17

 Perturbative QFT for Precision Predictions

Frontier: loops + legs + scale = 7~8

Diagrams: FeynGame

Comput.Phys.Commun.


256 (2020) 107465

https://web.physik.rwth-aachen.de/user/harlander/software/feyngame/
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 Perturbative QFT for Precision Predictions
Generalised polylogarithms

Riemann zeta values
Elliptic functions

…
Unitarity

Generalised Unitarity
Recursion
Twistors

Differential equations
Integrand/Integral

Sector decomposition
Numerical unitarity

Finite field 
Auxiliary mass flow

Neural network amplitude
…

Frontier: loops + legs + scale = 7~8
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 Perturbative QFT for Precision Predictions
Lo

op
s

loops + legs + scale = 8

Leg

 @NNLO QEDeμ → eμ

rr rv vv rr rv vv

rr rv vv rr rv vv rv rv vv

vv rv vv

➤ Complete NNLO photon corrections via McMule framework

➤ Full  and  dependence of RR, RV and factorisable VV (top).

➤  effects in mixed VV (bottom) estimated via massification.

➤ IR divergence handled by FKS  subtraction method.

➤ Fully differential MC tool for MUonE experiment.

➤ Key input to extract  for .

➤ Alternative dispersive approach from R-ratio to calculate .

me mμ

me
2

Δαhad(Q2) Q2 < 0
aHVP

μ

A. Broggio, T. Engel, A. Ferroglia et. al.  JHEP 01 (2023) 112

MUonE


Fiducial

https://gitlab.psi.ch/mcmule/mcmule
https://doi.org/10.1007/JHEP01(2023)112
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 Perturbative QFT for Precision Predictions

Lo
op

s

loops + legs + scale = 7~8

Leg

 @NNLO QCDpp → tt̄W, γJJ, tt̄H
➤ Rapid progress of NNLO QCD corrections to  scattering at the LHC


➤ Automation of tree and 1-loop scattering ME with OpenLoops.

➤ Processes dependent calculation/approximation for 2-loop-5-leg ME:


➤ Complete analytical amplitudes for  at 2-loop

➤ Eikonal or massification approximation to estimate  @ 2-loop


➤ Mature machinery of NNLO subtraction methods for event generator:

➤ STRIPPER (Sector-improved), MATRIX (qT-slicing)

2 → 3

γqq̄gg, γqq̄QQ̄
Vtt̄gg, Vtt̄qq̄

pp → γγJ
pp → JJJ
pp → γγγ
pp → Wbb̄

Also available @ NNLO

3%±

σtt̄H
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σtt̄W

https://doi.org/10.1140/epjc/s10052-019-7306-2
https://doi.org/10.1103/PhysRevLett.130.111902
https://inspirehep.net/literature/2651109
https://inspirehep.net/literature/2672565
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 Perturbative QFT for Precision Predictions

N3LO QCD 
Phenomenology 
Study by year

17
16

15

23

22

21

20

19
18

Higgs (ggF HTL) total, Anastasiou, Duhr, Dulat, Furlan, Gehrmann et al.

Higgs (VBF) total, Dreyer, Karlberg

Higgs (ggF HTL) yH, Dulat, Mistlberger, Pelloni

Higgs (ggF HTL) total, Mistlberger

Higgs (ggF HTL) yH, Cieri, Chen, Gehrmann, Glover et. al.

Higgs (ggF HTL) yH, Dulat, Mistlberger, Pelloni

HH (VBF) total, Dreyer, Karlberg DIS (1-jet) diff, Currie, Gehrmann, Glover et. al.

Higgs (bbF) total, Duhr, Dulat, Mistlberger

HH (ggF) total, Chen, Li, Shao, WangHiggs (bb decay) diff, Modini, Schiavi, Williams

DY( ) total, Duhr, Dulat, Mistlberger
γ*

Higgs (bbF) total, Duhr, Hirschi, et. al.

 DY (W) total, Duhr, Dulat, Mistlberger

EEC diff, Duhr, Dulat, Mistlberger
Higgs (ggF HTL) diff, Chen, Gehrmann et. al.
Higgs (ggF HTL) qT, Billis et. al.
DY (Z/ ) qT, Camarda, Cieri, Ferreraγ*

DY y , Chen, Gehrmann et. al.γ*
DY (Z/ ) total, Duhr, Mistlbergerγ*

DY (Z/ ) diff, Chen, Gehrmann et. al.
γ*

DY (W) diff, Chen, Gehrmann et. al.DY (Z/ ) diff, Neumann, Campbell et. al.

γ*

 from ZpT, Camarda, Ferrera, Schott

αs

VH total, Baglio, Duhr, Mistlberger, Szafron
 total, Chen, Guan, He, Liu, Ma

e +e − → tt̄DY (Z/ ) qT, Camarda, Cieri, Ferrera

γ*

Higgs (ggF HTL) total, Anastasiou, Duhr, et al.

Higgs (ggF HTL) jet veto, Banfi, Caola, Dreyer, et al.

Lo
op

s

loops + legs + scale = 7~8

Leg
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 Perturbative QFT for Precision Predictions
 @N3LO QCD2 → 2

➤ Total cross section for pp and epem collider

➤ ME from  @ NNLO + ME @ 3-loop.

➤ Use reverse unitarity for IR pole cancellation.

➤ Different perturbative-series convergent behaviour

2 → 3

X. Chen, X. Guan, C.-Q. He, X. Liu, Y.-Q. Ma 2209.14259

σ (e+e− → tt̄)

qq̄ → ZH

σ/
σ N

3 L
O qq̄ → W−H

qq̄ → W+H

J. Baglio, C. Duhr, B. Mistlberger, R. Szafron JHEP 12 (2022) 066

-1%

0.3%±

-1.9%

https://inspirehep.net/literature/2157953
https://doi.org/10.1007/JHEP12(2022)066


3

and the beam functions [70–72], using the rapidity reg-
ulator proposed in [73]. These newly available results
provide the key ingredients for applying qT -subtraction
to processes with colorless final states at N3LO. The
perturbative beam functions are expressed in terms of
harmonic polylogarithms [74] up to weight 5, which can
be evaluated numerically with standard tools [75].

