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UniMi:         Stefano Carrazza (70%), Giancarlo Ferrera, Stefano Forte, 
                  Raoul Röntsch, Alessandro Vicini, Marco Zaro
INFN:         Claudia Frugiuele (80%)

postdocs:    Juan Cruz Martinez, Simone Devoto, Felix Hekhorn, Kirill Kudashkin

dottorandi:  Alessandro Candido, Niccolò Laurenti, Andrea Pasquale, Marco Rossi, Roy Stegeman, Davide Maria Tagliabue

esterni:       Vito Antonelli (30%)

per un totale di 17.8 FTE

Struttura nazionale

Componenti della Sezione di Milano

4 sezioni:   Genova (11 FTE, S. Marzani)                       responsabile nazionale:  A. Vicini
                Milano   (18 FTE, A. Vicini)
                Roma 3 (10 FTE, G. Degrassi)
                Torino   (17 FTE, P. Torrielli)
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Test di Precisione del Modello Standard delle Interazioni Elettrodebole e Forte 

struttura del protone
    N3PDF determinazione delle densità partoniche del protone tramite reti neurali e IA
     (Stefano Forte, Stefano Carrazza, Juan Cruz-Martinez, Felix Hekhorn, Alessandro Candido, Niccolò Laurenti,  Andrea Pasquale, Marco Rossi, Roy Stegeman)

tecniche di risommazione a tutti gli ordini di correzioni quantistiche
    risommazione di correzioni quantistiche con diversi tipi di incremento logaritmico
    struttura generale dell’ampiezza, sfruttando i vincoli analitici offerti dai risultati della risommazione 
     (Stefano Forte, Giancarlo Ferrera)

calcolo di correzioni quantistiche di ordine superiore EW e QCD
    calcolo di correzioni a ordine fisso (NLO, NNLO e N3LO) in QCD, EW o miste QCDxEW per LHC
    sviluppo di strumenti di simulazione Monte Carlo
     (Alessandro Vicini, Raoul Röntsch, Marco Zaro, Simone Devoto, Davide Maria Tagliabue)    

estensioni del Modello Standard
    modelli di materia oscura “leggera”, fisica dei neutrini
     (Claudia Frugiuele, Vito Antonelli)
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Motivazioni

(6.5 MeV) and track momentum (2.3 MeV),
on the z coordinate measured in the COT
(0.8 MeV), and on QED radiative corrections
(3.1 MeV). Measurements of the Z boson
mass using the dielectron track momenta,
and comparisons of mass measurements using
radiative and nonradiative electrons, provide
consistent results. The final calibration of the
electron energy is obtained by combining the
E/p-based calibration with the Z → eeð Þmass-
based calibration, taking into account the cor-
related uncertainty on the radiative corrections.
The spectator partons in the proton and

antiproton, as well as the additional (≈3) p!p
interactions in the same collider bunch cross-
ing, contribute visible energy that degrades
the resolution of u

→
. These contributions are

measured from events triggered on inelastic
p!p interactions and random bunch cross-
ings, reproducing the collision environment
of theW and Z boson data. Because there are
no high-pT neutrinos in the Z boson data, the
p
→
T imbalance between thep

→‘‘

T andu
→
inZ → ‘‘

events is used to measure the calorimeter
response to, and resolution of, the initial-
state QCD radiation accompanying boson
production. The simulation of the recoil vector
u
→
also requires knowledge of the distribution of

the energy flow into the calorimeter towers
impacted by the leptons, because these towers
are excluded from the computation of u

→
. This

energy flow ismeasured from theW boson data
using the event-averaged response of towers
separated in azimuth from the lepton direction.

