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dσ =
∞∑
n=0

∞∑
m=0

dσαnSαm

in principle,

experimental analyses should include
all available dσαnSαm terms

in practice,

only very few terms known exactly
some contributions known at all orders in some approximation (e.g.
leading log, etc.)
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LHC analyses and EW corrections
usually EW corrections are not included or they are included via
approximations

QED PS (leading log QED corrections)

fixed-order δNLO EW used to correct predictions including h.o.
QCD corrections

Motivations

α/αS ' 0.1: NLO EW ' NNLO QCD
NLO EW can be computationally heavy/time consuming

tools for the calculation of NLO EW and QCD corrections matched
to PS might not be available, depending on the process
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α/αS ' 0.1? Cross section level

α/αS ' 0.1

at the cross section level δNLO EW << δNLO QCD

provided that the event selection is inclusive!

This is NOT always the case, see e.g. VBS scattering:

Order O
(
α7) O

(
αSα

6) O
(
α2
Sα

5) O
(
α3
Sα

4)
δσNLO [fb] −0.2169(3) −0.0568(5) −0.00032(13) −0.0063(4)
δσNLO/σLO [%] −13.2 −3.5 0.0 −0.4

pp→W+W+jj ( Denner et al. 1611.02951, 1708.00268, 1906.01863)
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α/αS ' 0.1? QED collinear FSR

EW corrections can be enhanced by collinear final-state QED radiation
' α0

2π log m2
f

Q2 leading to non-trivial shape effects
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α/αS ' 0.1? Weak Sudakov corrections

virtual weak corrections can reach several tens of percent
in the Sudakov regime
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Figure 9: LO and fully corrected distribution (top), corresponding relative EW, photon-
induced, and interference corrections (middle), and relative QCD corrections (bottom)
for the the transverse momentum of the leading jet at the LHC (left) and the Tevatron
(right).

23

jet pT in V+ jet from 0906.1656
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LHC analyses and EW corrections: uncertainties

QED PS

missing non-log QED corrections
missing weak corrections
subleading log contributions not formally under control

NLO EW as correction factors

double counting of O(α) QED PS, if present (if a gauge invariant
separation of weak and QED corrections is not possible)
combination prescriptions for QCD and EW corrections arbitrary
(additive/multiplicative/...?)
interplay between QCD and EW corrections potentially missing
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EW theoretical uncertainties (1)

in cross sections and distributions measurements the
theoretical predictions are used as benchmarks

the EW theoretical uncertainties can be considered
as an error band on the benchmark (as in the case
of QCD)

it is important to estimate the size of this error
band to interpret the results
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EW theoretical uncertainties (2)

Some experimental procedures (e.g. template fits) rely
on theory predictions:

a quantitative assessment of the theory uncertainties is
mandatory as they enter they become part of the
experimental error of the measurement

In the following I will show numerical examples in the
context of the measurement of EW parameters from DY
production

based on PRD 96(2017) 093005 and PRD 100(2019) 071302
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MW at hadron colliders

Template fit procedure:
1 measure a relevant distribution (P lT, M lν

T )
2 generate several Monte Carlo samples with different MW

(templates)
3 the measured MW corresponds to the sample that best fits to the

data

Monte Carlo simulations are affected by perturbative (radiative
corrections) and non-perturbative (i.e. PDFs, pWT modelling, intrinsic
kT ) theoretical uncertainties

⇓
these theory uncertainties propagate to MW measurement
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Theoretical uncertainties in MW measurement: strategy

1 pseudodata

Monte Carlo samples with a given theoretical accuracy

play the role of experimental data

2 templates

MC samples at NLO QCD+QCD-PS (or LO) generated for different
values of MW

will be fitted to the pseudodata

3 ∆MW =MW (pseudodata)−MW (fit output)
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Theoretical uncertainties in MW measurement: tools (1)

HORACE (Carloni Calame et al. hep-ph/0303102, hep-ph/050626)

