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“LHC EW precision physics, 
extraction of pseudo-

observables (POs) from 
hadron collider data, 

impact of PDFs”  
—  

so… Drell–Yan? *

*  personal selection of results/concerns/…



LHC — FROM A DISCOVERY TO A PRECISION MACHINE
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Figure 11: Values of sin2 θωeff measured with the A
w
FB and A4 fits, for seven PDF sets, combin-

ing the four channels and using the full 2016–2018 sample. The orange line and yellow band
correspond to the result obtained with the CT18Z PDFs. The red open squares are the results
obtained without profiling the corresponding PDF uncertainties. For the A

w
FB results, the cyan

bands show the PDF uncertainties and the black bars represent the total uncertainties.

also shows the results obtained without profiling the PDFs, for which the total PDF uncertainty
is evaluated by adding (in quadrature) all differences obtained with each PDF error set. As a
result of profiling, we see a significant reduction of the differences between the central values
of the results obtained with the different PDF sets, as well as a decrease of their individual PDF
uncertainties.
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Figure 12: Comparison of the sin2 θωeff values measured in this analysis with previous measure-
ments [1, 9–12, 14] and the result of a SM global fit [2].

Figure 12 presents the sin2 θωeff value measured combining the four dilepton channels and using
the full 2016–2018 sample. This is the most precise result obtained at a hadron collider, to date,
and agrees with the SM expectation.

In addition, the sin2 θωeff based on unfolded A4 is obtained by using XFITTER open-source code [65,
66]. This tool facilitates the reinterpretation of the measurements in case the PDF sets or the the-
oretical models are updated, as well as the combination of sin2 θωeff values reported by different
experiments.

[CMS 2408.07622]
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at the proton-proton collision energy of 13 TeV, via a highly granular binned maximum likeli-
hood fit to the three-dimensional distribution of the muon pµ

T, ηµ , and electric charge. Novel
experimental techniques have been used, together with state-of-the-art theoretical models, to
improve the measurement accuracy. The muon momentum calibration, based on J/ψ → µµ
decays, as well as the data analysis methods and the treatment of the theory calculations used
in the mW measurement have been extensively validated by extracting mZ and pZ

T both from a
direct Z → µµ dimuon analysis and from a W-like analysis of the Z boson data.

Figure 4: Comparison with other experiments and the EW fit prediction. The mW measurement
from this analysis (in red) is compared with the combined measurement of experiments at
LEP [15], and with the measurements performed by the D0 [16], CDF [4], LHCb [18], and
ATLAS [19] experiments. The global EW fit prediction [1–3] is represented by the gray vertical
band, with the shaded band showing its uncertainty.

As shown in Fig. 4, the measured value, mW = 80 360.2 ± 9.9 MeV, agrees with the standard
model expectation from the electroweak fit and is in disagreement with the measurement re-
ported by the CDF Collaboration. Our result has similar precision to the CDF Collaboration
measurement and is significantly more precise than all other measurements. The dominant
sources of uncertainty are the muon momentum calibration and the parton distribution func-
tions. Uncertainties in the modeling of W boson production are subdominant due to novel
approaches used to parameterize and constrain the predictions and their corresponding uncer-
tainties in situ with the data. This result constitutes a significant step towards achieving an
experimental measurement of mW with a precision matching that of the EW fit.
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Phys. Rep. 532 (2013) 119
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Figure 15: (a) Present measurement of ω𝐿 , compared to the SM prediction from the global electroweak fit [6], and
to the measurements of LEP [10] and Tevatron [64]. (b) 68% and 95% CL uncertainty contours for the simultaneous
determination of 𝐿𝐿 and ω𝐿 using the CT18 PDF set and combining results from the 𝑀

𝑀

T and 𝐿T distributions. The
triangular marker represents the best fit, while the star corresponds to the SM prediction of Ref. [6].

ω𝐿 = 2198 ± 49 MeV,

with a correlation of →30% that reflects the negative slope of the dependencies reported in Sections 6.4
and 7.2. The 68% and 95% CL uncertainty contours are shown in Figure 15(b).

9 Conclusion

This paper reports on a first measurement of the 𝑁-boson width at the LHC as well as the reanalysis
of the data used in the published 𝑁-boson mass measurement, using an improved fitting technique and
updated parton distribution functions. Both measurements are based on proton–proton collision data
at a centre-of-mass energy of

↑
𝑂 = 7 TeV recorded by the ATLAS detector at the LHC in 2011, and

corresponding to an integrated luminosity of 4.6 fb→1 and 4.1 fb→1 in the electron and muon channels,
respectively.

The measurements of 𝐿𝐿 using the 𝑀
𝑀

T and 𝐿T distributions are found to be consistent and their combination
yields

𝐿𝐿 = 80366.5 ± 9.8 (stat.) ± 12.5 (syst.) MeV = 80366.5 ± 15.9 MeV.

The present result is compatible with and supersedes the previous measurement of 𝐿𝐿 at ATLAS using
the same data. No significant deviation from the SM expectation is observed. The PDF dependence of the
𝐿𝐿 result is driven by the pre-fit PDF uncertainties, and is strongly reduced when allowing for enlarged
uncertainties. The final results are obtained using the CT18 PDF set, which is the most conservative PDF
set for these measurements and compatible with the fits using enlarged PDF uncertainties of other sets.
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talk by M. Schott



WHY & WHAT?  —  GLOBAL EW FIT

๏ SM:  constrained system    is it self-consistent?

๏ sensitivity      per-cent @ EW scale    probe 

⇝

δ𝒪 ∼ Q2/Λ2
NP ⇝ ⇒ ΛNP ∼ TeV

4

MW and sin2θℓeff

Roman Kogler The Global Electroweak Fit24
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‣ SM very consistent 
using MW from 
LEP+LHC 

‣ Need to resolve 
tension with CDF II 
MW experimentally 

‣ Looking forward to 
mt and MW 
combinations from 
Collaborations

www.cern.ch/gfitter

We cannot know  
MW and sin2θleff  

precisely enough
(theoretically and experimentally)

NEW PHYSICS —- INDIRECT SEARCHES

• constrained system 
➡ self consistent? 
➡
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PRECISION TESTS @ THE LHC

๏  &  from fit    smaller uncertainties than direct measurements! 
  high priority as most “bang for the buck” 

๏ both are SM predictions:                                                       
  full 2-loop EW results  

      +  subset of even higher-order terms 

MW sin2 θℓ
eff ↔

↪

MW sin2 θℓ
eff

↪

5

Parameter Measurement Fit w/o “input” Theory calculation

mt [GeV] 172.47± 0.68 175.2± 2.4 Input parameter

MH [GeV] 125.20± 0.11 100+25
→21 Input parameter

MZ [GeV] 91.1880± 0.0020 91.1956± 0.0105 Input parameter

!Z [GeV] 2.4955± 0.0023 2.4943± 0.0016 2.4942± 0.0004

MW [GeV] 80.3692± 0.013 80.354± 0.007 80.353± 0.004

!W [GeV] 2.14± 0.05 2.091± 0.001 2.090

sin2 ωωe! 0.23153± 0.00016 0.23154± 0.00010 0.231488± 0.000045

[Gfitter ’22]

precision targets 
often limited by: 

 TH modelling 
 PDFs

↪
↪

[Freitas, Hollik, Walter, Weiglein '02]   
[Awramik, Czakon, Freitas, Weiglein ’03]

[Dubovyk, Freitas, Gluza,  
 Riemann, Usovitsch '20]

talk by G. Degrassi



OUTLINE

๏ MOTIVATION 

๏ THEORY STATUS FOR SINGLE BOSON PRODUCTION

1. Drell-Yan process at fixed order

2. Transverse momentum

๏ PARTON DISTRIBUTION FUNCTIONS & MORE

1. PDF uncertainties & profiling, N3LO

2. Theory uncertainties & modelling

๏ CONCLUSIONS 

1

2

αs
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DRELL–YAN — THE STANDARD CANDLE @ LHC

๏ clean signature  ( , )   
  &  large cross section:  
       (~ 1000   &  ~ 4000 ) / sec * 

๏ detector calibration, BSM searches, 
luminosity monitor, quark PDFs,  …

๏ precision measurements:  ,    
      
  control shape at ‰ 

ℓ± Emiss
T

Z W±

sin2(θw) MW

↪ ΔMW ≃ 10 MeV
↭

p

p

qb

q̄a

V

ω1

ω̄2

* ℒ = 2 × 1034 cm−2 s−1

Stefano Camarda 8

W mass – Measurement strategy

mW extracted from the pT lepton and transverse mass (mT) distributions

pT lepton has a Jacobian 
edge at mW/2

mT has a Jacobian edge at mW

Vary the W-boson mass values in the 
theory prediction, and predict the pT lepton 
and mT distributions

Compare to data, and determine the best 
fit value of the W-boson mass

arXiv:1701.07240

Challenges:

Ultra-precise detector calibration ~ 10-4

Accurate theory predictions

big TH challenge!

A.12 The W-like Z and W boson mass measurements 35

Figure A.10: Measured and simulated pµ
T distributions, with the prediction adjusted according

to the best fit values of nuisance parameters and of mZ obtained from the maximum likelihood
fit of the W-like mZ analysis. The vertical bars represent the statistical uncertainties in the data.
The bottom panel shows the ratio of the number of events observed in data to the nominal
prediction. The solid and dashed purple lines represent, respectively, the relative impact of an
increase and decrease of mZ by 14 MeV. The uncertainties in the predictions, after the system-
atic uncertainty profiling in the maximum likelihood fit, are shown by the shaded band.

The uncertainty due to the size of the simulated samples is estimated via the Barlow–Beeston
approach [103], as simplified by Conway [53]. The estimate is increased by 25% to account
for the effect of fluctuations in the alternate templates used to construct the systematic varia-
tions [102]. The 1.25 scaling factor is estimated by evaluating the coverage of the uncertainty
with bootstrap resampling of the simulated samples [104]. The width of the W boson, ΓW, is
varied with the mass according to the SM relationship ΓW ∝ m3

W. The theoretical uncertainty
of 0.6 MeV from the EW fit is taken as an uncertainty in ΓW, but we verified that using the ex-
perimental uncertainty of Ref. [1] has a negligible impact on the results. The uncertainty in mW
from ΓW is <0.2 MeV. Systematic uncertainties whose +1σ and →1σ variation templates affect
the event yields asymmetrically are decomposed into two symmetric variations, defined such
that the symmetric and anti-symmetric components are represented separately. This procedure
preserves the total variance and covariance of the event yields and reduces non-linearities in
the likelihood, simplifying the evaluation of uncertainties and impacts.

Several additional tests are performed to verify the robustness of the statistical procedure. The
likelihood minimization is performed with an independent implementation of the likelihood
function and with a different minimization algorithm, which yields a value of mW that is iden-
tical to the nominal result within the numerical precision. The minimization was performed
ten times with the starting values of mW and the nuisance parameters set to random values.
The resulting minima of the likelihood function and the associated mW values are consistent
with the nominal result in all cases. Finally, an estimation of mW is performed linearizing the
likelihood function and absorbing all systematic uncertainties into the data covariance matrix,
such that the systematic uncertainties are not explicit fit parameters. Instead, they are treated
equivalently to the statistical uncertainty of the data. In this configuration, the minimum can be
evaluated analytically, without the need for iterative minimization. As discussed in Ref. [105],
this treatment is mathematically equivalent when the likelihood is purely quadratic. The value
of mW extracted with this procedure is shifted by 1.5 MeV with respect to the nominal result.

±50 MeV

±14 MeV

c.f.  target 
of 𝒪(5 MeV)
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p p

Drell–Yan:   

  high momentum transfer 
    &  clean signature

Perturbation theory:   

  &   

‰ target     & beyond

αs ∼ 0.1 αew ∼ 0.01

↔ 𝒪(αs3, αs αew)



๏
๏ power  depends on the observable 

    Drell-Yan      
  jets      (hadronization & MPI) 

๏ numerical impact  ( )  
    
  

๏ for      
    a potential disaster  

      (study based on IR renormalons) 

Λ ≲ 1 GeV

p
↪ σ ⇝ p = 2
↪ ⇝ p = 1

Q ∼ 100 GeV
↔ (Λ/Q) ∼ 1 %
↔ (Λ/Q)2 ∼ 0.01 %

pZ
T ↔ Δexp ≲ 0.3 %

↪ p = 1

[Ferrario Ravasio, Limatola, Nason '21]
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p p

Drell–Yan:   

  high momentum transfer 
    &  clean signature

Perturbation theory:   

  &   

‰ target     & beyond

αs ∼ 0.1 αew ∼ 0.01

↔ 𝒪(αs3, αs αew)

σDY = σ(0,0) + αs σ(1,0) + α2
s σ(2,0) + α3

s σ(3,0) + α4
s σ(4,0) + …

+ α σ(0,1) + αsα σ(1,1) + α2
s α σ(2,1) + …

+ α2 σ(0,2) + …



DRELL–YAN @ FIXED ORDER

9

σDY = σ(0,0) + αs σ(1,0) + α2
s σ(2,0) + α3

s σ(3,0) + α4
s σ(4,0) + …

+ α σ(0,1) + αsα σ(1,1) + α2
s α σ(2,1) + …

+ α2 σ(0,2) + …QCD corrections 
‣ NNLO differential 

 
 

  public codes:  DYNNLO, DYTurbo, FEWZ, Matrix, MCFM, NNLOJET, … 

‣ N3LO inclusive / rapidity 
 
 

  public code:  n3loxs

‣ N3LO differential

↪

↪

[Anastasiou, Dixon, Melnikov, Petriello '03],  
[Melnikov, Petriello '06], [Catani, Cieri, Ferrera, de Florian, Grazzini '09],  
[Catani, Ferrera, Grazzini '10]

[Duhr, Dulat, Mistlberger ’20], [Duhr, Mistlberger ’21],  
[Chen, Gehrmann, Glover, AH, Yang, Zhu ’21] ( ) Y

[Camarda, Cieri, Ferrera '21],  
[Chen, Gehrmann, Glover, AH, Monni, Re, Rottoli, Torrielli '22],  
[Chen, Gehrmann, Glover, Huss, Yang, and Zhu '22],  
[Neumann, Campbell '22, '23], [Billis, Michel, Tackmann '24]

bins of ATLAS data (7 TeV, 4.6 fb-1)
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FIG. 4. Zoom on the per-mille level agreement of the predictions from the codes DYTURBO (dashed-dotted)
MATRIX (v2.1) (solid) and NNLOJET (dashed) relative to the central predictions at NNLO with FEWZ for
the fiducial cuts and the bins of the ATLAS at

→
s = 7 TeV [23].

Z-boson production with forward leptons.
The findings of this benchmark study are summarized Fig. 4, which compares in each case the

best predictions of DYTURBO, MATRIX (v2.1) and NNLOJET. The predictions of MATRIX (v2.1)
and NNLOJET are in excellent agreement, with deviations being often less than one per-mille, i.e.
the target uncertainty from the numerical integration. Also the DYTURBO predictions agree very
well, typically within two per-mille with the NNLOJET ones, except for the Z-boson production
with forward leptons, where agreement is at the level of a few per-mille. Fig. 4 also shows, that the
predictions from DYTURBO, MATRIX (v2.1) and NNLOJET are all aligned, especially for the case
of W±-boson production. The normalization to the FEWZ predictions introduces some fluctuations,
which are due to the numerical integration uncertainties in the FEWZ results, being at the level of a
few per-mille. The predictions obtained with NNLOJET are listed in App. A.

The DØ data on the electron charge asymmetry distribution Ae has been obtained as a function
of the electron pseudo-rapidity from W±-boson production at

→
s = 1.96 TeV at the Tevatron [24].

Theoretical predictions for the benchmark studies are numerically challenging due to large cancel-
lations in the asymmetry. With predictions from NNLOJET and the update of MATRIX (version 2.1)
we are in a position to check the FEWZ results, already presented in Ref. [17]. This is illustrated
in Fig. 5, where we plot the NNLO predictions obtained with those codes. The numbers obtained
with NNLOJET and MATRIX (version 2.1) are in excellent agreement and are also compatible with
the FEWZ predictions within the substantially larger uncertainties from the numerical integration of
the latter. The numerical integration uncertainties of the NNLOJET and MATRIX numbers are negli-
gible on the scale of Fig. 5, while those of FEWZ are indicated in the plot. All numbers computed
with NNLOJET are also given in App. A.

6

[Alekhin et al. '24]per-mille level agreement



๏ symmetric/asymmetric cuts    linear acceptance ( ) 
  induces IR sensitivity:  “fiducial power corrections”   

      (perturbative instabilities with factorial growth)

→ qT → 0
↪

DEFINITION OF THE FIDUCIAL CUTS

10

Symmetric lepton  cuts:pT

SM@LHC 2022, 13 Apr 2022 4

Cuts and linear power corrections

Symmetric and asymmetric cuts induce a linear dependence on the acceptance 

f sym(pT) = f0 + f sym
1 ⋅ pT

M
+ "2

Final state (e.g. Higgs/Z) with 
zero transverse momentum

Final state with non-zero 
transverse momentum

p1
T

27 GeV

Fails cutsPasses cuts

Coefficients depend on the 
specific choice of cuts

[Tackmann, Ebert ’19][Alekhin, Kardos, Moch, Trócsányi ‘21][Salam, Slade ’21]
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Drell-Yan production cuts (ATLAS, CMS, LHCb…)
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[sketch by L. Rottoli —
 SM@LHC ’22]

Example:  Higgs @ N3LO
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FIG. 10. Deviation of the rapidity distribution for pp→ Z/ω↑+X→ l+l↓+X production at
↔

s = 7 TeV as
a function of ∆pT relative to the results for ∆pT = 0 at NNLO in QCD computed with NNLOJET. Shown are
selected ∆pT values (indicated by color) using the definition in Eq. (3) for linear asymmetric cuts (left plot)
and the one of Eq. (12) for product cuts (right plot). Solid lines denote negative values of ∆pT as indicated
in the plots, dotted lines of the same color display the corresponding ∆pT values with positive sign.

indistinguishable from the inclusive result for |yεε| below 1.2. Above this value, the K-factors
start to depart from the inclusive case with a slope similar to the one observed in the asymmetric
and the symmetric case, with differences up to ↗ +2%. For the kinematics under consideration
(pp→ Z/ω↑+X→ l+l↓+X production at

↔
s= 7 TeV with cuts on the decay leptons pεT ↘ 20GeV),

linear power corrections in ∆pT appear for central rapidities, yll ↭ 1.0, due to the fiducial cuts
breaking the azimuthal symmetry in the integral over the lepton decay phase space, as discussed in
Refs. [43], [46]. For larger rapidities yll ↫ 1.5 the rapidity constraints dominate the integral over the
lepton phase space and azimuthal symmetry is restored, resulting in quadratic power corrections
in ∆pT . This leads to only small deviations of all predictions from the case of symmetric cuts. The
impact of the cuts on the lepton decay phase space has been illustrated in our previous study [17],
including the region around around yll ↗ 1.2, where the transition occurs 7.

The fact that the product cut K-factors display a better behaviour at central rapidities shows that,
also at the differential level, product cuts are free of linear power corrections, which are instead
responsible for the larger differences observed in the asymmetric case and, to some extent, in the
symmetric case. The effect observed are, however, limited to a few percent, and do not display
the much larger differences observed in the Higgs case when asymmetric cuts are enforced [34].
Moreover, our analysis is performed at NNLO, while larger shape distortions were observed in the
Higgs case at N3LO. A better assessment of the impact of linear power corrections associated with
the choice of cuts requires to consider resummation effects at NNLL and beyond, which we will
discuss in the next section.

7 The impact of the fiducial cuts applied to Z/ω↑-boson production for different values of the gauge-boson rapidity yll

on the real emission phase space of the decay leptons has been illustrated in Fig. 15 of Ref. [17].
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responsible for the larger differences observed in the asymmetric case and, to some extent, in the
symmetric case. The effect observed are, however, limited to a few percent, and do not display
the much larger differences observed in the Higgs case when asymmetric cuts are enforced [34].
Moreover, our analysis is performed at NNLO, while larger shape distortions were observed in the
Higgs case at N3LO. A better assessment of the impact of linear power corrections associated with
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FIG. 2. Dependence of the extracted NkLO fiducial cross
sections shown in Tab. I on the pcutT infrared parameter, both
for the symmetric (2a) and product (2b) cuts. In the latter
case, the NLO correction has been rescaled by a factor 1/4.
The dashed vertical line indicates our default value pcutT =
0.81GeV. The blue band is obtained by combining linearly
the statistical and slicing errors.

0.04%, which indicates that the predictions with product
cuts can be computed accurately with fixed-order per-
turbation theory. Nevertheless, we still observe a more
reliable estimate of the theoretical uncertainties when re-
summation is included.

In order to study the stability of our predictions
against variations of the infrared parameter pcutT , in Fig. 2
we show the dependence of the NkLO correction (i.e. the
O(↵k

s ) term in the expansion of the fiducial cross sec-
tion) on pcutT down to pcutT ' 0.4GeV. In the case of
symmetric cuts (2a), we observe that the inclusion of the
linear power corrections is essential to reach a plateau at
small pcutT , achieving the necessary independence of the
result on the slicing parameter. We thus obtain an excel-
lent control over the estimate of the slicing error quoted
in Tab. I. Fig. 2 also clearly shows that the omission of
such linear corrections leads to an incorrect result for the
fiducial cross section computed with the qT -subtraction
method, unless d�NNLO

DY+jet
can be computed precisely down

to pcutT ⌧ 1GeV. Conversely, in the case of the prod-
uct cuts (2b), we observe a much milder dependence of
the NkLO correction on pcutT , and the further inclusion

FIG. 3. Lepton transverse momentum distribution up to
N3LO+N3LL order in the fiducial phase space (2a). The la-
bels indicate the order in the fiducial cross section.

of power corrections does not lead to any visible di↵er-
ence, consistent with the fact that such corrections are
quadratic in most of the phase space [100]. As an addi-
tional sanity check, we have repeated the test of Fig. 2 for
each individual flavour channel contributing to the N3LO
Drell–Yan cross section. The results are collected in the
supplementary material [103], together with a discussion
on alternative approaches to qT subtraction employing a
fitting procedure, and a comparison to the literature.