The resolved contribution above the q
cut
T for N3LO

Drell-Yan production contains the same ingredients of
the NNLO calculation with one extra jet. Fully di↵eren-
tial NNLO contributions for Drell-Yan-plus-jet produc-
tion have been computed in [76–78]. The application to
N3LO qT -subtraction further requires stable fixed-order
predictions at small qT [79–81], enabling the cancella-
tion of the q

cut
T between resolved and unresolved contri-

butions to su�cient accuracy. In this Letter, we em-
ploy the antenna subtraction method [82–85] to compute
Drell-Yan production above q

cut
T up to NNLO in pertur-

bation theory, implemented in the parton-level event gen-
erator NNLOJET [76, 79]. To achieve stable and reliable
fixed order predictions down to the qT ⇠ 0.4 GeV re-
gion, NNLOJET has been developing dedicated optimiza-
tions of its phase space generation based on the work
in [68]. This ensures su�cient coverage in the multiply
unresolved regions required for the qT -subtraction.

RESULTS

Applying the qT -subtraction method described above,
we compute Drell-Yan lepton pair production to N3LO
accuracy. For the phenomenological analysis, we restrict
ourselves to the production of a di-lepton pair through a
virtual photon only. We take ECM = 13 TeV as center
of mass collision energy and fix the invariant mass of
the di-lepton pair at Q = 100 GeV. Central scales for
renormalization (µR) and factorization (µF ) are taken at
Q, allowing us to compare with the N3LO total cross
section results from [14]. We use the central member of
PDF4LHC15_nnlo PDFs [86] throughout the calculation.

To establish the cancellation of qcutT -dependent terms
between resolved and unresolved contributions, Fig. 1
displays the qT distribution of virtual photon obtained
with NNLOJET (used for the resolved contribution) and
obtained by expanding the leading-power factorised pre-
diction at small qT using Eq. (2) up to O(↵3

s). The high-
est logarithms at this order are 1/qT ln5(Q/qT ). The
singular qT distribution is expected to match between
NNLOJET and SCET, which is a prerequisite for the
qT -subtraction method. This requirement is fulfilled by
the nonsingular contribution (NNLOJET minus SCET)
demonstrated in the bottom panel of Fig. 1. Remarkably,
the agreement starts for qT at about 2 GeV and extends
down to 0.32 GeV for each perturbative order. Numerical
uncertainties from phase space integrations are displayed
as error bars. We emphasize that the observed agreement

FIG. 1: Perturbative contributions to transverse mo-
mentum distribution of the virtual photon up to ↵

3
s.

The upper panel displays the qT -distribution obtained
from NNLOJET and from expanding SCET to each
order. The bottom panel contains the nonsingular re-

mainder (NNLOJET minus SCET).

FIG. 2: Inclusive N3LO QCD corrections to total
cross section for Drell-Yan production through a vir-

tual photon.

is highly nontrivial, providing very strong support to the
correctness of the NNLOJET and SCET predictions.

In Fig. 2, we display the N3LO QCD corrections to
the total cross section for Drell-Yan production through
a virtual photon, using the qT -subtraction procedure, de-
composed into di↵erent partonic channels. The cross
section is shown as a function of the unphysical cut-
o↵ parameter q

cut
T , which separates resolved and un-

resolved contributions. Integrated over qT , both the

qq̄
gg
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 Perturbative QFT for Precision Predictions
 @ N3LO (+ N3LL) QCD2 → 1

➤ Fully differential N3LO correction in event generator

➤ Recycle  @ NNLO with  slicing 

 

➤ Fiducial power correction removed via MC recoil technique.

➤ Small  resummation at N3LL and partial N4LL

pp → V + J τcut

pT

dσF
NkLO = ℋF

NkLO ⊗ dσF
LO δ(τ)

+ [dσF+jet
Nk−1LO

− dσF CT
NkLO]τ>τcut

+ 𝒪(τ2
cut /Q2) dσ/dmW

T /σ

CDF II

dσ/d |yW+ |
LHC

XC, T. G
ehrm

ann, N
. G

lover,  et. al. Phys.Lett.B 840 (2023) 137876

1%±

➤ Validation of inclusive 
total cross section for

 GeV. 
 

➤ Separated in parton 
channels 


➤ Foundation of numerical 
Monte Carlo setup for 
differential predictions.

qcut
T < 1

C. Duhr, F. Dulat, B. Mistlberger. 

PRL. 125, 172001 (2020)


https://doi.org/10.1103/PhysRevLett.128.052001
https://doi.org/10.1016/j.physletb.2023.137876
https://doi.org/10.1007/JHEP12(2022)066


qcut
T = 0.81 GeV

N4LL + N3LO
qcut

T = 5 GeV

T. Neumann, J. Campbell PRD 107, L011506 (2023)
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 Perturbative QFT for Precision Predictions
 @ N3LO (+ N3LL) QCD2 → 1

➤ Fully differential N3LO correction in event generator

➤ Recycle  @ NNLO with  slicing 

 

➤ Fiducial power correction removed via MC recoil technique.