MC event generator for DY

can generate events at NLO EW+QED-PS, and
NLO EW+QED-PS+unresolved l+l− radiation

POWHEG-BOX-V2/W_ew-BMNNP (Barze et al. arXiv:1202.0465)

MC event generator for charged DY

can generate events at NLO QCD+QCD-PS and
NLO (QCD+EW)+(QCD+QED)-PS

relies on external shower MC programs (i.e. PYTHIA,
PYTHIA+PHOTOS)

Mauro Chiesa Towards fully NLO-EW analyses



Theoretical uncertainties in MW measurement: tools (2)

PYTHIA (Sjostrand et al. hep-ph/0603175; arXiv:0710.3820)

general purpose shower MC generator

can generate multiple QCD and QED radiation

PHOTOS (Barberio et al. CPC 66 (1991), CPC 79 (1994), Golonka et al. hep-ph/0506026)

general purpose shower MC generator

can generate multiple QED radiation off fermions
(from W decay)

Mauro Chiesa Towards fully NLO-EW analyses



Theoretical uncertainties in MW measurement: notation

NLO EW corrections: dσ = dσ0 [1 + δα]

QED-PS: all order γ radiation in leading log approx.

dσ = dσ0
[
1 +
∑∞
n=1 δ

′
αn
]

NLO EW+QED-PS: dσ = dσ0
[
1 + δα+

∑∞
n=2 δ

′
αn
]

matching replaces first PS radiation with NLO real radiation

HORACE NLO EW+QED-PS: dσ = dσ0
[
1 + δα+

∑∞
n=2 δ

′
αn
]

POWHEG NLO (QCD+EW)+(QCD+QED)-PS:

dσ = dσ0

1 + δαs + δα+
∞∑

m=1,n=1
δ′αms αn +

∞∑
m=2

δ′αms +
∞∑
n=2

δ′αn


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pp→W+,
√
s = 14 TeV MW shifts (MeV)

Templates accuracy: NLO-QCD+QCDPS W+ → µ+ν W+ → e+ν(dres)

Pseudodata accuracy QED FSR MT p`T MT p`T

1 NLO-QCD+(QCD+QED)PS Pythia -95.2±0.6 -400±3 -38.0±0.6 -149±2

2 NLO-QCD+(QCD+QED)PS Photos -88.0±0.6 -368±2 -38.4±0.6 -150±3

3 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Pythia -89.0±0.6 -371±3 -38.8±0.6 -157±3

4 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Photos -88.6±0.6 -370±3 -39.2±0.6 -159±2

dressed e: recombine γ with e if ∆R(γe)< 0.1

bare µ: corrections enhanced by logs αlog(m
2
µ

Q2 )
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Uncertainties from QED PS (1)

pp→W+,
√
s = 14 TeV MW shifts (MeV)

Templates accuracy: NLO-QCD+QCDPS W+ → µ+ν W+ → e+ν(dres)

Pseudodata accuracy QED FSR MT p`T MT p`T

1 NLO-QCD+(QCD+QED)PS Pythia -95.2±0.6 -400±3 -38.0±0.6 -149±2

2 NLO-QCD+(QCD+QED)PS Photos -88.0±0.6 -368±2 -38.4±0.6 -150±3

3 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Pythia -89.0±0.6 -371±3 -38.8±0.6 -157±3

4 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Photos -88.6±0.6 -370±3 -39.2±0.6 -159±2

difference between QED-PS in Photos and Pythia at O(α)

Photos∝ 1
1−βcosθlγ

Pythia -QED ∝ 1
p
γ
T

7 MeV (MT)/ 32 MeV (pT) effect for bare µ
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Uncertainties from QED PS (2)

pp→W+,
√
s = 14 TeV MW shifts (MeV)

Templates accuracy: NLO-QCD+QCDPS W+ → µ+ν W+ → e+ν(dres)

