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MW measurement: main relevant observables

MW
T mainly sensitive to QED FSR

p`⊥ sensitive to ISR QCD and also QED FSR

pW⊥ , pZ⊥, mainly sensitive to ISR QCD

shape of the NLO EW corrections to various observables for both the muon and electron

final state, to register perfect technical agreement with HORACE.

5.2 Combined electroweak and QCD corrections

The full results of the POWHEG BOX for the combined effects of QCD and EW radiation

in the resonance region are shown in Fig. 3 for the W transverse mass, in Fig. 4 for

the lepton p⊥ and in Fig. 5 for the lepton rapidity. In Fig. 6 we show the transverse

mass distribution above 1 TeV. The full predictions have been obtained by interfacing

the NLO EW and strong corrections with QCD (PYTHIA) and QED (PHOTOS) showers.

For the sake of comparison, the pure QCD predictions of the standard POWHEG BOX are

also given, together with the pure NLO EW results. These absolute predictions for the

various distributions are shown in the upper panels of each plot. The lower panels display

the relative difference, in per cent, between the results of the new version of the POWHEG

BOX and the standard QCD release, as well as the relative effect due to pure NLO EW

corrections. Therefore the comparison between the two lines in each lower panel provides

a measure of the combination of QCD and EW corrections and, more precisely, of mixed

EW⊗QCD contributions at order αnemα
n
s , n ≥ 1 in perturbation theory.9
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Figure 3. Upper panel: the W transverse mass distribution according to the full QCD⊗EW

predictions of the POWHEG BOX (denoted as PWG EW w PYTHIA+PHOTOS), the standard QCD POWHEG

BOX (PWG w PYTHIA), the LO and the NLO EW approximations. Lower panel: relative difference,

in per cent, between the full QCD⊗EW predictions and the pure QCD ones (red, solid line), in

comparison with the relative contribution due to pure NLO EW corrections (green, dotted line).

The difference between the two lines is a measure of the mixed QCD⊗EW corrections.

From the upper panels, one can clearly see that NLO QCD corrections in association

with QCD shower effects are strictly needed for a correct simulation of both the nor-

9The exact O(αemαs) corrections to DY processes are presently unknown, albeit partial results are

available in the literature [30–33, 50] and further work is in progress along this direction.
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malization and shape of the distributions. Especially for the lepton p⊥, the particularly

pronounced smearing of the LO prediction and the rising of a heavy tail above the Jacobian

peak, that are the well known effects due to QCD radiation, are clearly visible. However,

also EW radiation, when combined with QCD effects, plays a role for precise calculations

of the distributions, impacting both on the normalization and shape of the distributions

themselves.

The latter observation can be better understood by looking in detail at the lower panels

of Figs. 3–6. Actually, the two lines show, as already emphasized, the relative contribution

due to EW radiation in association with QCD effects and the relative contribution due to

NLO EW contributions only. For the W transverse mass around the peak (Fig. 3), the

substantial agreement between the two lines indicates that the relative impact of the EW

corrections is not significantly altered by the combination with QCD radiation. Stated

differently, both corrections are necessary because the mainly positive and dominant QCD

effects are partially compensated by the negative EW contributions, but their interplay

gives rise to a relative contribution on the same ground as that provided by a pure NLO

EW calculation. This means that, not surprisingly, the impact due to mixed EW⊗QCD

corrections to the W transverse mass is quite moderate, with the exception of the region

MW
⊥ around MW /2, as a consequence of the rather mild dependence of such a distribution

on QCD effects.
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Figure 4. The same as Fig. 3 for the lepton transverse momentum distribution.

However, the same conclusions can not be drawn for the muon transverse momentum

and rapidity distributions (Fig. 4 and Fig. 5) in the peak region and for the transverse

mass in the high tail (Fig. 6). For the lepton p⊥, the two lines in the lower panel show

a systematic, statistically significant difference, particularly around the Jacobian peak. In

this region the particularly large QCD corrections to the lepton p⊥ conspire with the per

cent level EW contributions to give rise to non–negligible mixed corrections at a few per

– 17 –

L. Barzè et al., JHEP 1204 (2012) 037
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Higher-order corrections (for MW fit), where we are

dσ = dσ0

+ dσαs + dσα

+ dσα2
s

+ dσααs + dσα2 + . . .

multi-photon emission from the final state → δMW ' 10 MeV for
µνµ final state

Carloni Calame et al., PRD 69 (2004) 037301, JHEP 0710 (2007) 109

mixed QCD-EW corrections
Dittmaier, Huss, Schwinn, NPB 885 (2014) 318, NPB 904 (2016) 216

