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Schematic description of the tests of the SM at hadron colliders
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Figure 7. Upper plots: lepton-pair transverse mass (left plots) and lepton transverse momentum
(right plots) distributions in di↵erent approximations: without QCD corrections (Horace LO and
Horace with QED FSR PS) and with QCD corrections (Powheg-v2 NLO QCD + QCD PS
and Powheg-v2 NLO QCD + QCD PS interfaced to Photos) for the decay W

+
! µ

+
⌫ at the

LHC 14 TeV, with acceptance cuts as in table 11. Lower plots: relative contribution of QED FSR
normalized to the LO predictions and of QED FSR + mixed QCD-QED corrections normalized to
the Powheg-v2 NLO QCD + QCD PS predictions.

LO predictions (blue dots); we then consider the predictions in QCDNLOPS⇥QEDPS ap-

proximation and take the ratio with purely QCD corrected distributions (red dots). With

this ratio we express the impact of QED FSR corrections together with the one of mixed

QCD-QED terms present in a tool based on a factorized ansatz for the combination of

QCD and QED terms, removing exactly the e↵ect of pure QCD corrections. The QED

FSR corrections are common to the blue and red dots and the di↵erence between the two

sets of points is induced by the mixed QCD-QED corrections. As it can be seen from

figure 7, the shape and size of the QED FSR corrections to the transverse mass distribu-

tion is largely maintained after the inclusion of QCD corrections; the mixed QCD-QED

contributions are moderate but not negligible, with an e↵ect at the few per mille level. On

the contrary, the lepton pT distribution is strongly modified by mixed QCD-QED e↵ects,

which amount to some per cent and, more importantly, smear the varying shape of the
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1) comparison of the experimental distributions
    against the theoretical predictions

2) fit of the SM Lagrangian parameters
    using the theoretical histograms as templates

Can we quantify our current uncertainties ?
If yes, can we attempt a long-term estimate of the
          ultimate precision ?

Different sources of systematic uncertainty are
present on both sides and affect the fit results:
  - imprecise data
  - imprecise predictions
  - inaccurate templates 
   (perturbative and non-perturbative uncertainties)



Basic questions

 • how much does non-perturbative physics affect the determination of the EW parameters ?

            can the progress in perturbative calculations help to reduce the impact of these uncertainties ?
            can we optimise the choice of the observables ?

 • how does the precision physics program link to the BSM searches ?
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Perturbative calculations: QCD

      - N3LO-QCD results available for the total cross section (full phase-space) (Duhr et al., arXiv: 2001.07717, 2007.13313  )

       - N3LO+N3LL QCD available in DYTurbo (including fiducial cuts) (Camarda et al., arXiv:2103.04974    )

       - NNLO-QCD at large ptV +N3LL-QCD at small ptV available in RadISH  (Bizon et al., arXiv:1805.05916)

      → canonical scale variations show a significant reduction of the uncertainty bands

      → work in progress in the EW  WG to have a systematic assessment of resummation ambiguities (ask Bozzi)

focus on the recent perturbative progress
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Figure 1: The qT spectrum of Z/�
⇤
bosons with lepton selection cuts at the LHC (

p
s = 13 TeV)

at various perturbative orders. (a) Resummed component with scale variation bands as defined in

the text. (b) Full matched results between resummed and finite part at central values of the scales.

not overlap thus showing that the NLL+NLO scale variation underestimates the true perturbative
uncertainty. This feature was observed and discussed in Ref.[68]. Conversely the NNLL+NNLO
and N3LL+N3LO scale variation bands do overlap in the entire region qT < 30GeV (except that
they nearly overlap in the window 1 < qT < 4GeV). We also observe that the scale dependence is
reduced by a factor of 2 (or more) going from NNLL+NNLO to N3LL+N3LO: the scale variation
at N3LL+N3LO (NNLL+NNLO) is around ±0.8% (±2.5%) at the peak (qT ⇠ 4GeV), then it
reduces at ±0.3% (±0.8%) level at qT ⇠ 12GeV and increase up to ±0.4% (±1.4%) level at
qT ⇠ 25GeV.

