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Outline

Precision physics at the LHC and future colliders

Developments in the prediction of standard candles:  towards fermion-pair production at NNLO (QCD + QCDxEW + EW)

Interplay of PDF studies and SM parameters determination
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Motivation: statistical precision from small to large fermion-pair invariant masses

FCC-ee   

arXiv:2206.08326

σ(e+e− → μ+μ− + X)

sqrt(S)  (GeV) luminosity (ab⁻¹) σ (fb) % error

91 150 2.17595 10⁶ 0.0002

240 5 1870.84 ± 0.612 0.03

365 1,5 787.74 ± 0.725 0.09

bin range (GeV) % error 140 fb⁻¹ % error 3 ab⁻¹ 

91-92 0.03 6 10⁻³

120-400 0.1 0.02

400-600 0.6 0.13

600-900 1.4 0.30

900-1300 3.2 0.69

LHC and HL-LHC   

arXiv:2106.11953

σ(pp → μ+μ− + X)

proton PDFs

increasingly large QCD, QCD-EW and EW corrections

Statistical errors

Theoretical systematicsEW input parameters

large QED corrections

increasingly large EW corrections

Are we able to reach (at least) 0.1% precision throughout the whole invariant mass range?

LHCb luminosity at HL-LHC (50 fb⁻¹) implies a rescaling of the errors by a factor    the challenge remains60 ∼ 7.7
4
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Motivation: impact of higher dimension operators, as a function of the invariant mass
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Figure 2. Differential pp → e+e− cross section as a function of the dilepton invariant mass,
at
√
S = 13TeV. The shaded regions indicate the theoretical uncertainties from PDF and scale

variations.

mass of the charged lepton and the neutrino, or of the two charged leptons. The running

of the coefficients from the initial scale µ0 = 1TeV to µR is taken into account by solving

eq. (2.37). The error bands in figures 1 and 2 include the 7−point scale variations, by

independently varying µF and µR between m!!′/2 and 2m!!′ excluding the extremes, and

PDF variations, computed with the 30 members of the PDF4LHC15 nlo 30 PDF set.

For both W and Z production, the uncertainties of the NLO SM cross section are

about 2–3% at low mW
T or me+e− , and increase to about 10% at mW

T ,me+e− ∼ 1–2TeV,

where they are dominated by PDF uncertainties. We find that the cross sections induced

by the dimension-six operators that couple to the light quarks are affected by similar errors.

In particular, the PDF uncertainties for both the SM and the dimension-six cross sections

dominate at large mW
T or me+e− , where they are about 10–15%. The scale variations for

operators with a similar chiral structure as the SM, such as CL,Qu or CQe, as well as the

dipole operators and the semileptonic tensor operators are all very similar, being at most

around 5%. The scalar operators CLedQ and C(1)
LeQu, on the other hand, have larger scale

uncertainties, close to 10% at high invariant mass.

The cross section induced by the four-fermion and dipole operators, as a function of

mW
T or ml+l− , falls more slowly than in the SM, and thus the effects are more visible for

large invariant mass. This is evident from the middle panels of figures 1 and 2, which show

the ratio of the differential cross sections in the presence of dimension-six operators and in

– 15 –
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2 The operator basis

Before discussing dimension-six operators, we recall a few SM ingredients needed to es-

tablish our conventions. The SM Lagrangian is completely determined by the invariance

under the Lorentz group, the gauge group SU(3)c × SU(2)L × U(1)Y , and by the matter

content. We consider here the SM in its minimal version, with three families of leptons and

quarks, and one scalar doublet. The left-handed quarks and leptons transform as doublets

under SU(2)L

qL =

(
uL
dL

)
, !L =

(
νL
eL

)
, (2.1)

while the right-handed quarks, uR and dR, and charged leptons, eR, are singlets under

SU(2)L. We do not include sterile right-handed neutrinos, but their effects on e.g. W

production can be straightforwardly included [26]. The scalar field ϕ is a doublet under

SU(2)L. In the unitary gauge we have

ϕ =
v√
2
U(x)

(
0

1 + h
v

)
, (2.2)

where v = 246GeV is the scalar vacuum expectation value (vev), h is the physical Higgs

field and U(x) is a unitary matrix that encodes the Goldstone bosons. By ϕ̃ we denote

ϕ̃ = iτ2ϕ∗.

The gauge interactions are determined by the covariant derivative

Dµ = ∂µ + i
g

2
τ ·Wµ + ig′Y Bµ + igsG

a
µt

a (2.3)

where Bµ, W I
µ and Ga

µ are the U(1)Y , SU(2)L and SU(3)c gauge fields, respectively, and g′,

g, and gs are their gauge couplings. Furthermore, τ/2 and ta are the SU(2)L and SU(3)c
generators, in the representation of the field on which the derivative acts. In the SM,

the gauge couplings g and g′ are related to the electric charge and the Weinberg angle by

gsw = g′cw = e, where e > 0 is the charge of the positron and sw = sin θW , cw = cos θW .

We will shortly discuss how these relations are affected in the presence of dimension-six

operators. The hypercharge assignments under the group are 1/6, 2/3, −1/3, −1/2, −1,
and 1/2 for qL, uR , dR , !L , eR , and ϕ, respectively. The SM Lagrangian then consists

of the Lorentz- and gauge-invariant terms with dimension d ≤ 4 that can be constructed

from the above fields.

The processes we aim to study, Drell-Yan, WH, ZH, and VBF, are affected by many

dimension-six operators. Following the notation of ref. [13], we classify the relevant opera-

tors according to their content of gauge (denoted by X), fermion (ψ), and scalar fields (ϕ).