Pseudodata accuracy QED FSR MT p`T MT p`T

1 NLO-QCD+(QCD+QED)PS Pythia -95.2±0.6 -400±3 -38.0±0.6 -149±2

2 NLO-QCD+(QCD+QED)PS Photos -88.0±0.6 -368±2 -38.4±0.6 -150±3

3 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Pythia -89.0±0.6 -371±3 -38.8±0.6 -157±3

4 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Photos -88.6±0.6 -370±3 -39.2±0.6 -159±2

first QED radiation generated by Powheg

difference between QED-PS in Photos and Pythia at O(α2)
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Uncertainties from mixed QCD-EW effects

pp→W+,
√
s = 14 TeV MW shifts (MeV)

Templates accuracy: NLO-QCD+QCDPS W+ → µ+ν W+ → e+ν(dres)

Pseudodata accuracy QED FSR MT p`T MT p`T

1 NLO-QCD+(QCD+QED)PS Pythia -95.2±0.6 -400±3 -38.0±0.6 -149±2

2 NLO-QCD+(QCD+QED)PS Photos -88.0±0.6 -368±2 -38.4±0.6 -150±3

3 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Pythia -89.0±0.6 -371±3 -38.8±0.6 -157±3

4 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Photos -88.6±0.6 -370±3 -39.2±0.6 -159±2

Experimental collaboration at LHC use as templates
Powheg -QCD+Pythia -QCD+Photos

uncertainties form
non-log QED,
weak,
mixed QCD-EW corr.

∆MW (MeV) bare muons

QED FSR model MT p`T

LHC Pythia +6.2 ± 0.8 +29 ± 4

Photos -0.6 ± 0.8 -2 ± 4
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Combination of EW and QCD corrections������������������������������������������������������������������

Templates accuracy: LO MW shifts (MeV)
W+ ! µ+

⌫ W+ ! e+⌫

Pseudodata accuracy MT p`
T

MT p`
T

1 Horace only FSR-LL at O(↵) -94±1 -104±1 -204±1 -230±2
2 HoraceFSR-LL -89±1 -97±1 -179±1 -195±1
3 HoraceNLO-EW with QED shower -90±1 -94±1 -177±1 -190±2
4 HoraceFSR-LL + Pairs -94±1 -102±1 -182±2 -199±1
5 PhotosFSR-LL -92±1 -100±2 -182±1 -199±2

����������������������������������

����������������������������������������������������������������
���������������������������������������������������������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������
������������������������������������������������������������������������

pp ! W+,
p
s = 14 TeV MW shifts (MeV)

Templates accuracy: NLO-QCD+QCDPS W+ ! µ+
⌫ W+ ! e+⌫(dres)

Pseudodata accuracy QED FSR MT p`
T

MT p`
T

1 NLO-QCD+(QCD+QED)PS Pythia -95.2±0.6 -400±3 -38.0±0.6 -149±2

2 NLO-QCD+(QCD+QED)PS Photos -88.0±0.6 -368±2 -38.4±0.6 -150±3

3 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Pythia -89.0±0.6 -371±3 -38.8±0.6 -157±3

4 NLO-(QCD+EW)+(QCD+QED)PStwo-rad Photos -88.6±0.6 -370±3 -39.2±0.6 -159±2

��������������������������������������������������������������������������������������

���

���������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������

convolution with QCD can change a lot the impact of EW corrections
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Uncertainties from higher order effects: pair radiation

same order as 2 γ radiation (NNLO)

pp→W+,
√
s = 14 TeV MW shifts (MeV)

Templates accuracy: LO W+ → µ+ν W+ → e+ν
Pseudo–data accuracy MT p`T MT p`T

1 Horace FSR-LL -89±1 -97±1 -179±1 -195±1
2 Horace FSR-LL + Pairs -94±1 -102±1 -182±2 -199±1

∆MW (µ+ν)∼ 5±1 MeV (from µ) and ∼ 3±2 MeV (from e)
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NNLO uncertainties: input parameter scheme
pert. EW calculations require a consistent set of input param. in the
gauge sector, e.g.

