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Experimental measurements

• Precise measurement on the masses of the electroweak boson
W±/Z
• MZ = 91.1876± 0.0021 GeV [PDG]

• MW = 80.379± 0.012 GeV [PDG]
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Experimental measurements

• Precise measurement on the MW at LHC
• PDF uncerntainties
• electroweak corrections
• modelling effects in the small qT regime

1. Tailoring PS with Z data (percent level) [ATLAS/Eur. Phys. J. C 78

(2018) 110]

2. Direct measurements (percent level)
[CMS/CMS-SMP-14-012;ATLAS/ATL-PHYS-PROC-2020-014]

3. QCD resummation method → This Work
4. ... ...

• ... ...



Experimental measurements

• Correlation with ∆φ

∆φ = arccos

[
~p1,T · ~p2,T

|~p1,T ||~p2,T |

]
. (1)
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• Singularity qT → 0; ∆φ→ π



Development of the transverse momentum resummation

• The first all-order proof of log[qT/MV ] exponentiation
[Collins&Soper&Sterman1984]

• The direct momentum-space resummation
[Monni:2016ktx,Bizon:2017rah,Bizon:2019zgf,Bizon:2018foh]

• Soft-collinear effective theory (SCET) → This Work
[Bauer:2000yr,Bauer:2001yt,Beneke:2002ph].

QCD6 → QCD5 → SCET︸ ︷︷ ︸
rapidity singularities

• Analytic regulator [Becher:2010tm].
• η regulator [Chiu:2011qc,Chiu:2012ir]

• Exponential regulator [Li:2016axz] → This Work
• ... ...

• The distributional space proposal [Ebert:2016gcn]

• ... ...



Factorization and resummation

• Factorization in the RaGE&RGE scheme
[Chiu:2011qc,Chiu:2012ir,Li:2016axz]

d4σ

d2~qTdYLdM
2
LdΩ

∼ HV
ij ⊗ Bin ⊗ Bjn̄ ⊗ Sij (2)

• qT TM of LP

• ML IM of LP

• YL Rapidity of LP

• Ω sold angles of final
lepton

[1004.2489]



Factorization and resummation

• Factorization in the RaGE&RGE scheme
[Chiu:2011qc,Chiu:2012ir,Li:2016axz]

d4σ

d2~qTdYLdM
2
LdΩ

∼ HV
ij ⊗ Bin ⊗ Bjn̄ ⊗ Sij (3)

• Soft function @N3LO [Li:2014afw,Li:2016ctv]

• Beam functions @N3LO [Luo:2019szz,Luo:2020epw,Ebert:2020yqt]

• Hard function @N3LO

• pp →W±∗ → µ±ν(ν̄): non-singlet diagrams
• pp → Z∗/γ∗ → µ+µ−: singlet&non-singlet diagrams



Factorization and resummation

• Fixed-order ingredients in the DY process

1. Hard function @N3LO

• Non Singlet: external quark lines are connected to the
electric-weak (EW) vertex

• Singlet: external quark lines are NOT connected to the
electric-weak (EW) vertex



Hard function of pp → Z ∗/γ∗ → µ+µ−: QCD6 → QCD5

• Effective vector current: VEFT → VSM up to the redefinition
of αs and fields
[Chetyrkin:1997un,Appelquist:1974tg]

V µ
γ =

∑
qi=u,d,c,s,b

gqi
γ q̄iγ

µqi ,

V µ
Z =

∑
qi=u,d,c,s,b

gqi
V q̄iγ

µqi .
(4)



Hard function of pp → Z ∗/γ∗ → µ+µ−: QCD6 → QCD5

• Effective axial-vector current:
[Chetyrkin:1993ug,Chetyrkin:1993jm,Larin:1993tq,Chetyrkin:1993hk]

AµZ = gA

 ∑
i=1,2,3

∆ns
i + CtOs

 , (5)

where

∆ns
1 = ūγµγ5u − d̄γµγ5d ,

∆ns
2 = c̄γµγ5c − s̄γµγ5s,

∆ns
3 =

Os

Nf
− b̄γµγ5b .

(6)



Hard function of pp → Z ∗/γ∗ → µ+µ−: QCD6 → QCD5

• Effective axial-vector current:
[Chetyrkin:1993ug,Chetyrkin:1993jm,Larin:1993tq,Chetyrkin:1993hk]

AµZ = gA

 ∑
i=1,2,3

∆ns
i + CtOs

 , (7)

where

Os =
∑

qi=u,d,c,s,b

q̄iγ
µγ5qi . (8)

Ct extraction:

Larin Scheme:[Bernreuther:2005rw]NNLO

KC scheme:[ Chetyrkin:1993jm,Chetyrkin:1993ug]NNNLO



Hard function of pp → Z ∗/γ∗ → µ+µ−: QCD5 → SCETII

• Amplitudes induced by VZ and Vγ

1. non-singlet: γ∗qq̄ form factor [Moch:2005id,Baikov:2009bg, Gehrmann:2010ue]

2. singlet: [Baikov:2009bg,Gehrmann:2010ue]

• Amplitudes induced by AZ

1. non-singlet: γ∗qq̄ form factor [Moch:2005id,Baikov:2009bg, Gehrmann:2010ue]

2. (pure-)singlet: [Bernreuther:2005rw]NNLO& [Larin:1993tq]NNNLO[log ]



Hard function of pp → W± → µ±ν(ν̄): QCD5 → SCETII

• only non-singlet amplitudes

1. non-singlet: γ∗qq̄ form factor [Moch:2005id,Baikov:2009bg, Gehrmann:2010ue]

2. ......