➤ Small  resummation at N3LL and partial N4LL

pp → V + J τcut

pT

dσF
NkLO = ℋF

NkLO ⊗ dσF
LO δ(τ)

+ [dσF+jet
Nk−1LO

− dσF CT
NkLO]τ>τcut

+ 𝒪(τ2
cut /Q2)

qcut
T = 4 GeV@NLO

S. Camarda, L. Cieri, G. Ferrera 2303.12781


XC, T. G
ehrm

ann, N
. G

lover, et. al. PRL 128, 252001 (2022)

N3LL + N3LO

dσ/dpZ
T

Dominant error:

DYTurbo

CuTe-MCFM

RadISH + NNLOJET

1%±

1%±

https://doi.org/10.1103/PhysRevD.107.L011506
https://inspirehep.net/literature/2644969
https://doi.org/10.1103/PhysRevLett.128.252001


N4LL + N3LO
qcut

T = 5 GeV

T. Neumann, J. Campbell PRD 107, L011506 (2023)
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 Perturbative QFT for Precision Predictions
 @ N3LO (+ N3LL) QCD2 → 1

➤ Fully differential N3LO correction in event generator

➤ Recycle  @ NNLO with  slicing 

 

➤ Fiducial power correction removed via MC recoil technique.

➤ Small  resummation at N3LL and partial N4LL

pp → V + J τcut

pT

dσF
NkLO = ℋF

NkLO ⊗ dσF
LO δ(τ)

+ [dσF+jet
Nk−1LO

− dσF CT
NkLO]τ>τcut

+ 𝒪(τ2
cut /Q2)

S. Camarda, L. Cieri, G. Ferrera 2303.12781


XC, T. G
ehrm

ann, N
. G

lover, et. al. PRL 128, 252001 (2022)

qcut
T = 0.81 GeV

1%±

3%±

1%±

dσ/dpZ
T

Dominant error:

DYTurbo

CuTe-MCFM

N3LL + N3LO

qcut
T = 4 GeV@NLO

https://doi.org/10.1103/PhysRevD.107.L011506
https://inspirehep.net/literature/2644969
https://doi.org/10.1103/PhysRevLett.128.252001


N4LL + N3LO
qcut

T = 5 GeV

T. Neumann, J. Campbell PRD 107, L011506 (2023)
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 Perturbative QFT for Precision Predictions
 @ N3LO (+ N3LL) QCD2 → 1

➤ Fully differential N3LO correction in event generator

➤ Recycle  @ NNLO with  slicing 

 

➤ Fiducial power correction removed via MC recoil technique.

➤ Small  resummation at N3LL and partial N4LL

pp → V + J τcut

pT

dσF
NkLO = ℋF

NkLO ⊗ dσF
LO δ(τ)

+ [dσF+jet
Nk−1LO

− dσF CT
NkLO]τ>τcut

+ 𝒪(τ2
cut /Q2)

1%±

XC, T. G
ehrm

ann, N
. G

lover, et. al. PRL 128, 252001 (2022)

qcut
T = 0.81 GeV

1%±

3%±

G. Fontana 

S. Camarda, L. Cieri, G. Ferrera 2303.12781


Dominant error:
qcut

T = 4 GeV@NLO

N3LL + N3LO

DYTurbo

CuTe-MCFM

https://doi.org/10.1103/PhysRevD.107.L011506
https://doi.org/10.1103/PhysRevLett.128.252001
https://inspirehep.net/literature/2644969
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 Perturbative QFT for Precision Predictions
State-of-the-art Parton Shower accuracy
➤ Standard parton showers are Leading Logarithmic (LL) accurate. 

(SHERPA, PYTHIA, DIRE, GENEVA, HERWIG, VINCIA etc.)

➤ NNLO + LL PS established for  colour singlet and .


➤  + [QCD, QED] shower 
2 → 2 tt̄

pp → W±Z → l+l−l′￼±ν′￼

l
J. M. Lindert, D. Lombardi, M. Wiesemann et. al. JHEP 11 (2022) 036
 dσ/dm3l

4%±

2%±

https://doi.org/10.1007/JHEP11(2022)036


pp → Z + PS
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 Perturbative QFT for Precision Predictions
State-of-the-art Parton Shower accuracy
➤ Standard parton showers are Leading Logarithmic (LL) accurate. 

(SHERPA, PYTHIA, DIRE, GENEVA, HERWIG, VINCIA etc.)

➤ NNLO + LL PS established for  colour singlet and .


➤  + [QCD, QED] shower 

➤ Several groups working on new PS framework aiming for NLL:

➤ CVOLVER: Forshaw, Holguin, Plätzer DEDUCTOR: Nagy, Soper 

ALARIC: Assi, Herren, Höche, Krauss, Reichelt, Schönherr 
PANSCALES: van Beekveld, Ferrario Ravasio, Hamilton, Salam, Soto-
Ontoso, Soyez, Verheyen, Halliwell, Medves, Dreyer, Scyboz, Karlberg, 
Monni, El-Menoufi


➤ Test of shower accuracy (PANSCALES): 
 
 

➤ PANSCALES: VBFH (initial and final NLL shower)

➤ First NLL shower uncertainty estimation at ~10%


➤ ALARIC: massive shower (final NLL shower)

2 → 2 tt̄
pp → W±Z → l+l−l′￼±ν′￼

l
J. M. Lindert, D. Lombardi, M. Wiesemann et. al. JHEP 11 (2022) 036


∑ PS(λ)
∑ NLL(λ)

αs→0

More validations in: 
PanScales Collaboration JHEP 11 (2022) 020


B. Assi, S. Höche 2307.00728
Alaric Collaboration 2208.06057,


4 NLL shower models

https://doi.org/10.1007/JHEP11(2022)036
https://doi.org/10.1007/JHEP11(2022)020
https://inspirehep.net/literature/2673959
https://inspirehep.net/literature/2135530
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 Perturbative QFT for Precision Predictions
State-of-the-art Parton Shower accuracy
➤ Standard parton showers are Leading Logarithmic (LL) accurate. 

(SHERPA, PYTHIA, DIRE, GENEVA, HERWIG, VINCIA etc.)