NNLO EW effects
C.M. Carloni Calame et al., Phys.Rev. D96 (2017) 093005

I EW input scheme
I lepton pair emission
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fixed order O(αsα) in pole approximation
two main classes of contributions:

I factorizable
I non-factorizable

O(αsα) corrections to Drell–Yan processes

the PA for the O(αsα) correction has been worked out in Ref. [8], where details of the method
and our setup can be found. The corrections can be classified into the four types of contributions
shown in Fig. 1 for the case of the double-virtual corrections. For each class of contributions
with the exception of the final–final corrections (c), also the associated real–virtual and double-
real corrections have to be computed, obtained by replacing one or both of the labels α and αs

in the blobs in Fig. 1 by a real photon or gluon, respectively. The corresponding crossed partonic
channels, e.g. with quark–gluon initial states have to be included in addition.
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Figure 1: The four types of corrections that contribute to the mixed QCD–EW corrections in the
PA illustrated in terms of generic two-loop amplitudes. Simple circles symbolize tree structures,
double circles one-loop corrections, and triple circles two-loop contributions.

In detail, the four types of corrections are characterized as follows:

(a) The initial–initial factorizable corrections are given by two-loop O(αsα) corrections to on-
shell W/Z production and the corresponding one-loop real–virtual and tree-level double-real
contributions, i.e. W/Z+ jet production at O(α), W/Z+ γ production at O(αs), and the
processes W/Z+ γ + jet at tree level. Results for individual ingredients of the initial–initial
part are known, however, a consistent combination of these building blocks requires also a
subtraction scheme for infrared (IR) singularities at O(αsα) and has not been performed yet.
Note that currently no PDF set including O(αsα) corrections is available, which is required
to absorb IR singularities of the initial–initial corrections from QCD and photon radiation
collinear to the beams.

Results of the PA at O(α) show that observables such as the transverse-mass distribution
in the case of W production or the lepton-invariant-mass distributions for Z production are
extremely insensitive to photonic initial-state radiation (ISR) [8]. Since these distributions
also receive relatively moderate QCD corrections, we do not expect significant initial–initial
NNLO O(αsα) corrections to such distributions. For observables sensitive to initial-state
recoil effects, such as the transverse-lepton-momentum distribution, the O(αsα) corrections
should be larger, but still very small compared to the huge QCD corrections.

4

S. Dittmaier, A. Huss and C. Schwinn, arXiv:1601.02027

a) not known but expected to be very small
(O(α) corrections in PA =⇒ M⊥ and M(l+l−) insensitive to QED ISR

in addition M⊥ and M(l+l−) mildly affected by NLO QCD corrections)

b) this gives the bulk of the contribution
c) no real contributions =⇒ no impact on shape of M⊥ and M(l+l−)
d) numerical impact below 0.1%
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available Monte Carlo codes for DY

POWHEG-BOX V2 (NLOPS QCD ⊕ EW)

independent POWHEG-like implementation (NLOPS QCD ⊕ EW)

Mück and Oymanns

POWHEG-BOX V1 for C.C. DY (NLOPS QCD ⊕ EW)

SHERPA (NLOPS QCD ⊕ QED)

parton level codes dedicated to EW corrections
I HORACE
I RADY
I SANC
I WINHAC
I W/ZGRAD
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comparison POWHEG-BOX-V2 vs NNLO in pole approx
C.M. Carloni Calame et al., Phys.Rev. D96 (2017) 093005

dσPOWHEG = dσ0

1 + δαs + δα +
∞∑

m=1,n=1

δ
′
αms α

n +
∞∑
m=2

δ
′
αms

+
∞∑
n=2

δ
′
αn

 ,

∆MW
αsα(µ+νµ) = −16.0± 3.0 MeV vs δNNLO = −14 MeV

Dittmaier, Huss, Schwinn, NPB 885 (2014) 318, NPB 904 (2016) 216

summary of residual effects present in (QCD⊕EW)NLOPS but missing
in QCDNLOPS ⊗ QEDPS

∆MW (MeV)

QED FSR model MT p`T

Tevatron Pythia +5 ± 2 +17 ± 5
Photos -2 ± 1 -8 ± 5

LHC Pythia +6.2 ± 0.8 +29 ± 4
Photos -0.6 ± 0.8 -2 ± 4

differences in shifts induced by PYTHIA QEDPS and PHOTOS
disappear when used on top of QCD⊕EW NLO
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NNLO effect: lepton pair corrections