Resummation

• Resummation: RaGE&RGE.

d4σres

d2~qT dYLdM
2
L
dΩL

∼
∑

i,j=q,q̄,g

∫
d2~bT e i

~bT ·~qT UV (µh, µbn , µbn̄
, µs )UR (νbn , νbn̄ , νs )

× H̃
V ,res
ij Bi

n(xn, ~bT , µbn , νbn )Bj
n̄(xn̄, ~bT , µbn̄

, νbn̄ )Sij (~bT , µs , νs ),

(9)

where the kernels UV ,R respectively take care of the virtuality and rapidity evolutions. Their explicit
expressions read,

UV = exp

{∫ µ2
bn

µ2
h

dµ̄2

µ̄2

[
− Γcusp ln

(
µ̄2

M2

)
+ γh

]
+

∫ µ2
bn

µ2
s

dµ̄2

µ̄2

[
Γcusp ln

 µ̄2

ν2
bn

− γs]},
UR = exp

{
ln

[
ν2
bn

ν2
s

] [
γr

(
αs (b0/|~bT |)

)
+

∫ b2
0/
~b2
T

µ2
s

dµ̄2

µ̄2
Γcusp [αs (µ̄)]

]}
.

(10)



Numerical Results

• Numerical Inputs and fiducial cuts

• Throughout this paper, we work in the complex-mass scheme
and take all the input parameters (including electroweak
coupling as well as the involved masses and widths) [PDG].

• The PDFs utilized in this work is NNPDF3.1 from
[Ball:2017nwa].



Validation

pp → Z/γ∗ → µ+µ− (13 TeV LHC)
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• Uncertainties: matching scale [2µ, µ/2]

• Obvious agreements between approximate and exact results in
qT → 0

• Comparison at NNNLO is left to future work.



Validation

pp → Z/γ∗ → µ+µ− (13 TeV LHC)
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• Uncertainties: matching scale [2µ, µ/2]

• Obvious agreements between approximate and exact results in
qT → 0

• Comparison at NNNLO is left to future work.
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pp → W+ → µ+νµ (13 TeV LHC)
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• Uncertainties: matching scale [2µ, µ/2]

• Obvious agreements between approximate and exact results in
qT → 0

• Comparison at NNNLO is left to future work.
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• Obvious agreements between approximate and exact results in
qT → 0

• Comparison at NNNLO is left to future work.



Resummation

pp → Z/γ∗ → µ+µ− (13 TeV LHC)
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• Uncertainties: intrinsic scales [2µ, µ/2]

• Small qT regime

• The central values are close to each other.
• With the accuracy growing, the uncertainties decrease

considerably.
• The error bands of higher accuracy are contained by those with

lower accuracy.



Resummation

pp → Z/γ∗ → µ+µ− (13 TeV LHC)

178.2◦ < ∆φ < 180◦
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• Uncertainties: intrinsic scales [2µ, µ/2]

• Intermediate&large qT region

• The resummation is gradually switched off.



Resummation

pp → Z/γ∗ → µ+µ− (13 TeV LHC)
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pp → Z/γ∗ → µ+µ− (13 TeV LHC)
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pp → Z/γ∗ → µ+µ− (13 TeV LHC)

6 GeV< qT < 40 GeV

NLL’+NLO
N2LL’+N2LO
N3LL’+N2LO

0

5

10

15

20

25

d
2 σ

/
(d

q T
d

∆
φ
)[

pb
/G

eV
/
◦ ]

150 155 160 165 170 175 180

0.8

0.9

1

1.1

∆φ[◦]

d
σ

/
d

σ
N

3 L
L
′ +

N
2 L

O

• Uncertainties: intrinsic scales [2µ, µ/2]

• First two slices

• The central values are close to each other.
• With the accuracy growing, the uncertainties decrease

considerably.
• The error bands of higher accuracy are contained by those with

lower accuracy.