α(0), MW and MZ

Gµ, MW and MZ to be preferred in the CC DY
we can define

αtreeµ ≡
√

2
π
GµM

2
W sin2ϑ

α1l
µ ≡

√
2
π
GµM

2
W sin2ϑ(1−∆r)

three possible different expression for the cross section, starting to
differ at O(α2)

α0 : σ = α2
0σ0 +α3

0(σSV +σH) ,
Gµ I : σ = (αtreeµ )2σ0 + (αtreeµ )2α0(σSV +σH)−2∆r(αtreeµ )2σ0 ,

Gµ II : σ = (α1l
µ )2σ0 + (α1l

µ )2α0(σSV +σH)
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NNLO uncertainties: input parameter scheme

potentially effects on MW because of the different sharing among
different photon multiplicities

pp̄→W+,
√
s = 1.96 TeV MW shifts (MeV)

Templates accuracy: LO W+ → µ+ν
Pseudodata accuracy Input scheme MT p`T

1 Horace NLO-EW α0 -101±1 -117±2
2 Gµ− I -112±1 -130±1
3 Gµ− II -101±1 -117±1
4 Horace NLO-EW+QED-PS α0 -70±1 -81±1
5 Gµ− I -72±2 -83±1
6 Gµ− II -72±1 -82±2

differences present at NLO, after matching with higher orders,
become much smaller

∆MW ∼ 2 MeV±1−2 MeV
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Missing higher-order corrections (?)

it is clear how to quantify the uncertainties from available EW
corrections (e.g. weak and mixed QCD-EW corrections at the LHC)

it is less clear how to estimate the uncertainties from missing
higher-order corrections

in QCD it is done using scale variations

one can take the difference in the predictions from different input
parameter schemes, but this may overestimate the uncertainties:

a lot of possible input parameter schemes

one might define a way to decide that one scheme is better than
another one for the process under consideration
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Template fits at NLO EW and input parameters

The assessment of EW uncertainties is straightforward when the fitted
parameter is an input parameter at NLO EW, e.g.

e.g. MW ←→ (α,MW ,MZ), (Gµ,MW ,MZ)

This is not the case if you measure sinθeff form NC DY.
A dedicated computation/renormalization scheme is useful for the

determination of theory uncertainties

e.g. (α,sinθeff ,MZ), (Gµ,sinθeff ,MZ)

developed in MC, F. Piccinini, and A. Vicini PRD 100(2019) 071302
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The (Gµ,sinθeff ,MZ) scheme (1)
4
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FIG. 1. The absolute variation of the predictions for the
forward-backward asymmetry by changing sin2 θ�eff by Δ =

±5 · 10−4 w.r.t. the value 0.23147d0, using the Gµ, sin2 θ�eff ,
MZ scheme, at NLO-ho and LO accuracies.

focus on the latter to discuss the main features of the
(Gµ, MZ , sin2 θℓeff ) schemes, in view of a direct determi-

nation of sin2 θℓeff .

The absolute change of AFB computed with two
sin2 θℓeff values differing by Δ sin2 θℓeff = 5 · 10−4, for a
fixed choice of all the other inputs, is shown in Fig. 1. The
observed AFB shift sets the precision goal of a measure-
ment that aims at the determination of sin2 θℓeff at the

level of Δ sin2 θℓeff . Taking as a reference Δ sin2 θℓeff =

1 · 10−4 as a final precision goal at the LHC, the results
of Fig. 1 must be rescaled, in first approximation, by a
factor 5.

The absolute change ΔAFB of AFB(M2
Z) computed

with NLO weak virtual corrections with respect to the
LO result, and the variation obtained with improved cou-
plings with respect to the NLO case are shown in Fig. 2
for the (Gµ, MZ , sin2 θℓeff ) scheme (red lines) and for the
(Gµ, MW , MZ) scheme (blue lines). The comparison of
the blue and red lines shows a reduction by almost one
order of magnitude in the (Gµ, MZ , sin2 θℓeff ) scheme for
the value of ΔAFB due to the inclusion of the NLO
corrections; we observe a negligible residual correction
due to higher-order terms (h.o.), at variance with the
(Gµ, MW , MZ) case, where we have a shift at the few
parts 10−4 level in the Z peak region. The universal h.o.
corrections in the (Gµ, MW , MZ) scheme are estimated
according to Ref. [23].