In the right panel of Fig. 1 we show the resummed qT distribution matched with the finite
part at LO, NLO and NNLO. The auxiliary scales have been fixed to their central values µF =
µR = 2Q = M

††. The lower panel shows the K-factors KNnLO defined as the ratio of between
the NnLL+NnLO and the Nn�1LL+Nn�1LO predictions (with n = 2, 3). By looking at the K-
factors we observe that the impact of the N3LL+N3LO (NNLL+NNLO) corrections with respect
to the previous order is around �4% (�19%) at the peak, then it becomes �0.1% (+22%) at
qT ⇠ 30GeV and increase to +3% (+55%) at qT ⇠ 90GeV.

By exploiting the connection between the qT resummation and the qT subtraction formalism [87]
we are able to provide fixed-order results for fiducial cross sections up to N3LO ‡‡. In Table 1 we
report the predictions for the cross section in the fiducial region at NLO, NNLO and N3LO,
NLL+NLO, NNLL+NNLO, N3LL+N3LO fixing the auxiliary scales to their central values. The
N3LO corrections decrease the NNLO cross-section at �1.5% level and the resummation e↵ects

††
Central scales for the fixed-order result have been set to µF = µR =

p
M2 + q2T . The calculation of the

scale variation band of the matched distribution would require the knowledge of the NNLO fixed-order results for

di↵erent values of µF and µR.
‡‡
Formally full N

3
LO accuracy for hadronic cross sections would require PDFs at the corresponding order which

are currently not available. Uncertainties from missing higher order PDFs have been studied in Refs. [114, 115, 116].
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Figure 10. Comparison of the normalised transverse momentum distribution for Drell-Yan pair
production at NNLO (green), NNLL+NLO (blue) and N3LL+NNLO (red) at

√
s = 8 TeV in-

tegrated over the full lepton-pair rapidity range (0 < |Y!!| < 2.4), in three different lepton-pair
invariant-mass windows. For reference, the ATLAS data is also shown, and the lower panel shows
the ratio of each prediction to data.

tions at NNLO (green), NNLL+NLO (blue), and N3LL+NNLO (red), respectively, overlaid

on ATLAS data points (black). Correspondingly, the lower insets of each panel show the

ratio of the theoretical curves to data, with the same colour code as in the main panels.

6.1 Matched predictions for fiducial pZt distributions

In figure 10 we display the normalised pZt distributions in which, in addition to the fiducial

cuts reported above, we consider three different lepton-pair invariant-mass windows:

low invariant mass : 46GeV < M!! < 66GeV,

medium invariant mass : 66GeV < M!! < 116GeV,

high invariant mass : 116GeV < M!! < 150GeV. (6.2)
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Figure 3. The cross sections for producing a W+ (left) or W− (right) as a function of the virtuality
Q normalised to the N3LO prediction. The uncertainty bands are obtained by varying µF and µR

around the central scale µcent = Q. The dashed magenta line indicates the physical W boson mass,
Q = mW .

Figure 4. The cross sections for producing a W+ (left) or W− (right) as a function of the virtuality
Q. The uncertainty bands are obtained by varying µF and µR around the central scale µcent = Q/2.
The dashed magenta line indicates the physical W boson mass, Q = mW .

bands at NNLO and N3LO do not overlap. A similar feature was already observed for
virtual photon production in ref. [10], hinting once more towards a universality of the
QCD corrections to these processes.

Figure 4 shows the scale variation of the cross section with a different choice for the
central scale, µcent = Q/2. It is known that for Higgs production a smaller choice of the
factorisation scale leads to an improved convergence pattern and the bands from scale
variations are strictly contained in one another. We observe here that the two scale choices
share the same qualitative features.