Resummation

pp → Z/γ∗ → µ+µ− (13 TeV LHC)

0 GeV< qT < 2 GeV
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pp → Z/γ∗ → µ+µ− (13 TeV LHC)

2 GeV< qT < 6 GeV

NLL’+NLO
N2LL’+N2LO
N3LL’+N2LO

0

5

10

15

20

25

d
2 σ

/
(d

q T
d

∆
φ
)[

pb
/G

eV
/
◦ ]

150 155 160 165 170 175 180

0.8

0.9

1

1.1

∆φ[◦]

d
σ

/
d

σ
N

3 L
L
′ +

N
2 L

O

pp → Z/γ∗ → µ+µ− (13 TeV LHC)

6 GeV< qT < 40 GeV

NLL’+NLO
N2LL’+N2LO
N3LL’+N2LO

0

5

10

15

20

25

d
2 σ

/
(d

q T
d

∆
φ
)[

pb
/G

eV
/
◦ ]

150 155 160 165 170 175 180

0.8

0.9

1

1.1

∆φ[◦]

d
σ

/
d

σ
N

3 L
L
′ +

N
2 L

O

• Uncertainties: intrinsic scales [2µ, µ/2]

• Third slice

• Dominated by the fixed-order contribution.



Resummation

pp → W+ → µ+νµ (13 TeV LHC)

178.2◦ < ∆φ < 180◦
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pp → W+ → µ+νµ (13 TeV LHC)
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pp → W− → µ−ν̄µ (13 TeV LHC)
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pp → W− → µ−ν̄µ (13 TeV LHC)
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Resummation

pp → W+ → µ+νµ (13 TeV LHC)

0 GeV< qT < 2 GeV
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pp → W+ → µ+νµ (13 TeV LHC)

2 GeV< qT < 6 GeV
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pp → W+ → µ+νµ (13 TeV LHC)

6 GeV< qT < 40 GeV
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pp → W− → µ−ν̄µ (13 TeV LHC)
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pp → W− → µ−ν̄µ (13 TeV LHC)

2 GeV< qT < 6 GeV
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pp → W− → µ−ν̄µ (13 TeV LHC)
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W/Z correlations

178.2◦ < ∆φ < 180◦

Uncorrelated Scale Variation
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• The central values are close to each other.

• With the accuracy growing, the uncertainties decrease considerably.

• The error bands of higher accuracy are contained by those with
lower accuracy.



W/Z correlations

0 GeV< qT < 2 GeV

Uncorrelated Scale Variation

NLL’+NLO
N2LL’+N2LO
N3LL’+N2LO

0

5

10

15

20

25

30

R
W

+
/

Z

Uncorrelated

0.85
0.9

0.95
1

1.05
1.1

R
/
R

N
3 L

L’
+N

2 L
O

W
+

/
Z

Partially-correlated

0.85
0.9

0.95
1

1.05
1.1

R
/
R

N
3 L

L’
+N

2 L
O

W
+

/
Z

Fully-correlated

150 155 160 165 170 175 180
0.85
0.9

0.95
1

1.05
1.1

∆φ[◦]

R
/
R

N
3 L

L’
+N

2 L
O

W
+

/
Z

2 GeV< qT < 6 GeV

Uncorrelated Scale Variation

NLL’+NLO
N2LL’+N2LO
N3LL’+N2LO

0

5

10

15

20

25

30

R
W

+
/

Z

Uncorrelated

0.85
0.9

0.95
1

1.05
1.1

R
/
R

N
3 L

L’
+N

2 L
O

W
+

/
Z

Partially-correlated

0.85
0.9

0.95
1

1.05
1.1

R
/
R

N
3 L

L’
+N

2 L
O

W
+

/
Z

Fully-correlated

150 155 160 165 170 175 180
0.85
0.9

0.95
1

1.05
1.1

∆φ[◦]

R
/
R

N
3 L

L’
+N

2 L
O

W
+

/
Z

6 GeV< qT < 40 GeV

Uncorrelated Scale Variation

NLL’+NLO
N2LL’+N2LO
N3LL’+N2LO

0

5

10

15

20

25

30

R
W

+
/

Z

Uncorrelated

0.85
0.9

0.95
1

1.05
1.1

R
/
R

N
3 L

L’
+N

2 L
O

W
+

/
Z

Partially-correlated

0.85
0.9

0.95
1

1.05
1.1

R
/
R

N
3 L

L’
+N

2 L
O

W
+

/
Z

Fully-correlated

150 155 160 165 170 175 180
0.85
0.9

0.95
1

1.05
1.1

∆φ[◦]

R
/
R

N
3 L

L’
+N

2 L
O

W
+

/
Z

• The central values are close to each other.

• With the accuracy growing, the uncertainties decrease considerably.

• The error bands of higher accuracy are contained by those with
lower accuracy.



W/Z correlations
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W/Z correlations
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Conclusion

• Within SCET, the ∆φ&qT spectra in the DY processes are
investigated from NLL′ → N3LL′.

• Singlet&non-singlet contributions induced (axial-)vector
operators.

1. S: thousandth-level impacts to the differential cross section.
2. S< O(α2

s ) +O(α3
s ) >∼ NS O(α3

s )

• FO: Manifest agreements App v.s. QCD

• Resummation:

1. Obvious convergence with the increase in the accuracy
2. N3LL′ → percent level theoretical uncertainty
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