Extracting the W boson mass

Kinematic distributions of background events
passing the event selection are included in
the template fits with their estimated nor-
malizations. The W boson samples contain a
small contamination of background events
arising from QCD jet production with a hadron
misidentified as a lepton, Z → ‘‘ decays with
only one reconstructed lepton,W → tn→ ‘n!nn,
pion and kaon decays in flight to muons (DIF),

and cosmic-ray muons (t, tau lepton; !n, anti-
neutrino). The jet, DIF, and cosmic-ray back-
grounds are estimated from control samples
of data, whereas the Z → ‘‘ and W → tn
backgrounds are estimated from simulation.
Background fractions for the muon (electron)
datasets are evaluated to be 7.37% (0.14%)
from Z → ‘‘ decays, 0.88% (0.94%) from
W → tn decays, 0.01% (0.34%) from jets,
0.20% from DIF, and 0.01% from cosmic rays.
The fit results (Fig. 4) are summarized in

Table 1. The MW fit values are blinded during
analysis with an unknown additive offset in the
range of−50 to 50MeV, in the samemanner as,
but independent of, the value used for blinding
the Z bosonmass fits. As the fits to the different
kinematic variables have different sensitivities
to systematic uncertainties, their consistency
confirms that the sources of systematic uncer-
tainties are well understood. Systematic uncer-
tainties, propagated by varying the simulation
parameters within their uncertainties and re-
peating the fits to these simulated data, are
shown in Table 1. The correlated uncertainty in
the mT (p‘T , pnT ) fit between the muon and

electron channels is 5.8 (7.9, 7.4)MeV. Themass
fits are stable with respect to variations of the
fitting ranges.
Simulated experiments are used to evaluate

the statistical correlations between fits, which
are found to be 69% (68%) between mT and
p‘T (p

n
T) fit results and 28% between p‘

T and pnT
fit results (43). The six individual MW results
are combined (including correlations) by
means of the best linear unbiased estimator
(66) to obtain MW ¼ 80;433:5 T 9:4MeV ,
with c2/dof = 7.4/5 corresponding to a prob-
ability of 20%. The mT, p‘

T, and pn
T fits in the

electron (muon) channel contribute weights
of 30.0% (34.2%), 6.7% (18.7%), and 0.9%
(9.5%), respectively. The combined result is
shown in Fig. 1, and its associated systematic
uncertainties are shown in Table 2.

Discussion

The dataset used in this analysis is about four
times as large as the one used in the previous
analysis (41, 43). Although the resolution of the
hadronic recoil is somewhat degraded in the
new data because of the higher instantaneous
luminosity, the statistical precision of themea-
surement fromthe larger sample is still improved
by almost a factor of 2. To achieve a commen-
surate reduction in systematic uncertainties, a
number of analysis improvements have been
incorporated, as described in table S1. These im-
provements are based on using cosmic-ray and
collider data inwaysnot employedpreviously to
improve (i) the COT alignment and drift model
and the uniformity of the EM calorimeter re-
sponse, and (ii) the accuracy and robustness of
the detector response and resolution model in
the simulation. Additionally, theoretical inputs
to the analysis have been updated. Upon incor-
porating the improved understanding of PDFs
and track reconstruction, our previousmeasure-
ment is increased by 13.5MeV to 80,400.5MeV;
the consistency of the latter with the new mea-
surement is at the percent probability level.
In conclusion, we report a new measure-

ment of theW bosonmass with the complete
dataset collected by the CDF II detector at the
Fermilab Tevatron, corresponding to 8.8 fb−1

of integrated luminosity. This measurement,
MW ¼ 80;433:5 T 9:4MeV, is more precise
than all previous measurements ofMW com-
bined and subsumes all previous CDF mea-
surements from 1.96-TeV data (38, 39, 41, 43).
A comparison with the SM expectation of
MW ¼ 80;357 T 6MeV (10), treating the quoted
uncertainties as independent, yields a differ-
ence with a significance of 7.0s and suggests
the possibility of improvements to the SM
calculation or of extensions to the SM. This
comparison, along with past measurements, is
shown in Fig. 5. Using the method described
in (45), we obtain a combined Tevatron (CDF
and D0) result of MW ¼ 80;427:4 T 8:9MeV.
Assuming no correlation between the Tevatron

SCIENCE science.org 8 APRIL 2022 • VOL 376 ISSUE 6589 175

Table 2. Uncertainties on the combined
MW result.