The fact that the scale variation bands do not overlap puts some doubt on whether
it gives a reliable estimate of the missing higher orders in perturbation theory, or whether
other approaches should be explored (cf., e.g., refs. [84, 85]). In ref. [10] it was noted that for
virtual photon production there is a particularly large cancellation between different initial
state configurations. We observe here the same in the case of W boson production. This
cancellation may contribute to the particularly small NNLO corrections and scale variation
bands, and it may be a consequence of the somewhat arbitrary split of the content of the
proton into quarks and gluons. If these cancellations play a role in the observed perturbative

– 7 –

Perturbative calculations: QCD
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Figure 1: The qT spectrum of Z/�
⇤
bosons with lepton selection cuts at the LHC (

p
s = 13 TeV)

at various perturbative orders. (a) Resummed component with scale variation bands as defined in

the text. (b) Full matched results between resummed and finite part at central values of the scales.

not overlap thus showing that the NLL+NLO scale variation underestimates the true perturbative
uncertainty. This feature was observed and discussed in Ref.[68]. Conversely the NNLL+NNLO
and N3LL+N3LO scale variation bands do overlap in the entire region qT < 30GeV (except that
they nearly overlap in the window 1 < qT < 4GeV). We also observe that the scale dependence is
reduced by a factor of 2 (or more) going from NNLL+NNLO to N3LL+N3LO: the scale variation
at N3LL+N3LO (NNLL+NNLO) is around ±0.8% (±2.5%) at the peak (qT ⇠ 4GeV), then it
reduces at ±0.3% (±0.8%) level at qT ⇠ 12GeV and increase up to ±0.4% (±1.4%) level at
qT ⇠ 25GeV.

In the right panel of Fig. 1 we show the resummed qT distribution matched with the finite
part at LO, NLO and NNLO. The auxiliary scales have been fixed to their central values µF =
µR = 2Q = M

††. The lower panel shows the K-factors KNnLO defined as the ratio of between
the NnLL+NnLO and the Nn�1LL+Nn�1LO predictions (with n = 2, 3). By looking at the K-
factors we observe that the impact of the N3LL+N3LO (NNLL+NNLO) corrections with respect
to the previous order is around �4% (�19%) at the peak, then it becomes �0.1% (+22%) at
qT ⇠ 30GeV and increase to +3% (+55%) at qT ⇠ 90GeV.

By exploiting the connection between the qT resummation and the qT subtraction formalism [87]
we are able to provide fixed-order results for fiducial cross sections up to N3LO ‡‡. In Table 1 we
report the predictions for the cross section in the fiducial region at NLO, NNLO and N3LO,
NLL+NLO, NNLL+NNLO, N3LL+N3LO fixing the auxiliary scales to their central values. The
N3LO corrections decrease the NNLO cross-section at �1.5% level and the resummation e↵ects

††
Central scales for the fixed-order result have been set to µF = µR =

p
M2 + q2T . The calculation of the

scale variation band of the matched distribution would require the knowledge of the NNLO fixed-order results for

di↵erent values of µF and µR.
‡‡
Formally full N

3
LO accuracy for hadronic cross sections would require PDFs at the corresponding order which

are currently not available. Uncertainties from missing higher order PDFs have been studied in Refs. [114, 115, 116].
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Figure 10. Comparison of the normalised transverse momentum distribution for Drell-Yan pair
production at NNLO (green), NNLL+NLO (blue) and N3LL+NNLO (red) at

√
s = 8 TeV in-

tegrated over the full lepton-pair rapidity range (0 < |Y!!| < 2.4), in three different lepton-pair
invariant-mass windows. For reference, the ATLAS data is also shown, and the lower panel shows
the ratio of each prediction to data.

tions at NNLO (green), NNLL+NLO (blue), and N3LL+NNLO (red), respectively, overlaid

on ATLAS data points (black). Correspondingly, the lower insets of each panel show the

ratio of the theoretical curves to data, with the same colour code as in the main panels.

6.1 Matched predictions for fiducial pZt distributions

In figure 10 we display the normalised pZt distributions in which, in addition to the fiducial

cuts reported above, we consider three different lepton-pair invariant-mass windows:

low invariant mass : 46GeV < M!! < 66GeV,

medium invariant mass : 66GeV < M!! < 116GeV,

high invariant mass : 116GeV < M!! < 150GeV. (6.2)
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Figure 3. The cross sections for producing a W+ (left) or W− (right) as a function of the virtuality
Q normalised to the N3LO prediction. The uncertainty bands are obtained by varying µF and µR

around the central scale µcent = Q. The dashed magenta line indicates the physical W boson mass,
Q = mW .