Finally, the computation presented in this letter al-
lows us to obtain, for the first time, N3LO+N3LL predic-
tions for the kinematical distributions of the final-state
leptons. A particularly relevant distribution is the lep-
tonic transverse momentum, which plays a central role
in the precise extraction of the W -boson mass at the
LHC [2, 6]. Fig. 3 shows the di↵erential distribution of
the negatively charged lepton at three di↵erent orders,
for our default value pcutT = 0.81GeV. Unlike for the
fiducial cross section, the inclusion of p``T resummation in
this observable is crucial to cure local (integrable) diver-
gences in the spectrum due to the presence of a Sudakov
shoulder [119] at p`

�

T ⇠ m``/2. The figure shows an ex-
cellent convergence of the perturbative prediction, with
residual uncertainties at N3LO+N3LL of the order of a
few percent to the right of the shoulder, which grow at
most up to the O(5%) level for p`

�

T . m``/2.

Conclusions.— In this letter, we have presented
state-of-the-art predictions for the fiducial cross section
and di↵erential distributions in the Drell–Yan process at
the LHC, through both N3LO and N3LO+N3LL in QCD.
These new predictions are obtained through the combi-
nation of an accurate NNLO calculation for the produc-
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not capture the N3LO central value. This indicates a
poor convergence of the fixed-order perturbative series
for this process, which is consistent with what has been
observed in the inclusive case in Refs. [10–12]. In the
resummed case, the theoretical uncertainty is more re-
liable and within errors the convergence of the pertur-
bative series is improved. The presence of linear power
corrections is also responsible for the moderate di!erence
between the fixed-order and the resummed prediction for
the symmetric cuts, which as previously discussed indi-
cates a sensitivity of the cross section to the infrared
region of small pωωT . This ultimately worsens further the
perturbative convergence of the fixed-order series thereby
challenging the perspectives to reach percent-accurate
theoretical predictions within symmetric cuts.

A possible solution to this problem [100] is to slightly
modify the definition of the fiducial cuts as in Eq. (2b)
in order to reduce such a sensitivity to infrared physics.
We present for the first time theoretical predictions up to
N3LO and N3LO+N3LL for this set of cuts, reported in
the third and fourth column of Tab. I. The relative di!er-
ence between the fixed-order and resummed calculations
for the fiducial cross section never exceeds 0.04%, which
indicates that the predictions with product cuts can be
computed accurately with fixed-order perturbation the-
ory. Nevertheless, we still observe a more reliable esti-
mate of the theoretical uncertainties when resummation
is included.

In order to study the stability of our predictions
against variations of the infrared parameter pcutT , in Fig. 2
we show the dependence of the NkLO correction (i.e. the
O(ωk

s ) term in the expansion of the fiducial cross section)
on pcutT down to pcutT → 0.4GeV. In the case of symmet-
ric cuts Eq. (2a), we observe that the inclusion of the
linear power corrections is essential to reach a plateau
at small pcutT , achieving the necessary independence of
the result on the slicing parameter. We thus obtain an
excellent control over the estimate of the slicing error
quoted in Tab. I. Furthermore, Fig. 2 clearly shows that
the omission of such linear corrections leads to an incor-
rect result for the fiducial cross section computed with
the qT -subtraction method, unless dεNNLO

DY+jet
can be com-

puted precisely down to pcutT ↑ 1GeV. Conversely, in
the case of the product cuts, we observe a much milder
dependence of the NkLO correction on pcutT , and the fur-
ther inclusion of power corrections does not lead to any
visible di!erence, consistent with the fact that such cor-
rections are quadratic in most of the phase space [100].
As an additional sanity check, we have repeated the test
of Fig. 2 for each individual flavour channel contribut-
ing to the N3LO Drell–Yan cross section. The results
are collected in the Appendix, together with a discussion
on alternative approaches to qT subtraction employing a
fitting procedure [118], and a comparison to the litera-
ture [58, 101].

Finally, the computation presented in this letter al-
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FIG. 2. Dependence of the extracted NkLO corrections to
the fiducial cross sections shown in Tab. I on the pcutT infrared
parameter, both for the symmetric and product cuts. In the
latter case, the NLO correction has been rescaled by a fac-
tor 1/4. The dashed vertical line indicates our default value
pcutT = 0.81GeV. The blue band is obtained by combining
linearly the statistical and slicing errors.

lows us to obtain, for the first time, N3LO+N3LL predic-
tions for the kinematical distributions of the final-state
leptons. A particularly relevant distribution is the lep-
tonic transverse momentum, which plays a central role
in the precise extraction of the W -boson mass at the
LHC [2, 6]. Fig. 3 shows the di!erential distribution of
the negatively charged lepton at three di!erent orders,
for our default value pcutT = 0.81GeV. Unlike for the
fiducial cross section, the inclusion of pωωT resummation in
this observable is crucial to cure local (integrable) diver-
gences in the spectrum due to the presence of a Sudakov
shoulder [119] at pω

→

T ↓ mωω/2. The figure shows an ex-
cellent convergence of the perturbative prediction, with
residual uncertainties at N3LO+N3LL of the order of a
few percent across the entire range.
Conclusions.— In this letter, we have presented

state-of-the-art predictions for the fiducial cross section
and di!erential distributions in the Drell–Yan process at
the LHC, through both N3LO and N3LO+N3LL in QCD.
These new predictions are obtained through the combi-
nation of an accurate NNLO calculation for the produc-
tion of a Drell–Yan pair in association with one jet, and

or use a setup that is not plagued by 
linear power corrections to start with 

  here:  product cuts↪

qT

dσ
dqT

+∞

−∞

1
qT

ln2n−1(qT/Q)

1/ϵm

V+jet @ NNLO

 res.qT

qcut
T

[RadISH+NNLOJET '22]

[ ]qcut
T ≲ 1 GeV [  ?!]qcut

T ≲ 10−2 GeV
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[Chen, Gehrmann, Glover, AH, Yang, Zhu ‘21,‘22]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-

|yγ* | yW+ yW−

๏ same collider @     almost universal NNLO  N3LO corrections!

๏  &  processes probe different parton content across   (valence  vs. , …) 

13 TeV ⇝ →

NC CC± YV u d
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T (1 − cos Δφℓν)

3

FIG. 2: W boson charge asymmetry distribution from
LO to N3LO at the LHC. The colored bands rep-
resent theory uncertainties from 31 scale variations.
The bottom panel is the ratio with respect to NNLO.

from the 7-point scale variation and the error bars indi-
cate the numerical integration error. Our state-of-the-art
predictions at N3LO accuracy amount to a contribution
of about �2.5% with respect to NNLO with relatively
flat corrections for all rapidities. While the NLO and
NNLO scale variation bands overlap, the N3LO predic-
tion is found to be non-overlapping with the previous
order within the respective scale uncertainties. This fea-
ture at N3LO has already been observed for the total
cross sections for neutral current [57, 58] and charged-
current [13] Drell-Yan production and for the neutral-
current Drell-Yan rapidity distribution [33] and fiducial
cross sections [59]. The relative size of scale variation
remains comparable at NNLO and N3LO at about ±1%
for central rapidity and slightly increasing at large ra-
pidity. We use three di↵erent qcutT values (1, 1.5 and
2GeV) to confirm the qcutT -independence of the results
within integration errors. A strong check on our results
is provided by the rapidity-integrated charged current
Drell-Yan cross section at N3LO, where our results for
qcutT = 1.5 GeV agree with [13] within our numerical in-
tegration error of 1.5 per-mille.

The W boson charge asymmetry AW at hadron collid-
ers reveals details of the proton structure. It has been
measured at the Tevatron [60, 61] and the LHC [7, 9, 62]
and is defined as

AW(|yW|) =
d�/d|yW+ | � d�/d|yW� |

d�/d|yW+ |+ d�/d|yW� |
. (2)

In Fig. 2, we display the predictions of AW(|yW|) at
13TeV center of mass energy with up to N3LO correc-
tions. We independently vary the scale choices between
the numerator and the denominator of Eq. (2) while re-

FIG. 3: Normalised W± transverse mass distribution
from LO to N3LO accuracy at the Tevatron without
(upper) and with (lower) CDFII fiducial cuts. The
colored bands represent theory uncertainties from 7-
point scale variation. The bottom panel is the ratio
with respect to NNLO, with di↵erent cuto↵ qcutT .

quiring 1/2  µ/µ0
 2 for any pair of scales, leading to

31 combinations. Their envelope is used to estimate the
theoretical uncertainty. We observe positive N3LO cor-
rections of about 2% relative to the NNLO predictions.
The N3LO contribution is not flat in rapidity. In con-
trast to the individual rapidity distributions, the charge
asymmetry converges well from NLO to N3LO with scale
variation uncertainty reduced to about ±1.5% at N3LO.
Finally, we consider the transverse mass distribution

in charged-current Drell-Yan production. The transverse
mass is constructed as

mW
±

T =
q

2E`±
T E⌫

T (1� cos��), (3)

with E`±(⌫)
T denoting the transverse energies of the final

3

FIG. 2: W boson charge asymmetry distribution from
LO to N3LO at the LHC. The colored bands rep-
resent theory uncertainties from 31 scale variations.
The bottom panel is the ratio with respect to NNLO.
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order within the respective scale uncertainties. This fea-
ture at N3LO has already been observed for the total
cross sections for neutral current [57, 58] and charged-
current [13] Drell-Yan production and for the neutral-
current Drell-Yan rapidity distribution [33] and fiducial
cross sections [59]. The relative size of scale variation
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2GeV) to confirm the qcutT -independence of the results
within integration errors. A strong check on our results
is provided by the rapidity-integrated charged current
Drell-Yan cross section at N3LO, where our results for
qcutT = 1.5 GeV agree with [13] within our numerical in-
tegration error of 1.5 per-mille.
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point scale variation. The bottom panel is the ratio
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quiring 1/2  µ/µ0
 2 for any pair of scales, leading to

31 combinations. Their envelope is used to estimate the
theoretical uncertainty. We observe positive N3LO cor-
rections of about 2% relative to the NNLO predictions.
The N3LO contribution is not flat in rapidity. In con-
trast to the individual rapidity distributions, the charge
asymmetry converges well from NLO to N3LO with scale
variation uncertainty reduced to about ±1.5% at N3LO.
Finally, we consider the transverse mass distribution

in charged-current Drell-Yan production. The transverse
mass is constructed as
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σDY = σ(0,0) + αs σ(1,0) + α2
s σ(2,0) + α3

s σ(3,0) + α4
s σ(4,0) + …

+ α σ(0,1) + αsα σ(1,1) + α2
s α σ(2,1) + …

+ α2 σ(0,2) + …EW corrections 
‣ NLO has been known for a long time 

‣ automated in different generators 
  comparison:

‣ dictionary for EW corrections 
  “Electroweak Radiative Corrections for Collider Physics” 

       [Denner, Dittmaier ’20] 

‣ EWWG benchmark exercise 
  “Precision Studies of Observables in [DY] processes at the LHC” 

       [Alioli et al. ’16: 1606.02330] 

↪

↪

↪

[Dittmaier, Kramer '02], [Baur,Wackeroth '04],  
[Baur, Brein, Hollik, Schappacher, Wackeroth '02]

[Les Houches 2017, 1803.07977]
SUDAKOV LOGARITHMS FINAL-STATE RADIATION

i

j

V = �,Z,W±

k`

zk`
`

�

⇠ ln2
✓

sij
M2

W

◆
+ sub-leading (collinear)

<latexit sha1_base64="0gLZfZQ/xtXomtz0NLTB5xbPYyo="></latexit>

; ↵n lnn
✓
Q2

m2
`

◆

<latexit sha1_base64="THfMoJ/grOk85zqduHhMMvDBs0Y="></latexit>

(kinematic tails) (resonances, shoulders, …)

O(10-20%)  
corrections!

O(10-100%)  
corrections!

Systematic enhancements possible

[Kuhn, Smirnov, Penin], 
[Ciafaloni, Ciafaloni, Comelli],

[Denner, Pozzorini '01]

Structure function (LL up to ), 
MC: Photos, Pythia, Sherpa, … 

𝒪(α3)

dressed:  ln(R)
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Universal h.o. corrections 

๏ NC in  scheme:  leading  
 
 
 
 

Higher-order QED emissions 

Gμ mt

Input scheme:   as parameter

๏   v.s.   
  make POI an input parameter 
  leading :   

 
 
 

sin2 θℓ
eff

(Gμ, MW, MZ) (Gμ, sin2 θℓ
eff, MZ)

↪
↪ mt

3.4.5 Universal higher-order corrections in NC DY

In the following the starting point is the modified Gµ scheme (the benchmark scheme
in this report) and we discuss two possible ways to include leading universal higher-
order corrections, i.e. corrections beyond O(↵). In both cases the LO prediction is
at O(G2

µ) and higher orders start at O(G3

µ) +O(G2

µ↵s).

• Following Ref. [18], the leading Gµm2

t universal higher order corrections are
taken into account via the replacements:

s2W ! s̄2W ⌘ s2W +�⇢ c2W , c2W ! c̄2W ⌘ 1� s̄2W = (1��⇢) c̄2W (8)

in the LO expression for the NC DY cross section. As was argued in Refs. [62,
63], this approach correctly reproduces terms up to O(�⇢2).

The quantity �⇢

�⇢ = 3xt

h
1 + ⇢(2)

⇣
m2

H/m
2

t

⌘
xt

i "

1�
2↵s(m2

t )

9⇡
(⇡2 + 3)

#

(9)

contains two contributions:
i) the two-loop EW part at O(G2

µ), second term in the first square brackets,
[64, 65, 66, 67], with ⇢(2) given in Eq. (12) of Ref. [66, 67] (actually, after
the discovery of the Higgs boson and the determination of its mass it became
su�cient to use the low Higgs mass asymptotic, Eq. (15) of Ref. [66, 67]);
ii) the mixed EW⌦QCD atO(Gµ↵s), second term in the second square brackets,
[68, 69].

The quantity �⇢(1)

�⇢(1)
���
Gµ

= 3xt =
3
p
2Gµm2

t

16⇡2
(10)

represents the leading NLO EW correction to �⇢ at O(Gµ) and should be
subtracted from higher-order e↵ects. Therefore, the contribution of higher-
order e↵ects has the following generic form:

X

i

ci
h
2
⇣
�⇢��⇢(1)

⌘
R1i +�⇢2 R2i

i
, (11)

where ci and R1i,2i are combinations of Z(�)ff̄ couplings and the ratio c2W/s2W ,
and their explicit form depends on the parametrization of the LO cross section
where the replacements (8) are performed (cf. Eq. (3.49) of [18]).

This approach is implemented in RADY and SANC .

• As described in Ref. [26], the implementation of the NC DY in WZGRAD closely
follows Ref. [70, 71] for a careful treatment of higher-order corrections, which
is important for a precise description of the Z resonance. The NLO di↵erential
parton cross section including weak O(↵) and leading O(↵2) has the following
form

d�̂(0+1) = dP2f

1

12

X
|A(0+1)

� + A(0+1)

Z |
2(ŝ, t̂, û) + d�̂box(ŝ, t̂, û) . (12)
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d�̂box describes the contribution of the box diagrams and the matrix elements
A(0+1)

�,Z comprise the Born matrix elements, A0

�,Z , the �, Z, �Z self energy in-
sertions, including a leading-log resummation of the terms involving the light
fermions, and the one-loop vertex corrections. A(0+1)

�,Z can be expressed in terms

of e↵ective vector and axial-vector couplings g(�,Z),f
V,A , f = l, q, including vertex

corrections and self energy insertions. Moreover, the MZ renormalization con-

stant �M2

Z = Re
⇣
⌃Z(M2

Z)
⌘
is replaced by �M2

Z = Re
✓
⌃Z(M2

Z)�
(⌃̂

�Z
(M2

Z))
2

M2
Z+⌃̂�(M2

Z)

◆

where ⌃V (⌃̂V ) denotes the transverse part of the unrenormalized (renormal-
ized) gauge boson self energy corrections. Higher-order (irreducible) correc-
tions connected to the ⇢ parameter are taken into account by performing the
replacement

�M2

Z

M2

Z

�
�M2

W

M2

W

!
�M2

Z

M2

Z

�
�M2

W

M2

W

��⇢h.o. (13)

where �⇢h.o. = �⇢��⇢(1)
���
Gµ

with �⇢ of Eq. 9 and �⇢(1)
���
Gµ

of Eq. 10.

The impact of these universal higher-order EW corrections as implemented in
SANC and WZGRAD is shown in Fig. 28.
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Figure 28: Relative e↵ects of higher-order (O(G2

µ) and higher) EW corrections
in pp ! �, Z ! µ+µ�, due to the inclusion of universal corrections using the ⇢
parameter as described in the text. Shown are the lepton transverse momentum (left)
and lepton-pair invariant mass (right) distributions, obtained for the 8 TeV LHC with
ATLAS/CMS cuts. In blue the WZGRAD results; in light blue the SANC results obtained
in a linear (solid) [first term of Eq. (11)] and quadratic (dashed) [both terms of
Eq. (11)] implementation.

3.4.6 Higher-order e↵ects to all orders via running couplings in NC DY

The purely EW fixed-order results, in the case of the NC DY process, can be improved
with the systematic inclusion of some classes of universal higher-order corrections.
The strategy to achieve this result is given by the matching of an Improved Born
Approximation (IBA) of the LO description of the process, together with the full
O(↵) calculation, avoiding any double counting.
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of O(85%) below the Z resonance, while at O(↵2) the e↵ects are a fraction of the
previous order correction and can be as large as 5%.
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Figure 30: Relative e↵ect of higher-order (O(↵2) and higher) EW corrections in
pp ! µ+µ� + X (upper plots) and pp ! µ+⌫µ + X (lower plots), due to multiple-
photon radiation matched to the NLO EW results, expressed in units of the pure
NLO EW calculation evaluated in the benchmark setup for bare muons. Shown are
the lepton transverse momentum in NC DY (upper left), lepton-pair invariant mass in
NC DY (upper right), lepton transverse momentum in CC DY (lower left), and lepton-
pair transverse mass in CC DY (lower right) for the 8 TeV LHC with ATLAS/CMS
cuts. The results are obtained in the HORACE formulation of matching NLO EW
corrections to multiple-photon emission.

In Fig. 32 we study the impact of multiple-photon radiation in the CC DY pro-
cess as described by WINHAC , which is based on the Yennie-Frautschi-Suura (YFS)
exponentiation scheme [61] matched to a NLO EW contribution, which leaves the
generation of initial-state photon radiation (ISR) to a parton shower MC. This ISR-
QED contribution is subtracted from the NLO EW prediction in a gauge-invariant
way according to the YFS prescription, and the resulting prediction is denoted here
as NLO EWsub. As can be seen in Fig. 31, the resulting modified relative NLO EW
prediction of WINHAC agrees with the corresponding modified relative NLO EW pre-
diction of WZGRAD , WZGRAD-ISR in Fig. 31, in shape but di↵ers in the normalization
by a constant value of 0.01. This di↵erence can be understood by comparing with the
explicit expression for the ISR QED O(↵) correction of WZGRAD as defined in Ref. [42],
but is left to a future study. The results for this comparison have been obtained in
the setup of the tuned comparison of Section 2.1.
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[EWWG ’16]

[Chiesa, Piccini, Vicini '19]

[EWWG ’16]

3

The e↵ective weak mixing angle is defined to all orders
by the request that the measured value coincides with
the tree-level expression. The counterterm � sin2 ✓`eff is
fixed by imposing that the one-loop corrections to Eq. (1)
vanish, namely:

1

2

g`Lg
`
R

(g`L � g`R)
2
Re

✓
�g`L
g`L

�
�g`R
g`R

◆
= 0. (8)

We remark that at one-loop the condition in Eq. (8) holds
also if sin2 ✓`eff is defined from the ratio of the real parts
of GV and GA. Moreover, Eq. (8) remains unchanged if
the complex-mass scheme [28–30] is used for the treat-
ment of unstable particles. From the O(↵) corrections to
the vertex Z`+`� we obtain

� sin2 ✓`eff
sin2 ✓`eff

= Re
ncos ✓`eff
sin ✓`eff

⌃AZ
T (M2

Z)

M2
Z

(9)

+

✓
1�

Q`

I`3
sin2 ✓`eff

◆⇥
�Z`

L + �V `
� �Z`

R � �V R
⇤ o

.

where ⌃AZ
T (M2

Z) contains the fermionic and bosonic con-
tributions to the �Z self-energy corrections, while the
second line of Eq. (9) stems from the vertex corrections
and counterterm contributions. We remark that the �Z
self-energy does not contain enhanced terms proportional
to m2

t . The bosonic contributions in Eq. (9) form a gauge
invariant set because they are a linear combination of the
corrections to the left- and right-handed components of
the Z decay amplitude into a lepton pair. The expres-
sion of ⌃AZ

T (M2
Z) and �Z`

L/R are given in Eqs. (B.2) and

(3.20) of Ref. [25], respectively. In �Z`
L/R we suppressed

the lepton family indices. The vertex corrections �V L/R

are given by

�V ` =
�
g`L

�2 ↵

4⇡
Va

�
0,M2

Z , 0,MZ , 0, 0
�

+
1

2s2W

g⌫L
g`L

↵

4⇡
Va

�
0,M2

Z , 0,MW , 0, 0
�

�
cW
sW

1

2s2W

1

g`L

↵

4⇡
Vb

�
0,M2

Z , 0, 0,MW ,MW

�

�V R =
�
g`R

�2 ↵

4⇡
Va

�
0,M2

Z , 0,MZ , 0, 0
�

(10)

and the vertex functions Va and Vb are given in Eqs. (C.1)
and (C.2) of Ref. [25], respectively.