The size of NLO and higher-order radiative corrections,
smaller than in the (Gµ, MW , MZ) case, can be ascribed
to the choice as input parameters of the quantities that
parameterize the Z resonance in terms of normalization
(Gµ), position (MZ) and shape (sin2 θℓeff ), the latter two
being defined at the Z resonance and thus reabsorbing a
good fraction of the quantum corrections.
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FIG. 2. The absolute deviation of NLO(NLO-ho) w.r.t.
LO(NLO) predictions on the lepton forward-backward asym-
metry, in the renormalization scheme with Gµ, sin2 θ�eff as
input.
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FIG. 3. The absolute deviation between predictions on the
lepton pair AFB as a function of Mµ+µ− , in the renormal-

ization scheme with Gµ, sin2 θ�eff as input, with a variation
of mt of ± 1 GeV around the value mt = 173.5 GeV. The
precision of the calculation is NLO.

One of the main sources of parametric uncertainties is
given, in any scheme with Gµ as input, by the value of
mt. In Fig. 3 we show the absolute variation of ΔAFB

w.r.t. a change of ±1 GeV of mt around its central
value, taken at mt = 173.5 GeV, using the NLO accu-
racy with higher order effects included, evaluated in the
(Gµ, MZ , sin2 θℓeff ) (red lines) and (Gµ, MW , MZ) (blue

lines) schemes. In the (Gµ, MZ , sin2 θℓeff ) scheme, the ef-

fect is well below the 2·10−5 scale for AFB in the [60, 120]
GeV mass range, almost vanishing in the Z peak region,
while in the (Gµ, MW , MZ) case a variation of mt by
±1 GeV induces a shift ΔAFB of order 2 · 10−4. The
very small dependence of AFB on the mt value is due to
the cancellation of the overall normalization factor of the

sensitivity dominated by LO behaviour

NLO EW corrections are smaller in the (Gµ,sinθeff ,MZ) scheme

H.O. effects smaller in the (Gµ,sinθeff ,MZ) scheme
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The (Gµ,sinθeff ,MZ) scheme (2)

m2
t dependence from ∆ρ

4
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FIG. 1. The absolute variation of the predictions for the
forward-backward asymmetry by changing sin2 θ�eff by Δ =

±5 · 10−4 w.r.t. the value 0.23147d0, using the Gµ, sin2 θ�eff ,
MZ scheme, at NLO-ho and LO accuracies.

focus on the latter to discuss the main features of the
(Gµ, MZ , sin2 θℓeff ) schemes, in view of a direct determi-

nation of sin2 θℓeff .

The absolute change of AFB computed with two
sin2 θℓeff values differing by Δ sin2 θℓeff = 5 · 10−4, for a
fixed choice of all the other inputs, is shown in Fig. 1. The
observed AFB shift sets the precision goal of a measure-
ment that aims at the determination of sin2 θℓeff at the

level of Δ sin2 θℓeff . Taking as a reference Δ sin2 θℓeff =

1 · 10−4 as a final precision goal at the LHC, the results
of Fig. 1 must be rescaled, in first approximation, by a
factor 5.

The absolute change ΔAFB of AFB(M2
Z) computed

with NLO weak virtual corrections with respect to the
LO result, and the variation obtained with improved cou-
plings with respect to the NLO case are shown in Fig. 2
for the (Gµ, MZ , sin2 θℓeff ) scheme (red lines) and for the
(Gµ, MW , MZ) scheme (blue lines). The comparison of
the blue and red lines shows a reduction by almost one
order of magnitude in the (Gµ, MZ , sin2 θℓeff ) scheme for
the value of ΔAFB due to the inclusion of the NLO
corrections; we observe a negligible residual correction
due to higher-order terms (h.o.), at variance with the
(Gµ, MW , MZ) case, where we have a shift at the few
parts 10−4 level in the Z peak region. The universal h.o.
corrections in the (Gµ, MW , MZ) scheme are estimated
according to Ref. [23].