The operators that contribute at tree level fall in the following five classes

L = LX2ϕ2 + Lψ2Xϕ + Lψ2ϕ2D + Lψ2ϕ3 + Lψ4 . (2.4)

Here LX2ϕ2 contains operators with two scalars and two gauge bosons. At the order we

are working and for the processes we are considering, the only relevant operators are the

– 3 –

S.Alioli, W.Dekens, M.Girard, E.Mereghetti, arXiv:1804.07407

The parameterisation of BSM physics

in the SMEFT language

can be probed by studying the impact

of higher dimension operators

as a function of energy.

Deviations from the SM prediction

require to answer the question

“What is the SM?”

→ SM predictions have to be

at the same precision level of the data

i.e. (sub) per mille level

Neutral Current Drell-Yan:  SMEFT vs SM predictions
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Computational framework
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Factorisation theorems and the cross section in the partonic formalism

Particles  can be protons (→ Drell-Yan @ LHC) or leptons (→ FCC-ee, muon collider)

The partonic content of the scattering particles can be expressed in terms of PDFs 
           proton PDFs: ABM, CT18, MSHT,NNPDF,…     lepton PDFs: Frixione et al. arXiv:1911.12040

The partonic scattering can be computed in perturbation theory, in the full QCD+EW theory, 
      exploiting the theoretical progress in QCD, in the understanding of its IR structure 

Factorisation theorems guarantee the validity of the above picture up to power correction effects

P1,2

�(P1, P2;mV ) =
X

a,b

Z 1

0
dx1dx2 fh1,a(x1,MF )fh2,b(x2,MF ) �̂ab(x1P1, x2P2,↵s(µ),MF )

V

Xa

b

P1

P2

μ+

μ−
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Factorisation theorems and the cross section in the partonic formalism

The partonic scattering requires a combination of:  
  -  fixed-order results                                                                 →  accuracy of the xsec normalisation 
  -  resummation to all order of logarithmically enhanced terms     →  curing the breakdown of perturbation theory
                                                                                                       in specific phase-space regions 

The matching  (removing double countings) is subject to an ambiguity

�(P1, P2;mV ) =
X

a,b

Z 1

0
dx1dx2 fh1,a(x1,MF )fh2,b(x2,MF ) �̂ab(x1P1, x2P2,↵s(µ),MF )

V

Xa

b

P1

P2

μ+

μ−
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The Drell-Yan cross section in a fixed-order expansion
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The Drell-Yan cross section in a fixed-order expansion

9
Alessandro Vicini - University of Milano                                                                                                                                                                                                                                               CERN, October 25th 2024

Assuming that the all-orders corrections are under control at sub-percent level
we can discuss the evaluation of the hard partonic cross section



The Drell-Yan cross section in a fixed-order expansion
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σ(h1h2 → ℓℓ̄ + X) = σ(0,0)+
αs σ(1,0) + α σ(0,1)+
α2

s σ(2,0) + α αs σ(1,1)+α2 σ(0,2)+
α3

s σ(3,0) + . . .

C.Duhr, B.Mistlberger, arXiv:2111.10379

Hamberg, Matsuura, van Nerveen, (1991)   
Anastasiou, Dixon, Melnikov, Petriello, (2003)

Catani, Cieri, Ferrera, de Florian, Grazzini (2009)

Baur, Brein, Hollik, Schappacher, Wackeroth (2001)

Altarelli, Ellis, Martinelli (1978)

Drell-Yan (1970)

R.Bonciani, L.Buonocore, M.Grazzini, S.Kallweit, N.Rana, F.Tramontano, AV, (2021)
T.Armadillo, R.Bonciani, S.Devoto, N.Rana, AV, (2022)
 F.Buccioni, F.Caola, H.Chawdhry, F.Devoto, M.Heller, A.von Manteuffel, K.Melnikov, R.Röntsch, C.Signorile-Signorile, (2022)

T.Armadillo, R.Bonciani, S.Devoto, N.Rana, AV, (2024)

still missing
Sudakov high-energy approximations

Neutral Current

New!!! Charged-current 2-loop amplitude

Alessandro Vicini - University of Milano                                                                                                                                                                                                                                               CERN, October 25th 2024

Assuming that the all-orders corrections are under control at sub-percent level
we can discuss the evaluation of the hard partonic cross section
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scale variation at NNLO underestimated the true size of the N3LO corrections. We note,

however, that the size of the bands at NNLO was particularly small for the NCDY process,

often at the sub-percent level depending on the invariant masses considered.

In figure 7 we show the dependence of the cross section for Q = 100 GeV on one of the

two perturbative scales with the other held fixed at some value in the interval [Q/2, 2Q].

We observe a very good reduction of the scale dependence as we increase the perturbative

order, with only a very mild scale dependence at N3LO. Just like for the photon-only and

W cases, the bands from NNLO and N3LO do not overlap. 1

Figure 5: The K-factors ⌃N
k
LO

/⌃N
3
LO as a function of invariant masses 10 GeV Q 150

GeV for k  3. The bands are obtained by varying the perturbative scales by a factor of

two around the central µcent. = Q.

LO NLO

NNLO N3LO

200 400 600 800 1000 1200 1400 1600
0.95
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1.

1.025

Q [GeV]

�
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LHC 13TeV
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Figure 6: The K-factors ⌃N
k
LO

/⌃N
3
LO as a function of invariant masses Q 1.800 GeV

for k  3. The bands are obtained by varying the perturbative scales by a factor of two

around the central µcent. = Q.

1The leading order cross section does not depend on the strong coupling constant and consequently does

also not change with variation of the renormalisation scale. As a result the right panel of fig. 7 does not

show any band for the leading order cross section.

– 14 –

C.Duhr, B.Mistlberger, arXiv:2111.10379

Thanks to the N3LO-QCD results for the Drell-Yan cross section, scale variation band at the few per mille level at any Q

The PDFs are not yet at N3LO

This is promising, in view of the program of searches for deviation from the SM in the TeV range

What about NNLO QCD-EW and NNLO-EW corrections ?