The renormalization condition that the measured ef-
fective leptonic weak mixing angle matches the tree-level
expression to all orders in perturbation theory applies,
following the LEP definition, to the real part of the ratio
of the vector and axial-vector form factors. The latter
develop, order by order, an imaginary part which is com-
puted in terms of the input parameters and contributes
to the scattering amplitude.

The Gµ scheme

The muon decay amplitude allows to establish a rela-
tion between ↵, Gµ,MZ and sin2 ✓`eff which reads

sin2 ✓`eff cos ✓2effM
2
Z =

⇡↵
p
2Gµ

(1 +�r̃) . (11)

with the following expression for �r̃

�r̃ = �↵(s)��⇢+�r̃rem (12)

�r̃rem =
Re⌃AA(s)

s
�

✓
�M2

Z

M2
Z

�
⌃ZZ

T (0)

M2
Z

◆

+
s2W � c2W

c2W

�s2W
s2W

+ 2
cW
sW

⌃AZ
T (0)

M2
Z

+
↵

4⇡s2W

⇣
6 +

7� 4s2W
s2W

log(c2W )
⌘
, (13)

where sW = sin ✓`eff and cW = cos ✓`eff , respectively.
We note the appearance of the combination �↵(s)��⇢,
which di↵ers from the corresponding one for �r in the

(↵,MWMZ) on-shell scheme �↵(s)� c2W
s2W

�⇢. The �r̃rem

correction does not contain any term enhanced by a mt
2

factor, nor large logarithmically enhanced contributions.
Using Eq.( 11) to derive an e↵ective electromagnetic cou-
pling, it is possible to convert results computed in the
(↵,MZ , sin

2 ✓`eff ) scheme in the corresponding ones in

the (Gµ,MZ , sin
2 ✓`eff ) schemes. The �⇢(1) ⌘ �⇢ term

present at O(↵) in this relation accounts for 1-loop quan-
tum corrections growing like mt

2; the latter can be re-
summed to all orders, together with the irreducible 2-
loop contributions �⇢(2), computed in the heavy top
limit in Ref. [31]. In the following predictions for the
(Gµ,MZ , sin

2 ✓`eff ) scheme, we include the e↵ect of the

universal mt
2 corrections at two-loops with the replace-

ment Gµ ! Gµ

�
1 +�⇢(1) +�⇢(2)

�
after subtracting the

�⇢(1) contributions already included in the one-loop cal-
culation.

THE DRELL-YAN PROCESS

We study at NLO-EW the neutral current (NC) DY
process, in the setup described in [32] but without accep-
tance cuts on the lepton transverse momentum and pseu-
dorapidity, with MW = 80.385 GeV, mt = 173.5 GeV
and sin2 ✓`eff = 0.23147. The distributions are simulated
with the POWHEG code (Z BMNNPV processes svn revision
3652, under the POWHEG-BOX-V2 framework)[33], focus-
ing on the lepton-pair invariant mass forward-backward
asymmetry AFB(M2

`+`�), defined as (F � B)/(F + B),

where F =
R 1
0 dc d�/dc and B =

R 0
�1 dc d�/dc, for a

given value of M2
`+`� with c the cosinus of the scattering

angle in the Collins-Soper frame. Given the gauge in-
variant separation of photonic and weak corrections, we
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FIG. 1. The absolute variation of the predictions for the
forward-backward asymmetry by changing sin2 ✓`eff by � =

±5 · 10�4 w.r.t. the value 0.23147d0, using the Gµ, sin
2 ✓`eff ,

MZ scheme, at NLO-ho and LO accuracies.

focus on the latter to discuss the main features of the
(Gµ,MZ , sin

2 ✓`eff ) schemes, in view of a direct determi-

nation of sin2 ✓`eff .

The absolute change of AFB computed with two
sin2 ✓`eff values di↵ering by � sin2 ✓`eff = 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 ✓`eff at the

level of � sin2 ✓`eff . Taking as a reference � sin2 ✓`eff =

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 �AFB 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 , sin

2 ✓`eff ) 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 , sin

2 ✓`eff ) scheme for
the value of �AFB 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 ✓`eff ), the latter two
being defined at the Z resonance and thus reabsorbing a
good fraction of the quantum corrections.

�0.02

�0.015

�0.01

�0.005

0

0.005

60 70 80 90 100 110 120

solid = NLO - LO

dashed = (NLO+h.o.) - NLO

�
A

F
B

Ml+l� (GeV)

(Gµ, sin
2 ✓!eff ,MZ) scheme

(Gµ,MW ,MZ) scheme

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, sin

2 ✓`eff as
input.

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, sin
2 ✓`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 �AFB

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 e↵ects included, evaluated in the
(Gµ,MZ , sin

2 ✓`eff ) (red lines) and (Gµ,MW ,MZ) (blue

lines) schemes. In the (Gµ,MZ , sin
2 ✓`eff ) 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 �AFB 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

4

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

±5 · 10�4 w.r.t. the value 0.23147d0, using the Gµ, sin
2 ✓`eff ,

MZ scheme, at NLO-ho and LO accuracies.

focus on the latter to discuss the main features of the
(Gµ,MZ , sin

2 ✓`eff ) schemes, in view of a direct determi-

nation of sin2 ✓`eff .

The absolute change of AFB computed with two
sin2 ✓`eff values di↵ering by � sin2 ✓`eff = 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 ✓`eff at the

level of � sin2 ✓`eff . Taking as a reference � sin2 ✓`eff =

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 �AFB 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 , sin

2 ✓`eff ) 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 , sin

2 ✓`eff ) scheme for
the value of �AFB 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 ✓`eff ), the latter two
being defined at the Z resonance and thus reabsorbing a
good fraction of the quantum corrections.

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, sin

2 ✓`eff as
input.

�0.0003

�0.0002

�0.0001

0

0.0001

0.0002

0.0003

60 70 80 90 100 110 120

solid = � = +1 GeV

dashed = � = �1 GeV

�AFB = AFB(mt +�)�AFB(mt)

�
A

F
B

Ml+l� (GeV)

(Gµ, sin
2 ✓!eff ,MZ) scheme

(Gµ,MW ,MZ) scheme

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, sin
2 ✓`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 �AFB

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 e↵ects included, evaluated in the
(Gµ,MZ , sin

2 ✓`eff ) (red lines) and (Gµ,MW ,MZ) (blue

lines) schemes. In the (Gµ,MZ , sin
2 ✓`eff ) 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 �AFB 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

improved pert. conv. 
(smaller “+h.o.” effects)

smaller param. sensitivity 
(smaller dependence on )mt
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σDY = σ(0,0) + αs σ(1,0) + α2
s σ(2,0) + α3

s σ(3,0) + α4
s σ(4,0) + …

+ α σ(0,1) + αsα σ(1,1) + α2
s α σ(2,1) + …

+ α2 σ(0,2) + …
๏ RESONANT / ON-SHELL

‣ pole expansion

‣  (QCD QED)

‣ on-shell  (QCD QED) 

‣  

‣ on-shell

σtot
Z ×

Z ×

σtot
Z

[Dittmaier, AH, Schwinn '14,'15] 
[Dittmaier, AH, Schwarz ’24]

[Delto, Jaquier, Melnikov, Röntsch '19]

[Bonciani, Buccioni, Rana, Vicini '20]

[Buccioni, Caola, Delto, Jaquier,  
 Melnikov, Roentsch '20]
[Behring, Buccioni, Caola,  
 Delto, Jaquier, Melnikov, Röntsch '20]

[de Florian, Der, Fabre '18]

๏ FULLY OFF-SHELL

‣  

‣

W

Z

[Buonocore, Grazzini, Kallweit, Savoini, Tramontano '21]

[Bonciani, Buonocore, Grazzini, Kallweit, Rana, Tramontano, Vicini '21]
[Buccioni, Caola, Chawdhry, Devoto, Heller,  
 von Manteuffel, Melnikov, Rontsch, Signorile-Signorile '22]

Mixed QCD EW corrections × Mixed QCDxEW fiducial XS (  production)σ+σ→

15

� [pb] �LO �(1,0) �(0,1) �(2,0) �(1,1)

qq̄ 1561.52(5) 340.3(3) �49.77(5) 44.6(4) �15.7(7)

qg — 0.0601(3) — �32.7(2) 2.15(7)

q� — — �0.30(2) — �0.231(9)

g� — — — – 0.266(1)

gg — — — 2.02(6) —

�� 59.645(6) — 3.174(9) — —

Table 2: The di↵erent perturbative contributions to the fiducial cross section in the various
partonic channels, in the setup of Ref. [55].

mented by adding a contribution which compensates for the di↵erent treatment in the collinear

factorisation. In other words, the photon distribution receives an O(↵) correction due to the

change of scheme [121], and the cross section in the �� channel is modified as

d�
(0,1)

��,m`=0
= d�

(0,1)

��,m`
� ↵

2e2
`

3⇡
ln

m
2

`

µ
2

F

d�
(0,0)

��,m`
, (14)

which is obtained through the abelianisation of the analogous formula for the case of the gg

channel given in Ref. [120].

In Tab. 2, we show our results for di↵erent orders in the di↵erent partonic channels. Our

predictions for the NLO EW corrections are in very good agreement with those of Ref. [55].

The small di↵erence for the quark–antiquark (qq̄) channel 10 is related to the fact we are using

a finite lepton mass. Nonetheless, such a di↵erence is well below the 0.01% level for fiducial

cross sections, confirming that the power corrections in the lepton mass are indeed negligible

for the chosen value.

Turning to higher orders, we observe a convincing agreement for the NNLO QCD correc-

tions in all considered partonic channels with the corresponding results of Ref. [55]. The choice

of product cuts [108] in Eq. (13) alleviates the problem of linear power corrections in the qT

subtraction formalism, leading to a better convergence of the method. Concerning the mixed

QCD–EW corrections, we find agreement within uncertainties in the quark–antiquark channel,

which contains the genuine two-loop virtual contribution, and in the gluon–photon channel.

Our result for the correction in the quark–photon channel is about 10% larger than the corre-

sponding result of Ref. [55]. We note that Ref. [55] quotes an overall 1% uncertainty on the

mixed QCD–EW corrections, but does not provide the numerical accuracy of the separate par-

tonic contributions, so we are unable to assess the significance of this small discrepancy. In the

quark–gluon channel, however, the discrepancy is definitely significant, our result being about

a factor of two larger than the corresponding result of Ref. [55]. Despite our e↵orts and two

completely independent numerical implementations, we were unable to explain this di↵erence.

After extensive cross checks, the authors of Ref. [55] informed us that they found a bug in

10For simplicity, the quark–antiquark channel is assumed to include all possible scattering processes involving
quark–antiquark, quark–quark, or antiquark–antiquark initial states of any flavour.
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 slicing, dressed leptons [Buonocore et al 2412.16095]qT

�[fb] �
(0,0)

��
(1,0)

��
(0,1)

��
(2,0)

��
(1,1)

qq̄ 1561.42 340.31 �49.907 44.60 �14.78

�� 59.645 3.166

qg 0.060 �32.66 2.07

q� �0.305 �0.227

g� 0.2668

gg 1.934

sum 1621.06 340.37 �47.046 13.88 �12.70

Table 1. Results for fiducial cross sections for central value of the renormalization and factorization
scales µR = µF = m``/2. Contributions are separated by partonic channels. Selection cuts for final-
state leptons and jets are given in Eq. (4.1). Here, ��(i,j) denotes the correction of relative order
↵
i
s↵

j . We note that the numerical precision on the correction ��
(1,1) is about 1%.

Ref. [101]. We also note that all quantities that appear in Eq. (4.1), are defined in terms

of dressed leptons. This applies to leptons’ transverse momenta and rapidities pT,` and y`,

respectively, as well as to the dilepton invariant mass m``.

To discuss the impact of the various higher-order corrections, we find it convenient

to introduce the following notation for the di↵erential cross section d� and its integrated

counterpart ��

d� =
X

i,j=0

d�
(i,j)

, ��
(i,j) =

Z
d�

(i,j) with �
(0,0) ⌘ ��

(0,0)
. (4.2)

In the above equation, d�(0,0) and �
(0,0) represent the LO cross sections while d�

(i,j) and

��
(i,j) with i, j > 0 stand for contributions to cross sections at order O(↵i

s↵
j).

The results for fiducial cross sections are summarized in Table 1. We note that we have

compared NLO QCD and EW results against Sherpa [102] and MoCaNLO+Recola [103–106].

We have found perfect agreement for all the channels listed in Table 1. We observe that

NLO QCD corrections increase the leading-order cross section by about twenty percent,

the NNLO QCD corrections change it by about 0.9%, and the NLO electroweak correc-

tions reduce it by about 3%. We note that numerical results reported in Table 1 are

consistent with expectations based on the magnitude of the respective coupling constants,

although the NNLO QCD corrections are slightly smaller than could have been antici-

pated. In particular, NLO EW corrections are compatible with a naive power counting

�
EW ⇠ ↵/ sin2 ✓W ⇠ 0.03, where ✓W is the weak mixing angle.

An interesting feature of the results shown in Table 1 is that the contribution of the

diphoton channel at leading order, where dileptons are produced directly in collisions of

photon “partons” that originate from the proton, is quite large, about 3.6% of the total

cross section. The reason for this is the enhancement of this contribution by a logarithm

ln(m2

``
/p

2

T,`±) ⇠ 5. We also note that there is a strong cancellation between this contribu-

tion and the NLO electroweak corrections.

– 23 –

Nested-soft collinear, dressed leptons [FB et al 2203.11237]

Comparison between two totally independent predictions  
(amplitudes, subtraction schemes)

• excellent agreement at LO, NLO QCD and EW and NNLO QCD

• excellent agreement for most channels in QCDxEW ( )αg, qα, qg

results updated wrt to publication (fixed implementation bug)

• WIP to resolve mild tension in  channelqq̄relative impact of QCDxEW higher: ~ 0.8/1%

mσσ > 200 GeV, pT,σ± > 30 GeV, pT,σ+pT,σ→ > 35 GeV, |yσ± | < 2.5

δR = δF = mσσ /2

High-invariant mass region

shad = 13.6 TeV
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σNNLOs⊗ew

σNNLOs⊗ew
PA

σNNLOs⊗ew
naive prod.

14

NC current Drell-Yan

Bare muons (massive leptons) 
[Bonciani, LB, Grazzini, Kallweit, Rana, Tramontano, Vicini ’21] 

   
Impact at large invariant masses (massless leptons) 
[Buccioni, Caola, Chawdhry, Devoto, Heller, von Manteuffel, 
Melinokov, Röntsch, Signorile-Signorile et al ’22]

Negligible? 
mixed QCD-EW parametrically of similar 
importance as N3LO in QCD  

Factorized ansatz?  
is a multiplicative combination of QCD and EW 
justified?
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Non-negligible impact 
at high invariant masses 

Well described by the 
product of QCD and 
EW (large Sudakov log) 
corrections

Two independent calculations  
Different subtraction schemes  
( -slicing / Nested-Soft-Collinear Subtraction) 
Independent calculations of the 2-loop amplitudes  
qT

FO Predictions @ : the NC caseO(αsα)
mμμ

๏ naive product not able to capture 
kinematic entanglement 

  fails below resonance ( ) 
  fails away from shoulder ( )

๏ pole approximation (PA) 
  captures full result around  
  deteriorates in high-mass tails 
  performance:  faster caln  

↪ mℓℓ
↪ pμ

T

↪ MZ
↪
↪

[Bonciani, Buonocore, Grazzini, Kallweit, Rana, Tramontano, Vicini '21]

bare muons 
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butions from o!-shell Z bosons, we still expect a good approximative quality of the PA,
because the recoil from QCD ISR e!ects, which is part of the QCD → EW corrections,
allows for the population of this phase-space region by resonant Z bosons. Comparing our
PA results on corrections to the kT,ω distribution shown in the left–middle plot of Fig. 8
to the corresponding results of Ref. [78] for bare muons, shown in their Fig. 1, we again
find agreement within statistical fluctuations.

Finally, the QCD → EW corrections to the yωω distribution are about 0.5↑1% and,
thus, phenomenologically less important in the central region, where most of the events
are concentrated.

The QCD → EW corrections other than the IF contribution, i.e. the corrections of
types II (calculated in this paper), NF [64], and FF [65] are depicted in Fig. 9. For the
shown window around the Z resonance in the Mωω distribution and in the whole yωω dis-
tribution, these contributions never exceed 0.2% and are phenomenologically not relevant
in the absolute predictions of the di!erential cross sections. Only the II corrections to
the kT,ω distribution gain some relevance, reaching the 1% level near kT,ω ↓ MZ/2. Re-
call again that for larger kT,ω the corrections should be normalized to the QCD-corrected
prediction for an assessment of their true impact.

Figure 10 compares the IF factorizable corrections with an approximation obtained by
folding the NLO QCD correction, dNLOQCD, with the Photos QED shower. In this way,
terms of O(ωsω) are generated that can be contrasted with the PA calculation. Overall,
we observe a good qualitative agreement between the two predictions, further supporting
our observation that the dominant e!ects at this order arise from FSR QED e!ects.
Moreover, the good agreement hints that the impact of multi-photon emissions beyond
what is captured in our calculation is likely not of high phenomenological relevance. As
we will see in the next section, the agreement seen here in the absolute predictions degrade
visibly in the case of the forward–backward asymmetry AFB.

3.3 Corrections to the Forward–backward asymmetry

The forward–backward (FB) asymmetry for ε+ε→ production at the LHC is defined as
[46, 48]

AFB(Mωω) =
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*   Collins-Soper anglecos θ*

Figure 11: FB asymmetry AFB for muon pair (left) and dressed-lepton pair (right) produc-
tion at LO (red) and including various corrections: NLO QCD (green), NLO EW (blue),
full NLO QCD + EW (pink), and NNLO → NLO + EWHO + !LLFSR + QCD↑QCD
+ QCD↑EW (light blue).

i.e. M2
ωω = k

2
ωω. All four-momenta are defined in the LAB frame.

The FB asymmetry AFB(Mωω) is mainly relevant for determining the leptonic e”ective
weak mixing angle sin2

ω
ω
w,e! defined on the Z resonance from an Mωω window around MZ

with a width of about ↓ ±10GeV. LEP/SLC precision in sin2
ω
ω
w,e! roughly translates

into an uncertainty of ↓ 10→3 in AFB, so that the precision target for an improved deter-
mination of sin2

ω
ω
w,e! at the LHC requires to control the prediction of AFB(Mωω) at the

level of few ↓ 10→4 in the vicinity of the Z resonance. Existing measurements of AFB at
the LHC [11, 12, 14, 120] are already at the accuracy level of 10→3 near the Z resonance.
Increased statistics from higher luminosity and steady improvements in the determination
of parton distribution functions will tackle two of the main sources of uncertainties in these
measurements, further challenging the precision of the underlying theory predictions.

In Fig. 11 the LO prediction for the FB asymmetry AFB is compared to predictions
including NLO QCD, NLO EW, and all available NNLO corrections, where

A
x
FB =

ε
x
F ↔ ε

x
B

εx
F + εx

B

, x = LO, NLO, NNLO, (3.10)

where ε
x
F/B are the forward/backward cross sections (3.7) evaluated at order x. The

absolute prediction for AFB(Mωω), which is shown in Fig. 11, is of the order of 10→2 near
the Z resonance, and the impact of NLO and NNLO corrections is already visible there. To
quantify the impact of the various corrections better, we consider the shifts with respect
to the LO asymmetry:

!A
x
FB = A

LO+εx

FB ↔ A
LO
FB, (3.11)

where ϑ
x indicates the higher-order correction of type x.

Figure 12 separately shows the impact of NLO QCD, NLO EW, ϖ-induced, and the
pure photonic FSR part of the NLO EW corrections. The latter constitutes the dominat-
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Figure 16: NNLO QCD→QCD corrections (red), full QCD→EW corrections in PA (blue),
and IF QCD→ EW corrections in PA (green) to the FB asymmetry.

Figure 17: NNLO QCD→EW corrections of types FF (red), NF (green), IsIp (blue), and
IsIw (purple) to the FB asymmetry.
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Figure 18: NNLO IF QCD → EW (green) and dNLOQCD ↑ dPhotos (red) corrections to
the FB asymmetry.

and photon radiation o! quarks, which we have evaluated without using the PA, and the
QCD→weak corrections with additional W/Z exchange in loops in PA. For the latter, we
have recalculated the needed two-loop Zq̄q formfactor and presented explicit analytical
results. For the QCD infrared (IR) singularities, which are only of NLO complexity in
this part, we have applied antenna and dipole subtraction. The IR singularities of the
QCD → photonic corrections, which are of NNLO complexity, are treated with antenna
subtraction. All our results have been derived in two completely independent calculations,
the results of which are in good mutual numerical agreement.