The size of NLO and higher-order radiative corrections,
smaller than in the (Gµ, MW , MZ) case, can be ascribed
to the choice as input parameters of the quantities that
parameterize the Z resonance in terms of normalization
(Gµ), position (MZ) and shape (sin2 θℓeff ), the latter two
being defined at the Z resonance and thus reabsorbing a
good fraction of the quantum corrections.
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FIG. 2. The absolute deviation of NLO(NLO-ho) w.r.t.
LO(NLO) predictions on the lepton forward-backward asym-
metry, in the renormalization scheme with Gµ, sin2 θ�eff as
input.
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FIG. 3. The absolute deviation between predictions on the
lepton pair AFB as a function of Mµ+µ− , in the renormal-

ization scheme with Gµ, sin2 θ�eff as input, with a variation
of mt of ± 1 GeV around the value mt = 173.5 GeV. The
precision of the calculation is NLO.

One of the main sources of parametric uncertainties is
given, in any scheme with Gµ as input, by the value of
mt. In Fig. 3 we show the absolute variation of ΔAFB

w.r.t. a change of ±1 GeV of mt around its central
value, taken at mt = 173.5 GeV, using the NLO accu-
racy with higher order effects included, evaluated in the
(Gµ, MZ , sin2 θℓeff ) (red lines) and (Gµ, MW , MZ) (blue

lines) schemes. In the (Gµ, MZ , sin2 θℓeff ) scheme, the ef-

fect is well below the 2·10−5 scale for AFB in the [60, 120]
GeV mass range, almost vanishing in the Z peak region,
while in the (Gµ, MW , MZ) case a variation of mt by
±1 GeV induces a shift ΔAFB of order 2 · 10−4. The
very small dependence of AFB on the mt value is due to
the cancellation of the overall normalization factor of the

smaller parametric uncertainties from mt dependence
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Photon induced processes (?)
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preliminary results for γ-ind. contribution: effect on the asymmetry
apparently large

slide stolen for A. Vicini’s talk
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Conclusions

At the LHC EW corrections are not included or included via
approximations (QED PS, NLO EW as corr. factor on QCD samples)

It is crucial to asses the theory uncertainties related to EW corrections, in
particular when template fits are used

Depending on the accuracy target a full NLO EW (+PS) analysis may be
necessary

The assessment of EW uncertainties is straightforward when the fitted
parameter is a free parameter of the calculation NLO EW. In order to
have the fitted parameter among the input parameters at NLO EW, the
development of specific computation/renormalization schemes (e.g.
sinθeff and (Gµ,sinθeff ,MZ)) may be necessary
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FSR description, so that a comparison of the predictions of these three tools and the

evaluation of the corresponding impact on MW are in order. We analyze the predictions
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Figure 6. Shape of the distribution of the relative lepton-photon transverse momentum p�γT for the

decays W+ → µ+ν (left plots) and W+ → e+ν (right plots) at the LHC 14 TeV, with acceptance

cuts as in table 11. In the upper plots we show the comparison of the results obtained interfacing

Powheg-v2 NLO QCD results with Pythia-qed and Photos. In the lower plots we show the

comparison of the results obtained with Horace including QED FSR effects and those obtained

interfacing Horace LO with Photos, in both cases without QCD corrections.

obtained with the three codes for the energy and angular distributions of the emitted

radiation in W → µν and W → eν decays. We find that the predictions for the photon

energy spectrum are in good agreement, whereas the angular distributions show some

discrepancies.