➤ NNLO + LL PS established for  colour singlet and .


➤  + [QCD, QED] shower 

➤ Several groups working on new PS framework aiming for NLL:

➤ CVOLVER: Forshaw, Holguin, Plätzer DEDUCTOR: Nagy, Soper 

ALARIC: Assi, Herren, Höche, Krauss, Reichelt, Schönherr 
PANSCALES: van Beekveld, Ferrario Ravasio, Hamilton, Salam, Soto-
Ontoso, Soyez, Verheyen, Halliwell, Medves, Dreyer, Scyboz, Karlberg, 
Monni, El-Menoufi


➤ Test of shower accuracy (PANSCALES): 
 
 

➤ PANSCALES: VBFH (initial and final NLL shower)

➤ First NLL shower uncertainty estimation at ~10%


➤ ALARIC: massive shower (final NLL shower)

2 → 2 tt̄
pp → W±Z → l+l−l′￼±ν′￼

l

B. Assi, S. Höche 2307.00728


J. M. Lindert, D. Lombardi, M. Wiesemann et. al. JHEP 11 (2022) 036


pp → H (VBF) + PS

dσ/dΔηj1j2/σLO

~5%

M. van Beekveld, S. Ferrario Ravasio 2305.08645

Alaric Collaboration 2208.06057,


3 NLL shower models

https://inspirehep.net/literature/2673959
https://doi.org/10.1007/JHEP11(2022)036
https://inspirehep.net/literature/2659790
https://inspirehep.net/literature/2135530
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 Non-Perturbative QFT for Precision Predictions
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 Non-Perturbative QFT for Precision Predictions
 Data driven vs. Lattice QCDaHVP

μ

Table and diagram by L. Pareao at Zurich Workshop in June 2023

Data from SM White Paper Phys.Rept. 887 (2020)

https://indico.psi.ch/event/13708/contributions/43408/attachments/25302/46408/uzh_parato.pdf
https://doi.org/10.1016/j.physrep.2020.07.006
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 Non-Perturbative QFT for Precision Predictions
 Data driven vs. Lattice QCDaHVP

μ

➤ Perturbative QCD is not valid for 

➤ Use dispersive approach to include  Hadron data via R-ratio:

Λ = mμ ≪ ΛQCD

e+e− →

Data from SM White Paper Phys.Rept. 887 (2020)

Table and diagram by L. Pareao at Zurich Workshop in June 2023

D. Zeppenfeld

aLO−HVP
μ,DA =

α2

3π3 ∫
∞

m2
π

ds
s

K(s)R(s)

M
. D

avier et. al. Eur.Phys.J.C 80 (2020) 5 

https://doi.org/10.1016/j.physrep.2020.07.006
https://indico.psi.ch/event/13708/contributions/43408/attachments/25302/46408/uzh_parato.pdf
https://static.ias.edu/pitp/archive/2005files/Lecture%20notes/Zeppenfeld-3.pdf
https://doi.org/10.1140/epjc/s10052-020-7857-2
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 Non-Perturbative QFT for Precision Predictions
 Data driven vs. Lattice QCDaHVP

μ
Data from SM White Paper Phys.Rept. 887 (2020)

FNAL Phys. Rev. Lett. 126, 141801 (2021) L. Pareao at Zurich W
orkshop in June 

Table and diagram by L. Pareao at Zurich Workshop in June 2023

https://doi.org/10.1016/j.physrep.2020.07.006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://indico.psi.ch/event/13708/contributions/43408/attachments/25302/46408/uzh_parato.pdf
https://indico.psi.ch/event/13708/contributions/43408/attachments/25302/46408/uzh_parato.pdf
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 Non-Perturbative QFT for Precision Predictions
FNAL Phys. Rev. Lett. 126, 141801 (2021) L. Pareao at Zurich W

orkshop in June 

aLO−HVP
μ,LQCD = 2α2 ∫

∞

0
t2dtK(mμt)V(t)

aLO−HVP,ω
μ,LQCD = 2α2 ∫

∞

0
t2dtK(mμt)Θω(t)V(t)

➤ Time  Energy Window

➤  for SD, W, LD.

➤ SD and W precisely predicted by Lattice QCD in continuum. 

➤ SD and W energy windows with precise  EXP data.

➤  (intermediate window) has 3.7  tension for DA vs. LQCD

↔
[0, t0] ⊕ [t0, t1] ⊕ [t1, + ∞]

e+e−

aW
μ σ

RBC/U
KQ

CD
 Collaboration


2301.08696

See also light quark result from FL-HPQCD-MILC collaboration, Phys.Rev.D 107 (2023) 11

DA

LQCD

 Data driven vs. Lattice QCDaHVP
μ

aLO−HVP
μ,DA =

α2

3π3 ∫
∞

m2
π

ds
s

K(s)R(s)

ET
M

 C
ol

la
bo

ra
tio

n,
 2

21
2.
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49
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03

E [ ]

R(E)

w = LD

w = W

w = SD

Energy Windows: SD, W, LD

https://indico.psi.ch/event/13708/contributions/43408/attachments/25302/46408/uzh_parato.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801
https://inspirehep.net/literature/2616291
https://doi.org/10.1103/PhysRevD.107.114514
https://inspirehep.net/literature/2616291
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Parton Distributions and αs
State-of-the-art Parton Distribution Functions

➤ Experiment input


➤ All past and current measurements of DIS, DY, jets etc. 
provide fitting targets of 


➤ Differential and total cross sections provide sensitivity 
in different regions of 


➤ Various technology for fitting: functional form, neural 
network, fast evaluation grids etc.

fa(x, Q)

x ∈ [0,1]