Although the Ø(ωsω) corrections to the full o!-shell lepton pair production process
have been calculated in recent years, the completion of the PA is still very useful. Firstly,
a detailed numerical comparison between the full calculation and the PA sheds light on
the structure of the Ø(ωsω) corrections, which might be helpful in calculating or approx-
imating such corrections for related processes. The completion of the PA presented here
renders such a comparison possible. Secondly, the full o!-shell calculation is extremely
complex and numerically challenging. For this reason, a detailed discussion of the Ø(ωsω)
corrections to the forward–backward asymmetry AFB of the leptons that is fully di!eren-
tial wrt. the invariant mass of the lepton pair was still missing in the literature. With the
numerical results presented in this paper we have closed this gap.

The prospects to measure the leptonic e!ective weak mixing angle in the high-lumino-
sity phase of the LHC with a precision exceeding LEP accuracy, translates into a target
precision in the predictions for AFB of a few 10→4 in the Z resonance region. We have
presented a detailed survey of higher-order corrections, comprising results at the NLO
QCD + EW level, the NNLO QCD + QCD→ EW level, and leading EW e!ects beyond
NLO from multi-photon emission and universal EW corrections. Photonic final-state
radiation (FSR) at NLO produces the largest correction to AFB of about 10→2, followed
by the NLO weak corrections of about 5 → 10→3. The remaining NLO contributions,
including QCD, a!ect AFB at the level of few 10→3. The NNLO Ø(ωsω) corrections of
IF type, which combine QCD corrections to Z production and photonic FSR o! the
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Figure 5. Theoretical predictions for the FB asymmetry for different slices of rapidity of the dimuon
final state at different perturbative orders. Shifts with respect to the LO prediction induced by
separate sets of corrections are reported in the bottom panels.

our case at LO a quark. In proton-proton collisions, we cannot prepare the partonic initial
state or, in other words, we are not aware of the direction of the incoming quark: each
final state receives, at LO, contributions from both quark-antiquark and antiquark-quark
annihilation, listing the partons involved in the hard scattering process from the first and the
second hadron, respectively. If the partonic centre-of-mass system is at rest in the laboratory
frame, y!! = 0, the invariance of the system under interchange of the incoming hadrons
exactly cancels out all the parity-violating contributions to AF B(m!!). At non-vanishing y!!

values, the quark-antiquark subprocess (with the incoming quark oriented along the rapidity
direction) prevails over the antiquark-quark process, because of the larger weight of the
quark PDF with its valence content than that of the antiquark PDF; the unbalance avoids
the cancellation of the parity-violating effects, and we observe a non-vanishing AF B(m!!).
The slope of the asymmetry, in the Z resonance region, is steeper for larger y!! values, as
illustrated by the different panels in figure 5.

The experiments run at LEP/SLC [115] have measured the leptonic FB asymmetry at the
Z resonance with a precision of about 6%, which in turn allowed a determination of sin2 θ!

eff
with a relative error of about 7·10−4. Measurements of the FB asymmetry have been performed
by the CMS experiment at 8 TeV [116], by the ATLAS experiment at 7 TeV [117] and by the
LHCb experiment exploiting data at 7 and 8 TeV [8]. More recently, the CMS experiment has
measured AF B(m!!) and extracted sin2 θ!

eff from data collected during Run 2 at 13 TeV [10].
These measurements have already reached a precision better than the percent level.

Given the foreseen increase in statistics in the HL-LHC phase, it is important to inves-
tigate the impact of higher-order QCD, EW, and mixed QCD-EW radiative corrections in
the theory predictions of AF B(m!!). These effects have been recently studied in the pole
approximation [50] in proton-proton collisions at 13 TeV. In the following, we present a
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illustrated by the different panels in figure 5.

The experiments run at LEP/SLC [115] have measured the leptonic FB asymmetry at the
Z resonance with a precision of about 6%, which in turn allowed a determination of sin2 θ!

eff
with a relative error of about 7·10−4. Measurements of the FB asymmetry have been performed
by the CMS experiment at 8 TeV [116], by the ATLAS experiment at 7 TeV [117] and by the
LHCb experiment exploiting data at 7 and 8 TeV [8]. More recently, the CMS experiment has
measured AF B(m!!) and extracted sin2 θ!

eff from data collected during Run 2 at 13 TeV [10].
These measurements have already reached a precision better than the percent level.

Given the foreseen increase in statistics in the HL-LHC phase, it is important to inves-
tigate the impact of higher-order QCD, EW, and mixed QCD-EW radiative corrections in
the theory predictions of AF B(m!!). These effects have been recently studied in the pole
approximation [50] in proton-proton collisions at 13 TeV. In the following, we present a
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displayed. The corresponding uncertainties are also summarized in Table 4.
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measured in the
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following the B��� prescription. The resulting j
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Table 2.: Fiducial cuts for Z ! l+l� used in the CMS
13TeV analysis [3].

Lepton cuts qlT > 25GeV, |⌘l| < 2.4

Separation cuts 76.2GeV < ml+l� < 106.2GeV,

|yl+l� | < 2.4

and data at the highest order. Going from ↵2
s to ↵3

s

decreases uncertainties and improves agreement with
data noticeably at both large and small qT . In the
first bin 0GeV < qT < 1GeV we notice a relatively
large difference to the data, but this is also where one
would expect a non-negligible contribution from non-
perturbative effects. We note that the impact of the
corrections included in N4LLp is a noticeable shift in this
distribution, compared to N3LL’, as discussed further in
appendix B.

For the �⇤ distribution shown in fig. 4 results are over-
all very similar. For the transverse momentum distri-
bution we neglect matching corrections at ↵3

s below
qT < 5GeV. Here we correspondingly neglect them be-
low �⇤ < 5GeV/mZ ⇠ 0.05 and at lower orders below
�⇤ < 1GeV/mZ ⇠ 0.01, an overall per-mille level effect
in that region.

Since our resummation implementation is fully differ-
ential in the electroweak final state we can naturally
also present the transverse momentum distribution of
the final state lepton, see fig. 5. This is plagued by
a Jacobian peak at fixed-order and crucially requires
resummation. The higher-order ↵3

s corrections further
stabilize the results with smaller uncertainties.

3.2. Total fiducial cross-section

In table 3 we present total fiducial cross sections. Uncer-
tainties of the fixed-order NNLO (↵2

s) result, obtained
by taking the envelope of a variation of renormalization
and factorization scales by a factor of two, are partic-
ularly small at the level of 0.5% and do not improve
towards N3LO with large corrections. The resummation
improved results are obtained by integrating over the
matched qT spectrum shown in fig. 3. Uncertainties
of the resummation improved predictions are obtained
by taking the envelope of the variation of hard, low
and rapidity scales in the fixed-order and resummation
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Figure 3.: Differential transverse-momentum resumma-

tion improved predictions for the ql
�l+
T distri-

bution at order ↵s, ↵2
s and ↵3

s.

region. The matching uncertainty from the transition
function variation is quoted separately. We estimate the
effect of neglecting matching corrections at ↵3

s below
qT  5GeV to be less than 1 pb.

The resummation improved result at ↵s has large un-
certainties that stem from an insufficient order of the
resummation (N2LL), which still has substantial un-
certainties in the Sudakov peak region (c.f. fig. 3).
The results quickly stabilize, with less than a percent
difference between the central ↵2

s and ↵3
s predictions.

Nevertheless, the uncertainties we obtain are noticeably
larger than the fixed-order uncertainties. We further
observe that going from N3LL/↵2

s to N4LLp/↵3
s does not

reduce uncertainties as substantially as when going from
↵s to ↵2

s. This is because the resummation uncertainties
around the Sudakov peak region at small qT ⇠ 5GeV
do not improve dramatically.

While this behavior, of only moderately decreasing un-
certainties going from ↵2

s to ↵3
s, is consistent with the

7

[Neumann, Campbell ’22]

aN4LL’+NNLO1



BOSON TRANSVERSE MOMENTUM DISTRIBUTION

22

0 5 10 15 20 25 30 35 40
 [GeV]

T
p

0.02

0.04

0.06

0.08]
-1

 [G
eV

T
dp
σd  

σ1

ATLAS

 Z, |y| < 1.6→pp 
-1 = 8 TeV, 20.2 fbs

Data
 syst.⊕stat. 

0 5 10 15 20 25 30 35 40
 [GeV]

T
p

1

1.1 CuTe-MCFM

0 5 10 15 20 25 30 35 40
 [GeV]

T
p

1

1.1

R
at

io
 to

 d
at

a

RadISH

0 5 10 15 20 25 30 35 40
 [GeV]

T
p

1

1.1 NangaParbat

0 5 10 15 20 25 30 35 40
 [GeV]

T
p

1

1.1 Artemide

0 5 10 15 20 25 30 35 40
 [GeV]

T
p

1

1.1 DYTurbo

0 5 10 15 20 25 30 35 40
 [GeV]

T
p

0.8

1

1.2

R
at

io
 to

 d
at

a

SCETlib

Figure 16: Comparison between the measured normalised di!erential 1
𝐿

𝑀𝐿

𝑀𝑁𝐿
cross-sections, integrated over |𝐿 | < 1.6,

with their total uncertainties and the predictions from the various resummation calculations. The top left panel shows
the data, while the next panels show one by one the ratios between each prediction with its uncertainties as obtained
from renormalisation/factorisation/resummation scale variations and the data. Except for Artemide, the predictions
are matched to the fixed-order O(𝑀3

𝑂
) contributions from MCFM [48, 55].
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[ATLAS ’23: 2309.09318]๏ state of the art:   
N3LL’/aN4LL’ + NNLO1  
(residual scale unc. ~ few %)

Comparison to ATLAS data 

๏ overall good agreement w/ data
๏ matching ambiguities  (transition)

๏ NP modelling  ( )

๏ estimates for missing h.o. effects 
can vary significantly 

pT → 0

ongoing benchmark 
exercise in EW WG 1
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[Chen, Gehrmann, Glover, AH, Monni, Rottoli, Re, Torrielli '22]

dσN3LO+N3LL
V ≡ dσN3LL

V + dσNNLO
V+jet − [dσN3LL

V ]𝒪(αs)

๏ fully differential calculation 
  access to fiducial observables 

        &  decay kinematics

๏ lepton transverse momentum 
  important in  extraction 
  challenging due to Jacobian peak 

        @    (integrable singularity)  
  resummation mandatory

๏ reduced uncertainties  
  &  some impact on shape

↪

↪ MW
↪

pℓ
T ∼ MV /2

↪

how would it translate to 
 shift in  production?MW W±
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[Cieri, Ferrera, Sborlini '18]
[Autieri, Cieri, Ferrera, Sborlini '23]

[Autieri, Camarda, Cieri, Ferrera, Sborlini '25]

Figure 2: The qT spectrum of Z boson at the LHC (
→
s = 8 TeV). Left panel: NNLL+NNLO QCD

results are combined with the LL (red dashed) and NLL+NLO (blue solid) QED effects together
with the corresponding QED uncertainty bands. The bands are obtained as in Fig. 1.

section to higher values of qT . This physical effect to the qT distribution is expected and it is
due to the contribution to the Z recoil generated by soft and collinear photon emissions to all
orders in QED. The NLL+NLO QED effects at central value of the scales µ→

R = 2Q→ = mZ are
of O(0.5%) level and they are positive for the entire qT region considered (qT ∼< 40 GeV). Thanks
to the perturbative unitarity of the resummation formalism, the contribution to the integrated qT
distribution of the NLL+NLO QED result exactly coincides with the NLO QED correction to the
total cross section which is equal to +0.3%.

By considering the scale variation band, we observe that the LL QED effects have an un-
certainty of around 2% in the small qT region (qT ∼< 6 GeV) which increases up to 4% in the
intermediate qT region (30∼<qT ∼< 40 GeV). The inclusion of the NLL+NLO QED corrections re-
duces the scale variation band by roughly a factor 2. In order to better illustrate the dependence
on the QED scales, in Fig. 1 (right panel) we separately consider µ→

R and Q→ variations. The upper
plot corresponds to the variation of µ→

R by a factor 2 around the central value and the lower plot
corresponds to an analogous variation of Q→. As expected from the QED running of α, the qT
distribution decreases (increases) by decreasing (increasing) the value of µ→

R. The µ→
R scale depen-

dence is flat and at the level of 2% at LL and it decreases to around 0.5−1% at NLL+NLO. The Q→

dependence does not affect the integral of the qT distribution which is constrained by perturbative
unitarity. The resummation scale dependence at LL is about 1% for qT ∼< 5 GeV, it reduces up to
0.1% for qT ∼ 10 GeV and it increases again up to about 2% for qT ∼ 30−40 GeV. The reduction
of the Q→ dependence in the region qT ∼ 10 GeV is due to the crossing (necessary in order to fulfill
unitarity) between the predictions with Q→ = mZ and Q→ = mZ/4. This accidental cancellation
suggests that the Q→ variation band at LL might underestimates the perturbative uncertainty of
the prediction in the region around qT ∼ 10 GeV. In fact at NLL+NLO the Q→ dependence for
qT ∼> 4 GeV is constant and at O(1%) level. Below the peak the Q→ dependence rapidly increases.
We note that in the region qT ∼< 3 GeV the qT distribution is steeply falling to zero. We finally
observe that at LL the scale variation is mainly driven by µ→

R because the Born-level cross section

8

QCD QED ISR 
 

(NNLL very small)

×
𝒪(few %)

Figure 6. Normalized ratio of W over Z qT -distribution in proton-proton collisions at LHC energyp
s = 13.6TeV. The NNLL+NNLO results in QCD are combined with LL (red dashed) and

NLL+NLO (blue solid) QED e↵ects (with the inclusion of one-loop EW e↵ects). The uncertainty
bands are obtained by performing the variation of the µ

0
R and Q

0 scales around their central value
in a correlated way as described in the text. The lower panel shows the ratio of the results with
respect to the standard NNLL+NNLO QCD result at central value of the scales.

way: that is, the scale combination of the qT -distribution for the W is the same of the one

for the Z.

We start by analyzing the Tevatron case shown in Fig. 5. From the lower panel, we

can see that the LL QED contributions are at per-mille level, while scale variation band is

of O(0.1%). The QED radiation makes the R(qT ) distribution slightly (up to few per-mille)

softer: it raises the QCD prediction for qT values smaller than ⇠ 15GeV, lowering it for

larger values of qT . Overall the impact of LL QED corrections is strongly reduced with

respect to the single boson spectra. This reduction is the consequence of the similarity of

– 17 –

W / Z RATIO

decorrelation between spectra

not differential in 
lepton kinematics!
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Extend RadISH framework w/ NLL  
  abelianized heavy quark pair production 
  fully differential in lepton kinematics  
  BUT:  only resummation of   not  coll. FSR 

                 (FSR logs at fixed order via matching) 
  not yet matched to mixed QCD EW
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Figure 6. Comparison of matched RadISH+MATRIX spectra (purple and orange) against
POWHEGQCD+EW predictions (pink) for the di-muon transverse momentum, the positively charged muon
transverse momentum, and the di-muon transverse mass in neutral-current Drell Yan.

the RadISH+MATRIX result reproduces the fixed-order one from p
µµ

t
→ 50 GeV on. Conversely,

the transition region between resummed and fixed-order regimes is shifted to larger transverse
momenta and is broader in the POWHEGQCD+EW description. This behaviour is controlled by the
parameters ruling the exponentiation of non-singular contributions in the POWHEG Sudakov form
factor [170, 171], implemented through the POWHEG damping mechanism. The main criterion
used to damp the non-singular regions is based on the departure of the real matrix element from
its soft and/or collinear approximations. For the plots in Fig. 6 we adopt the POWHEG option
bornzerodamp=0, enabling the exponentiation of the full NLO real matrix element. With this setting
the POWHEGQCD+EW tail gets accidentally close to the orange RadISH+MATRIX curve for
50 ↭ p

µµ

t
↭ 150 GeV, although not featuring any exact NNLO information contained in the latter,

before reducing to the NLO result at larger p
µµ

t
. The matching systematics associated with the

arbitrariness of the damping factor is not included in the POWHEGQCD+EW uncertainty, which is
obtained with a standard 7-point variation of the µR and µF scales. The relative smallness of the
quoted POWHEGQCD+EW band is then partially driven by missing information on resummation
(Q) and matching (pt0) uncertainties. Moreover, scale variations in POWHEGQCD+EW have an
e!ect only at the level of Les Houches events [172, 173], and are not entirely propagated in the
showering phase. We stress that such a feature is rather common in NLO+PS computations,
which typically do not include uncertainties stemming from the variations of µR and µF within the
parton shower. A comparison of POWHEGQCD+EW with the most accurate RadISH+MATRIX
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Figure 11. Normalised ratio of charged- to neutral-current Drell Yan di-lepton transverse momentum.
Variations of µR, µF , and Q are correlated between the numerator and the denominator of the ratio. Left
panel: perturbative progression including QCD and EW e!ects. Right panel: e!ect of EW corrections on
top of the QCD baseline.

more marginal reduction, essentially confirming the shape obtained at the previous QCD logarithmic
accuracy. The shape itself is relatively non-trivial, as due to the interplay of EW corrections from
initial- and final-state radiation with the fiducial cuts adopted. The right panel of Fig. 11 shows the
impact of EW corrections (orange) on top of the QCD baseline (light blue). The main distortion
is observed at small pωω

t
, compatibly with what was noticed in the individual di-lepton transverse

momentum spectra in Fig. 3 and Fig. 7. EW e!ects increase the slope of the ratio at pωω
t
↭ 15 GeV,

reaching the level of ±3%, and exceeding the QCD theoretical uncertainty band. We note that the
impact of EW corrections on the ratio observable is significantly more pronounced than the ±0.5%
observed in Fig. 6 of [102]. Apart from di!erences in the setup and in the perturbative accuracy,
the bulk of the discrepancy is due to fact that the analysis of [102] is performed with undecayed
Z and W gauge bosons, and inclusively over their phase space. We have checked that the ratio
with EW e!ects indeed gets much closer to the pure QCD result upon removing the e!ect of QED
radiation o! final-state leptons. This highlights once more the importance of working with leptons
at the fiducial level for precision DY phenomenology.

In Fig. 12 the CCDY to NCDY ratio is shown with a more conservative assumption on the
correlation of scale variations. In particular, while the renormalisation and resummation scales are
still varied in a fully correlated fashion, the factorisation scales for the numerator (µnum

F
) and for

the denominator (µden

F
) are varied independently, with the sole constraint 1/2 → µ

num

F
/µ

den

F
→ 2.

This uncertainty prescription was already introduced in [86, 174], and is physically motivated by
considering that CCDY and NCDY probe di!erent combinations of partonic channels, and of PDFs
in turn, hence full µF correlation may not be clearly justified. Decorrelating µF variations causes
a significant inflation in uncertainty bands, especially at small pωω

t
and for predictions with lower

formal accuracy, as seen comparing the left panels of Fig. 12 and of Fig. 11. As a result of this
more conservative uncertainty estimate, predictions with and without EW e!ects in the right panel
of Fig. 12 are now marginally compatible.