QCD results: lepton-pair invariant mass

Alessandro Vicini - University of Milano                                                                                                                                                                                                                                               CERN, October 25th 2024



Phenomenology of Neutral Current Drell-Yan including exact NNLO QCD-EW corrections
T.Armadillo, R.Bonciani, L.Buonocore, S.Devoto, M.Grazzini, S.Kallweit, N.Rana, F.Tramontano, AV,   arXiv:2106.11953 , Phys.Rev.Lett. 128 (2022) 1, 012002  and work  in preparation

Non-trivial distortion of the rapidity distribution (absent in the naive factorised approximation)

Large effects below the Z resonance

O(-1.5%) effects above the resonance
Alessandro Vicini - University of Milano                                                                                                                                                                                                                                               CERN, October 25th 2024
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Phenomenology of Neutral Current Drell-Yan including exact NNLO QCD-EW corrections
T.Armadillo, R.Bonciani, L.Buonocore, S.Devoto, M.Grazzini, S.Kallweit, N.Rana, F.Tramontano, AV,   arXiv:2106.11953 , Phys.Rev.Lett. 128 (2022) 1, 012002  and work  in preparation
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Sizeable mixed QCD-EW effects on  below the Z resonance  →  impact on the  determination

A good fraction is already taken into account in MC tools when combining QCD with QED-FSR

AFB sin2 θeff

prelim
inary

The forward-backward asymmetry  as a function of the lepton-pair rapidityAFB(mℓℓ)
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Phenomenology of Neutral Current Drell-Yan including exact NNLO QCD-EW corrections
T.Armadillo, R.Bonciani, L.Buonocore, S.Devoto, M.Grazzini, S.Kallweit, N.Rana, F.Tramontano, AV,   arXiv:2106.11953 , Phys.Rev.Lett. 128 (2022) 1, 012002  and work  in preparation

Negative mixed NNLO QCD-EW effects  (-3% or more) at large invariant masses,

absent in any additive combination      →  impact on the searches for new physics  →  impact on PDF determination
Alessandro Vicini - University of Milano                                                                                                                                                                                                                                               CERN, October 25th 2024
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2-loop virtual QCD-EW corrections to the Charged-Current Drell-Yan in the SM

The Charged-Current process is mediated by a W exchange

No general gauge invariant separation of ISR- and FSR-QED, 
   beyond the LL level
   at variance with the NC DY case

Weak bosons with different masses (W and Z)
→ new challenge for the solution of the Feynman integrals

Semi-analytic representation with power expansions

Large number of terms  O(100 MB)  → increased automation level

T.Armadillo, R.Bonciani, S.Devoto, N.Rana, AV, arXiv:2405.00612
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2-loop virtual QCD-EW corrections to the Charged-Current Drell-Yan in the SM

The Charged-Current process is mediated by a W exchange

No general gauge invariant separation of ISR- and FSR-QED, 
   beyond the LL level
   at variance with the NC DY case

Weak bosons with different masses (W and Z)
→ new challenge for the solution of the Feynman integrals

Semi-analytic representation with power expansions

Large number of terms  O(100 MB)  → increased automation level

T.Armadillo, R.Bonciani, S.Devoto, N.Rana, AV, arXiv:2405.00612

Where are these corrections relevant ?
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Towards a tool matching QCD+QED resummation with NNLO QCD-EW fixed order
 • The exact NNLO QCD-EW corrections yield large effects at large transverse/invariant masses → BSM searches
 •   determination mW

Alessandro Vicini - University of Milano                                                                                                                                                                                                                                               CERN, October 25th 2024
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Towards a tool matching QCD+QED resummation with NNLO QCD-EW fixed order
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0.07

0.08   LHCνµ →W Horace LO
Horace LO + PS
Powheg QCD + Pythia QCD
Powheg QCD + Pythia QCD + PhotosQED PS

QED PS

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

⇠ 1± 4 MeV for MT and p
l

T
, respectively.

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

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

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

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

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

cases is almost identical.

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

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

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

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

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

6.4.3 Results for the LHC

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

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

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

Process pp ! W
+
! µ

+
⌫,

p
s = 14 TeV

PDF MSTW2008 NLO

Event selection |⌘
`
| < 2.5, p`

T
> 20 GeV, p

⌫

T
> 20 GeV, p

W

T
< 30 GeV

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

pp ! W
+,

p
s = 14 TeV MW shifts (MeV)

Templates accuracy: NLO-QCD+QCDPS W
+
! µ

+
⌫ W

+
! e

+
⌫(dres)

Pseudodata accuracy QED FSR MT p
`
T MT p

`
T

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

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

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

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

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

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

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

– 35 –

Huge impact of QED and mixed QCD-QED corrections in the  determination
What is the theoretical uncertainty on this estimated shift ?  e.g. what would be the difference using POWHEG vs MC@NLO ?

mW

POWHEG simulation NLO QCD+EW +QCDPS + QEDPS
C.Carloni Calame, M.Chiesa, H.Martinez, G.Montagna, O.Nicrosini, F.Piccinini, AV, arXiv:1612.02841
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Towards a tool matching QCD+QED resummation with NNLO QCD-EW fixed order
 • The exact NNLO QCD-EW corrections yield large effects at large transverse/invariant masses → BSM searches
 •   determination mW

with NNLO QCD-EW results we can fix the dominant source of ambiguity
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of muons; for recombined electrons the shifts are of the size of ⇠ 1 ± 2 MeV and

⇠ 1± 4 MeV for MT and p
l

T
, respectively.

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

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

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

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

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

cases is almost identical.