C.M. Carloni Calame et al., Phys.Rev. D96 (2017) 093005

emission of a photon converting to a lepton pair
∼ O(α2L2) ∼ two-photon contribution

contribution implemented in HORACE v3.1 (now also available in
POWHEG ew, with PYTHIA8 QEDPS) through QED running of
α(Q2) included in the Sudakov form factor

alternative implementation: N. Davidson, T. Przedzinski and Z. Was, CPC 199 (2016) 86, arXiv:1011.0937

contribution implemented also in POWHEG ew-BMNNP after svn 3452

∆MW (µ+ν) ∼ 5± 1 MeV (from M⊥) and ∼ 3± 2 MeV (from p`⊥)

F. Piccinini (INFN) HL/HE-LHC WG1 meeting – EW physics 6 March 2018 7 / 10



NNLO uncertainty: input parameter scheme
pert. EW calculations require a coherent set of input param. in the
gauge sector, e.g.

I α(0), MW and MZ

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

α
tree
µ ≡

√
2

π
GµM

2
W sin

2
ϑ

α
1l
µ ≡

√
2

π
GµM

2
W sin

2
ϑ (1−∆r)

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

α0 : σ = α
2
0σ0 + α

3
0(σSV + σH ) ,

Gµ I : σ = (α
tree
µ )

2
σ0 + (α

tree
µ )

2
α0(σSV + σH )− 2∆r(α

tree
µ )

2
σ0 ,

Gµ II : σ = (α
1l
µ )

2
σ0 + (α

1l
µ )

2
α0(σSV + σH )

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

∆MW ∼ 2 MeV ± 1− 2 MeV
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current knowledge of EW corrections enough for HL-LHC
(conservatively up to ∆MW ∼ 10 MeV)

at LHC weight of pl⊥ of the same order of (actually larger than) m⊥
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Figure 26: Overview of the mW determinations from the p`T and mT distributions, and for the combination of the p`T
and mT distributions, in the muon and electron decay channels and for W+ and W− events. The horizontal lines and
bands show the statistical and total uncertainties of the individual mW determinations. The combined result for mW

and its statistical and total uncertainties are also indicated (vertical line and bands).

for the electron and the muon decay channels. The results are compatible, with values of χ2/dof of 4/5
and 8/5 in the electron channel for the p`T and mT distributions, respectively, and values of 7/7 and 3/7 in
the muon channel for the p`T and mT distributions, respectively. The mW determinations in the electron
and in the muon channels agree, further validating the consistency of the electron and muon calibrations.
Agreement between the mW determinations from the p`T and mT distributions supports the calibration of
the recoil, and the modelling of the transverse momentum of the W boson.

The results are summarised in Table 11 and illustrated in Figure 26. The combination of all the determin-
ations of mW reported in Table 10 has a value of χ2/dof of 29/27, and yields a final result of

mW = 80369.5 ± 6.8 MeV(stat.) ± 10.6 MeV(exp. syst.) ± 13.6 MeV(mod. syst.)

= 80369.5 ± 18.5 MeV,

where the first uncertainty is statistical, the second corresponds to the experimental systematic uncertainty,
and the third to the physics-modelling systematic uncertainty. The latter dominates the total measurement
uncertainty, and it itself dominated by strong interaction uncertainties. The experimental systematic un-
certainties are dominated by the lepton calibration; backgrounds and the recoil calibration have a smaller
impact. In the final combination, the muon decay channel has a weight of 57%, and the p`T fit dominates
the measurement with a weight of 86%. Finally, the charges contribute similarly with a weight of 52%
for W+ and of 48% for W−.

The result is in agreement with the current world average of mW = 80385±15 MeV [29], and has a preci-
sion comparable to the currently most precise single measurements of the CDF and D0 collaborations [22,
23].

55

at HL-LHC probably the only reliable observable is pl⊥
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possible ideas for contributions
starting discussions with A. Vicini

could larger p
Z/W
⊥ windows be interesting for MW ?

I in this case the role of Sudakov corrections could be studied

at HL-LHC can we gain in precision with forward pl⊥ at LHCb?

G. Bozzi et al., Eur. Phys. J. C75 (2015) no.12, 601

would it be experimentally conceivable to investigate the VBF
channel (with large enough pj⊥ to reduce pilep-up effects)?

I independent systematics in production

HE-LHC: does the different flavour sharing in the PDF’s can help to
reduce the uncertainties on MW ?
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