Finally, Fig. 13 reports the comparison of RadISH+MATRIX and POWHEG predictions
for the ratio observable, including QCD and EW contributions (left panel), or solely QCD e!ects
(right panel). Although the POWHEGQCD+EW predictions for individual p

ωω

t
distributions are

in reasonable agreement with the NLO+NLL→ RadISH+MATRIX ones, the left panel of Fig. 13
reveals a moderate shape discrepancy in the ratio (purple vs pink), with POWHEGQCD+EW being
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Figure 6. Comparison of matched RadISH+MATRIX spectra (purple and orange) against
POWHEGQCD+EW predictions (pink) for the di-muon transverse momentum, the positively charged muon
transverse momentum, and the di-muon transverse mass in neutral-current Drell Yan.

the RadISH+MATRIX result reproduces the fixed-order one from p
µµ

t
→ 50 GeV on. Conversely,

the transition region between resummed and fixed-order regimes is shifted to larger transverse
momenta and is broader in the POWHEGQCD+EW description. This behaviour is controlled by the
parameters ruling the exponentiation of non-singular contributions in the POWHEG Sudakov form
factor [170, 171], implemented through the POWHEG damping mechanism. The main criterion
used to damp the non-singular regions is based on the departure of the real matrix element from
its soft and/or collinear approximations. For the plots in Fig. 6 we adopt the POWHEG option
bornzerodamp=0, enabling the exponentiation of the full NLO real matrix element. With this setting
the POWHEGQCD+EW tail gets accidentally close to the orange RadISH+MATRIX curve for
50 ↭ p

µµ

t
↭ 150 GeV, although not featuring any exact NNLO information contained in the latter,

before reducing to the NLO result at larger p
µµ

t
. The matching systematics associated with the

arbitrariness of the damping factor is not included in the POWHEGQCD+EW uncertainty, which is
obtained with a standard 7-point variation of the µR and µF scales. The relative smallness of the
quoted POWHEGQCD+EW band is then partially driven by missing information on resummation
(Q) and matching (pt0) uncertainties. Moreover, scale variations in POWHEGQCD+EW have an
e!ect only at the level of Les Houches events [172, 173], and are not entirely propagated in the
showering phase. We stress that such a feature is rather common in NLO+PS computations,
which typically do not include uncertainties stemming from the variations of µR and µF within the
parton shower. A comparison of POWHEGQCD+EW with the most accurate RadISH+MATRIX
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Figure 6. Comparison of matched RadISH+MATRIX spectra (purple and orange) against
POWHEGQCD+EW predictions (pink) for the di-muon transverse momentum, the positively charged muon
transverse momentum, and the di-muon transverse mass in neutral-current Drell Yan.

the RadISH+MATRIX result reproduces the fixed-order one from p
µµ

t
→ 50 GeV on. Conversely,

the transition region between resummed and fixed-order regimes is shifted to larger transverse
momenta and is broader in the POWHEGQCD+EW description. This behaviour is controlled by the
parameters ruling the exponentiation of non-singular contributions in the POWHEG Sudakov form
factor [170, 171], implemented through the POWHEG damping mechanism. The main criterion
used to damp the non-singular regions is based on the departure of the real matrix element from
its soft and/or collinear approximations. For the plots in Fig. 6 we adopt the POWHEG option
bornzerodamp=0, enabling the exponentiation of the full NLO real matrix element. With this setting
the POWHEGQCD+EW tail gets accidentally close to the orange RadISH+MATRIX curve for
50 ↭ p

µµ

t
↭ 150 GeV, although not featuring any exact NNLO information contained in the latter,

before reducing to the NLO result at larger p
µµ

t
. The matching systematics associated with the

arbitrariness of the damping factor is not included in the POWHEGQCD+EW uncertainty, which is
obtained with a standard 7-point variation of the µR and µF scales. The relative smallness of the
quoted POWHEGQCD+EW band is then partially driven by missing information on resummation
(Q) and matching (pt0) uncertainties. Moreover, scale variations in POWHEGQCD+EW have an
e!ect only at the level of Les Houches events [172, 173], and are not entirely propagated in the
showering phase. We stress that such a feature is rather common in NLO+PS computations,
which typically do not include uncertainties stemming from the variations of µR and µF within the
parton shower. A comparison of POWHEGQCD+EW with the most accurate RadISH+MATRIX
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Figure 6. Comparison of matched RadISH+MATRIX spectra (purple and orange) against
POWHEGQCD+EW predictions (pink) for the di-muon transverse momentum, the positively charged muon
transverse momentum, and the di-muon transverse mass in neutral-current Drell Yan.

the RadISH+MATRIX result reproduces the fixed-order one from p
µµ

t
→ 50 GeV on. Conversely,

the transition region between resummed and fixed-order regimes is shifted to larger transverse
momenta and is broader in the POWHEGQCD+EW description. This behaviour is controlled by the
parameters ruling the exponentiation of non-singular contributions in the POWHEG Sudakov form
factor [170, 171], implemented through the POWHEG damping mechanism. The main criterion
used to damp the non-singular regions is based on the departure of the real matrix element from
its soft and/or collinear approximations. For the plots in Fig. 6 we adopt the POWHEG option
bornzerodamp=0, enabling the exponentiation of the full NLO real matrix element. With this setting
the POWHEGQCD+EW tail gets accidentally close to the orange RadISH+MATRIX curve for
50 ↭ p

µµ

t
↭ 150 GeV, although not featuring any exact NNLO information contained in the latter,

before reducing to the NLO result at larger p
µµ

t
. The matching systematics associated with the

arbitrariness of the damping factor is not included in the POWHEGQCD+EW uncertainty, which is
obtained with a standard 7-point variation of the µR and µF scales. The relative smallness of the
quoted POWHEGQCD+EW band is then partially driven by missing information on resummation
(Q) and matching (pt0) uncertainties. Moreover, scale variations in POWHEGQCD+EW have an
e!ect only at the level of Les Houches events [172, 173], and are not entirely propagated in the
showering phase. We stress that such a feature is rather common in NLO+PS computations,
which typically do not include uncertainties stemming from the variations of µR and µF within the
parton shower. A comparison of POWHEGQCD+EW with the most accurate RadISH+MATRIX
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Figure 11. Normalised ratio of charged- to neutral-current Drell Yan di-lepton transverse momentum.
Variations of µR, µF , and Q are correlated between the numerator and the denominator of the ratio. Left
panel: perturbative progression including QCD and EW e!ects. Right panel: e!ect of EW corrections on
top of the QCD baseline.

more marginal reduction, essentially confirming the shape obtained at the previous QCD logarithmic
accuracy. The shape itself is relatively non-trivial, as due to the interplay of EW corrections from
initial- and final-state radiation with the fiducial cuts adopted. The right panel of Fig. 11 shows the
impact of EW corrections (orange) on top of the QCD baseline (light blue). The main distortion
is observed at small pωω

t
, compatibly with what was noticed in the individual di-lepton transverse

momentum spectra in Fig. 3 and Fig. 7. EW e!ects increase the slope of the ratio at pωω
t
↭ 15 GeV,

reaching the level of ±3%, and exceeding the QCD theoretical uncertainty band. We note that the
impact of EW corrections on the ratio observable is significantly more pronounced than the ±0.5%
observed in Fig. 6 of [102]. Apart from di!erences in the setup and in the perturbative accuracy,
the bulk of the discrepancy is due to fact that the analysis of [102] is performed with undecayed
Z and W gauge bosons, and inclusively over their phase space. We have checked that the ratio
with EW e!ects indeed gets much closer to the pure QCD result upon removing the e!ect of QED
radiation o! final-state leptons. This highlights once more the importance of working with leptons
at the fiducial level for precision DY phenomenology.

In Fig. 12 the CCDY to NCDY ratio is shown with a more conservative assumption on the
correlation of scale variations. In particular, while the renormalisation and resummation scales are
still varied in a fully correlated fashion, the factorisation scales for the numerator (µnum

F
) and for

the denominator (µden

F
) are varied independently, with the sole constraint 1/2 → µ

num

F
/µ

den

F
→ 2.

This uncertainty prescription was already introduced in [86, 174], and is physically motivated by
considering that CCDY and NCDY probe di!erent combinations of partonic channels, and of PDFs
in turn, hence full µF correlation may not be clearly justified. Decorrelating µF variations causes
a significant inflation in uncertainty bands, especially at small pωω

t
and for predictions with lower

formal accuracy, as seen comparing the left panels of Fig. 12 and of Fig. 11. As a result of this
more conservative uncertainty estimate, predictions with and without EW e!ects in the right panel
of Fig. 12 are now marginally compatible.

Finally, Fig. 13 reports the comparison of RadISH+MATRIX and POWHEG predictions
for the ratio observable, including QCD and EW contributions (left panel), or solely QCD e!ects
(right panel). Although the POWHEGQCD+EW predictions for individual p

ωω

t
distributions are

in reasonable agreement with the NLO+NLL→ RadISH+MATRIX ones, the left panel of Fig. 13
reveals a moderate shape discrepancy in the ratio (purple vs pink), with POWHEGQCD+EW being
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DY th-status: Combined QCD-QED -resummationqT
First implementation in the RADiSH framework [LB, Rottoli, Torrielli, 2404.15112]
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Figure 6. Comparison of matched RadISH+MATRIX spectra (purple and orange) against
POWHEGQCD+EW predictions (pink) for the di-muon transverse momentum, the positively charged muon
transverse momentum, and the di-muon transverse mass in neutral-current Drell Yan.

the RadISH+MATRIX result reproduces the fixed-order one from p
µµ

t
→ 50 GeV on. Conversely,

the transition region between resummed and fixed-order regimes is shifted to larger transverse
momenta and is broader in the POWHEGQCD+EW description. This behaviour is controlled by the
parameters ruling the exponentiation of non-singular contributions in the POWHEG Sudakov form
factor [170, 171], implemented through the POWHEG damping mechanism. The main criterion
used to damp the non-singular regions is based on the departure of the real matrix element from
its soft and/or collinear approximations. For the plots in Fig. 6 we adopt the POWHEG option
bornzerodamp=0, enabling the exponentiation of the full NLO real matrix element. With this setting
the POWHEGQCD+EW tail gets accidentally close to the orange RadISH+MATRIX curve for
50 ↭ p

µµ

t
↭ 150 GeV, although not featuring any exact NNLO information contained in the latter,

before reducing to the NLO result at larger p
µµ

t
. The matching systematics associated with the

arbitrariness of the damping factor is not included in the POWHEGQCD+EW uncertainty, which is
obtained with a standard 7-point variation of the µR and µF scales. The relative smallness of the
quoted POWHEGQCD+EW band is then partially driven by missing information on resummation
(Q) and matching (pt0) uncertainties. Moreover, scale variations in POWHEGQCD+EW have an
e!ect only at the level of Les Houches events [172, 173], and are not entirely propagated in the
showering phase. We stress that such a feature is rather common in NLO+PS computations,
which typically do not include uncertainties stemming from the variations of µR and µF within the
parton shower. A comparison of POWHEGQCD+EW with the most accurate RadISH+MATRIX
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Figure 6. Comparison of matched RadISH+MATRIX spectra (purple and orange) against
POWHEGQCD+EW predictions (pink) for the di-muon transverse momentum, the positively charged muon
transverse momentum, and the di-muon transverse mass in neutral-current Drell Yan.

the RadISH+MATRIX result reproduces the fixed-order one from p
µµ

t
→ 50 GeV on. Conversely,

the transition region between resummed and fixed-order regimes is shifted to larger transverse
momenta and is broader in the POWHEGQCD+EW description. This behaviour is controlled by the
parameters ruling the exponentiation of non-singular contributions in the POWHEG Sudakov form
factor [170, 171], implemented through the POWHEG damping mechanism. The main criterion
used to damp the non-singular regions is based on the departure of the real matrix element from
its soft and/or collinear approximations. For the plots in Fig. 6 we adopt the POWHEG option
bornzerodamp=0, enabling the exponentiation of the full NLO real matrix element. With this setting
the POWHEGQCD+EW tail gets accidentally close to the orange RadISH+MATRIX curve for
50 ↭ p

µµ

t
↭ 150 GeV, although not featuring any exact NNLO information contained in the latter,

before reducing to the NLO result at larger p
µµ

t
. The matching systematics associated with the

arbitrariness of the damping factor is not included in the POWHEGQCD+EW uncertainty, which is
obtained with a standard 7-point variation of the µR and µF scales. The relative smallness of the
quoted POWHEGQCD+EW band is then partially driven by missing information on resummation
(Q) and matching (pt0) uncertainties. Moreover, scale variations in POWHEGQCD+EW have an
e!ect only at the level of Les Houches events [172, 173], and are not entirely propagated in the
showering phase. We stress that such a feature is rather common in NLO+PS computations,
which typically do not include uncertainties stemming from the variations of µR and µF within the
parton shower. A comparison of POWHEGQCD+EW with the most accurate RadISH+MATRIX

– 14 –
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DATASET & TOLERANCES 

๏  datapoints in a global fits 
  inconsistencies between data,  

      unknown/underestimated  
      EXP/TH uncertainties, model, …

๏  for 68% C.L. not suited 
  “tolerance”  10–30

THEORY UNCERTAINTIES IN PDFS 

๏ NNPDF4+        (scale variation) 
MSHT aN3LO  (nuisance parameter)

๏ mandatory in aN3LO as (almost) no 
predictions available at this order

𝒪(4000)
↪

Δχ2 = 1
⇝ T2 =

28

PARTON DISTRIBUTION FUNCTIONS

NLO NNLO aN3LO

Dataset Ndat no MHOU MHOU Ndat no MHOU MHOU Ndat no MHOU MHOU

DIS NC 1980 1.30 1.22 2100 1.22 1.20 2100 1.22 1.20

DIS CC 988 0.92 0.87 989 0.90 0.90 989 0.91 0.92

DY NC 667 1.49 1.32 736 1.20 1.15 736 1.17 1.16

DY CC 193 1.31 1.27 157 1.45 1.37 157 1.37 1.36

Top pairs 64 1.90 1.24 64 1.27 1.43 64 1.23 1.41

Single-inclusive jets 356 0.86 0.82 356 0.94 0.81 356 0.84 0.83

Dijets 144 1.55 1.81 144 2.01 1.71 144 1.78 1.67

Prompt photons 53 0.58 0.47 53 0.76 0.67 53 0.72 0.68

Single top 17 0.35 0.34 17 0.36 0.38 17 0.35 0.36

Total 4462 1.24 1.16 4616 1.17 1.13 4616 1.15 1.14

Table 4.1. The number of data points and the ω2 per data point obtained in the NLO, NNLO, and aN3LO NNPDF4.0
fits without and with MHOUs, see text for details. The datasets are grouped according to the same process catego-
rization as that used in Ref. [38].

NLO NNLO aN3LO
1.12

1.14

1.16

1.18

1.20

1.22

1.24

1.26

�
2 to
t/
N

d
at

Total Dataset

NNPDF4.0 no MHOU

NNPDF4.0 MHOU

Figure 4.1. The values of the total ω2 per data point in the NNPDF4.0 NLO, NNLO, and aN3LO fits without and
with MHOUs.

4.1 Fit quality

Tables 4.1-4.4 display the number of data points and the ω2 per data point obtained in the NLO, NNLO,
and aN3LO NNPDF4.0 fits with and without MHOUs. In Table 4.1 the datasets are grouped according
to the process categorization used in Ref. [38]. Results for individual datasets are displayed in Table 4.2,
(NC and CC DIS), in Table 4.3 (NC and CC DY), and in Table 4.4 (top pairs, single-inclusive jets, dijets,
isolated photons, and single top). The naming of the datasets follows Ref. [37]. The value of the total ω2

per data point is also shown as a function of the perturbative order in Fig. 4.1.
The NLO and NNLO results without MHOUs are obtained using the NLO and NNLO NNPDF4.0 PDF

sets [37]. The NNLO result with MHOUs is obtained using the NNPDF4.0MHOU NNLO set from Ref. [38],
while, as already mentioned, the NNPDF4.0MHOU NLO presented here for the first time uses an identical
methodology to NNPDF4.0MHOU NNLO [38], but the same dataset as NNPDF4.0 NLO [37]. Hence, the
datasets with and without MHOU are always the same, but the NLO and NNLO datasets are not the same

27
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Require precise & accurate PDFs:        

Approaches  

1. Scan/offset  PDF eigenvectors:  
  if   “surely my data can constrain the PDFs?”  (good strategy but caution advised) 

2. Profiling:  joint  of new data & PDFs     fit together  
  issue:  global PDFs have tolerances:         
  assumptions:    PDF uncertainties included consistently  (tolerance!)   

                                PDFs not altered much  (central value & errors)  

3. Two-step profiling:    Profile PDFs with tolerance     consistently profiled PDF  
                                      Scan PDFs while fitting with  other uncertainties

ΔPDF ∼ 𝒪( % ) ↭ Δshape ≲ 𝒪(‰)

↪ ΔPDF ≫ Δexp

χ2 ⇝
↪ θPDF

i = ± 1 ↭ Δχ2 = T2 > 1
↪ ∙

∙

∙ T2 ⇝
∙ Δχ2 = 1
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PDFS IN PRECISION MEASUREMENTS tiny deviations in spectra 
& control of correlations

δ𝒪 = ∑Nev
i=1 [(𝒪+

i − 𝒪−
i )/2]2 ( )how we compute  

  for cross sections
ΔPDF

new data can 
overestimate pull & 

uncertainty reduction 

ongoing study  
in EW WG 1 

[Thomas Cridge] 



PROFILING / REWEIGHTING 

๏ PDF uncert. often among dominant sources 
  exploit correlations to reduce impact 
  often a huge reduction ( ) in !

⇝
⇒ ∼ 2 × ΔPDF

30

PARTON DISTRIBUTION FUNCTIONS
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9 Uncertainties in the PDFs
The observed AFB values depend on the size of the dilution effect, as well as on the relative
contributions from u and d valence quarks to the total dilepton production cross section. The
uncertainties in the PDFs translate into sizable changes in the observed AFB values. However,
changes in PDFs affect the AFB(m``, y``) distribution in a different way than changes in sin2 q`eff.

Changes in PDFs produce large changes in AFB, when the absolute values of AFB are large, i.e.,
at large and small dilepton mass values. In contrast, the effect of changes in sin2 q`eff are largest
near the Z boson peak, and are significantly smaller at high and low masses. Because of this
behavior, which is illustrated in Fig. 5, we apply a Bayesian c2 reweighting method to constrain
the PDFs [48–50], and thereby reduce their uncertainties in the extracted value of sin2 q`eff.

F
B
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0.2−

0

0.2

POWHEG

 (GeV)llm
70 80 90 100 110

F
B

A
∆

0.005−

0

0.005

0.0012±0.0008, ±0.0004, ± = l
eff
θ2sinδ

NNPDF3.0 uncertainty

NNPDF3.0 replicas

Figure 5: Distribution in AFB as a function of dilepton mass, integrated over rapidity (left), and
in six rapidity bins (right) for sin2 q`eff = 0.23120 in POWHEG. The solid lines in the bottom panel
correspond to six changes at sin2 q`eff around the central value, corresponding to: ±0.00040,
±0.00080, and ±0.00120. The dashed lines refer to the AFB predictions for 100 NNPDF3.0 repli-
cas. The shaded bands illustrate the standard deviation in the NNPDF3.0 replicas.

As a baseline, we use the NLO NNPDF3.0 PDFs. In the Bayesian c2 reweighting method,
PDF replicas that offer good descriptions of the observed AFB distribution are assigned large
weights, and those that poorly describe the AFB are given small weights. Each weight factor is
based on the best-fit c2

min,i value obtained by fitting the AFB (m``,y``) distribution with a given
PDF replica i:

wi =
e�

c2
min,i

2

1
N ÂN

i=1 e�
c2

min,i
2

, (13)

where N is the number of replicas in a set of PDFs. The final result is then calculated as a
weighted average over the replicas: sin2 q`eff = ÂN

i=1 wisi/N, where si is the best-fit sin2 q`eff
value obtained for the ith replica.

Figure 6 shows a scatter plot of the c2
min vs. the best-fit sin2 q`eff value for the 100 NNPDF3.0

replicas for the µµ and ee samples, and for the combined dimuon and dielectron results. All
sources of statistical and experimental systematic uncertainties are included in a 72⇥72 covari-

[CMS 1806.00863]
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Figure 6: The upper panel in each figure shows a scatter plot in c2
min vs. the best-fit sin2 q`eff for

100 NNPDF replicas in the muon channel (upper left), electron channel (upper right), and their
combination (below). The corresponding lower panels have the projected distributions in the
best-fit sin2 q`eff for the nominal (open circles) and weighted (solid circles) replicas.

Figure 7: The extracted values of sin2 q`eff in the muon and electron channels, and their combi-
nation. The horizontal bars include statistical, experimental, and PDF uncertainties. The PDF
uncertainties are obtained both without (left) and with (right) using the Bayesian c2 weighting.

  
  = 0.00057
Δnominal

PDF   
  = 0.0003
Δweighted

PDF
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variations for each eigenvector. As expected for Gaussian distributions, we obtain the same
central values and the total uncertainties that are extracted from Bayesian reweighting of the
corresponding set of replicas.

Table 4: The central value and the PDF uncertainty in the measured sin2 q`eff in the muon and
electron channels, and their combination, obtained without and with constraining PDFs using
Bayesian c2 reweighting.

Channel Not constraining PDFs Constraining PDFs
Muons 0.23125 ± 0.00054 0.23125 ± 0.00032
Electrons 0.23054 ± 0.00064 0.23056 ± 0.00045

Combined 0.23102 ± 0.00057 0.23101 ± 0.00030

Finally, as a cross-check, we also repeat the measurement using different mass windows for
extracting sin2 q`eff, and for constraining the PDFs. Specifically, we first use the central five bins,
corresponding to the dimuon mass range of 84 < mµµ < 95 GeV, to extract sin2 q`eff. Then, we
use predictions based on the extracted sin2 q`eff in the lower three (60 < mµµ < 84 GeV) and
the higher four (95 < mµµ < 120 GeV) dimuon mass bins, to constrain the PDFs. We find
that the statistical uncertainty increases by only about 10%, and the PDF uncertainty increases
by only about 6% relative to the uncertainties obtained when using the full mass range to
extract the sin2 q`eff and simultaneously constrain the PDFs. The test thereby confirms that the
PDF uncertainties are constrained mainly by the high- and low-mass bins, and that we obtain
consistent results with these two approaches.

Figure 8: Extracted values of sin2 q`eff from the dimuon data for different sets of PDFs with the
nominal (left) and c2-reweighted (right) replicas. The horizontal error bars include contribu-
tions from statistical, experimental, and PDF uncertainties.

10 Summary
The effective leptonic mixing angle, sin2 q`eff, has been extracted from measurements of the mass
and rapidity dependence of the forward-backward asymmetries AFB in Drell–Yan µµ and ee
production. As a baseline model, we use the POWHEG event generator for the inclusive pp !
Z/g ! `` process at leading electroweak order, where the weak mixing angle is interpreted
through the improved Born approximation as the effective angle incorporating higher-order
corrections. With more data and new analysis techniques, including precise lepton-momentum
calibration, angular event weighting, and additional constraints on PDFs, the statistical and
systematic uncertainties are significantly reduced relative to previous CMS measurements. The
combined result from the dielectron and dimuon channels is:

sin2 q`eff = 0.23101 ± 0.00036 (stat) ± 0.00018 (syst) ± 0.00016 (theo) ± 0.00031 (PDF), (16)

or summing the uncertainties in quadrature,

sin2 q`eff = 0.23101 ± 0.00053. (17)
still almost 

50% of Δtot
how plausible is such a large impact from  extra data points? 

  this data effectively carries a very high weight!
𝒪(100)

↭



PROFILING / REWEIGHTING  FOR  

๏ situation is even more delicate for  
  strong correlations between  & PDFs ( )

๏ quoted  

αs

αs
↭ αs g

ΔPDF = ± 0.00051
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PARTON DISTRIBUTION FUNCTIONS [ATLAS 2309.12986]

profiling may bias probing 
direction of factorised approx.