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

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

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

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

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

6.4.3 Results for the LHC

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

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

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

Process pp ! W
+
! µ

+
⌫,

p
s = 14 TeV

PDF MSTW2008 NLO

Event selection |⌘
`
| < 2.5, p`

T
> 20 GeV, p

⌫

T
> 20 GeV, p

W

T
< 30 GeV

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

pp ! W
+,

p
s = 14 TeV MW shifts (MeV)

Templates accuracy: NLO-QCD+QCDPS W
+
! µ

+
⌫ W

+
! e

+
⌫(dres)

Pseudodata accuracy QED FSR MT p
`
T MT p

`
T

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

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

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

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

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

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

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

– 35 –

Huge impact of QED and mixed QCD-QED corrections in the  determination
What is the theoretical uncertainty on this estimated shift ?  e.g. what would be the difference using POWHEG vs MC@NLO ?

mW

POWHEG simulation NLO QCD+EW +QCDPS + QEDPS
C.Carloni Calame, M.Chiesa, H.Martinez, G.Montagna, O.Nicrosini, F.Piccinini, AV, arXiv:1612.02841
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Towards a tool matching QCD+QED resummation with NNLO QCD-EW fixed order
 • The exact NNLO QCD-EW corrections yield large effects at large transverse/invariant masses → BSM searches
 •   determination mW
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(lines 1 and 2) or matched to Powheg-v2 two-rad with NLO (QCD+EW) accuracy (lines 3 and
4). The templates have been computed with Powheg-v2 with only QCD corrections. The results
are based on MC samples with 4⇥108 events.

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

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

– 35 –

Crucial role of matching with fixed order to keep under control large ambiguities in the shower formulations (e.g. in QED)

POWHEG simulation NLO QCD+EW +QCDPS + QEDPS
C.Carloni Calame, M.Chiesa, H.Martinez, G.Montagna, O.Nicrosini, F.Piccinini, AV, arXiv:1612.02841
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Towards a tool matching QCD+QED resummation with NNLO QCD-EW fixed order

Missing final step :  Matching with the exact  corrections 
                             needed to reach full NNLL-mixed

→ Improved estimate of the residual theoretical uncertainties

→ a careful validation of the modelling of QED-FSR is needed

𝒪(ααs)

region), where the prediction starts being dominated by the fixed-order component. In this region
one also expects that the inclusion of non-factorisable O(↵s↵) QCD-EW effects, not considered in
our results, may play a role.
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Figure 4. Matched spectra for the positively charged muon transverse momentum in neutral-current DY.
Left panel: perturbative progression including QCD and EW effects. Right panel: effect of EW corrections
on top of the QCD baseline.

In Fig. 4 we display differential predictions with respect to the transverse momentum p
µ

+

t
of the

positively charged muon. The inclusion of resummation effects is necessary to provide a physical
description of this observable [167] due to its sensitivity to soft radiation for p

µ
+

t
' m

µµ
/2. The

pattern of the figure is identical to that of Fig. 3, with the perturbative progression displayed in the
left panel, and the impact of EW effects in the right panel. At variance with the di-muon transverse
momentum, the p

µ
+

t
spectrum is non-trivial already at Born level, hence we expect relatively milder

perturbative corrections, and a solid perturbative stability across its entire phase space. This is
what we find inspecting the left panel. Increasing QCD and EW formal accuracy (green vs purple)
amounts to marginally lowering the jacobian peak and raising the tail at the level of roughly 5%.
The inclusion of yet higher-order QCD resummation continues the trend, with a further few-%
distortion. Theoretical uncertainty bands are found to reliably cover the central predictions of
the next perturbative orders, both below and above the peak. The upgrade in formal accuracy
has the visible effect of reducing the residual uncertainty, down to the level of ±2% (±4%) below
(above) peak. As stated above, we expect however that a matching at O(↵s↵), not included in
our predictions, will have a numerical impact on the p

µ
+

t
distribution. This may exceed the quoted

perturbative uncertainty, especially around the jacobian peak, due to genuine mixed effects which
are not captured by scale variations.

The right panel of Fig. 4 shows how the jacobian peak in p
µ

+

t
is exposed to the interplay of QCD

and EW effects. Including the latter has a clearly visible impact on the distribution, lowering the
spectrum by as much as 20% at pµ

+

t
' mZ/2, in a way that by no means can be approximated by a

constant rescaling factor. The shape of the correction is compatible with what observed in [168] (see
Fig. 24) in the context of a comparative study among event generators with QED resummation.
In our case, the prediction including EW effects lies outside of the pure-QCD uncertainty band
in the whole peak region, roughly from 35 GeV to 55 GeV. This accentuates what was observed
in the right panel of Fig. 3 at small pµµ

t
, highlighting the need for EW corrections for a complete

description of this observable.
The di-muon transverse mass m

µµ

t
, displayed in Fig. 5, follows a similar pattern as the muon

transverse momentum in Fig. 4. A solid perturbative convergence is observed in the left panel,

– 12 –

L.Buonocore, L.Rottoli, P.Torrielli, arXiv:2404.15112 Joined QCD-QED resummation in the RadIsh formulation
at  N3LL’-QCD + NLL’-EW + nNLL’-mixed   accuracy

including QED effects from all charged legs     

Non-trivial interplay of QCD and EW corrections
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Increasing the significance

of a SM test
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Tests of the SM and searches for BSM physics: inputs and outputs
�(P1, P2;mV ) =

X

a,b

Z 1

0
dx1dx2 fh1,a(x1,MF )fh2,b(x2,MF ) �̂ab(x1P1, x2P2,↵s(µ),MF )

V

X
a

b

P1

P2

μ+

μ−

The availability of an increasingly large set of high-precision data at HL-LHC
       will stress the theoretical predictions, with possible tensions

How shall we interpret an inconsistent dataset?  - missing partonic SM higher orders ? 
                                                                       - experimental systematics ?
                                                                       - data inconsistency ?
                                                                       - a BSM signal ?