Figure 4. The cross sections for producing a W+ (left) or W− (right) as a function of the virtuality
Q. The uncertainty bands are obtained by varying µF and µR around the central scale µcent = Q/2.
The dashed magenta line indicates the physical W boson mass, Q = mW .

bands at NNLO and N3LO do not overlap. A similar feature was already observed for
virtual photon production in ref. [10], hinting once more towards a universality of the
QCD corrections to these processes.

Figure 4 shows the scale variation of the cross section with a different choice for the
central scale, µcent = Q/2. It is known that for Higgs production a smaller choice of the
factorisation scale leads to an improved convergence pattern and the bands from scale
variations are strictly contained in one another. We observe here that the two scale choices
share the same qualitative features.

The fact that the scale variation bands do not overlap puts some doubt on whether
it gives a reliable estimate of the missing higher orders in perturbation theory, or whether
other approaches should be explored (cf., e.g., refs. [84, 85]). In ref. [10] it was noted that for
virtual photon production there is a particularly large cancellation between different initial
state configurations. We observe here the same in the case of W boson production. This
cancellation may contribute to the particularly small NNLO corrections and scale variation
bands, and it may be a consequence of the somewhat arbitrary split of the content of the
proton into quarks and gluons. If these cancellations play a role in the observed perturbative
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Perturbative calculations: QCD

      - N3LO-QCD results available for the total cross section (full phase-space) (Duhr et al., arXiv: 2001.07717, 2007.13313  )

       - N3LO+N3LL QCD available in DYTurbo (including fiducial cuts) (Camarda et al., arXiv:2103.04974    )

       - NNLO-QCD at large ptV +N3LL-QCD at small ptV available in RadISH  (Bizon et al., arXiv:1805.05916)

      → canonical scale variations show a significant reduction of the uncertainty bands

      → work in progress in the EW  WG to have a systematic assessment of resummation ambiguities (ask Bozzi)

The improved predictions of the kinematical distributions allow a more significant test of the SM

How can we translate/apply these improvements to the determination of EW parameters ?
Is a purely perturbative description sufficient to describe the data?
If not, where is a non-perturbative component needed ?
How does such a non-perturbative component affect the EW parameters determination ?
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Perturbative calculations: EW

        - NLO-EW matched with QED Parton Shower
                     HORACE,  POWHEG, (MC@NLO??)
            → relevance of the matching to reduce the QED-PS ambiguities (e.g. Photos vs PYTHIA-QED)  

    
          important differences between NC-DY and CC-DY for the size of QED and weak effects  (understood)
          the size of multiple photon radiation is relevant for the precise determination of EW parameters (understood)

          different matching recipes still unexplored
          the size of the corrections depends on the observable
          important interplay with QCD radiation 
                  (size of the residual uncertainties is relevant for the precise determination of EW parameters,   in progress )

             
             



pp ! W
+,

p
s = 14 TeV MW shifts (MeV)

Templates accuracy: LO W
+
! µ

+
⌫ W

+
! e

+
⌫

Pseudo–data accuracy MT p
`

T
MT p

`

T

1 Horace only FSR-LL at O(↵) -94±1 -104±1 -204±1 -230±2

2 Horace FSR-LL -89±1 -97±1 -179±1 -195±1

3 Horace NLO-EW with QED shower -90±1 -94±1 -177±1 -190±2

4 Horace FSR-LL + Pairs -94±1 -102±1 -182±2 -199±1

5 Photos FSR-LL -92±1 -100±2 -182±1 -199±2

Table 3. W mass shifts (in MeV) due to di↵erent QED/EW contributions and lepton-pair radi-
ation, for muons and bare electrons at 14 TeV LHC. The templates are computed at LO without
any shower correction, the pseudodata with the accuracy and the QED e↵ects as indicated in the
table.

determination of the W mass are in practice independent of the nominal c.m. energy. This

feature follows from the fact that these theoretical contributions are driven by logarithmic

terms of the form LQED = ln(ŝ/m2
`
), where m` is the mass of the radiating particle.