For example, figure 6 shows the comparison of the Photos, Pythia and Horace

predictions for the relative lepton-photon transverse momentum p�γT , � = µ, e, distributions

at the LHC. We impose Emin
γ = 0.5 GeV and we consider the events with strictly only

one-photon in the final state. In the upper plots of figure 6, we focus on Photos and

Pythia-qed, which provide for this observable different predictions, with a dependence of

the size of the discrepancy on the flavor of the final state bare lepton. This discrepancy

disappears in the case of dressed electrons. On the other hand, as it is shown in the lower

– 20 –
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HORACE

dσ∞=FSV Π(Q2,ε)
∞∑
n=0

1
n!

(
n∏
i=0

FH,i

)
|Mn,LL|2dΦn

POWHEG

dσ =
∑
fb

B̄fb(Φn)dΦn

{
∆fb(Φn,p

min
T )

+
∑

αr∈{αr|fb}

[
dΦrad θ(kT −pminT )∆fb(Φn,kT )R(Φn+1)

]Φ̄αr
n =Φn

αr

Bfb(Φn)

}
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Mixed QCD-EW effects
pp→ µ+νµ, fit to MT(µ+νµ)

Templates Pseudodata MW shifts (MeV)

1 LO POWHEG(QCD) NLO 56.0 ± 1.0
2 LO POWHEG(QCD)+PYTHIA(QCD) 74.4 ± 2.0
3 LO HORACE(EW) NLO -94.0 ± 1.0
4 LO HORACE (EW,QEDPS) -88.0 ± 1.0
5 LO POWHEG(QCD,EW) NLO -14.0 ± 1.0
6 LO POWHEG(QCD,EW) two-rad+PYTHIA(QCD)+PHOTOS -5.6 ± 1.0

samples MW shift (MeV)∑∞
m=1,n=1

δ′
αms α

n +
∑∞

m=2
δ′
αms

+
∑∞

n=2
δ′
αn

[6]-[5] 8.4 ±1.4 MeV∑∞
m=2

δ′
αms

[2]-[1] 18.4 ±2.2 MeV∑∞
n=2

δ′
αn

[4]-[3] 6.0 ±1.4 MeV

∑∞
m=1,n=1 δ

′
αms α

n=([6]-[5])-([2]-[1])-([4]-[3])=-16.0±3.0 MeV

in agreement with the results of Dittmaier et al. 1511.08016 for the full
O(ααS) corrections in pole approx. (-14 MeV)
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Pair radiation: formulas

Unresolved pair radiation can be included in the Sudakov through the running
1 of α

α=⇒ α(s) =

 α/

(
1− α

3π ln s

m2
e

)
electrons only

α/

(
1− α

3π ln s

m2
e
− θ(s−m2

µ) α3π ln s

m2
µ

)
electrons + muons

1alternative implementation: N. Davidson, T. Przedzinski and Z. Was, CPC 199
(2016) 86, arXiv:1011.0937
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Theoretical uncertainties in MW measurement: tools (1)

HORACE (Carloni Calame et al. hep-ph/0303102, hep-ph/050626)

MC event generator for DY

can generate events at NLO EW+QED-PS, and
NLO EW+QED-PS+unresolved l+l− radiation

POWHEG-BOX-V2/W_ew-BMNNP (Barze et al. arXiv:1202.0465)

MC event generator for charged DY

can generate events at NLO QCD+QCD-PS and
NLO (QCD+EW)+(QCD+QED)-PS

relies on external shower MC programs (i.e. PYTHIA,
PYTHIA+PHOTOS)
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Theoretical uncertainties in MW measurement: tools (2)

PYTHIA (Sjostrand et al. hep-ph/0603175; arXiv:0710.3820)

general purpose shower MC generator

can generate multiple QCD and QED radiation

PHOTOS (Barberio et al. CPC 66 (1991), CPC 79 (1994), Golonka et al. hep-ph/0506026)

general purpose shower MC generator

can generate multiple QED radiation off fermions
(from W decay)
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