The theoretical predictions depend on the proton PDFs, which are extracted with a fit to collider data.

The systematic usage of higher-order partonic results has improved the quality of PDF fits reducing the associated theoretical 
uncertainties. cfr. NNPDF, arXiv: 2401.10319

PDFs determination is intrinsically problematic, because BSM signals could be reabsorbed in the PDF fit
This contamination can in turn lead to possible biases in other predictions 
  cfr. E.Hammou, Z.Kassabov, M.Madigan, M.L.Mangano, L.Mantani, J.Moore, M.Morales Alvarado and M.Ubiali, arXiv:2307.10370

To disentangle the presence of this contamination, complementary studies on PDFs (e.g. antiquarks at large x) are important

https://arxiv.org/abs/2401.10319
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Tests of the SM and searches for BSM physics: inputs and outputs
�(P1, P2;mV ) =

X

a,b

Z 1

0
dx1dx2 fh1,a(x1,MF )fh2,b(x2,MF ) �̂ab(x1P1, x2P2,↵s(µ),MF )

V
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a

b

P1
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μ−

Key element to separate SM and BSM contributions:    their different energy dependences
    e.g. cfr. an s-channel process and a 4-fermion operator at large s

The complete inclusion of SM EW corrections emerges again as a crucial component of the SM test:
     - photon-induced processes
     - NLO and NNLO EW Sudakov logarithms 
feature different energy behaviours at large invariant masses  compare to quark/gluon processes
     cfr. Chiesa, Del Pio, Piccinini, arXiv:2402.14659,  Dittmaier, Huss, Schwartz, arXiv:2401.15682  
→ their missing inclusion could fake a BSM signal

https://arxiv.org/abs/2401.15682
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Tests of the SM and searches for BSM physics: inputs and outputs
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Key element to separate SM and BSM contributions:    their different energy dependences
    e.g. cfr. an s-channel process and a 4-fermion operator at large s

The complete inclusion of SM EW corrections emerges again as a crucial component of the SM test:
     - photon-induced processes
     - NLO and NNLO EW Sudakov logarithms 
feature different energy behaviours at large invariant masses  compare to quark/gluon processes
     cfr. Chiesa, Del Pio, Piccinini, arXiv:2402.14659,  Dittmaier, Huss, Schwartz, arXiv:2401.15682  
→ their missing inclusion could fake a BSM signal

1) The LHCb sensitivity to different partonic x regions, w.r.t. to ATLAS/CMS, offers additional constraints in the PDF determination

    e.g. both   and  at large invariant masses provide crucial information to extract PDFs at large x

      cfr. NNPDF, arXiv:2209.08115 

2) e.g. the W mass determination at LHCb suffers of PDFs uncertainties anticorrelated with those relevant for ATLAS/CMS
    → reduction of the total PDF uncertainty in a global  combination
      cfr.    Bozzi, Citelli, AV, Vesterinen, arXiv:1508.06954,     TeV-LHC  combination WG, arXiv:2308.09417

dσ
dmℓℓ

AFB(mℓℓ)

mW
mW

https://arxiv.org/abs/2401.15682
https://arxiv.org/abs/2209.08115
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    → reduction of the total PDF uncertainty in a global  combination
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dσ
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AFB(mℓℓ)

mW
mW

3) Reversing the logic: assuming a PDF set and the validity of the SM, it is possible to determine the SM parameters.

https://arxiv.org/abs/2401.15682
https://arxiv.org/abs/2209.08115


Alessandro Vicini - University of Milano                                                                                                                                                                                                             CERN, October 25th 2024

Prospects: interplay of precision measurements at Z resonance, low-, and high-energy

The very high precision determination of EW parameters at the Z resonance is a cornerstone of the whole precision program

but there is more…

22
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Prospects: interplay of precision measurements at Z resonance, low-, and high-energy

The very high precision determination of EW parameters at the Z resonance is a cornerstone of the whole precision program

but there is more…
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Several measurements at low 

but no experimental results  
of the running at high energies!

Q2

?

The SM predicts the running of its parameters, like e.g. , with non-trivial features and in turn complementary sensitivity 
to BSM physics

low-energy (sub-GeV) determinations (P2 in Mainz, Møller at JLab)

high-energy (TeV) determinations (CMS, ATLAS, LHCb ?)

offer a stringent test of the SM 

complementary to the results at the Z resonance

The running of an MSbar parameter is completely assigned

once boundary and matching conditions are specified

sin2 ̂θ(μ2
R)
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Prospects: exploiting simultaneously Z-resonance and high-mass precision
The sensitivity to the running of  at the LHC (CMS) demonstrated in   Amoroso, Chiesa, Del Pio, Lipka, Piccinini, Vazzoler, AV; arXiv: 2302.10782

A dedicated POWHEG NCDY version has been implemented for this study,

with  among the input parameters, with NLO-EW renormalisation.