Source Uncertainty (MeV)

Lepton energy scale 3.0
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton energy resolution 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy scale 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Recoil energy resolution 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton efficiency 0.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Lepton removal 1.2
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Backgrounds 3.3
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pZT model 1.8
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

pWT =p
Z
T model 1.3

. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Parton distributions 3.9
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

QED radiation 2.7
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

W boson statistics 6.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Total 9.4
. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .

Fig. 5. Comparison of this CDF
II measurement and past MW

measurements with the SM
expectation. The latter includes
the published estimates of the
uncertainty (4 MeV) due to
missing higher-order quantum
corrections, as well as the
uncertainty (4 MeV) from other
global measurements used as
input to the calculation, such as
mt. c, speed of light in a vacuum.

)2W boson mass (MeV/c
79900 80000 80100 80200 80300 80400 80500

CDF II    9±80433  

SM

ATLAS   19±80370  

SM

D0 II   23±80376  

SM

ALEPH   51±80440  

SM

OPAL   52±80415  

SM

L3   55±80270  

SM

DELPHI   67±80336  

SM

CDF I   79±80432  

SM
D0 I   83±80478  

SM

RESEARCH | RESEARCH ARTICLES

EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

M. Passera    GGI    21.4.2021 2

Muon g-2: FNAL confirms BNL μ

aμEXP = (116592089 ± 63) x 10-11 [0.54ppm]  BNL E821 

aμEXP = (116592040 ± 54) x 10-11 [0.46ppm]  FNAL E989 Run 1 

aμEXP = (116592061 ± 41) x 10-11 [0.35ppm]  WA 

FNAL aims at 16 x 10-11. First 3 runs completed, 4th in progress. 

Muon g-2 proposal at J-PARC: Phase-1 with ~ BNL precision.

4.2 σ

3.7 σ

3.3 σ

High invariant masses (before our calculations)

4

mass window 
[GeV]

stat. unc. 
140fb-1

stat. unc. 
3ab-1

600<mµµ<900 1.4% 0.2%

900<mµµ<1300 3.2% 0.6%

arXiv:2103.02708

• Modelling of the SM background crucial for 
new physics searches 

• Measurement  of the dilepton invariant mass 
spectrum expected at  at !(1%) mℓℓ ∼ 1 TeV

dσ
dX

= dσ(0,0)

dX
1 + dσ(1,0)

dX ( dσ(0,0)

dX )
−1

+ … 1 + dσ(0,1)

dX ( dσ(0,0)

dX )
−1

+ …

= dσ(0,0)

dX
+ dσ(1,0)

dX
+ dσ(0,1)

dX
+ dσ(1,0)

dX
dσ(0,1)

dX ( dσ(0,0)

dX )
−1

+ …

Estimate from the knowledge of only NLO QCD and NLO EW corrections based on a 
factorised ansatz 

about of the LO        
at 

−2 %
mℓℓ ∼ 1 TeV

High invariant masses (before our calculations)

4

mass window 
[GeV]

stat. unc. 
140fb-1

stat. unc. 
3ab-1

600<mµµ<900 1.4% 0.2%

900<mµµ<1300 3.2% 0.6%

arXiv:2103.02708

• Modelling of the SM background crucial for 
new physics searches 

• Measurement  of the dilepton invariant mass 
spectrum expected at  at !(1%) mℓℓ ∼ 1 TeV

dσ
dX

= dσ(0,0)

dX
1 + dσ(1,0)

dX ( dσ(0,0)

dX )
−1

+ … 1 + dσ(0,1)

dX ( dσ(0,0)

dX )
−1

+ …

= dσ(0,0)

dX
+ dσ(1,0)

dX
+ dσ(0,1)

dX
+ dσ(1,0)

dX
dσ(0,1)

dX ( dσ(0,0)

dX )
−1

+ …

Estimate from the knowledge of only NLO QCD and NLO EW corrections based on a 
factorised ansatz 

about of the LO        
at 

−2 %
mℓℓ ∼ 1 TeV

A deviation from the SM prediction can point 
towards New Physics

Is the SM prediction under control at the O(0.5%) level
in the TeV region of the  distribution ?mℓℓ4



