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Neutral current Drell-Yan

Why is Drell-Yan so important?

• Strong tests of the SM

• Precise measurements of EW quantities

• Detector calibration purposes

• Standard candle for constraining the PDFs

• Irreducible backgroung for new physics
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State of the art on neutral current Drell-Yan

1979 • NLO QCD [Altarelli, Ellis, Martinelli]

1991 • NNLO QCD [Hamberg, van Neerven, Matsuura]

1998 • NLO EW [Baur, Keller, Sakumoto, arXiv:9707301]

2001 • Soft gluon resummation [Kulesza, Stirling, arXiv:0103089]

2007 • NLO EW [Carloni Calame, Montagna, Nicrosini, Vicini, arXiv:0710.1722]

2011 • NNLL resummation [Bozzi, Catani, Ferrera, de Florian, Grazzini, arXiv:1007.2351]

2013 • QCD and EW corrections in POWHEG
[Barze, Montagna, Nason, Nicrosini, Piccinini, Vicini, arXiv:1302.4606]

2014 • Mixed NNLO QCD×EW (pole approximation)
[Dittmaier, Huss, Schwinn, arXiv:1403.3216]

2014 • N3LO QCD (threshold resummation)
[Catani, Cieri, de Florian, Ferrera, Grazzini, arXiv:1405.4827]

2018 • Mixed QCD×QED resummation [Cieri, Ferrera, Sborlini, arXiv:1805.11948]

2020 • Mixed NNLO QCD×EW [Bonciani, Buccioni, Rana, Vicini, arXiv:2007.06518]

2021 • N3LL′+NNLO with RadISH [Re, Rottoli, Torrielli, arXiv:2104.07509]

2022 • N3LO QCD (fully inclusive) [Baglio, Duhr, Mistlberger, Szafron, arXiv:2209.06138]

2024 • Mixed QCD×EW NLL resummation [Buonocore, Rottoli, Torrielli, arXiv:2404.15112]
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Theory point of view

Monte Carlo event generators: fixed-order + parton-shower

Improving the generators:

• increase fixed-order computation accuracy

• increase parton-shower accuracy

• merge computations with different multiplicities (eg: MiNLO′)

Colour singlet (Z) production with NLO+PS:

• inclusive distributions −→ NLO accuracy

• 1-jet distributions −→ LO accuracy

• 2-jet and onwards −→ LL accuracy

Colour singlet + one jet (ZJ) production with NLO+PS:

• 1-jet distributions −→ NLO accuracy

• 2-jet distributions −→ LO accuracy

• subsequent emissions −→ LL accuracy
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The Multi-Scale Improved NLO (MiNLO′) method

Q

pT ∆(pT, pT)

∆(Q, pT)

∆(Q, pT)

∆(pT, pT)

• ZJ NLO differential cross section

• include Sudakov form factors

• appropriate choice of the scales

• remove double counting

dσMiNLO′

dpT
= ∆2(Q, pT) αS(p2

T)
αS(Q2)

{
dσNLO

dpT
+ dσLO

dpT

[
−2∆(1) − αSb0 log Q2

p2
T

]}
Sudakov form factor:

∆(Q, pT) = e−S(Q,pT) = exp

{
−
∫ Q2

p2
T

dq2

q2

[
A(αS(q2)) log Q2

q2 + B(αS(q2))
]}

NLO accuracy for 1-jet observables and fully inclusive ones (pT → 0 limit)

Defined for QCD in [Hamilton, Nason, Oleari, Zanderighi (2013), arXiv:1212.4504],
−→ can be extended in QED via abelianization
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Numerical challenges

What happens as pT → 0?

•
dσ

dpT
is divergent as pT → 0 for ZJ (or Zγ)

• ∆(Q, pT) → 0 for pT → 0 suppresses the divergence

•
dσMiNLO′

dpT
is finite and has a peak at ppeak

T in the small pT region

• practically speaking a cutoff pcut
T is still needed

In QCD:
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Numerical challenges

In QED:

d
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Numerical challenges

In QED:

d

dpT
e−SQED(Q,pT)(pT)

ppeak
T ∼ 10−100 GeV

pcut
T =?