(when fitting the distributions to the data, we can only vary the input parameters of the calculation)

Strongest sensitivity from the xsec rather than from 

sin2 ̂θ(μ2
R)

sin2 ̂θ(μ2
R)

AFB

Clara L. Del Pio - DIS 2023 12

Results

Inner bars: no PDFs, QCD, EW ho 

Can we explore different invariant mass windows, above and below the Z resonance ?
23
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Conclusions

  • Steady progress towards the completion of exact NNLO (QCD + QCDxEW + EW) to standard candle processes

  • The matching with high logarithmic order QCD and QED resummation is needed for precision EW physics

  • PDF determination has a central role in BSM searches 

      → precision data extending the  region crucial to perform consistency test of the proton parameterisation

           and avoid unexpected unwanted contaminations from weak BSM signals

  •  The determination of precision EW parameters in different kinematics helps reducing the dependence on PDFs

(x, Q2)



Thank you
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Need for a full NNLO-EW calculation to reduce the uncertainties to sub-percent level
The NNLO-EW corrections to scattering processes are still today one of the frontiers in QFT

                               
The NNLO-EW corrections could modify in a non-trivial way the large-mass/momentum tails of the distributions

Large logarithmic corrections (EW Sudakov logs) appear in the virtual corrections 

At two-loop level, we have up to the fourth power of 

The size of the constant term is not trivial
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Figure 1: Separate logarithmic contributions to R(e+e− → qq̄) in % to the Born approximation:
(a) the one-loop LL (ln2(s/M2), long-dashed line), NLL (ln1(s/M2), dot-dashed line) and N2LL
(ln0(s/M2), solid line) terms; (b) the two-loop LL (ln4(s/M2), short-dashed line), NLL (ln3(s/M2),
long-dashed line), NNLL (ln2(s/M2), dot-dashed line) and N3LL (ln1(s/M2), solid line) terms.

section) we obtain in the same notations

RLR(e+e− → QQ̄) = 1− 4.48L(s) + 17.51 l(s)− 13.16 a

− 1.16L2(s) + 15.66L(s) l(s)− 43.50 l2(s) + 44.05 l(s) a ,

RLR(e+e− → qq̄) = 1− 1.12L(s) + 12.05 l(s)− 16.44 a

− 0.81L2(s) + 18.02L(s) l(s)− 130.74 l2(s) + 278.71 l(s) a ,

RLR(e+e− → µ+µ−) = 1− 13.24L(s) + 116.58 l(s)− 148.42 a

− 0.79L2(s) + 23.68L(s) l(s)− 155.46 l2(s)− 116.67 l(s) a .

(66)

Finally, for the left-right asymmetry ÃLR (the difference of the cross sections for the left-
and right-handed initial state particles divided by the total cross section) which differs from
ALR for the quark-antiquark final state we have

R̃LR(e+e− → QQ̄) = 1− 2.75L(s) + 10.60 l(s)− 9.05 a

− 0.91L2(s) + 11.16L(s) l(s)− 33.49 l2(s) + 28.28 l(s) a ,

R̃LR(e+e− → qq̄) = 1− 1.07L(s) + 11.75 l(s)− 16.21 a

− 0.77L2(s) + 17.06L(s) l(s)− 125.18 l2(s) + 267.60 l(s) a .

(67)

The numerical structure of the corrections in the case of e+e− annihilation is shown in
Figs. 1-3. In Fig. 1 the values of different logarithmic contributions to R(e+e− → qq̄) are

22

1-loop 2-loop

           B.Jantzen, J.H.Kühn, A.A.Penin, V.A.Smirnov, hep-ph/0509157

corrections to  
due to EW Sudakov logs

e+e− → qq̄

26urgently needed to match sub-percent precision in the TeV region, but also to match FCC-ee precision 
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S. Camarda, L. Cieri and G. Ferrera Physics Letters B 845 (2023) 138125

Fig. 1. The qT spectrum of Z/γ ∗ bosons with lepton selection cuts at the LHC (
√

s = 13 TeV) at various perturbative orders. Resummed component (see Eq. (3)) of the 
hadronic cross-section with scale variation bands as defined in the text. The order of the parton density evolution is set consistently with the order of the resummation (left) 
or with the order of the PDFs (right).

where

gK (b) = g0

(

1 − exp

[

− C F αS((b0/b#)
2)b2

π g0b2
lim

])

, (5)

with g1 = 0.5 GeV2, Q 0 = 1 GeV, g0 = 0.3, blim = 1.5 GeV−1 and

b2
# = b2b2

lim/(b2 + b2
lim) . (6)

The g1 parameter controls the quadratic NP power corrections which are dominant in the region of moderate qT of 4–10 GeV while g0
controls the asymptotic behaviour of the NP form factor at very small qT . The parameter blim set the scale at which the running of αS
in Eq. (5) is frozen while Q 0 represent the initial scale at which the NP form factor is parameterised. The variable b# is also used to 
regularize the perturbative form factor at very large value of b (b ! 1/%Q C D , where %Q C D is the scale of the Landau pole of the running 
coupling αS (q2)) which correspond to very small values of qT (qT " %Q C D ) through the so-called ‘b# prescription’ [5,52] which consist in 
the freezing of the integration over b below the upper limit blim through the replacement b → b# . An alternative regularization procedure 
of the Landau singularity, which have also been implemented in the DYTurbo numerical program, is the so-called Minimal Prescription 
[53–55] which avoid the Landau singularity by deforming the integration contour in the complex b space. The Minimal Prescription does 
not require any infrared cut-off, it leaves unchanged the perturbative result to any fixed order in αS and it can be implemented within a 
purely perturbative framework without introducing an explicit model of NP effects.

We have thus considered the production of l+l− pairs from Z/γ ∗ decay at the LHC (
√

s = 13 TeV) with the following fiducial cuts: the 
leptons are required to have transverse momentum pT > 25 GeV, pseudo-rapidity |η| < 2.5 while the lepton pair system is required to 
have an invariant mass of 80 < Ml+l− < 100 GeV with transverse momentum qT < 30 GeV.

In order to estimate the size of yet uncalculated higher-order terms and the ensuing perturbative uncertainties we consider the depen-
dence of the results from the auxiliary scales µF , µR and Q . We thus perform an independent variation of µF , µR and Q in the range 
M/2 ≤ {µF , µR , Q } ≤ 2M with the constraints 0.5 ≤ {µF /µR , Q /µR , Q /µF } ≤ 2.