Lepton-pair production at hadron colliders (theory breakdown)

�(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

p

p

l

l̄

We need

● best description of the partonic cross section
   including fixed- and all-orders radiative corrections
   QCD, EW, mixed QCDxEW
   
● accurate and consistent description of the QCD environment 
   including PDFs, intrinsic partonic , QED DGLAP PDF evolutionk⊥

      ▻ QCD modelling      both perturbative and non-perturbative QCD contributions

                    transverse d.o.f.     →   gauge bosons  spectra;        dependent on non-perturbative contributions at low 

                    longitudinal d.o.f.    →  rapidity distributions       ;        affected by PDF uncertainties

      ▻ EW and mixed QCDxEW effects

                     important QED/EW corrections (mostly FSR) modulated by the underlying QCD dynamics

    are our current tools adequate for the precision determination of EW parameters ?

pV
⊥ pZ

⊥

5Alessandro Vicini - University of Milano, INFN Milano                                                                                                                                                                                          Consiglio di Sezione INFN Milano, 14 luglio 2022
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Struttura del protone: verso predizioni all’1% a LHCEur. Phys. J. C           (2022) 82:428 Page 41 of 119   428 

Fig. 17 The full set of NNLO NNPDF4.0 PDFs: the up, antiup, down, antidown, strange, antistrange, charm and gluon PDFs at Q = 100 GeV,
compared to NNPDF3.1. Results are normalized to the central NNPDF4.0 value. Solid and dashed bands correspond to 68% c. l. and one-sigma
uncertainties, respectively
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Fig. 17 The full set of NNLO NNPDF4.0 PDFs: the up, antiup, down, antidown, strange, antistrange, charm and gluon PDFs at Q = 100 GeV,
compared to NNPDF3.1. Results are normalized to the central NNPDF4.0 value. Solid and dashed bands correspond to 68% c. l. and one-sigma
uncertainties, respectively
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Le incertezze sulla struttura del protone sono dovute agli errori sperimentali dei dati inclusi nel fit

                                                                                  alla limitata accuratezza teorica delle formule usate nel fit

Queste incertezze si propagano alla predizione delle distribuzioni cinematiche

In ultima istanza, l’estrazione di parametri come MW risente di queste incertezze (incertezza del modello di fit)

L’utilizzo di tecniche avanzate di IA ha permesso una velocizzazione delle procedure di fit

→ l’esplorazione sistematica di intere classi di sorgenti di incertezza   → miglior controllo sul fit e sulle incertezze residue

NNPDF collaboration, arXiv:2109.02653
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Risommazione in impulso trasverso
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Figure 1: The qT spectrum of Z/�
⇤
bosons with lepton selection cuts at the LHC (

p
s = 13 TeV)

at various perturbative orders. Resummed component (see Eq. (3)) of the hadronic cross-section

with scale variation bands as defined in the text.

with input parameters GF = 1.1663787 ⇥ 10�5 GeV�2, mZ = 91.1876 GeV, �Z = 2.4952 GeV,
mW = 80.379 GeV. Our calculation implements the leptonic decays Z/�⇤ ! l

+
l
� and we include

the e↵ects of the Z/�⇤ interference and of the finite width �Z of the Z boson with the corresponding
spin correlations and the full dependence on the kinematical variables of final state leptons. This
allows us to take into account the typical kinematical cuts on final state leptons that are considered
in the experimental analysis. The resummed calculation at fixed lepton momenta requires a qT -
recoil procedure. We implement the general procedure described in Ref. [64] which is equivalent
to compute the Born level distribution d�

(0) of Eq. (4) in the Collins–Soper rest frame [113].

We have applied the resummation formalism to the production of l+l� pairs from Z/�
⇤ decay

at the LHC (
p
s = 13TeV) with the following fiducial cuts: the leptons are required to have

transverse momentum pT > 25GeV, pseudo-rapidity |⌘| < 2.5 while the lepton pair system, is
required to have invariant mass 66 < M < 116GeV and transverse momentum qT < 100 GeV �.