N
N

PD
F4

.0
 C

ov
er

ag
e

➤ Theory input


➤ Option A: solve proton wave function with Lattice 
QCD 


➤ Option B: collinear factorisation  
with p-QCD evolution of factorisation scale

fa → fa(x, μ)

d
dlnμ2 (

fq
fg) = (

Pq←q Pq←g

Pg←q Pg←g) ⊗ (
fq
fg)

DGLAP evolution with

G. Falcioni, F. Herzog et. al. Phys.Lett.B 842 (2023)γ(3)
q←q(N) = − ∫

1

0
dxxN−1P(3)

q←q(x)

pa←b =
αs

π
P(0)

a←b +
α2

s

π2
P(1)

a←b +
α3

s

π3
P(2)

a←b + ⋯
1970’s 1980 2004

γ(3)
q←g(N) = − ∫

1

0
dxxN−1P(3)

q←g(x) G. Falcioni, F. Herzog, S. Moch, A. Vogt 2307.04158

For N = 2,4,⋯20 x

Q2

Recent progress in D. Chakrabarti, P. Choudhary et. al. 2304.09908

https://doi.org/10.1140/epjc/s10052-022-10328-7
https://doi.org/10.1016/j.physletb.2023.137944
https://inspirehep.net/literature/2675638
https://inspirehep.net/literature/2652890
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State-of-the-art Parton Distribution Functions G. Magni (NNPDF) @ Les Houches 23

➤ Approximated N3LO PDF available: 
 

MSHT20aN3LO 

 

NNPDFaN3LO 


➤ More precise 4-loop splitting 
functions affect small x region.


➤ Large correction at aN3LO at small 
x region outside 68% c.l. region.


➤ Missing Higher Order Uncertainty 
(MHOU) not included in standard 
NNLO PDF.


➤ Crucial to consider MHOU and 
IHOU to understand consistency 
between NNLO and N3LO PDF.

NNPDF preliminary

Eur.Phys.J.C 83 (2023) 4

Parton Distributions and αs

x Pqq(x) x Pqq(x)

x fg(x) x fg(x)

https://phystev.cnrs.fr/wiki/_media/2023:lh2023_16_06_23.pdf
https://phystev.cnrs.fr/wiki/_media/2023:lh2023_16_06_23.pdf
https://doi.org/10.1140/epjc/s10052-023-11451-9
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The running strong coupling
➤ Both non-perturbative and perturbative  

determination depend on the beta-function.


➤ More and more precision predictions and 
measurements across  magnitude.

αs

103

Q2 dαs

dQ2
= β(αs) = − α2

s (b0 + b1αs + b2α2
s + b3α3

s + b4α4
s + ⋯)

1973 1979 1993 1997 2017

Parton Distributions and αs



210 310
Q [GeV]

0.06
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0.10

0.12

0.14
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 (Q
)

s
α arXiv:1307.1907

tCMS t
arXiv:1207.4957

R∆ R∅D
arXiv:0911.2710

 incl. jet∅D

arXiv:1412.1633
3CMS M

arXiv:1304.7498
32CMS R

arXiv:1609.05331
CMS incl. jet
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φ∆ATLAS R
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Z
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 0.0009 (PDG 2022)±) = 0.1179 
Z

(msα

ATLAS

NNLO pQCD;  MMHT 2014 (NNLO)

2301.09351
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The running strong coupling
➤ Both non-perturbative and perturbative  

determination depend on the beta-function.


➤ More and more precision predictions and 
measurements across  magnitude.

αs

103
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M. Alvarez, J. Cantero, 
M.Czakon, J. Llorente,
A. Mitov, R. Poncelet
JHEP 03 (2023) 129

Parton Distributions and αs

https://inspirehep.net/literature/2625697
https://doi.org/10.1007/JHEP03(2023)129
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The running strong coupling
➤ Both non-perturbative and perturbative  

determination depend on the beta-function.


➤ More and more precision predictions and 
measurements across  magnitude.

αs

103

Flavour Lattice Averaging Group Eur.Phys.J.C 82 (2022) 10

0.7%

Parton Distributions and αs

https://doi.org/10.1140/epjc/s10052-022-10536-1
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The running strong coupling
➤ Both non-perturbative and perturbative  

determination depend on the beta-function.


➤ More and more precision predictions and 
measurements across  magnitude.

αs

103

Flavour Lattice Averaging Group Eur.Phys.J.C 82 (2022) 10

0.7%

ATLAS-CONF-2023-015 

Error budget of ATLAS  8 TeV Z pT

Parton Distributions and αs

https://doi.org/10.1140/epjc/s10052-022-10536-1
http://cds.cern.ch/record/2855244/files/ATLAS-CONF-2023-015.pdf
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The running strong coupling
➤ Both non-perturbative and perturbative  

determination depend on the beta-function.


➤ More and more precision predictions and 
measurements across  magnitude.

αs

103

Flavour Lattice Averaging Group Eur.Phys.J.C 82 (2022) 10

0.7%

ATLAS-CONF-2023-015 

Error budget of ATLAS  8 TeV Z pT Missing: MHOU from aN3LOPDF; Dominant 

matching error; Systematic slicing error in 

DYTurbo and MCFM (double slicing); 


 Optimistic uncertainty estimation →

Parton Distributions and αs

https://doi.org/10.1140/epjc/s10052-022-10536-1
http://cds.cern.ch/record/2855244/files/ATLAS-CONF-2023-015.pdf
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The running strong coupling
➤ Both non-perturbative and perturbative  

determination depend on the beta-function.


➤ More and more precision predictions and 
measurements across  magnitude.