In Fig. 1 we consider Z/γ ∗ production and decay and we show the resummed component (see Eq. (3)) of the transverse-momentum 
distribution in the small-qT region. The label NnLL+NnLO (n = 1, 2, 3) indicates that we perform the resummation of logarithmic enhanced 
contribution at NnLL accuracy including the hard-virtual coefficient at NnLO while the label N4LL+N4LOa indicates that we perform the 
resummation at N4LL accuracy with the hard-virtual coefficient at N4LO and an estimate of yet not known N4LO corrections.2

In the left panel of Fig. 1 we show the resummed predictions following the original formalism of Refs. [6,8,17]. The lower panel shows 
the ratio of the distribution with respect to the N4LLa prediction at the central value of the scales µF = µR = Q = M . We observe that 
the NLL+NLO and NNLL+NNLO scale dependence bands do not overlap thus showing that the NLL+NLO scale variation underestimates the 
true perturbative uncertainty. This feature was already observed and discussed in Refs. [17,49]. In the present case the lack of overlap can 
be ascribed to the fact that we are using the same N3LO parton densities set at NLL, NNLL, N3LL and N4LL accuracy. This choice introduces 
a formal mismatch between the N3LO Altarelli-Parisi evolution as encoded in the N3LO parton densities functions and the corresponding 
NkLO evolution included in the Nk+1LL partonic resummed formula.

In order to show that this is indeed the case, in the right panel of Fig. 1 we show the resummed predictions in which we set the 
order of Altarelli-Parisi evolution in the resummed prediction to be equal to the order of the parton densities (i.e. both at approximated 
N3LO). In practice, with this choice, we are modifying the NLL, NNLL and N3LL predictions by including formally subleading logarithmic 
corrections.3 We observe that with this choice the scale dependence bands show a nice overlap at subsequent orders thus indicating that 

2 Incidentally we observe that our prediction at N4LL+N4LOa includes the full perturbative information contained in the so-called N4LL accuracy and also a reliable 
approximation of the N4LL’ accuracy as sometimes defined in the literature.

3 We note that this inclusion of formally subleading terms is similar to what happen in the Collins, Soper and Sterman resummation formalism [5] where the parton 
densities are evaluated at the scale b0/b [4].
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Figure 3. Matched spectra for the di-lepton transverse momentum in neutral-current DY. Left panel:
perturbative progression including QCD and EW effects. Right panel: effect of EW corrections on top of
the QCD baseline.

4.1 Neutral-current Drell Yan

We start by displaying in Fig. 3 the transverse momentum p
µµ

t
of the di-muon system in NCDY. In

the left panel we compare matched predictions with different accuracy. The purple band features
NLO+NLL0 accuracy both in the QCD and in the EW coupling. We recall that this amounts to
excluding all quantities with label “(1,1)” from eqs. (2.15) to (2.17). Green and orange bands both
include nNLL0

MIX
EW effects (i.e. “(1,1)” quantities in eqs. (2.15) to (2.17)), as well as NNLOQCD,

with the orange (green) attaining N3LL0 (NNLL0) logarithmic QCD accuracy. At medium-large
p
µµ

t
the inclusion of NNLOQCD contributions has the effect of significantly hardening the tail, and

reducing the uncertainty band to the 10-15% level. In the p
µµ

t
! 0 resummation region, nNLL0

MIX

and especially NNLL0
QCD

logarithmic terms lower the spectrum (green vs purple), a trend which
is maintained after inclusion of N3LL0

QCD
contributions (orange vs green). We notice that in this

region the uncertainty band is significantly reduced upon adding logarithmic effects, down to the
few-% level below 20 GeV for our most accurate prediction (orange). Predictions with higher formal
accuracy are well contained within the uncertainty bands of lower orders in that region, which is a
sign of good perturbative convergence.

In the right panel of Fig. 3 we assess the importance of including EW effects (orange) on top
of the QCD NNLO+N3LL0 baseline (light blue). The orange band is identical to the one in the left
panel, which will be the case as well for the next figures in this section. The two predictions differ by
their perturbative content, as well as by the PDF adopted, where a LUXqed photon PDF (together
with its DGLAP evolution) is active only for the former. EW effects induce a visible distortion in
the spectrum at small pµµ

t
, lowering the prediction by as much as 10-15% for p

µµ

t
. 10 GeV. We

have checked that, as one might expect, EW corrections largely factorise from QCD in the small-pµµ
t

region, namely similar shape distortions as those in the right panel of Fig. 3 can be observed when
including EW effects on top of lower-order QCD predictions. The same considerations apply for
all observables considered below. We also note that at small pµµ

t
the uncertainty bands of the two

predictions are comparatively small, at the level of few %, and do not overlap. The latter feature
is not surprising, since EW corrections are genuinely new physical effects, whose magnitude is not
supposed to be meaningfully estimated by pure-QCD scale variations. This consideration highlights
the relevance of an accurate description of EW effects in DY production for a successful precision-
physics programme at the LHC. The effect of all-order EW corrections becomes more and more
marginal for p

µµ

t
& 30 GeV (except for a slight increase in the uncertainty band in the matching

– 11 –
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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 effects. Right panel: effect 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 p``

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

momentum spectra in Fig. 3 and Fig. 7. EW effects increase the slope of the ratio at p``
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 differences 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 effects indeed gets much closer to the pure QCD result upon removing the effect of QED
radiation off 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 different 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 p``

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 effects 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 effects
(right panel). Although the POWHEGQCD+EW predictions for individual p

``

t
distributions are

in reasonable agreement with the NLO+NLL0 RadISH+MATRIX ones, the left panel of Fig. 13
reveals a moderate shape discrepancy in the ratio (purple vs pink), with POWHEGQCD+EW being