In Fig. 1 we show the resummed component (see Eq. (9)) of the transverse-momentum distri-
bution in the small-qT region. In order to estimate the size of yet uncalculated higher-order terms
and the ensuing perturbative uncertainties we present the dependence of the resummed component
on the auxiliary scales µF , µR and Q. The scale dependence band is obtained through indepen-
dent variations of µF , µR and Q in the range M/2  {µF , µR, 2Q}  2M with the constraints
0.5  {µF/µR, Q/µR, Q/µF}  2 ∗∗. The lower panel shows the ratio of the distribution with

�
In order to match with the NNLO numerical results at large-qT we follow the kinematical selection cuts applied

in Ref. [67].
∗∗
In order to estimate the Q scale dependence of the resummed component we set the logarithmic expansion

parameter to be L = ln(Q2b2/b20) which is equivalent to L̃ in the small-qT region.

5

La distribuzione in impulso trasverso di un bosone di gauge

è un’osservabile fondamentale in QCD:

  → descrive la radiazione multipla di stato iniziale 

       (test di QCD perturbativa)

  →  sensibile alla fisica  dei piccoli impulsi trasversi  

        (QCD non perturbativa e struttura del protone)

La conoscenza di questa osservabile è centrale nello studio

delle distribuzioni dei leptoni

da cui si estrae p.es. la massa del W

S.Camarda, L.Cieri, G.Ferrera, arXiv:2103.04974
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double-real contributions
      amplitudes are easily generated with Madgraph
      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
     subtraction of the IR divergences
     solution and evaluation of the Master Integrals
     numerical evaluation of the squared matrix element

γ5
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Correzioni NNLO QCDxEW al processo di Drell-Yan

Alessandro Vicini - University of Milano, INFN Milano                                                                                                                                                                                          Consiglio di Sezione INFN Milano, 14 luglio 2022

R.Bonciani, L.Buonocore, M.Grazzini, S.Kallweit, N.Rana, F.Tramontano, AV, arXiv:2106.11953
T.Armadillo, R.Bonciani, S.Devoto, N.Rana, AV, arXiv:2201.01754
F.Buccioni, F.Caola, H.Chawdhry, F.Devoto, M.Heller, A.von Manteuffel, K.Melnikov, R.Röntsch, C.Signorile-Signorile, arXiv:2203.11237



J
H
E
P
0
9
(
2
0
1
6
)
0
9
1

(T1) (T2) (T3) (T4) (T5) (T6)

(T7) (T8) (T9) (T10) (T11) (T12)

(T13) (T14) (T15) (T16) (T17) (T18)

(T19) (T20) (T21) (T22) (T23) (T24)

(T25) (T26) (T27) (T28) (T29) (T30)

(T31) (T32) (T33) (T34)

(k1 + k2)2

(T35)

(k1 − p1 + p3)2

(T36)

(k1 + k2)2(k1 − p1 + p3)2

Figure 6. Two-loop two-mass MIs T1,...,36. The conventions are as in figure 3.

– 20 –

2Re (ℳ(1,1)(ℳ(0,0))†) =
NMI

∑
i=1

ci(s, t, m; ε) 𝒯i(s, t, m; ε)

The double virtual amplitude: reduction to Master Integrals

The coefficients  are rational functions of the invariants, masses and of 
The size of the total expression can rapidly “explode” (hundreds of MB) 
    → careful work to identify the patterns of recurring subexpressions
         keeping the total size in the O(1-10 MB) range

The solution of the 2-loop integrals  is increasingly difficult 
with the number of internal energy scales and masses
Moreover, the W and Z masses are complex-valued (unstable particles)

ci ε

𝒯i

2-masses MIs
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The Master Integrals satisfy a system of differential equations. 
The MIs are replaced by formal series with unknown coefficients →  eqs for the unknown coefficients of the series.
The package DiffExp by M.Hidding, arXiv:2006.05510 implements this idea, for real valued masses, with real kinematical vars.
But we need complex-valued masses of  W and Z bosons (unstable particles) → we wrote a new package (SeaSyde)