D[e-SQED](pT )
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How do we probe 10−100 GeV? We don’t

σMiNLO′
=

∫ pδ
T

0

dσ

dpT
dpT︸ ︷︷ ︸

new term

+
∫ √

s
2

pδ
T

dσ

dpT
dpT︸ ︷︷ ︸

"standard" MiNLO′

= σ<(pδ
T) + σ>(pδ

T)
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Results

σNLO
Z = 550.70(5)552.04
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Results

α(me) ≈ 1/137 −→ α̃(me) = 0.04
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Conclusions

In this talk

• The MiNLO′ method and its abelianization

• Numerical challenges and relative solution

• Introduction of a non-physical arbitrary scale pδ
T

Moving forward

• Matching with a parton shower in the POWHEG framework

• Inclusion of NLO QCD effects

• NNLO QCD and mixed QCD×EW corrections
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The MiNLO′ method

Process-independent coefficients

A(1)
q = CF B(1)

q = −3
2CF

A(2)
q = CF

[
CA

(
67
18 − π2

6

)
− 10

9 TRnf

]
[Catani, D’Emilio, Trentadue (1988)]

[Kodaira, Trentadue (1983)]

To achieve NLO accuracy for the fully inclusive distributions we need also

B
(2)
q,DY =

[(
π2

2 − 3
8 −6ζ3

)
C2

F +
(

−11
18π2− 17

24 +3ζ3

)
CACF +

(
1
12 + π2

9

)
CFnf

]
+ πβ0 ζ2 CF + πβ0 H

(1)
DY + 2 ζ3 (A(1)

q )2

[Davies, Stirling (1984)]



Abelianization of the method

Simple prescription: Ti → Qiσi with σi = ±1
This gives us the following replacements

CF → Q2
f , CA → 0, nf → N (2) ≡ NC

nq∑
q=1

Q2
q +

nl∑
l=1

Q2
l

• The process-independent terms become

A
(1),QED
f = Q2

f , B
(1),QED
f = −3

2Q2
f , A

(2),QED
f = −5

9Q2
f N (2)

[Cieri, Ferrera, Sborlini (2018), arXiv:1805.11948]

• And the B(2) coefficient is

B
(2),QED
f,DY =

[(
π2

2 − 3
8 − 6ζ3

)
(Q2

f )2 +
(

1
12 + π2

9

)
Q2

f N (2)
]

+ πβQED
0 ζ2Q2

f + 2ζ3(A(1),QED
f )2 + πβQED

0 H
(1),QED
DY



Numerical challenges

Rough estimate based on these approximations:

• Value of α fixed at the Thompson limit, α(q2) = α(0)

• Only lowest order (amplitude and resummation coefficients)

e−S(Q,pT) = exp
{

− α

2π

(
A(1) log2 Q2

p2
T

+ 2B(1) log Q2

p2
T

)}
• Single partonic subprocess, u + ū → Z + γ with Z → νν̄ (ISR)

A(1),QED
u = Q2

u ≈ 0.444, B(1),QED
u = −3

2Q2
u ≈ −0.666

dσMiNLO′
LO

dpTdΦB
∼ dBZγ

dΦB
e−S(Q,pT) ∼ dBZ

dΦB

d

dpT
e−S(Q,pT)



Numerical challenges

α = α(0) ≈ 1/137 α = α̃(0) = 0.04
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Cross section below the pT cut

Divide the MiNLO′ cross section into two terms

σTOT =
∫ pδ

T

0

dσ

dpT
dpT︸ ︷︷ ︸

new term

+
∫ √

s/2

pδ
T

dσ

dpT
dpT︸ ︷︷ ︸

"standard" MiNLO′

= σ<(pδ
T) + σ>(pδ

T)

The differential cross section can be rewritten as

dσ

dΦBdpT
= d

dpT

[
e−S(Q,pT)L(pT)

]
+ Rf (pT)

[Monni, Nason, Re, Wiesemann, Zanderighi (2020), arXiv:1908.06987]

As long as we have a value of pδ
T s.t.

∫ pδ
T

0 Rf (pT)dpT ∼ 0,

dσ<(pδ
T)

dΦB
=

∫ pδ
T

0

d

dpT

[
e−S(Q,pT)L(pT)

]
dpT =

[
e−S(Q,pT)L(pT)

]
pT=pδ

T



Cross section below the pT cut

L(pT) = L(0)(pT) + α(pT)
2π

L(1)(pT) + O
(
α2(pT)

)
L(0)(pT) =

∑
c

d|M(0)
cc̄→Z |2

dΦB
fc/h1 fc̄/h2 ,

L(1)(pT) =
∑

c

d|M(0)
cc̄→Z |2

dΦB

{
H

(1)
cc̄ fc/h1 fc̄/h2

+
∑

a

[
fc/h1

(
C

(1)
c̄a ⊗ fa/h2

)
+

(
C(1)

ca ⊗ fa/h1

)
fc̄/h2

]}

As long as we have a value of pδ
T s.t.

∫ pδ
T

0 Rf (pT)dpT ∼ 0,

dσ<(pδ
T)

dΦB
=

∫ pδ
T

0

d

dpT

[
e−S(Q,pT)L(pT)

]
dpT =

[
e−S(Q,pT)L(pT)

]
pT=pδ

T
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