Independently of the accelerator energy, the configurations with ŝ ' M
2
W
, theW resonance,

dominate the cross section and the kinematical distributions relevant for the determination

of MW .

Comparing the di↵erent lines of table 3, it can be noticed that:

• 1 vs. 2: the contribution due to multiple photon emission, beyond O(↵), dominated

by two-photon radiation terms, amounts to some MeV for muons and to about 20

- 30 MeV for bare electrons, because of the very di↵erent impact of lepton-mass

dependent collinear logarithms LQED. This is in agreement with previous studies

at Tevatron energies, where the contribution of multiple FSR is taken into account

using Photos.

• 2 vs. 3: the contribution of non-logarithmic NLO EW corrections is a small e↵ect,

at a few MeV level, for both muons and electrons, and independent of the considered

observable. This result emphasizes the dominant rôle played by QED FSR at LL

level within the full set of NLO EW corrections.

• 2 vs. 4: the O(↵2) contribution due to lepton-pair radiation induces a shift of MW

of about 5±1 MeV for muons and 3±1 MeV for electrons, when considering the fits

to the transverse mass distribution. It is a not negligible e↵ect given the present

accuracy of the measurement at the Tevatron, where it is presently treated as a

contribution to the QED uncertainty, because the Photos version included in the

Tevatron analyses did not simulate pair radiation‡‡. For W decays into muons, the

shift is of the same order of the one induced by multiple photon emission, whereas

‡‡
At present a version of Photos including the e↵ects of light-pair radiation is available, as described in

ref. [79].
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of muons; for recombined electrons the shifts are of the size of ⇠ 1 ± 2 MeV and

⇠ 1± 4 MeV for MT and p
l

T
, respectively.

These results show that a QED-LL approach without matching is more accurate,

at the level of precision required for the MW determination, when QED FSR is

simulated with Photos (line 2). The small di↵erence between the shifts obtained

with Photos with and without matching with the NLO EW results can also be

understood from figure 8, where the relative impact of the EW e↵ects in the two

cases is almost identical.

These comparisons can be considered as a measure of the accuracy inherent in the use

of a generator given by a tandem of tools like ResBos+Photos (like in the present

Tevatron measurements) in the sector of mixed QCD-EW corrections.

The assessment of the uncertainty for the Tevatron as explained in the third item

above, is, in our opinion, one of the most important and original aspects of our study.

6.4.3 Results for the LHC

In this section we present the results for a similar analysis to the one addressed in Sec-

tion 6.4.2, but under LHC conditions. The details of the event selection are shown in

table 11, and the corresponding mass shifts in table 12.

Process pp ! W
+
! µ

+
⌫,

p
s = 14 TeV

PDF MSTW2008 NLO

Event selection |⌘
`
| < 2.5, p`

T
> 20 GeV, p

⌫

T
> 20 GeV, p

W

T
< 30 GeV

Table 11. Event selection used for the study of QED and mixed QCD-EW e↵ects at LHC.

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

Table 12. W mass determination for muons and dressed electrons at the LHC 14 TeV in the
case of W+ production. MW shifts (in MeV) due to multiple QED FSR and mixed QCD-EW
corrections, computed with Pythia-qed and Photos as tools for the simulation of QED FSR
e↵ects. Pythia-qed and Photos have been interfaced to Powheg-v2 with only QCD corrections
(lines 1 and 2) or matched to Powheg-v2 two-rad with NLO (QCD+EW) accuracy (lines 3 and
4). The templates have been computed with Powheg-v2 with only QCD corrections. The results
are based on MC samples with 4⇥108 events.

Similar remarks on the comparison between Pythia-qed and Photos, as well as on

mixed QCD-EW corrections, apply in this case. However, further considerations can be
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Perturbative calculations: EW



Alessandro Vicini - University of Milano                                                                                                                                                                                                                       PRIN meeting, Milano October 5th 2021

Perturbative calculations: QCD-EW

          - in the past, various combinations of NLO-QCD and NLO-EW results  (additive or multiplicative in different implementations)
           - the ambiguities are terms of , possibly subleading in a logarithmic counting;  
                   are they numerically small ?  the answer is observable dependent
                   the ambiguity can be fixed and pushed to the next perturbative order by means of a fixed-order calculation
                             → Wednesday morning
   
           - mixed QCD-EW effects depend also on the underlying non-perturbative QCD model (and its parameters)
                   can we quantify also the uncertainties on these contributions ? (they can not be pushed to the next order)

𝒪(ααs)

of muons; for recombined electrons the shifts are of the size of ⇠ 1 ± 2 MeV and

⇠ 1± 4 MeV for MT and p
l

T
, respectively.