➤ To understand the NP power correction in 
collinear factorisation (hadron collider):

αs

103

σ = ∑
i,j

∫ dx1dx2 fi(x1)fj(x2) ̂σ( ̂s) × [1 + 𝒪(Λ/Q)n]

➤ n=2 for inclusive DY, n=1 for hadronisation 

➤ What about Z/W at large  ? pT

( 1 GeV
30 GeV )

n
≈ 3 % (0.1%) for n=1 (n=2)

➤ MC framework to estimate renormalon corrections:
Ferraro Ravasio, Limatola, Nason  JHEP 06 (2021) 018

Carla, Ferrario Ravviso, et. al. JHEP 01 (2022) 093,  JHEP 12 (2022) 062

➤ Confirm n=2 for  at hadron colliders  no need 
to update  fitting related to DY data.


pZ
T →

αs

P. Nason, G. Zanderighi JHEP 06 (2023) 058

Parton Distributions and αs

➤ Linear NP corrections in  jets ease the 
tension in  fitting from C-parameter and thrust.

e+e− → 3
αs

https://doi.org/10.1007/JHEP06(2021)018
https://doi.org/10.1007/JHEP01(2022)093
https://doi.org/10.1007/JHEP12(2022)062
https://doi.org/10.1007/JHEP06(2023)058


CONCLUSION AND OUTLOOK

➤Reducing and understanding the Standard Model uncertainties is indispensable for 
future high energy experiment.

➤ It is about finding the shortest panel of a bucket rather than boosting the longest.
➤Multiple solutions work together to test our understand of the Standard Model: 

perturbative and non-perturbative QFT, specialised fitting etc.
➤There is rapid progress in the complexity of amplitudes, NNLO and N3LO 

phenomenology, parton shower framework, lattice QCD and machine learning 
technology etc.

➤ It is not only to predict a more precise number but to be confronted by conceptual 
problems that we previously ignored.
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[Apologies for the personal selection of topics, and 
for the many interesting results not covered here]



➤Reducing and understanding the Standard Model uncertainties is indispensable for 
future high energy experiment.
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perturbative and non-perturbative QFT, specialised fitting etc.
➤There is rapid progress in the complexity of amplitudes, NNLO and N3LO 

phenomenology, parton shower framework, lattice QCD and machine learning 
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problems that we previously ignored.
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[Apologies for the personal selection of topics, and 
for the many interesting results not covered here]

Thank You for Your Attention



BACK UP SLIDES
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STATE-OF-THE-ART PREDICTIONS FOR dσN3LO+N3(4)LL
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Resummation Fixed OrderTransitionNon-perturbative

Predictions of Colourless pT at Hadron Collider

➤Beyond QCD improved parton model

➤pQCD describes the tail of spectrum

➤Large logarithmic divergence 
 

➤Various LP resummation schemes

➤Multiple solutions in transition region

➤Non-perturbative effects ~ 1 GeV 
(Short distance and long distance effects) 

ln
pT

Q
as pT → 1 GeV
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Resummation Fixed OrderTransitionNon-perturbative

H

g

g

Hg

gg

t/b? ?

@ N3LL (full)


@ N4LL (partial)

@N3LO V


@NNLO V+jet

⊗ ⊕
MiNNLO


Profiling

S.D. and L.D. 


NP models

dσ
dpT res

dσ
dpT F.O.

dσ
dpT res

+
dσ
dpT F.O.

−
dσ
dpT truncated

fNP(x, bT, ξ)
Lattice QCD

~2% (fitting data)


> 10% (lattice)

~ 1% (single)


~3% (multiple)

~ 1% (single)


~3% (multiple)

~1-10% 


 (Scale Unc.)

➤Beyond QCD improved parton model

➤pQCD describes the tail of spectrum

➤Large logarithmic divergence 
 

➤Various LP resummation schemes

➤Multiple solutions in transition region

➤Non-perturbative effects ~ 1 GeV 
(Short distance and long distance effects)

ln
pT

Q
as pT → 1 GeV
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Predictions of Colourless pT at Hadron Collider



➤State-of-the-art differential N3LO predictions
➤ Fully differential N3LO Drell-Yan production (via ) (XC, T. Gehrmann, N. Glover, A. Huss, T.-Z. Yang, H. X. Zhu 2021)


➤ Apply qt-slicing at N3LO with SCET factorisation and expand to N3LO: 
 
 
 

➤ All factorised functions are recently known up to N3LO: 
1) 3-loop hard function   (T. Gehrmann, E.W.N. Glover, T. Huber, N. Ikizlerli, C. Studerus 2010) 
2) Transverse-momentum-dependent (TMD) soft function  at  (Y. Li, H.X. Zhu 2016) 
3) Matching kernel of TMD beam function  at  (M.-X. Luo, T.-Z. Yang, H. X. Zhu, Y. J. Zhu 2019, M. A. Ebert, B. 
Mistlberger, G. Vita 2020)


➤ Apply qt cut to factorise N3LO contribution into two parts: 


               


γ*

H(3)
qq̄

S(b⊥, μ) α3
s

Iqk α3
s

dσγ*
N3LO = [ℋγ* ⊗ dσγ*]N3LO

δ(pT,γ*)
+ [dσγ*+jet

NNLO − dσγ* CT
N3LO ]pT,γ*>qtcut

+ 𝒪(qt2
cut /Q2)

Anatomy of differential cross sections d ̂σab
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  @ N3LOpp → γ*/Z

4

Fixed order �pp!�⇤(fb)

LO 339.62+34.06
�37.48

NLO 391.25+10.84
�16.62

NNLO 390.09+3.06
�4.11

N3LO 382.08+2.64
�3.09 [14]

N3LO only qcutT = 0.63 GeV qcutT ! 0 fit [14]

qg �15.32(32) �15.34(54) �15.29

qq̄ + qQ̄ +5.06(12) +5.05(12) +4.97

gg +2.17(6) +2.19(6) +2.12

qq + qQ +0.09(13) +0.09(17) +0.17

Total �7.98(36) �8.01(58) �8.03

TABLE I: Inclusive cross sections with up to N3LO
QCD corrections to Drell-Yan production through
a virtual photon. N3LO results are from the qT -
subtraction method and from the analytic calculation
in [14]. Cross sections at central scale of Q = 100 GeV
are presented together with 7-point scale variation.
Numerical integration errors from qT -subtraction are

indicated in brackets.