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
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A precise determination of the strong-coupling

constant from the recoil of 𝜴 bosons with the ATLAS

experiment at
→
𝜶 = 8 TeV

The ATLAS Collaboration

The coupling constant of the strong force is determined from the transverse-momentum
distribution of 𝐿 bosons produced in 8 TeV proton–proton collisions at the LHC and recorded
by the ATLAS experiment. The 𝐿-boson cross sections are measured in the full phase space
of the decay leptons using 15.3 million electron and muon pairs, in a dataset collected in
2012 and corresponding to an integrated luminosity of 20.2 fb→1. The analysis is based on
predictions evaluated at third order in perturbative QCD, supplemented by the resummation
of logarithmically enhanced contributions in the low transverse-momentum region of the
lepton pairs. The determined value of the strong coupling at the reference scale corresponding
to the 𝐿-boson mass is 𝑀s(𝑁𝐿 ) = 0.1183 ± 0.0009. This is the most precise experimental
determination of 𝑀s(𝑁𝐿 ) achieved so far.

© 2023 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

ar
X

iv
:2

30
9.

12
98

6v
1 

 [
he

p-
ex

] 
 2

2 
Se

p 
20

23

⏟spread in  
NNLO PDFs 

 0.00203  ∼ ≃ 2Δtot

3-10 2-10 1-10
 x  

0.98

1

1.02

1.04

re
f

)2
)/

xg
(x

,Q
2

 x
g(

x,
Q

2
Z = m2Q

MSHT20an3lo
MSHT20an3lo-profiled

ATLAS

(a) (b)

Figure 6: Ratios of the profiled (a) gluon and (b) sea-quark PDFs to their initial values, at the scale 𝐿
2 = 𝑀

2
𝐿

. The
error bands represent the 68% confidence level.

Table 2: Summary of N3LL fits with NNLO PDFs.

PDF set 𝑁s(𝑀𝐿 ) PDF uncertainty 𝑂 [GeV2] 𝐿 [GeV4]

MSHT20 [37] 0.11839 0.00040 0.44 →0.07
NNPDF4.0 [84] 0.11779 0.00024 0.50 →0.08
CT18A [29] 0.11982 0.00050 0.36 →0.03
HERAPDF2.0 [65] 0.11890 0.00027 0.40 →0.04

1.5–2.5 GeV→1 yield 𝑁s(𝑀𝐿 ) variations of +0.00012
→0.00020. Variations of 𝑃0 in the range 0.5–2 GeV yield 𝑁s(𝑀𝐿 )

variations of +0.00006
→0.00002. Variations of 𝑂0 in the range 0.1–0.5 yield 𝑁s(𝑀𝐿 ) variations which are at the level

of ±0.00002. Variations of 𝑄 in the range 0.5–2 GeV2 yield 𝑁s(𝑀𝐿 ) variations of +0.00011
→0.00019. The envelope of

these variations is +0.00012
→0.00020, which is used as an estimate of the uncertainty in the non-perturbative model.

PDF profiling. Pulls and constraints on the nuisance parameters associated with the PDF uncertainties
in Eq. (1) can be reinterpreted in the PDF space through a Hessian profiling procedure [66]. Such a
reinterpretation provides valuable information about the sensitivity of the measured cross sections to the
PDFs. The largest observed e!ects are on the gluon and sea-quark PDFs, which are shown in Figure 6.

Fits with NNLO PDFs. At order N4LLa+N3LO, only one N3LO PDF set is currently available, namely
the MSHT20aN3LO [59] PDF set. In order to study the dependence of the results on the choice of PDF set,
fits are performed at a lower order, N3LL+N3LO, using NNLO PDF sets. Table 2 shows results of fits with
various PDF sets. At this order, the spread observed in the values of 𝑁s(𝑀𝐿 ) extracted with di!erent PDF
sets is ±0.00102, which is driven by the di!erence between the NNPDF4.0 and CT18A PDF sets.

The determination of 𝑁s(𝑀𝐿 ) from the transverse-momentum distribution of 𝑅 bosons is particularly
sensitive to the gluon PDF. The PDF determinations at NNLO are a!ected by significant tension between
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Require precise & accurate PDFs:        

Approaches  

1. Scan/offset  PDF eigenvectors:  
  if   “surely my data can constrain the PDFs?”  (good strategy but caution advised) 

2. Profiling:  joint  of new data & PDFs     fit together  
  issue:  global PDFs have tolerances:         
  assumptions:    PDF uncertainties included consistently  (tolerance!)   

                                PDFs not altered much  (central value & errors)  

3. Two-step profiling:    Profile PDFs with tolerance     consistently profiled PDF  
                                      Scan PDFs while fitting with  other uncertainties

ΔPDF ∼ 𝒪( % ) ↭ Δshape ≲ 𝒪(‰)

↪ ΔPDF ≫ Δexp

χ2 ⇝
↪ θPDF

i = ± 1 ↭ Δχ2 = T2 > 1
↪ ∙

∙

∙ T2 ⇝
∙ Δχ2 = 1
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PDFS IN PRECISION MEASUREMENTS tiny deviations in spectra 
& control of correlations

δ𝒪 = ∑Nev
i=1 [(𝒪+

i − 𝒪−
i )/2]2 ( )how we compute  

  for cross sections
ΔPDF

new data can 
overestimate pull & 

uncertainty reduction 

ongoing study  
in EW WG 1 

[Thomas Cridge] 



๏ factorization in limit     functional dependence known  

๏ parametrise unknown resummation ingredients using nuisance parameters  

๏ assign a probability distribution 
 

pT → 0 ⇝

⃗θ

33

[Tackmann ’24]

dσ
dpT

= [H ⊗ Ba ⊗ Bb ⊗ S](αs; L) +𝒪(pT /Q) L ≡ ln(pT /Q)

THEORY NUISANCE PARAMETERS

𝒳n = 𝒩(n)
𝒳 θ𝒳
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Figure 3. Distribution of true values of theory nuisance parameters for QCD matrix-element
constants (left) and anomalous dimensions (right) for nf = 5 combining all available orders.

identification in eq. (5.11), we find the distribution p(ωn) in eqs. (5.9) and (5.10) to have

approximately zero mean and unit variance, confirming our original estimate of un = 0

with !un = 1. We further find it to be well approximated by a Gaussian in agreement

with our original assumption.

5.3.3 Further discussion

The fact that our estimation procedure yields distributions closely resembling Gaussians as

in figure 3 speaks for itself. This can be contrasted with the very long-tailed distributions

obtained from an analogous exercise using scale variations in ref. [7] or the typically very

non-Gaussian distributions produced by the methods of refs. [2–5].

It is also undeniable that the distributions are closer to a Gaussian than a flat box,

in contrast to what one might have expected, as such a box-like distribution is sometimes

advocated to be more appropriate than a Gaussian for perturbative theory uncertainties

(albeit typically in the context of scale variations). We might also ask why to expect the

distributions p̂Fn(ω̂n) and p̂F (ω̂n) to be sensible or useful in the first place. In fact, even

though the f̂n → Fn all belong to some common category of perturbative series, we want this

category to be as broad as possible to be as useful as possible. This means the distribution

of f̂n, which is solely a property of the collection Fn might very well be quite irregular and

not very useful by itself. However, as we have stressed already, the distribution p̂Fn(ω̂n) is

a property of our estimation procedure for Fn. Its goal is precisely to strip the f̂n of their

individuality and reduce them to a generic bunch of numbers of a common more-or-less

random origin, namely arising as a more-or-less random sum of Feynman diagrams. It

is then perhaps not surprising after all that the resulting population of ω̂n can be well

described by a Gaussian distribution. We might think of it as the central-limit theorem of

Feynman diagrams.17

It is also instructive to think about how we would notice if there was something going

wrong in our estimation procedure. If we find a Gaussian with di”erent mean or variance,

17
The credit for coining this term goes to Glen Cowan.
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Matrix Elements anomalous dimensions

𝒩(n)
𝒳 = 4n Cr Cn−1

A (n − 1)! 𝒩(n)
Γ = 4n Cr Cn

A

(&  to scale like )𝒳 → 𝒳δ ℳ1→1



THEORY UNCERTAINTIES & PROFILING

34

Kenneth Long 37

★ Extracting mw from fit to (ημ, pTμ)
- Total uncertainty of 9.9 MeV 

- Muon momentum scale and PDF dominant unc.

CMS  MEASUREMENT 

๏ constrain  using data

MW

⃗θTNP

FI
T

[CMS arXiv:2412.13872 [hep-ex]]

Kenneth Long 28

Perturbative uncertainties
- “Theory nuisance parameters” calculated from SCETlib at N3LL and propagated through analysis 

- Structure of resummation is known to all orders, many corrections are (unknown) numerical constants 
- Parameterize elements of resummation series, uncertainties directly represent unknown terms 
- Meaningful shape variation (critical!) and meaningful constraints from data 

- Unc. in mW ~0.5 MeV

driven by correlations

“theory uncertainties” session 
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- Parameterize elements of resummation series, uncertainties directly represent unknown terms 
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driven by correlations

Constraining theory from data 
๏ how “complete” is the model? 

  EW corrections, FSR, non-pert. model, 
      , flavour dependence, …

๏ initially all  assumed independent  
but post-fit correlations allowed 

  what combination(s) is constrained? 

↪
mq

⃗θTNP

↪

“theory uncertainties” session 



CONCLUSIONS

๏ status of Drell–Yan (f.o. & resummation) reached remarkable level of precision  
  N3LO QCD,   NLO EW (+ h.o./FSR),   NNLO QCD EW 
  aN4LL’/N3LL’ QCD,   NLL QCD EW 
  generators at   NNLO+PS

๏ and yet, we are still often facing       opportunity! 
  tremendous community effort for more:  loops, legs, logs, …  & public tools  
  reached the state where better handle on non-perturbative physics needed

๏ at this level of precision, it also matters how the measurement is done 
  are there more robust definition of the fiducial volume/setup? 

      (fiducial power corrections, “Born leptons”, …) 
  profiling PDFs and theory uncertainties in situ 

      very powerful but “with great power comes great responsibility”
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INCLUSIVE N3LO VALIDATION

๏ fully independent calculation of the 
inclusive cross section

๏      analytic result 

๏ “fake” plateau:   
  12% error on N3LO!  

๏ converges to correct result for 

๏ fit & extrapolate?   
  marginal gains for 

         potentially uncontrolled systematics

- - - - ↭

qcut
T ∈ [2, 5] GeV

↪ δ

qcut
T ≲ 1 GeV

⇝

37

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
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Linear ptH dependence of H acceptance, f(ptH) → impact on perturbative series
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resonance such as a Z or Higgs boson. Refs. [1–3] noted that the common practice at

the time, of applying identical minimum thresholds on the transverse momenta of the two

objects (“symmetric cuts”), led to sensitivity to configurations with a small transverse

momentum imbalance between the two objects, where perturbative calculations could be

a↵ected by enhanced (though integrable) logarithms of the imbalance. Ultimately, the

discussions in those papers resulted in the widespread adoption of so-called “asymmetric”

cuts whereby one chooses di↵erent transverse-momentum thresholds for the harder and

softer of the two jets.

In recent years, QCD calculations have made amazing strides in accuracy (for a review,

see Ref. [4]), reaching N3LO precision for key 2 ! 1 processes, both inclusively [5–8]

and di↵erential in the rapidity [9, 10] and in the full decay kinematics [11–13]. As the

calculations have moved forwards, an intriguing situation has arisen in the context of gluon-

fusion Higgs production studies, where the calculations are arguably the most advanced.

For this process, inclusive cross sections and cross sections di↵erential in the Higgs boson

rapidity show a perturbative series that converges well at N3LO. However, calculations for

fiducial cross sections, which include asymmetric experimental cuts on the photons from

H ! �� decays, show poorer convergence and significantly larger scale uncertainties [11,

12]. Furthermore, it turns out that to obtain the correct N3LO prediction, it is necessary

to integrate over Higgs boson transverse momenta that are well below a GeV, which is

physically unsettling (albeit reminiscent of the early observations in Ref. [1–3]).

Refs. [12, 14] have noted that such problems (which appear to be present to a lesser

extent also in the context of Drell-Yan studies) are connected with the fact that both

asymmetric and symmetric cuts yield an acceptance for H ! �� decays, f(pt,h), that has

a linear dependence on the Higgs boson transverse momentum pt,h [15, 16]:

f(pt,h) = f0 + f1 ·
pt,h

mh

+O

 
p
2
t,h

m2
h

!
. (1.1)

In section 2, concentrating on the H ! �� case, we will review how this linear depen-

dence arises and we will also examine its impact on the perturbative series with a simple

resummation-inspired toy model for its all-order structure. That model implies that any

power-law dependence of the acceptance for pt,h ! 0 results in a perturbative series for the

fiducial cross section that diverges (�1)n↵n
sn!, i.e. an alternating-sign factorial divergence,

coming predominantly from very low pt,h values.

Factorial growth implies that, however small the value of ↵s, the perturbative series will

never converge. Non-convergence of the series is a well known feature of QCD, notably be-

cause of the same-sign factorial growth induced by infrared QCD renormalons [17]. In that

context, the smallest term in the series is often taken as a fundamental non-perturbative

ambiguity. The alternating-sign factorial growth that we see is di↵erent, in that the sum

of all terms can be made meaningful, with the help of resummation. However, fixed-order

perturbative calculations still cannot reproduce that sum to better than the smallest term

in the series. As is commonly done with infrared renormalon calculations, one can express

the size of the smallest term in the series as a power of (⇤/mh), where ⇤ ⌘ ⇤qcd ⇠ 0.2 GeV

is the fundamental infrared scale of QCD. The power that emerges with standard H ! ��
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Ebert & Tackmann ’19 

idem + Michel & Stewart ‘20 
Alekhin et al ‘20

Growth

“with cuts” / “no cuts”

[from slides by Salam, Les Houches ’21]

iii. ÷¥¥÷÷÷:
1
2 |Δy(γ1, γ2) |

yH

yγ2 = − 2.37

yγ2 = + 2.37

yγ1 = − 2.37

yγ1 = + 2.37

Born acceptance

≲ 0.9 @ pH
T → 0
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dσpp→H

[Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni ’21]Origin:  Linear acceptance    IR sensitivity 
“fiducial power corrections”

↭
Fiducial (ATLAS)

≤ cosh−1 ( MH

2pmin
T ) ≈ 0.9

[Frixione, Ridolfi ’97] [Ebert, Tackmann ’19 + Michel, Stewart ’21] [Alekhin et al. ’21] 

2-body cuts, PhysTev 2021 @ Les HouchesGavin P. Salam

Linear ptH dependence of H acceptance, f(ptH) → impact on perturbative series

3

resonance such as a Z or Higgs boson. Refs. [1–3] noted that the common practice at

the time, of applying identical minimum thresholds on the transverse momenta of the two

objects (“symmetric cuts”), led to sensitivity to configurations with a small transverse

momentum imbalance between the two objects, where perturbative calculations could be

a↵ected by enhanced (though integrable) logarithms of the imbalance. Ultimately, the

discussions in those papers resulted in the widespread adoption of so-called “asymmetric”

cuts whereby one chooses di↵erent transverse-momentum thresholds for the harder and

softer of the two jets.

In recent years, QCD calculations have made amazing strides in accuracy (for a review,

see Ref. [4]), reaching N3LO precision for key 2 ! 1 processes, both inclusively [5–8]

and di↵erential in the rapidity [9, 10] and in the full decay kinematics [11–13]. As the

calculations have moved forwards, an intriguing situation has arisen in the context of gluon-

fusion Higgs production studies, where the calculations are arguably the most advanced.

For this process, inclusive cross sections and cross sections di↵erential in the Higgs boson

rapidity show a perturbative series that converges well at N3LO. However, calculations for

fiducial cross sections, which include asymmetric experimental cuts on the photons from

H ! �� decays, show poorer convergence and significantly larger scale uncertainties [11,

12]. Furthermore, it turns out that to obtain the correct N3LO prediction, it is necessary

to integrate over Higgs boson transverse momenta that are well below a GeV, which is

physically unsettling (albeit reminiscent of the early observations in Ref. [1–3]).

Refs. [12, 14] have noted that such problems (which appear to be present to a lesser

extent also in the context of Drell-Yan studies) are connected with the fact that both

asymmetric and symmetric cuts yield an acceptance for H ! �� decays, f(pt,h), that has

a linear dependence on the Higgs boson transverse momentum pt,h [15, 16]:

f(pt,h) = f0 + f1 ·
pt,h

mh

+O

 
p
2
t,h

m2
h

!
. (1.1)

In section 2, concentrating on the H ! �� case, we will review how this linear depen-

dence arises and we will also examine its impact on the perturbative series with a simple

resummation-inspired toy model for its all-order structure. That model implies that any

power-law dependence of the acceptance for pt,h ! 0 results in a perturbative series for the

fiducial cross section that diverges (�1)n↵n
sn!, i.e. an alternating-sign factorial divergence,

coming predominantly from very low pt,h values.

Factorial growth implies that, however small the value of ↵s, the perturbative series will

never converge. Non-convergence of the series is a well known feature of QCD, notably be-

cause of the same-sign factorial growth induced by infrared QCD renormalons [17]. In that

context, the smallest term in the series is often taken as a fundamental non-perturbative

ambiguity. The alternating-sign factorial growth that we see is di↵erent, in that the sum

of all terms can be made meaningful, with the help of resummation. However, fixed-order

perturbative calculations still cannot reproduce that sum to better than the smallest term

in the series. As is commonly done with infrared renormalon calculations, one can express

the size of the smallest term in the series as a power of (⇤/mh), where ⇤ ⌘ ⇤qcd ⇠ 0.2 GeV

is the fundamental infrared scale of QCD. The power that emerges with standard H ! ��
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“with cuts” / “no cuts”

[from slides by Salam, Les Houches ’21]

iii. ÷¥¥÷÷÷:
1
2 |Δy(γ1, γ2) |

yH

∼ 1.49

∼ [0.47, 0.62]



FIDUCIAL Z CROSS SECTION @ N3LO+N3LL 

๏ ;  outside scale bands (fixed order) 

๏ fixed order  vs.  +resummation — similar central values 
  smaller fiducial power corrections than ;   nonetheless, not negligible

๏ N3LO+N3LL  more robust error estimate (matching scale )   

KN3LO ∼ − 2.5 %

⇝ gg → H → γγ

Q

39Gearing up for High-Precision LHC Physics, 16 Aug 202221

!e Drell-Yan fiducial cross section at N3LO and N3LO+N3LL
3

Order � [pb] Symmetric cuts � [pb] Product cuts

k NkLO NkLO+NkLL NkLO NkLO+NkLL

0 721.16+12.2%
�13.2% — 721.16+12.2%

�13.2% —

1 742.80(1)+2.7%
�3.9% 748.58(3)+3.1%

�10.2% 832.22(1)+2.7%
�4.5% 831.91(2)+2.7%

�10.4%

2 741.59(8)+0.42%
�0.71% 740.75(5)+1.15%

�2.66% 831.32(3)+0.59%
�0.96% 830.98(4)+0.74%

�2.73%

3 722.9(1.1)+0.68%
�1.09% ± 0.9 726.2(1.1)+1.07%

�0.77% 816.8(1.1)+0.45%
�0.73% ± 0.8 816.6(1.1)+0.87%

�0.69%

TABLE I. Fiducial cross sections for the symmetric (2a) and product (2b) cuts both at fixed perturbative order and including
all-order resummation.

dow is 66GeV < m`` < 116GeV and the lepton rapidi-
ties are confined to |⌘`

±
| < 2.5. The transverse momen-

tum of the two leptons is constrained as

Symmetric cuts [113]: |~p `±

T | > 27GeV , (2a)

Product cuts [100]:
q

|~p `+
T | |~p `�

T | > 27GeV ,

min{|~p `±

T |} > 20GeV . (2b)

The central factorisation and renormalisation scales

are chosen to be µR = µF =
q

m``
2 + p``T

2
and the cen-

tral resummation scale is set to Q = m``/2. In the results
presented below, the theoretical uncertainty is estimated
by varying the µR and µF scales by a factor of two about
their central value, while keeping 1/2  µR/µF  2. In
addition, for the resummed results, for central µR = µF

scales we vary Q by a factor of two around its central
value. Moreover, a matching-scheme uncertainty is esti-
mated by including the full scale variation of the additive
matching scheme of Ref. [59] (27 variations that comprise
the one of the central matching scale v0 introduced in
Eq. (5.2) of that article). The final uncertainty is ob-
tained as the envelope of all the above variations, corre-
sponding to 7 and 36 curves for the fixed-order and re-
summed computations, respectively. In the fiducial cross
sections quoted below at N3LO and N3LO+N3LL, we do
not consider the uncertainty related to the missing N3LO
parton distributions, which are currently unavailable.