These results show that a QED-LL approach without matching is more accurate,

at the level of precision required for the MW determination, when QED FSR is

simulated with Photos (line 2). The small di↵erence between the shifts obtained

with Photos with and without matching with the NLO EW results can also be

understood from figure 8, where the relative impact of the EW e↵ects in the two

cases is almost identical.

These comparisons can be considered as a measure of the accuracy inherent in the use

of a generator given by a tandem of tools like ResBos+Photos (like in the present

Tevatron measurements) in the sector of mixed QCD-EW corrections.

The assessment of the uncertainty for the Tevatron as explained in the third item

above, is, in our opinion, one of the most important and original aspects of our study.

6.4.3 Results for the LHC

In this section we present the results for a similar analysis to the one addressed in Sec-

tion 6.4.2, but under LHC conditions. The details of the event selection are shown in

table 11, and the corresponding mass shifts in table 12.
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Table 11. Event selection used for the study of QED and mixed QCD-EW e↵ects at LHC.
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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

Table 12. W mass determination for muons and dressed electrons at the LHC 14 TeV in the
case of W+ production. MW shifts (in MeV) due to multiple QED FSR and mixed QCD-EW
corrections, computed with Pythia-qed and Photos as tools for the simulation of QED FSR
e↵ects. Pythia-qed and Photos have been interfaced to Powheg-v2 with only QCD corrections
(lines 1 and 2) or matched to Powheg-v2 two-rad with NLO (QCD+EW) accuracy (lines 3 and
4). The templates have been computed with Powheg-v2 with only QCD corrections. The results
are based on MC samples with 4⇥108 events.

Similar remarks on the comparison between Pythia-qed and Photos, as well as on

mixed QCD-EW corrections, apply in this case. However, further considerations can be
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pp ! W
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p
s = 14 TeV MW shifts (MeV)

Templates accuracy: LO W
+
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+
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+
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Pseudo–data accuracy MT p
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T

1 Horace only FSR-LL at O(↵) -94±1 -104±1 -204±1 -230±2

2 Horace FSR-LL -89±1 -97±1 -179±1 -195±1

3 Horace NLO-EW with QED shower -90±1 -94±1 -177±1 -190±2

4 Horace FSR-LL + Pairs -94±1 -102±1 -182±2 -199±1

5 Photos FSR-LL -92±1 -100±2 -182±1 -199±2

Table 3. W mass shifts (in MeV) due to di↵erent QED/EW contributions and lepton-pair radi-
ation, for muons and bare electrons at 14 TeV LHC. The templates are computed at LO without
any shower correction, the pseudodata with the accuracy and the QED e↵ects as indicated in the
table.

determination of the W mass are in practice independent of the nominal c.m. energy. This

feature follows from the fact that these theoretical contributions are driven by logarithmic

terms of the form LQED = ln(ŝ/m2
`
), where m` is the mass of the radiating particle.

Independently of the accelerator energy, the configurations with ŝ ' M
2
W
, theW resonance,

dominate the cross section and the kinematical distributions relevant for the determination

of MW .

Comparing the di↵erent lines of table 3, it can be noticed that:

• 1 vs. 2: the contribution due to multiple photon emission, beyond O(↵), dominated

by two-photon radiation terms, amounts to some MeV for muons and to about 20

- 30 MeV for bare electrons, because of the very di↵erent impact of lepton-mass

dependent collinear logarithms LQED. This is in agreement with previous studies

at Tevatron energies, where the contribution of multiple FSR is taken into account

using Photos.

• 2 vs. 3: the contribution of non-logarithmic NLO EW corrections is a small e↵ect,

at a few MeV level, for both muons and electrons, and independent of the considered

observable. This result emphasizes the dominant rôle played by QED FSR at LL

level within the full set of NLO EW corrections.