– 18 –

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

L.Buonocore, L.Rottoli, P.Torrielli, arXiv:2404.15112

Matching in pure QCD 
at approximated N4LL+N4LO accuracy

Matching in full QCD-EW SM at
N3LL’-QCD + NLL’-EW + 
nNLL’-mixed   accuracy

Alessandro Vicini - University of Milano                                                                                                                                                                                                                                                      CERN, October 25th 2024
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Combination of the different  determinationsmW
Results combined using BLUE

Validation by reproducing internal experimental combinations

The CDF measurement contains an a posteriori shift  
        accounting for (CTEQ6M→NNPDF3.1, mass modelling, polarisation effects  ) removed before the combination  

δmW ∼ 3 MeV

PDF correlations in the combination

CT18 MSHT20 NNPDF4.0

Correlations needed in the combination

Significantly different correlations between the various PDF sets

PDF anti-correlations between experiments leads to more stable results and reduced PDF dependence
           cfr. G.Bozzi, L.Citelli, AV, M.Vesterinen, arXiv:1501.05587, arXiv:1508.06954 

Alessandro Vicini - University of Milano                                                                                                                                                                                                                                                      CERN, October 25th 2024
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σ(h1h2 → ℓℓ̄ + X) = σ(0,0)+
αs σ(1,0) + α σ(0,1)+
α2

s σ(2,0) + α αs σ(1,1)+α2 σ(0,2)+
α3

s σ(3,0) + . . .

σ(h1h2 → ll̄ + X) = ∑
i,j=qq̄,g,γ

∫ dx1 dx2 f h1
i (x1, μF) f h2

j (x2, μF) ̂σ(ij → ll̄ + X)

0 additional partons         ,                    including virtual corrections of 

                                      ,                including virtual corrections of 
1 additional parton
                                      ,                 including virtual corrections of 

2 additional partons          

                                              at tree level

qq̄ → ll̄ γγ → ll̄ 𝒪(αs), 𝒪(α), 𝒪(ααs)

qq̄ → ll̄g qg → ll̄q 𝒪(α)

qq̄ → ll̄γ qγ → ll̄q 𝒪(αs)

qq̄ → ll̄gγ, qg → ll̄qγ, qγ → ll̄qg, gγ → ll̄qq̄
qq̄ → ll̄qq̄, qq̄ → ll̄q′￼̄q′￼, qq′￼→ ll̄qq′￼, qq̄′￼→ ll̄qq̄′￼, qq → ll̄qq

  requires the evaluation of the xsecs of the following processes, including photon-inducedσ(1,1)

Alessandro Vicini - University of Milano                                                                                                                                                                                                                                               CERN, October 25th 2024



Different kinds of contributions at  and corresponding problems𝒪(ααs)
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double-real contributions
      amplitudes are easily generated with OpenLoops
      IR subtraction 
      care about the numerical convergence when aiming at 0.1% precision

real-virtual contributions
     amplitudes are easily generated with OpenLoops or Recola
     1-loop UV renormalisation and IR subtraction
     care about the numerical convergence when aiming at 0.1% precision

double-virtual contributions
     generation of the amplitudes
      treatment
     2-loop UV renormalization
     solution and evaluation of the Master Integrals
     subtraction of the IR divergences
     numerical evaluation of the squared matrix element
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Compute once, for a given value  of the W boson mass, the numerical grid 

To determine  
         solving the differential equations w.r.t.  ,  
         the first grid    is the boundary condition

The solution is cast as a “symbolic grid” with 3250 power series in  ,

For a generic  choice,
the actual numerical grid is evaluated in negligible time and available for simulation

mW ℳ(1,1) = ℳ(1,1)(mW)

ℳ(1,1) = ℳ(1,1)(mW)
mW

ℳ(1,1) = ℳ(1,1)(mW)

δmW = mW − mW
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Figure 7. On the left panel we plot the real and imaginary part of the O("0) of
B̃14[1, 1, 1, 1, 0, 1, 1, 0, 1] for di↵erent values of �MW . On the right panel we plot the relative er-
ror of the solution for di↵erent number of terms in the �MW -series expansion, as a function of
�MW .

of �MW . From the plot we can see that if we consider only shifts in �MW of order 100

MeV, 15 terms in the expansions are su�cient for maintaining a relative precision of 10�15.

6 Conclusions

We have presented in this paper the details of the complete calculation, for the CC DY

process, of its exact O(↵↵s) two-loop virtual corrections. These results represent the

companion to the ones discussed in Ref. [68] for the NC DY case, with a higher level of

technical complexity in the Master Integrals, because of the presence of two di↵erent mass

values in the internal lines. When included in the Matrix framework, for the evaluation

of the fiducial cross sections, these results will allow a consistent simultaneous analysis of

both NC and CC DY processes at NNLO QCD-EW level. Such consistency is required by

the interplay between the two final states: for example, in the W -boson mass studies the

NC DY channel plays a crucial calibration role, which would be spoiled if corrections at

di↵erent orders were considered; at large lepton-pair transverse/invariant masses, CC and

NC channels have di↵erent sensitivity to the parton-parton luminosities, thus allowing an

e↵ective reduction of the associated uncertainties, crucial in the New Physics searches.

The results have been obtained thanks to an increased level of automation of every

step of the calculation, opening the way to the systematic study of the mixed QCD-EW

corrections in other 2 ! 2 scattering processes. In particular, it is worth mentioning the

possibility to study in a uniform way all the relevant MIs, with 0,1, or 2 internal massive

lines, in the same semi-analytical framework o↵ered by the SeaSyde code, with excellent

control on the cancellation of UV and IR divergences.

The flexibility of the di↵erential equations technique to solve the MIs has been ex-

ploited to preserve the exact dependence on the W -boson mass, even when we prepare

– 18 –

Fast numerical evaluation of NNLO QCD-EW corrections with arbitrary W-mass values