In Fig. 1, we start by showing the transverse-
momentum distribution of the Drell–Yan lepton pair in
the fiducial volume (2a), obtained with Eq. (1), compared
to experimental data [113]. In the figure we label the
distributions by the perturbative accuracy of their inclu-
sive integral over p``T . Our state-of-the-art N3LO+N3LL
prediction provides an excellent description of the data
across the spectrum, with the exception of the first bin at
small p``T which is susceptible to non-perturbative correc-
tions not included in our calculation. We point out that
the term d�NNLO

DY+jet
�
⇥
d�N

3
LL

DY

⇤
O(↵3

s)
in Eq. (1) gives a non-

negligible contribution even for p``T  15GeV. The resid-
ual theoretical uncertainty in the intermediate p``T region
is at the few-percent level, and it increases to about 5%
for p``T & 50GeV. A more accurate description of the

large-p``T region requires the inclusion of EW corrections,
which we neglect in our calculation.
We now consider the fiducial cross section with sym-

metric cuts (2a). In order to gain control over the slicing
systematic error, we choose pcutT as low as 0.81GeV. In
the first column of Tab. I, denoted as NkLO, we show the
fixed-order results toO(↵k

s ). The second column of Tab. I
displays the result obtained including resummation ef-
fects. In the fixed-order case, the theoretical uncertainty
at N3LO, estimated as discussed above, is supplemented
with an estimate of the slicing uncertainty obtained by
varying pcutT in the range [0.45, 1.48]GeV and taking the
average di↵erence from the result with pcutT = 0.81GeV.
In the resummed case, we quote the total theoretical un-
certainty including also the matching scheme variation.
In both cases the statistical uncertainty is reported in
parentheses.
We observe that the new N3LO corrections decrease

the fiducial cross section by about 2.5%, and the final
prediction at N3LO has larger theoretical errors than
the NNLO counterpart, whose uncertainty band does not
capture the N3LO central value. This indicates a poor
convergence of the fixed-order perturbative series for this
process, which is consistent with what has been observed
in the inclusive case in Refs. [10–12]. In the resummed
case, the theoretical uncertainty is more reliable and
within errors the convergence of the perturbative series
is improved. The presence of linear power corrections is
also responsible for the moderate di↵erence between the
fixed-order and the resummed prediction for the symmet-
ric cuts (2a), which in turn indicates a sensitivity of the
cross section to the infrared region of small p``T . This ul-
timately worsens further the perturbative convergence of
the fixed-order series thereby challenging the perspectives
to reach percent-accurate theoretical predictions within
symmetric cuts.
A possible solution to this problem [100] is to slightly

modify the definition of the fiducial cuts as in Eq. (2b)
in order to reduce such a sensitivity to infrared physics.
We present for the first time theoretical predictions up
to N3LO and N3LO+N3LL for this set of cuts, reported
in the third and fourth column of Tab. I. The relative
di↵erence between the fixed-order and resummed calcu-
lations for the fiducial cross section never exceeds the

• 2.5% negative correction at N3LO in the ATLAS fiducial region. N3LO larger than the 
NNLO correction and outside its error band 

• More robust estimate of the theory uncertainty when resummation effects are included 

• Slicing error computed conservatively by considering the cutoff within the [0.45-1.5] GeV 
interval 

qcut
T = 0.8 GeV

650

687.5

725

762.5

800

650

687.5

725

762.5

800

Includes resummation of linear power corrections

LO

NLO NNLO N3LO

NLO+NLL
NNLO+NNLL

N3LO+N3LL

[Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli ’22]

3

Order � [pb] Symmetric cuts � [pb] Product cuts

k NkLO NkLO+NkLL NkLO NkLO+NkLL

0 721.16+12.2%
�13.2% — 721.16+12.2%

�13.2% —

1 742.80(1)+2.7%
�3.9% 748.58(3)+3.1%

�10.2% 832.22(1)+2.7%
�4.5% 831.91(2)+2.7%

�10.4%

2 741.59(8)+0.42%
�0.71% 740.75(5)+1.15%

�2.66% 831.32(3)+0.59%
�0.96% 830.98(4)+0.74%

�2.73%

3 722.9(1.1)+0.68%
�1.09% ± 0.9 726.2(1.1)+1.07%

�0.77% 816.8(1.1)+0.45%
�0.73% ± 0.8 816.6(1.1)+0.87%

�0.69%

TABLE I. Fiducial cross sections for the symmetric (2a) and product (2b) cuts both at fixed perturbative order and including
all-order resummation.

dow is 66GeV < m`` < 116GeV and the lepton rapidi-
ties are confined to |⌘`

±
| < 2.5. The transverse momen-

tum of the two leptons is constrained as

Symmetric cuts [113]: |~p `±

T | > 27GeV , (2a)

Product cuts [100]:
q

|~p `+
T | |~p `�

T | > 27GeV ,

min{|~p `±

T |} > 20GeV . (2b)

The central factorisation and renormalisation scales

are chosen to be µR = µF =
q

m``
2 + p``T

2
and the cen-

tral resummation scale is set to Q = m``/2. In the results
presented below, the theoretical uncertainty is estimated
by varying the µR and µF scales by a factor of two about
their central value, while keeping 1/2  µR/µF  2. In
addition, for the resummed results, for central µR = µF

scales we vary Q by a factor of two around its central
value. Moreover, a matching-scheme uncertainty is esti-
mated by including the full scale variation of the additive
matching scheme of Ref. [59] (27 variations that comprise
the one of the central matching scale v0 introduced in
Eq. (5.2) of that article). The final uncertainty is ob-
tained as the envelope of all the above variations, corre-
sponding to 7 and 36 curves for the fixed-order and re-
summed computations, respectively. In the fiducial cross
sections quoted below at N3LO and N3LO+N3LL, we do
not consider the uncertainty related to the missing N3LO
parton distributions, which are currently unavailable.

In Fig. 1, we start by showing the transverse-
momentum distribution of the Drell–Yan lepton pair in
the fiducial volume (2a), obtained with Eq. (1), compared
to experimental data [113]. In the figure we label the
distributions by the perturbative accuracy of their inclu-
sive integral over p``T . Our state-of-the-art N3LO+N3LL
prediction provides an excellent description of the data
across the spectrum, with the exception of the first bin at
small p``T which is susceptible to non-perturbative correc-
tions not included in our calculation. We point out that
the term d�NNLO

DY+jet
�
⇥
d�N

3
LL

DY

⇤
O(↵3

s)
in Eq. (1) gives a non-

negligible contribution even for p``T  15GeV. The resid-
ual theoretical uncertainty in the intermediate p``T region
is at the few-percent level, and it increases to about 5%
for p``T & 50GeV. A more accurate description of the

large-p``T region requires the inclusion of EW corrections,
which we neglect in our calculation.
We now consider the fiducial cross section with sym-

metric cuts (2a). In order to gain control over the slicing
systematic error, we choose pcutT as low as 0.81GeV. In
the first column of Tab. I, denoted as NkLO, we show the
fixed-order results toO(↵k

s ). The second column of Tab. I
displays the result obtained including resummation ef-
fects. In the fixed-order case, the theoretical uncertainty
at N3LO, estimated as discussed above, is supplemented
with an estimate of the slicing uncertainty obtained by
varying pcutT in the range [0.45, 1.48]GeV and taking the
average di↵erence from the result with pcutT = 0.81GeV.
In the resummed case, we quote the total theoretical un-
certainty including also the matching scheme variation.
In both cases the statistical uncertainty is reported in
parentheses.
We observe that the new N3LO corrections decrease

the fiducial cross section by about 2.5%, and the final
prediction at N3LO has larger theoretical errors than
the NNLO counterpart, whose uncertainty band does not
capture the N3LO central value. This indicates a poor
convergence of the fixed-order perturbative series for this
process, which is consistent with what has been observed
in the inclusive case in Refs. [10–12]. In the resummed
case, the theoretical uncertainty is more reliable and
within errors the convergence of the perturbative series
is improved. The presence of linear power corrections is
also responsible for the moderate di↵erence between the
fixed-order and the resummed prediction for the symmet-
ric cuts (2a), which in turn indicates a sensitivity of the
cross section to the infrared region of small p``T . This ul-
timately worsens further the perturbative convergence of
the fixed-order series thereby challenging the perspectives
to reach percent-accurate theoretical predictions within
symmetric cuts.
A possible solution to this problem [100] is to slightly

modify the definition of the fiducial cuts as in Eq. (2b)
in order to reduce such a sensitivity to infrared physics.
We present for the first time theoretical predictions up
to N3LO and N3LO+N3LL for this set of cuts, reported
in the third and fourth column of Tab. I. The relative
di↵erence between the fixed-order and resummed calcu-
lations for the fiducial cross section never exceeds the

Symmetric cuts: 

pℓ±

T > 27 GeV

  regulator?ΓV ↭

get rid of these  
completely by solving  
the problem at its core

[Chen, Gehrmann, Glover, AH, Monni, Rottoli, Re, Torrielli '22]
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!e Drell-Yan fiducial cross section at N3LO and N3LO+N3LL
3

Order � [pb] Symmetric cuts � [pb] Product cuts

k NkLO NkLO+NkLL NkLO NkLO+NkLL

0 721.16+12.2%
�13.2% — 721.16+12.2%

�13.2% —

1 742.80(1)+2.7%
�3.9% 748.58(3)+3.1%

�10.2% 832.22(1)+2.7%
�4.5% 831.91(2)+2.7%

�10.4%

2 741.59(8)+0.42%
�0.71% 740.75(5)+1.15%

�2.66% 831.32(3)+0.59%
�0.96% 830.98(4)+0.74%

�2.73%

3 722.9(1.1)+0.68%
�1.09% ± 0.9 726.2(1.1)+1.07%

�0.77% 816.8(1.1)+0.45%
�0.73% ± 0.8 816.6(1.1)+0.87%

�0.69%

TABLE I. Fiducial cross sections for the symmetric (2a) and product (2b) cuts both at fixed perturbative order and including
all-order resummation.

dow is 66GeV < m`` < 116GeV and the lepton rapidi-
ties are confined to |⌘`

±
| < 2.5. The transverse momen-

tum of the two leptons is constrained as

Symmetric cuts [113]: |~p `±

T | > 27GeV , (2a)

Product cuts [100]:
q

|~p `+
T | |~p `�

T | > 27GeV ,

min{|~p `±

T |} > 20GeV . (2b)

The central factorisation and renormalisation scales

are chosen to be µR = µF =
q

m``
2 + p``T

2
and the cen-

tral resummation scale is set to Q = m``/2. In the results
presented below, the theoretical uncertainty is estimated
by varying the µR and µF scales by a factor of two about
their central value, while keeping 1/2  µR/µF  2. In
addition, for the resummed results, for central µR = µF

scales we vary Q by a factor of two around its central
value. Moreover, a matching-scheme uncertainty is esti-
mated by including the full scale variation of the additive
matching scheme of Ref. [59] (27 variations that comprise
the one of the central matching scale v0 introduced in
Eq. (5.2) of that article). The final uncertainty is ob-
tained as the envelope of all the above variations, corre-
sponding to 7 and 36 curves for the fixed-order and re-
summed computations, respectively. In the fiducial cross
sections quoted below at N3LO and N3LO+N3LL, we do
not consider the uncertainty related to the missing N3LO
parton distributions, which are currently unavailable.

In Fig. 1, we start by showing the transverse-
momentum distribution of the Drell–Yan lepton pair in
the fiducial volume (2a), obtained with Eq. (1), compared
to experimental data [113]. In the figure we label the
distributions by the perturbative accuracy of their inclu-
sive integral over p``T . Our state-of-the-art N3LO+N3LL
prediction provides an excellent description of the data
across the spectrum, with the exception of the first bin at
small p``T which is susceptible to non-perturbative correc-
tions not included in our calculation. We point out that
the term d�NNLO

DY+jet
�
⇥
d�N

3
LL

DY

⇤
O(↵3

s)
in Eq. (1) gives a non-

negligible contribution even for p``T  15GeV. The resid-
ual theoretical uncertainty in the intermediate p``T region
is at the few-percent level, and it increases to about 5%
for p``T & 50GeV. A more accurate description of the

large-p``T region requires the inclusion of EW corrections,
which we neglect in our calculation.
We now consider the fiducial cross section with sym-

metric cuts (2a). In order to gain control over the slicing
systematic error, we choose pcutT as low as 0.81GeV. In
the first column of Tab. I, denoted as NkLO, we show the
fixed-order results toO(↵k

s ). The second column of Tab. I
displays the result obtained including resummation ef-
fects. In the fixed-order case, the theoretical uncertainty
at N3LO, estimated as discussed above, is supplemented
with an estimate of the slicing uncertainty obtained by
varying pcutT in the range [0.45, 1.48]GeV and taking the
average di↵erence from the result with pcutT = 0.81GeV.
In the resummed case, we quote the total theoretical un-
certainty including also the matching scheme variation.
In both cases the statistical uncertainty is reported in
parentheses.
We observe that the new N3LO corrections decrease

the fiducial cross section by about 2.5%, and the final
prediction at N3LO has larger theoretical errors than
the NNLO counterpart, whose uncertainty band does not
capture the N3LO central value. This indicates a poor
convergence of the fixed-order perturbative series for this
process, which is consistent with what has been observed
in the inclusive case in Refs. [10–12]. In the resummed
case, the theoretical uncertainty is more reliable and
within errors the convergence of the perturbative series
is improved. The presence of linear power corrections is
also responsible for the moderate di↵erence between the
fixed-order and the resummed prediction for the symmet-
ric cuts (2a), which in turn indicates a sensitivity of the
cross section to the infrared region of small p``T . This ul-
timately worsens further the perturbative convergence of
the fixed-order series thereby challenging the perspectives
to reach percent-accurate theoretical predictions within
symmetric cuts.
A possible solution to this problem [100] is to slightly

modify the definition of the fiducial cuts as in Eq. (2b)
in order to reduce such a sensitivity to infrared physics.
We present for the first time theoretical predictions up
to N3LO and N3LO+N3LL for this set of cuts, reported
in the third and fourth column of Tab. I. The relative
di↵erence between the fixed-order and resummed calcu-
lations for the fiducial cross section never exceeds the

• 2.5% negative correction at N3LO in the ATLAS fiducial region. N3LO larger than the 
NNLO correction and outside its error band 

• More robust estimate of the theory uncertainty when resummation effects are included 

• Slicing error computed conservatively by considering the cutoff within the [0.45-1.5] GeV 
interval 

• Central value very similar at NkLO and NkLO+NkLL for product cuts, compatible with the 
absence of linear power corrections

qcut
T = 0.8 GeV

Includes resummation of linear power corrections

LO

NLO
NNLO

N3LO

NLO+NLL
NNLO+NNLL N3LO+N3LL

3

Order � [pb] Symmetric cuts � [pb] Product cuts

k NkLO NkLO+NkLL NkLO NkLO+NkLL

0 721.16+12.2%
�13.2% — 721.16+12.2%

�13.2% —

1 742.80(1)+2.7%
�3.9% 748.58(3)+3.1%

�10.2% 832.22(1)+2.7%
�4.5% 831.91(2)+2.7%

�10.4%

2 741.59(8)+0.42%
�0.71% 740.75(5)+1.15%

�2.66% 831.32(3)+0.59%
�0.96% 830.98(4)+0.74%

�2.73%

3 722.9(1.1)+0.68%
�1.09% ± 0.9 726.2(1.1)+1.07%

�0.77% 816.8(1.1)+0.45%
�0.73% ± 0.8 816.6(1.1)+0.87%

�0.69%

TABLE I. Fiducial cross sections for the symmetric (2a) and product (2b) cuts both at fixed perturbative order and including
all-order resummation.

dow is 66GeV < m`` < 116GeV and the lepton rapidi-
ties are confined to |⌘`

±
| < 2.5. The transverse momen-

tum of the two leptons is constrained as

Symmetric cuts [113]: |~p `±

T | > 27GeV , (2a)

Product cuts [100]:
q

|~p `+
T | |~p `�

T | > 27GeV ,

min{|~p `±

T |} > 20GeV . (2b)

The central factorisation and renormalisation scales

are chosen to be µR = µF =
q

m``
2 + p``T

2
and the cen-

tral resummation scale is set to Q = m``/2. In the results
presented below, the theoretical uncertainty is estimated
by varying the µR and µF scales by a factor of two about
their central value, while keeping 1/2  µR/µF  2. In
addition, for the resummed results, for central µR = µF

scales we vary Q by a factor of two around its central
value. Moreover, a matching-scheme uncertainty is esti-
mated by including the full scale variation of the additive
matching scheme of Ref. [59] (27 variations that comprise
the one of the central matching scale v0 introduced in
Eq. (5.2) of that article). The final uncertainty is ob-
tained as the envelope of all the above variations, corre-
sponding to 7 and 36 curves for the fixed-order and re-
summed computations, respectively. In the fiducial cross
sections quoted below at N3LO and N3LO+N3LL, we do
not consider the uncertainty related to the missing N3LO
parton distributions, which are currently unavailable.

In Fig. 1, we start by showing the transverse-
momentum distribution of the Drell–Yan lepton pair in
the fiducial volume (2a), obtained with Eq. (1), compared
to experimental data [113]. In the figure we label the
distributions by the perturbative accuracy of their inclu-
sive integral over p``T . Our state-of-the-art N3LO+N3LL
prediction provides an excellent description of the data
across the spectrum, with the exception of the first bin at
small p``T which is susceptible to non-perturbative correc-
tions not included in our calculation. We point out that
the term d�NNLO

DY+jet
�
⇥
d�N

3
LL

DY

⇤
O(↵3

s)
in Eq. (1) gives a non-

negligible contribution even for p``T  15GeV. The resid-
ual theoretical uncertainty in the intermediate p``T region
is at the few-percent level, and it increases to about 5%
for p``T & 50GeV. A more accurate description of the

large-p``T region requires the inclusion of EW corrections,
which we neglect in our calculation.
We now consider the fiducial cross section with sym-

metric cuts (2a). In order to gain control over the slicing
systematic error, we choose pcutT as low as 0.81GeV. In
the first column of Tab. I, denoted as NkLO, we show the
fixed-order results toO(↵k

s ). The second column of Tab. I
displays the result obtained including resummation ef-
fects. In the fixed-order case, the theoretical uncertainty
at N3LO, estimated as discussed above, is supplemented
with an estimate of the slicing uncertainty obtained by
varying pcutT in the range [0.45, 1.48]GeV and taking the
average di↵erence from the result with pcutT = 0.81GeV.
In the resummed case, we quote the total theoretical un-
certainty including also the matching scheme variation.
In both cases the statistical uncertainty is reported in
parentheses.
We observe that the new N3LO corrections decrease

the fiducial cross section by about 2.5%, and the final
prediction at N3LO has larger theoretical errors than
the NNLO counterpart, whose uncertainty band does not
capture the N3LO central value. This indicates a poor
convergence of the fixed-order perturbative series for this
process, which is consistent with what has been observed
in the inclusive case in Refs. [10–12]. In the resummed
case, the theoretical uncertainty is more reliable and
within errors the convergence of the perturbative series
is improved. The presence of linear power corrections is
also responsible for the moderate di↵erence between the
fixed-order and the resummed prediction for the symmet-
ric cuts (2a), which in turn indicates a sensitivity of the
cross section to the infrared region of small p``T . This ul-
timately worsens further the perturbative convergence of
the fixed-order series thereby challenging the perspectives
to reach percent-accurate theoretical predictions within
symmetric cuts.
A possible solution to this problem [100] is to slightly

modify the definition of the fiducial cuts as in Eq. (2b)
in order to reduce such a sensitivity to infrared physics.
We present for the first time theoretical predictions up
to N3LO and N3LO+N3LL for this set of cuts, reported
in the third and fourth column of Tab. I. The relative
di↵erence between the fixed-order and resummed calcu-
lations for the fiducial cross section never exceeds the

[Chen, Gehrmann, Glover, Huss, Monni, Re, LR, Torrielli ’22]
3

Order � [pb] Symmetric cuts � [pb] Product cuts

k NkLO NkLO+NkLL NkLO NkLO+NkLL

0 721.16+12.2%
�13.2% — 721.16+12.2%

�13.2% —

1 742.80(1)+2.7%
�3.9% 748.58(3)+3.1%

�10.2% 832.22(1)+2.7%
�4.5% 831.91(2)+2.7%

�10.4%

2 741.59(8)+0.42%
�0.71% 740.75(5)+1.15%

�2.66% 831.32(3)+0.59%
�0.96% 830.98(4)+0.74%

�2.73%

3 722.9(1.1)+0.68%
�1.09% ± 0.9 726.2(1.1)+1.07%

�0.77% 816.8(1.1)+0.45%
�0.73% ± 0.8 816.6(1.1)+0.87%

�0.69%

TABLE I. Fiducial cross sections for the symmetric (2a) and product (2b) cuts both at fixed perturbative order and including
all-order resummation.

dow is 66GeV < m`` < 116GeV and the lepton rapidi-
ties are confined to |⌘`

±
| < 2.5. The transverse momen-

tum of the two leptons is constrained as

Symmetric cuts [113]: |~p `±

T | > 27GeV , (2a)

Product cuts [100]:
q

|~p `+
T | |~p `�

T | > 27GeV ,

min{|~p `±

T |} > 20GeV . (2b)

The central factorisation and renormalisation scales

are chosen to be µR = µF =
q

m``
2 + p``T

2
and the cen-

tral resummation scale is set to Q = m``/2. In the results
presented below, the theoretical uncertainty is estimated
by varying the µR and µF scales by a factor of two about
their central value, while keeping 1/2  µR/µF  2. In
addition, for the resummed results, for central µR = µF

scales we vary Q by a factor of two around its central
value. Moreover, a matching-scheme uncertainty is esti-
mated by including the full scale variation of the additive
matching scheme of Ref. [59] (27 variations that comprise
the one of the central matching scale v0 introduced in
Eq. (5.2) of that article). The final uncertainty is ob-
tained as the envelope of all the above variations, corre-
sponding to 7 and 36 curves for the fixed-order and re-
summed computations, respectively. In the fiducial cross
sections quoted below at N3LO and N3LO+N3LL, we do
not consider the uncertainty related to the missing N3LO
parton distributions, which are currently unavailable.