• 2 vs. 4: the O(↵2) contribution due to lepton-pair radiation induces a shift of MW

of about 5±1 MeV for muons and 3±1 MeV for electrons, when considering the fits

to the transverse mass distribution. It is a not negligible e↵ect given the present

accuracy of the measurement at the Tevatron, where it is presently treated as a

contribution to the QED uncertainty, because the Photos version included in the

Tevatron analyses did not simulate pair radiation‡‡. For W decays into muons, the

shift is of the same order of the one induced by multiple photon emission, whereas

‡‡
At present a version of Photos including the e↵ects of light-pair radiation is available, as described in

ref. [79].
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Perturbative calculations and their interplay with non-perturbative effects

the structure of the proton -  has an intrinsic non-perturbative component, which we measure from the data
                                         - satisfies a perturbative evolution ruled by DGLAP equations  (for standard DY observables)

the longitudinal component is expressed via collinear PDFs  → it affects all the observables that involve 
                                                                                                the longitudinal component of the final-state 4-momenta
the transverse component can be - expressed via TMDs
                                                  - moved to the QCD Parton Shower parameters + Underlying Event models

Each formulation has a specific matching of its perturbative and non-perturbative components 
The success of a formulation depends on its universality, so that it can be used to predict new observables,
     but also to estimate the associated uncertainties → collinear PDFs are a striking example

so far we discussed the partonic cross section, its perturbative content and the missing non-perturbative complements
now let’s start from the incoming protons
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To what extent do modelling effects bring us outside the SM ? 
Are we determining the SM Lagrangian parameters, or those of a SM-based model ?

remaining in the SM realm, 
              MW is determined fitting a kinematical distribution; the result is affected by intrinsic-kt / PDF choice
              if we were able to compute in the SM non-perturbative effects, then we would have complete SM templates to fit MW;
              since we are not able, we then build models, which are SM-inspired, but possibly different than the “SM solution”

                I see two elements:    the accuracy of the model (how close is it to the non-perturbative SM solution)
                                                the error on the modelling (how precisely are its parameters tuned)

              can we “deconvolute” such effects and get closer to the Lagrangian parameter, by means of different observables ?

Example: the charged-lepton pt distribution 
      - improved understanding of the PDF uncertainties on the distribution and on MW
      - what is the dependence on the intrinsic kt? how much does it depend on the ptZ calibration?

the non-perturbative (NP) component is physics which we can not describe in a perturbative approach (obviously!!!)
     if BSM physics is expected to be at a very large scale, and absent in the proton, then NP effects are simply “difficult” SM physics
     if the proton has a BSM component, we need a different discussion (later, not now)
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Which test are we performing ?

 ● excellent measurement of the DY kinematical distributions:  
               - which is the precise definition of a DY event ? (e.g. is it true that photon-induced processes are distinguishable ?)
               - to what extent DY observables rely on low-energy calibration?
               - how many independent d.o.f. can we consider, combining charged- and neutral current  DY ?

● how do we test the SM ?
               - how many parameters are we “allowed” to tune to maximise the agreement between the data and the Monte Carlo ?
               - if a modelling component is necessary to describe the data, can we say that we are still testing the SM ?
               - do we use a P-value to express the likelihood of the SM ? 
                  is a good P-value a necessary condition to start the precision fit of MW or  ?sin2 θlep

eff
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Precision measurements, SM tests and the link to BSM searches

  ● a bad  or a low P-value can signal the existence of a tension between the SM and the data

     such a tension could emerge if we try to simultaneously describe, in the SM, the W/Z resonances and the TeV tails
           (→ the most precise SM predictions are needed simultaneously at both energy scales)

     we might expect that such a tension translates, in a fit based on the SMEFT, 
     into a significant non-vanishing value of the Wilson coefficients of some higher-dimension operators

  ● are the parameters of the d=4 operators on the same footing of the Wilson coefficients of the d=6,8,… operators ?
     are  going to change their best-fit value, to accomodate a better high-energy description ?

χ2

MW, sin2 θlep
eff , . . .