NNLOJET and SCET predictions involve logarithms up
to ln6(Q/q

cut
T ), which become explicit in the SCET cal-

culation. The NNLOJET calculation produces the same
large logarithms but with opposite sign, as well as power
suppressed logarithms (qcutT )m lnn(Q/q

cut
T ), where m � 2

and n  6. The physical N3LO total cross section con-
tribution must not depend on the unphysical cuto↵ q

cut
T ;

therefore it is important to choose a su�ciently small qcutT
to suppress such power corrections.

Figure 2 demonstrates the dependence on q
cut
T of the

SCET+NNLOJET predictions is negligible for values be-
low 1 GeV. In fact, for all partonic channels except qg,
the cross section predictions become flat and therefore
reliable already at qcutT ⇠ 5 GeV. It is only the qg chan-
nel that requires a much smaller q

cut
T , indicating more

sizeable power corrections than in other channels.

Also shown in Fig. 2 in dashed lines are the inclusive
predictions from [14], decomposed into di↵erent partonic
channels. We observe an excellent agreement at small-qT
region with a detailed comparison given in Table I. We
present total cross sections at small qcutT value (0.63 GeV)
and results from fitting the next-to-leading power sup-
pressed logarithms with q

cut
T extrapolated to zero. This

agreement provides a fully independent confirmation of
the analytic calculation [14], and lends strong support to
the correctness for our qT -subtraction-based calculation.
We observe large cancellations between qg channel (blue)
and qq̄ channel (orange). While the inclusive N3LO cor-
rection is about �8 fb, the qg channel alone can be as
large as �15.3 fb. Similar cancellations between qg and
qq̄ channel can already be observed at NLO and NNLO.
The numerical smallness of the NNLO corrections (and
of its associated scale uncertainty) is due to these cancel-

FIG. 3: Di-lepton rapidity distribution from LO to
N3LO. The colored bands represent theory uncer-
tainties from scale variations. The bottom panel is
the ratio of the N3LO prediction to NNLO, with dif-

ferent cuto↵ q
cut
T .

lations, which may potentially lead to an underestimate
of theory uncertainties at NNLO.
In Fig. 3, we show for the first time the N3LO pre-

dictions for the Drell-Yan di-lepton rapidity distribution,
which constitutes the main new result of this Letter. Pre-
dictions of increasing perturbative orders up to N3LO
are displayed. We estimate the theory uncertainty band
on our predictions by independently varying µR and µF

around 100 GeV with factors of 1/2 and 2 while elimi-
nating the two extreme combinations (7-point scale vari-
ation). With large QCD corrections from LO to NLO,
the NNLO corrections are only modest and come with
scale uncertainties that are significantly reduced [5, 7, 8].
However, as has been observed for the total cross sec-
tion, the smallness of NNLO corrections is due to cancel-
lations between the qg and qq̄ channels. Indeed, Fig. 3
shows clearly that the N3LO correction is large compared
with NNLO, and that the NNLO scale uncertainty band
fails to overlap with N3LO over the full rapidity range.
It should however be noted that the uncertainties from
PDFs, especially from the missing N3LO e↵ects in their
evolution, can be at the percent level [14], which high-
lights the necessity for a consistent PDF evolution and
extraction at N3LO in the future.
In the bottom panel of Fig. 3, we show the ratio of

the N3LO rapidity distribution to the previously known
NNLO result [7, 8]. As can be seen, the corrections are
about �2% of the NNLO results, and are flat over a
large rapidity range. There is minimal overlap between
the scale uncertainty bands only at large y�⇤ . To test the
numerical stability at N3LO, three values of qcutT are ex-
amined in the bottom panel. We observe the qcutT depen-

[Chen, Gehrmann, Glover, AH, Yang Zhu '21]
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3

and the beam functions [70–72], using the rapidity reg-
ulator proposed in [73]. These newly available results
provide the key ingredients for applying qT -subtraction
to processes with colorless final states at N3LO. The
perturbative beam functions are expressed in terms of
harmonic polylogarithms [74] up to weight 5, which can
be evaluated numerically with standard tools [75].

The resolved contribution above the q
cut
T for N3LO

Drell-Yan production contains the same ingredients of
the NNLO calculation with one extra jet. Fully di↵eren-
tial NNLO contributions for Drell-Yan-plus-jet produc-
tion have been computed in [76–78]. The application to
N3LO qT -subtraction further requires stable fixed-order
predictions at small qT [79–81], enabling the cancella-
tion of the q

cut
T between resolved and unresolved contri-

butions to su�cient accuracy. In this Letter, we em-
ploy the antenna subtraction method [82–85] to compute
Drell-Yan production above q

cut
T up to NNLO in pertur-

bation theory, implemented in the parton-level event gen-
erator NNLOJET [76, 79]. To achieve stable and reliable
fixed order predictions down to the qT ⇠ 0.4 GeV re-
gion, NNLOJET has been developing dedicated optimiza-
tions of its phase space generation based on the work
in [68]. This ensures su�cient coverage in the multiply
unresolved regions required for the qT -subtraction.

RESULTS

Applying the qT -subtraction method described above,
we compute Drell-Yan lepton pair production to N3LO
accuracy. For the phenomenological analysis, we restrict
ourselves to the production of a di-lepton pair through a
virtual photon only. We take ECM = 13 TeV as center
of mass collision energy and fix the invariant mass of
the di-lepton pair at Q = 100 GeV. Central scales for
renormalization (µR) and factorization (µF ) are taken at
Q, allowing us to compare with the N3LO total cross
section results from [14]. We use the central member of
PDF4LHC15_nnlo PDFs [86] throughout the calculation.