In Fig. 1, we start by showing the transverse-
momentum distribution of the Drell–Yan lepton pair in
the fiducial volume (2a), obtained with Eq. (1), compared
to experimental data [113]. In the figure we label the
distributions by the perturbative accuracy of their inclu-
sive integral over p``T . Our state-of-the-art N3LO+N3LL
prediction provides an excellent description of the data
across the spectrum, with the exception of the first bin at
small p``T which is susceptible to non-perturbative correc-
tions not included in our calculation. We point out that
the term d�NNLO

DY+jet
�
⇥
d�N

3
LL

DY

⇤
O(↵3

s)
in Eq. (1) gives a non-

negligible contribution even for p``T  15GeV. The resid-
ual theoretical uncertainty in the intermediate p``T region
is at the few-percent level, and it increases to about 5%
for p``T & 50GeV. A more accurate description of the

large-p``T region requires the inclusion of EW corrections,
which we neglect in our calculation.
We now consider the fiducial cross section with sym-

metric cuts (2a). In order to gain control over the slicing
systematic error, we choose pcutT as low as 0.81GeV. In
the first column of Tab. I, denoted as NkLO, we show the
fixed-order results toO(↵k

s ). The second column of Tab. I
displays the result obtained including resummation ef-
fects. In the fixed-order case, the theoretical uncertainty
at N3LO, estimated as discussed above, is supplemented
with an estimate of the slicing uncertainty obtained by
varying pcutT in the range [0.45, 1.48]GeV and taking the
average di↵erence from the result with pcutT = 0.81GeV.
In the resummed case, we quote the total theoretical un-
certainty including also the matching scheme variation.
In both cases the statistical uncertainty is reported in
parentheses.
We observe that the new N3LO corrections decrease

the fiducial cross section by about 2.5%, and the final
prediction at N3LO has larger theoretical errors than
the NNLO counterpart, whose uncertainty band does not
capture the N3LO central value. This indicates a poor
convergence of the fixed-order perturbative series for this
process, which is consistent with what has been observed
in the inclusive case in Refs. [10–12]. In the resummed
case, the theoretical uncertainty is more reliable and
within errors the convergence of the perturbative series
is improved. The presence of linear power corrections is
also responsible for the moderate di↵erence between the
fixed-order and the resummed prediction for the symmet-
ric cuts (2a), which in turn indicates a sensitivity of the
cross section to the infrared region of small p``T . This ul-
timately worsens further the perturbative convergence of
the fixed-order series thereby challenging the perspectives
to reach percent-accurate theoretical predictions within
symmetric cuts.
A possible solution to this problem [100] is to slightly

modify the definition of the fiducial cuts as in Eq. (2b)
in order to reduce such a sensitivity to infrared physics.
We present for the first time theoretical predictions up
to N3LO and N3LO+N3LL for this set of cuts, reported
in the third and fourth column of Tab. I. The relative
di↵erence between the fixed-order and resummed calcu-
lations for the fiducial cross section never exceeds the

3

Order � [pb] Symmetric cuts � [pb] Product cuts

k NkLO NkLO+NkLL NkLO NkLO+NkLL

0 721.16+12.2%
�13.2% — 721.16+12.2%

�13.2% —

1 742.80(1)+2.7%
�3.9% 748.58(3)+3.1%

�10.2% 832.22(1)+2.7%
�4.5% 831.91(2)+2.7%

�10.4%

2 741.59(8)+0.42%
�0.71% 740.75(5)+1.15%

�2.66% 831.32(3)+0.59%
�0.96% 830.98(4)+0.74%

�2.73%

3 722.9(1.1)+0.68%
�1.09% ± 0.9 726.2(1.1)+1.07%

�0.77% 816.8(1.1)+0.45%
�0.73% ± 0.8 816.6(1.1)+0.87%

�0.69%

TABLE I. Fiducial cross sections for the symmetric (2a) and product (2b) cuts both at fixed perturbative order and including
all-order resummation.

dow is 66GeV < m`` < 116GeV and the lepton rapidi-
ties are confined to |⌘`

±
| < 2.5. The transverse momen-

tum of the two leptons is constrained as

Symmetric cuts [113]: |~p `±

T | > 27GeV , (2a)

Product cuts [100]:
q

|~p `+
T | |~p `�

T | > 27GeV ,

min{|~p `±

T |} > 20GeV . (2b)

The central factorisation and renormalisation scales

are chosen to be µR = µF =
q

m``
2 + p``T

2
and the cen-

tral resummation scale is set to Q = m``/2. In the results
presented below, the theoretical uncertainty is estimated
by varying the µR and µF scales by a factor of two about
their central value, while keeping 1/2  µR/µF  2. In
addition, for the resummed results, for central µR = µF

scales we vary Q by a factor of two around its central
value. Moreover, a matching-scheme uncertainty is esti-
mated by including the full scale variation of the additive
matching scheme of Ref. [59] (27 variations that comprise
the one of the central matching scale v0 introduced in
Eq. (5.2) of that article). The final uncertainty is ob-
tained as the envelope of all the above variations, corre-
sponding to 7 and 36 curves for the fixed-order and re-
summed computations, respectively. In the fiducial cross
sections quoted below at N3LO and N3LO+N3LL, we do
not consider the uncertainty related to the missing N3LO
parton distributions, which are currently unavailable.

In Fig. 1, we start by showing the transverse-
momentum distribution of the Drell–Yan lepton pair in
the fiducial volume (2a), obtained with Eq. (1), compared
to experimental data [113]. In the figure we label the
distributions by the perturbative accuracy of their inclu-
sive integral over p``T . Our state-of-the-art N3LO+N3LL
prediction provides an excellent description of the data
across the spectrum, with the exception of the first bin at
small p``T which is susceptible to non-perturbative correc-
tions not included in our calculation. We point out that
the term d�NNLO

DY+jet
�
⇥
d�N

3
LL

DY

⇤
O(↵3

s)
in Eq. (1) gives a non-

negligible contribution even for p``T  15GeV. The resid-
ual theoretical uncertainty in the intermediate p``T region
is at the few-percent level, and it increases to about 5%
for p``T & 50GeV. A more accurate description of the

large-p``T region requires the inclusion of EW corrections,
which we neglect in our calculation.
We now consider the fiducial cross section with sym-

metric cuts (2a). In order to gain control over the slicing
systematic error, we choose pcutT as low as 0.81GeV. In
the first column of Tab. I, denoted as NkLO, we show the
fixed-order results toO(↵k

s ). The second column of Tab. I
displays the result obtained including resummation ef-
fects. In the fixed-order case, the theoretical uncertainty
at N3LO, estimated as discussed above, is supplemented
with an estimate of the slicing uncertainty obtained by
varying pcutT in the range [0.45, 1.48]GeV and taking the
average di↵erence from the result with pcutT = 0.81GeV.
In the resummed case, we quote the total theoretical un-
certainty including also the matching scheme variation.
In both cases the statistical uncertainty is reported in
parentheses.
We observe that the new N3LO corrections decrease

the fiducial cross section by about 2.5%, and the final
prediction at N3LO has larger theoretical errors than
the NNLO counterpart, whose uncertainty band does not
capture the N3LO central value. This indicates a poor
convergence of the fixed-order perturbative series for this
process, which is consistent with what has been observed
in the inclusive case in Refs. [10–12]. In the resummed
case, the theoretical uncertainty is more reliable and
within errors the convergence of the perturbative series
is improved. The presence of linear power corrections is
also responsible for the moderate di↵erence between the
fixed-order and the resummed prediction for the symmet-
ric cuts (2a), which in turn indicates a sensitivity of the
cross section to the infrared region of small p``T . This ul-
timately worsens further the perturbative convergence of
the fixed-order series thereby challenging the perspectives
to reach percent-accurate theoretical predictions within
symmetric cuts.
A possible solution to this problem [100] is to slightly

modify the definition of the fiducial cuts as in Eq. (2b)
in order to reduce such a sensitivity to infrared physics.
We present for the first time theoretical predictions up
to N3LO and N3LO+N3LL for this set of cuts, reported
in the third and fourth column of Tab. I. The relative
di↵erence between the fixed-order and resummed calcu-
lations for the fiducial cross section never exceeds the

Product cuts: 

pℓ+

T pℓ−

T > 27 GeV

min {pℓ±

T } > 20 GeV

[Salam, Slade ’21]

๏ ;  outside scale bands (fixed order) 

๏ fixed order  vs.  +resummation — virtually identical central values 
  basically no linear fiducial power corrections;  very robust 

๏ N3LO+N3LL  more robust error estimate (matching scale )   

KN3LO ∼ − 2 %

⇝

Q

[Chen, Gehrmann, Glover, AH, Monni, Rottoli, Re, Torrielli '22]
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NC-DY — FORWARD-BACKWARD ASYMMETRY
[Armadillo, Bonciani, Buonocore, Devoto, Grazzini, Kallweit, Rana, Vicini '25]
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Figure 6. The variation of AF B(m!!) for a change of the weak mixing angle value by 19 · 10−5.

estimate, it is sufficient to consider a variation of the LO AF B(m!!) asymmetry, which we
present in figure 6. The extraction of sin2 θ!

eff from a fit to the experimental data must be
performed using the most precise theoretical templates: missing higher orders could affect
the final result inducing a spurious shift of the central value. The size of the latter can be
estimated evaluating the impact of the higher order corrections on AF B(m!!).

Comparing figure 5 and figure 6, we clearly see that the impact of the mixed QCD-EW
corrections is large. Part of the effect is known to be due to QED final-state radiation [50],
which is typically accounted for in the experimental analyses using Monte Carlo parton
showers. Nonetheless, when comparing figure 5 and figure 6, it is evident that a thorough
evaluation of the computed corrections will be essential for accurate future determinations
of the effective electroweak mixing angle sin2 θ!

eff .

4 Comparison with massless calculation

In this section we present a comparison of our results to those of ref. [55]. To this purpose,
the EW scheme and input parameters are tuned to those of ref. [55], as far as possible. In
ref. [55] the selection cuts are

m!! > 200 GeV, pT,!± > 30 GeV,
→

pT,!+pT,!− > 35 GeV, |y!± | < 2.5 , (4.1)

and leptons are treated as massless.
It is well known that fiducial cuts applied to bare massless leptons are, in general, not

collinear safe with respect to the emission of a collinear photon off a final-state lepton. The
definition of physical observables requires therefore the introduction of a recombination

– 13 –

๏  
 

            
 

δ(sin2 θeffℓ) ∼ 19 × 10−5

↓

δ(AFB) ∼ few 10−4
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FI
T

6.3 Measurement of the W boson mass 9

Figure 2: Validation of the theory model. Unfolded measured pZ
T distribution (points) com-

pared with the generator-level SCETLIB+MINNLOPS predictions before (prefit, gray) and af-
ter adjusting the nuisance parameters to the best fit values obtained from the W-like mZ fit
(magenta) or from the direct fit to the pµµ

T distribution (blue). The center panel shows the ratio
of the predictions and unfolded data to the prefit prediction. The uncertainty in the prefit pre-
diction is shown by the shaded gray area. The bottom panel shows the ratio of the predictions
and unfolded data to the prediction adjusted to the best fit values obtained from the fit to the
(pµµ

T , yµµ) distribution. The uncertainties in the predictions after the maximum likelihood fits
are shown in the shaded magenta and blue bands. The vertical bars represent the total uncer-
tainty in the unfolded data.

likelihood fit to data. To test the accuracy of the adjusted predictions in describing our data, we
account for effects of the detector response and resolution by “unfolding” our measurement to
the generator level, as described in Section A.9. The consistency of the distributions obtained
from the direct pµµ

T fit and from the W-like mZ fit, as well as the consistency between each of
them and the data, confirms the robustness of the predictions and of the uncertainty model, as
well as the ability of the (pµ

T, ηµ) distribution to constrain the pV
T modeling in situ. This result

supports adopting the same treatment for the pW
T distribution in the mW analysis, where pW

T
cannot be precisely measured without theoretical input, and allows our mW measurement to
be independent of the assumed correlation between pZ

T and pW
T .

Section A.9 gives more details on the stability of our W-like Z boson mass measurement under
different modeling assumptions and its consistency with the measured pµµ

T distribution.

6.3 Measurement of the W boson mass

Having validated the analysis steps using the Z boson data, we proceed with the determina-
tion of the W boson mass. A binned maximum likelihood template fit is performed to the
(pµ

T, ηµ , qµ) distribution, shown in Fig. A.16, and the observed mW value is

mW = 80 360.2 ± 2.4 (stat) ± 9.6 (syst) = 80 360.2 ± 9.9 MeV,

A.6 Modeling of the W and Z boson transverse momentum distributions 23

SCETLIB+DYTURBO uncertainties.

Figure A.6: Measured and simulated pµµ
T (left) and pµ

T (right) distributions in selected
Z → µµ events. The standalone uncorrected MINNLOPS predictions are shown by the
dashed gray line. The nominal predictions (blue) correct the POWHEG MINNLOPS pV

T with
SCETLIB+DYTURBO at N3LL+NNLO, as described in the text. The vertical bars represent
the statistical uncertainties in the data. The bottom panel shows the ratio of the number of
events observed in data to that of the total nominal prediction, as well as the relative impact
of variations of the predictions. Different sources of uncertainty are shown as solid bands in
the lower panel: the fixed-order uncertainty and the uncertainty in the resummation and fixed-
order matching (orange), resummed prediction using TNPs (pink), the Collins–Soper (CS) ker-
nel nonperturbative uncertainty (green), and other nonperturbative uncertainties (light blue).
Additional sources of experimental and theoretical uncertainty that impact the agreement with
the data are not shown.

As illustrated in Fig. A.6, the SCETLIB+DYTURBO correction substantially improves the de-
scription of pµµ

T and pµ
T data in selected Z → µµ events when compared with the standalone

MINNLOPS predictions. Uncertainties in the pW
T prediction, particularly those impacting the

low-pW
T region, can shift the Jacobian peak of the pµ

T distribution in a way similar to a variation
of mW. Therefore, the sensitivity of the analysis to mW critically relies on differentiating the
uncertainty in pW

T and its impact on the pµ
T distribution from mW variations. As can be appre-

ciated from Fig. A.6, different sources of uncertainty contribute predominantly to different pV
T

regions. The nonperturbative uncertainty is most pronounced at low pV
T . Uncertainties in the

resummation calculation and in the matching of the resummed and fixed-order calculations
are relevant up to pV

T ↑ 40 GeV. The nonperturbative and resummation uncertainties have the
largest impact on the pµ

T distribution around the Jacobian peak region that is sensitive to the
mW value. Consequently, their contributions have an important impact on the measurement
of mW. The perturbative uncertainties in fixed-order QCD, which are dominant at high pV

T ,
have a small impact on pµ

T in the region sensitive to mW. The uncertainties are estimated by
varying the relevant parameters of the SCETLIB+DYTURBO calculation to obtain alternative
predictions that are propagated through the full experimental analysis via event-level weights.

[CMS arXiv:2412.13872 [hep-ex]]
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Parameter level view of the theory model

- Small pulls/constraints on TNPs 
- Nonperturbative terms most important 

- Different behaviour of Λ(2) and CS 
terms due to degeneracy 

- Consistent impact on pTZ


 

[slide by K. Long] 



THEORY NUISANCE PARAMETERS

GENERAL IDEA & STEPS 

๏ parametrise the unknown order using nuisance parameters    (TNP) 
 
 
 

๏ assign a probability distribution   
  stat. interpretation & correlation model 

๏ possibility to constrain  using data

⃗θ

P( ⃗θ)
↪

⃗θ
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[McGowan, Cridge, Harland-Lang, Thorne '23] 
[Tackmann ’24],  [Lim, Poncelet '24]

dσ = dσ(0)+αs dσ(1)+α2
s dσ(2)

TNP( ⃗θ)
⏟

𝒩 θ (simplest case)

1

2

3

most interesting when we have 
information on the functional 
dependence of an observable 

  correlations↭



RESUMMED PREDICTION 

๏ factorization in limit     functional dependence known  
 
 
 
 
 

‣ boundary conditions:   

‣ anomalous dimensions:

pT → 0 ⇝

45

[Tackmann ’24]

1

dσ
dpT

= [H ⊗ Ba ⊗ Bb ⊗ S](αs; L) +𝒪(pT /Q) L ≡ ln(pT /Q)

𝒳(αs; L) = 𝒳(αs) exp∫
L

0
dL′￼{Γ(αs(L′￼)) L′￼ + γ𝒳(αs(L′￼))}𝒳 ∈ {H, Ba, Bb, S}

𝒳(αs) = 𝒳0+αs 𝒳1+α2
s 𝒳2+…

Γ(αs) = αs [Γ0+αs Γ1+α2
s Γ2+…] γ𝒳(αs) = αs [γ0+αs γ1+α2

s γ2+…]

RGE

THEORY NUISANCE PARAMETERS



RESUMMED PREDICTION 

๏ parametrise unknown resummation ingredients using nuisance parameters  

‣ boundary conditions:   
 

‣ anomalous dimensions:   
(+ beta function   &  splitting functions )  
 

๏ implements a correlation model for the (low-ish)  spectrum

⃗θ

β Pa→b

pT

46

1’

𝒳n = 𝒩(n)
𝒳 θ𝒳

𝒳 ∈ {H, Ba, Bb, S}
⏟

actually functions:  Bi(xi)

Γn = 𝒩(n)
Γ θΓ γ𝒳, n = 𝒩(n)

γ𝒳
θγ𝒳

[Tackmann ’24]THEORY NUISANCE PARAMETERS



RESUMMED PREDICTION 

๏ assign a probability distribution  (statistics over  calculations)   
  assume universality in order  as well as processes/ingredients

∃
↭ n

47

[Tackmann ’24]

2

  CHOICES (  ambiguities)  

๏ scheme dependence 
(scale, ren. scheme, IR subtr., …)

๏ parametrisation freedom 
( :  changes what is  
uncorrelated/independent)

↭

⃗θ → ⃗θ′￼
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Figure 3. Distribution of true values of theory nuisance parameters for QCD matrix-element
constants (left) and anomalous dimensions (right) for nf = 5 combining all available orders.

identification in eq. (5.11), we find the distribution p(ωn) in eqs. (5.9) and (5.10) to have

approximately zero mean and unit variance, confirming our original estimate of un = 0

with !un = 1. We further find it to be well approximated by a Gaussian in agreement

with our original assumption.

5.3.3 Further discussion

The fact that our estimation procedure yields distributions closely resembling Gaussians as

in figure 3 speaks for itself. This can be contrasted with the very long-tailed distributions

obtained from an analogous exercise using scale variations in ref. [7] or the typically very

non-Gaussian distributions produced by the methods of refs. [2–5].

It is also undeniable that the distributions are closer to a Gaussian than a flat box,

in contrast to what one might have expected, as such a box-like distribution is sometimes

advocated to be more appropriate than a Gaussian for perturbative theory uncertainties

(albeit typically in the context of scale variations). We might also ask why to expect the

distributions p̂Fn(ω̂n) and p̂F (ω̂n) to be sensible or useful in the first place. In fact, even

though the f̂n → Fn all belong to some common category of perturbative series, we want this

category to be as broad as possible to be as useful as possible. This means the distribution

of f̂n, which is solely a property of the collection Fn might very well be quite irregular and

not very useful by itself. However, as we have stressed already, the distribution p̂Fn(ω̂n) is

a property of our estimation procedure for Fn. Its goal is precisely to strip the f̂n of their

individuality and reduce them to a generic bunch of numbers of a common more-or-less

random origin, namely arising as a more-or-less random sum of Feynman diagrams. It

is then perhaps not surprising after all that the resulting population of ω̂n can be well

described by a Gaussian distribution. We might think of it as the central-limit theorem of

Feynman diagrams.17

It is also instructive to think about how we would notice if there was something going

wrong in our estimation procedure. If we find a Gaussian with di”erent mean or variance,

17
The credit for coining this term goes to Glen Cowan.
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Matrix Elements anomalous dimensions

𝒩(n)
𝒳 = 4n Cr Cn−1

A (n − 1)! 𝒩(n)
Γ = 4n Cr Cn

A

(&  to scale like )𝒳 → 𝒳δ ℳ1→1

THEORY NUISANCE PARAMETERS

selection bias?

“massaging”

valid?



RESUMMED PREDICTION 

๏ 100% correlation of 

‣ large cancellation in 

‣ dominant residual 
uncertainties from  

๏ similar absolute errors to 

๏ valid at low  
  requires matching  

      @ high   ( , )

๏ missing:  non-pert. modelling

⃗θ

W+/Z

Bab

Δscl

pT
↪

pT μR μF
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[Tackmann ’24]
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Figure 5. Breakdown of the relative uncertainties in the leading-power qT → p
Z,W
T spectrum at the

13 TeV LHC at N2+1LL (left panels) and N3+1LL (right panels) for pp ↑ Z (top row), pp ↑ W
+

(middle row), and their ratio (bottom row). The di!erent lines show the impact of varying the
corresponding theory nuisance parameter by +1 or ↓1, corresponding to 68% theory CL. The
yellow band shows their sum in quadrature. See the text for more details.

support the required theory nuisance parameter variations. Since we only consider the

leading-power spectrum without matching to the full fixed-order result at large qT , we

restrict ourselves to qT ↔ 30GeV, where the neglected O(q2
T
/Q

2) and higher power cor-

rections amount to at most a few-percent correction and the uncertainties associated with

the matching procedure are also not yet relevant [40].

In figure 4, we start by presenting the Z qT spectrum at di!erent subsequent orders

up to N3+1LL. The uncertainty bands show the total theory uncertainty at 95% theory

CL from varying all TNPs by ”un = ±2. Note that the N3+0LL result is an intermediate
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