130 140 150 160 170 180 190p
s [GeV]

°0.8

°0.6

°0.4

°0.2

0.0

0.2

Master 32

130 140 150 160 170 180 190p
s [GeV]

°0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6
Master 33

130 140 150 160 170 180 190p
s [GeV]

°0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6
Master 34

130 140 150 160 170 180 190p
s [GeV]

°0.05

0.00

0.05

0.10

0.15

0.20

Master 35

130 140 150 160 170 180 190p
s [GeV]

0.10

0.15

0.20

0.25

0.30

0.35

Master 36

Complete knowledge about the singular structure of the MI 
can be read directly from the differential equation matrix

The solution can be computed with an arbitrary number of significant digits, 
but not in closed form  → semi-analytical 

We implemented the same approach, for arbitrary complex-valued masses, 
working in the complex plane of each kinematical variable, one variable at a time
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Evaluation of the Master Integrals by series expansions
T.Armadillo, R.Bonciani, S.Devoto, N.Rana, AV, 2205.03345
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Phenomenology of mixed QCD-EW corrections for NC-DY

SETUP   (LHC @ )

• NNPDF31_nnlo_as_0118_luxqed

• ,    ,     

• massive muons (no photon lepton recombination)

•  scheme, complex mass scheme

• fixed scale  

s = 13.6 TeV

pT,μ > 25 GeV |yμ | < 2.5 66 GeV < mμ+μ− < 116 GeV

Gμ

μF = μR = mZ

[LB, Bonciani, Devoto, Grazzini, Kallweit, Rana, 
Tramontano,Vicini in preparation ]

‣ Mixed QCD-EW corrections are smaller in this setup, but non-
trivial  shape distortion in the distributions  

‣ Stabilisation of theory uncertainties
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PRELIMINARY
Phenomenology of Neutral Current Drell-Yan including exact NNLO QCD-EW corrections
R.Bonciani, L.Buonocore, S.Devoto, M.Grazzini, S.Kallweit, N.Rana, F.Tramontano, AV,   arXiv:2106.11953 and work  in preparation
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Sub-percent correction on total xsec  (cfr. setup)

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

Large effects below the Z resonance (the factorised approximation fails)  →  impact on the  determination

O(-1.5%) effects above the resonance                                                    → ongoing precision studies in the CERN EW WG

sin2 θeff

Preliminary
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Phenomenology of mixed QCD-EW corrections for NC-DY

SETUP   (LHC @ )

• NNPDF31_nnlo_as_0118_luxqed

• ,    ,     

• massive muons (no photon lepton recombination)

•  scheme, complex mass scheme

• dynamic scale  

s = 13 TeV

pT,μ > 53 GeV |yμ | < 2.4 mμ+μ− > 150 GeV

Gμ

μF = μR = mμ+μ−

[LB, Bonciani, Devoto, Grazzini, Kallweit, Rana, 
Tramontano,Vicini in preparation ]

‣ Negative corrections of several percents in the  
tails with respect to NNLO QCD+EW 

‣ The factorised approximation catches the bulk of QCD-EW corrections pointing towards a factorisation of NLO QCD 
corrections and EW Sudakov logarithms 

‣ Small residual non-factorisable effects at (sub) percent level 

backward fowward

PRELIMINARY

CMS 2103.02708

as observed in [Buccioni et al (2022)]
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corrections and EW Sudakov logarithms 

‣ Small residual non-factorisable effects at (sub) percent level 

backward fowward

PRELIMINARY

CMS 2103.02708

as observed in [Buccioni et al (2022)]

Phenomenology of Neutral Current Drell-Yan including exact NNLO QCD-EW corrections
R.Bonciani, L.Buonocore, S.Devoto, M.Grazzini, S.Kallweit, N.Rana, F.Tramontano, AV,   arXiv:2106.11953 and work  in preparation