To establish the cancellation of qcutT -dependent terms
between resolved and unresolved contributions, Fig. 1
displays the qT distribution of virtual photon obtained
with NNLOJET (used for the resolved contribution) and
obtained by expanding the leading-power factorised pre-
diction at small qT using Eq. (2) up to O(↵3

s). The high-
est logarithms at this order are 1/qT ln5(Q/qT ). The
singular qT distribution is expected to match between
NNLOJET and SCET, which is a prerequisite for the
qT -subtraction method. This requirement is fulfilled by
the nonsingular contribution (NNLOJET minus SCET)
demonstrated in the bottom panel of Fig. 1. Remarkably,
the agreement starts for qT at about 2 GeV and extends
down to 0.32 GeV for each perturbative order. Numerical
uncertainties from phase space integrations are displayed
as error bars. We emphasize that the observed agreement

FIG. 1: Perturbative contributions to transverse mo-
mentum distribution of the virtual photon up to ↵

3
s.

The upper panel displays the qT -distribution obtained
from NNLOJET and from expanding SCET to each
order. The bottom panel contains the nonsingular re-

mainder (NNLOJET minus SCET).

FIG. 2: Inclusive N3LO QCD corrections to total
cross section for Drell-Yan production through a vir-

tual photon.

is highly nontrivial, providing very strong support to the
correctness of the NNLOJET and SCET predictions.

In Fig. 2, we display the N3LO QCD corrections to
the total cross section for Drell-Yan production through
a virtual photon, using the qT -subtraction procedure, de-
composed into di↵erent partonic channels. The cross
section is shown as a function of the unphysical cut-
o↵ parameter q

cut
T , which separates resolved and un-

resolved contributions. Integrated over qT , both the

qq̄
gg
qq

qg

Σ
𝒪(qcut

T )
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 @ N3LO (+ N3LL) QCD2 → 1

Precision Predictions at Hadron Collider

XC, T. Gehrmann, N. Glover, et. al. PRL 128, 252001 (2022)

qcut
T = 4 GeV

➤ Solid horizontal lines: NLO, NNLO at 1 GeV, N3LO at 4 GeV with MC error.


➤ N3LO shows no plateau in 1905.05171


➤ Pale dots are values used by DYTurbo in 2103.04974 and 2303.12781 (taken 
from 1905.05171).


➤ Fiducial power corrections are not included.


➤ Leads to 30% difference of N3LO coefficients at .


➤ Solid dots are corrected values with fiducial power correction.


➤ Central value shifts 2 pb starting from NLO (the dominant error).


➤  pb uncertainty from MC and  (estimated from [3,5] GeV region).


➤ Not included in DYTurbo update result with   pb uncertainty.

qcut
T = 4 GeV

±2.1 qcut
T

±0.7

DYTurbo result with fiducial power correction

S. Camarda, L. Cieri, G. Ferrera Eur.Phys.J.C 82 (2022) 6

DYTurbo result without fiducial power correction cited in ATLAS  fittingαs

S. Camarda, L. Cieri, G. Ferrera Eur.Phys.J.C 82 (2022) 6

https://doi.org/10.1103/PhysRevLett.128.252001
https://doi.org/10.1140/epjc/s10052-022-10510-x
http://cds.cern.ch/record/2855244/files/ATLAS-CONF-2023-015.pdf
https://doi.org/10.1103/PhysRevD.104.L111503


Xuan Chen                                                                                  Standard Model Prediction Uncertainties                   52

 Non-Perturbative QFT for precision predictions
 Data driven vs. Lattice QCDaHVP

μ

aLO−HVP
μ,DA =

α2

3π3 ∫
∞

m2
π

ds
s

K(s)R(s) aLO−HVP
μ,LQCD = 2α2 ∫

∞

0
t2dtK(mμt)V(t)

aLO−HVP,ω
μ,LQCD = 2α2 ∫

∞

0
t2dtK(mμt)Θω(t)V(t)
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W mass in CDFII measurement
➤  two templates with  MeVdσ/dmW

T ΔmW = 100

Slide by Chris Hays ICHEP 2022

 100 MeV ~ 0.5-2% change in ΔmW = dσ/dmW
T  10 MeV ~ 0.1% precision in ΔmW = dσ/dmW

T
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➤CDF II use ResBos to generate theory templates

➤NLO+NNLL accuracy for W/Z production 

➤CSS factorisation and resummation of  in  space: 
 

 
 

➤Non-perturbative effects at  and large : 
 

pT b

αs(Λ) b

 assumes the BLNY functional formSNP

Precision predictions in CDF II

Balazs, Brock, Landry, Nadolsky and Yuan`97 to`03

Collins, Soper and Sterman`85

Collins and Soper `77

Brock, Landry, Nadolsky and Yuan `02

➤Use data driven method:


mW
T ∼ 0.7 MeV, pl

T ∼ 2.3 MeV, pν
T ∼ 0.9 MeV

Fix g1 g2 g3

Global 
fit `03

CDFII

fit

Global fit 
`03

CDFII

fit

Global fit 
`03

pZ
T

αs

pZ
T /pW

T

Global fit by Brock, Landry, Nadolsky and Yuan `03

CDF supplementary materials `22

➤Scale uncertainty of  by DYQT
pZ
T /pW

T

mW
T ∼ 3.5 MeV, pl

T ∼ 10.1 MeV, pν
T ∼ 3.9 MeV

Bozzi, Catani, Ferrera, de Florian, Grazzini `09 `11

CDF sm`22Not included in final result
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 Fitting With NP Correctionsαs
➤ Linear NP corrections in  jets ease the tension in  fitting from C-parameter and thrust.e+e− → 3 αs
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