Preliminary

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

Good accuracy 

of the factorised of QCD x EW Ansatz

Scale uncertainty at most the O(1%) between 1 and 2 TeV
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Fisica dei futuri collisori e+e-  (e.g. FCC-ee)

V

Xa

b

e+

e-

l

l̄

V.Bertone, M.Cacciari, S.Frixione, G.Stagnitto, M.Zaro, X.Zhao, arXiv:2207.03265

In un collisore leptonico,

i leptoni si comportano come dei sistemi compositi formati da partoni

La struttura del leptone è descritta da densità partoniche collineari

come nel caso del protone, grazie alla validità di opportuni teoremi

di fattorizzazione.

Il formalismo delle PDF a LHC è stato rivisitato per colliders e+e-

e inserito nel programma di simulazione Madgraph_aMCNLO
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Figure 2: Ratios of NLO cross sections computed with NLL-� PDFs over those computed

with LL PDFs, for di↵erent choices of renormalisation scheme. Left panel: qq̄ production;

right panel: W+W� production.

We finally point out that a soft non-collinear logarithm is exponentiated in the fixed-↵

LO+LL PDFs which have often been used in the literature25. While it is not di�cult to

arrive at a similar exponentiation in the case of either running-↵ LO+LL PDFs [13, 16,

47] or (in a naive manner) NLO+NLL PDFs, we have not done it in this paper, since

this matter deserves a more thorough analysis. Therefore, for consistency reasons and

because our present priority is that of assessing various aspects of collinear physics, such

an exponentiated logarithmic term is not included in the LO+LL PDFs we use in the

following; thus, for these PDFs we employ either the running scheme (eq. (A.19), in the

case of MS) or the collinear scheme (eq. (A.18), in the cases of ↵(mZ) or Gµ).

6.2 Impact of NLL e↵ects

We start by discussing the impact of the inclusion of the NLL terms in the PDFs. We

do so by plotting, in figs. 2 and 3, the ratio of the cross section of eq. (6.4) computed

(at the NLO) with the NLO+NLL PDFs defined in the � factorisation scheme over the

same quantity computed with LO+LL PDFs (for the latter ones, either the running or

the collinear scheme is employed – see the comment at the very end of sect. 6.1). We do

so for di↵erent values of ⌧min, the results of each of which are represented as bin entries

in a histogram26. We carry out the computations in the three renormalisation schemes

considered in this paper, using the same scheme in the numerator and denominator: MS

(black curves overlaid with circles), ↵(mZ) (blue curves overlaid with triangles), and Gµ

(red curves overlaid with boxes). Figure 2 presents the predictions for qq̄ production (left

panel) and W+W� production (right panel), whereas fig. 3 is relevant to tt̄ production, in

the full SM (left panel) and in QED (right panel).

25In eqs. (A.15)–(A.17) neglecting such a logarithm corresponds to setting �E = e2e⌘.
26The ranges in ⌧min cover all of the kinematically-accessible values; the leftmost bin that we include

contains the threshold value ⌧min = 4m2
p/s, except in the case of qq̄ production (whose threshold value

⌧min = 0 coincides with a singularity of the matrix elements), where we consider ⌧min � 0.2.

– 32 –

Il trattamento completo a NLO è solo il punto di 

partenza per un programma di fisica che richiederà

per molte osservabili accuratezza NNLO-EW
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Risorse di calcolo

Le risorse di calcolo utilizzate da SPIF a Milano includono un cluster ad alte prestazioni con 2240 jobs possibili

eseguiti su 1120 cores installati su 40 server.

Il cluster è inserito nel sistema condor del Dipartimento/INFN.

Nel corso degli ultimi anni lo spazio disco è diventato uno dei fattori limitanti nello sviluppo di simulazioni ad alta precisione

e quindi ad alta statistica.

L’esecuzione di calcoli simbolici richiede l’utilizzo di software come Mathematica con licenze proprietarie.

La soluzione del server nazionale di licenze, posto a Napoli, ottimizza l’uso di queste risorse, 

ma le 23 licenze disponibili spesso risultano occupate.
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