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W MASS MEASUREMENTS

➤ Indirect measurement of   

 

➤ Full error = Experiment + Theory model
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(MeV) mW Total Unc. Stat.  Unc. Exp. Unc. Th. Unc.

SM 80355 6 — — 6

CDFII 80433.5 9.4 6.4 5.3 5.2

ATLAS 80366.5 15.9 9.8 8.7 9.0

LHCb 80354 32 23 10 19

CDFII uncertainties
➤ Likelihood fit of , 

nuisance parameters, templates 
➤ Robust theory predictions for 

EW, QCD, PDF, PS etc. 

➤ Parameter tune based on , , 
none perturbative parameters

mW, ΓW

pZ
T Ai

https://inspirehep.net/literature/2771258
https://www.science.org/doi/10.1126/science.abk1781
https://inspirehep.net/literature/2771258
https://link.springer.com/article/10.1007/JHEP01(2022)036


➤  templates with  MeVdσ/dmW
T ΔmW = 100

Slide by Chris Hays ICHEP 2022

 100 MeV ~ 0.5-2% change in ΔmW = dσ/dmW
T

 10 MeV ~ 0.1% precision in ΔmW = dσ/dmW
T
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W MASS MEASUREMENTS
➤  templates with  MeVdσ/dpl

T ΔmW = 60

 60 MeV ~ 0.5% change in ΔmW = dσ/dpl
T

 200 MeV ~ 0.5-1% change in ΔΓW = dσ/dpl
T



➤World average:  

➤ATLAS  @ 8 TeV: 

αs(mZ) = 0.1179 ± 0.0009

pZ
T αs(mZ) = 0.1183 ± 0.0009

ATLAS 2309.12986

 MEASUREMENT BY ATLASαs

ATLAS 2309.09318

See also ATLAS
JHEP 07 (2023) 085
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https://arxiv.org/pdf/2309.12986.pdf
https://arxiv.org/pdf/2309.09318.pdf
https://inspirehep.net/literature/2625697


Error budget of αs(mZ)
➤ DYTurbo with xFitter to find the 

best  that describe the data 

➤ Experiment unc. :  

➤ Theory model unc. : 

αs

±0.00044
+0.00072
−0.00076

ATLAS 2309.12986

 MEASUREMENT BY ATLASαs

±??

➤ Indirect measurement of  distributions  

➤  GeV 

➤  GeV in 8 slices of  

➤  with  GeV 

➤  with  GeV

dσ/dpZ
T /dyZ

80 < mee(μμ) < 100

pZ
T < 29 |yZ | < 3.6

|ηe1
| < 2.4, 2.5 < |ηe2

| < 4.9 pe1(e2)
T > 25 (20)

|ηe(μ) | < 2.4 pe(μ)
T > 20

8 TeV 
20.2 fb−1

ATLAS 2309.09318

See also ATLAS
JHEP 07 (2023) 085
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➤World average:  

➤ATLAS  @ 8 TeV: 

αs(mZ) = 0.1179 ± 0.0009

pZ
T αs(mZ) = 0.1183 ± 0.0009

https://arxiv.org/pdf/2309.12986.pdf
https://arxiv.org/pdf/2309.09318.pdf
https://inspirehep.net/literature/2625697


➤  fit in xFitter framework: χ2

 0.01~ 10-20% change in Δαs = dσ/dpZ
T  0.001 ~ 1-2% precision in Δαs = dσ/dpZ

T

 MEASUREMENT BY ATLASαs

Eur. Phys. J. C 75 (2015) 304

➤  experimental uncertainties 

➤  nuisance parameters 

➤  covariant matrix covers: 
➤PDF Hessian uncertainties 
➤Non-perturbative form factor

Δi

βexp (th)

Γth
ik

ATLAS 2309.12986
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https://doi.org/10.1140/epjc/s10052-015-3480-z
https://arxiv.org/pdf/2309.12986.pdf


Precision Theory Tools Inside Measurements
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➤CDF II use ResBos to generate theory templates

➤NLO+NNLL QCD accuracy for W/Z production 

➤CSS factorisation and resummation of  in  space: 
 

 
 

➤Non-perturbative effects at  and large : 
 

pT b

αs(Λ) b

 assumes the BLNY functional formSNP

Balazs, Brock, Landry, Nadolsky and Yuan`97 to`03

Collins, Soper and Sterman`85

Collins and Soper `77

Brock, Landry, Nadolsky and Yuan `02

➤LO+LL lepton EM radiation with 
PHOTOS and HORACE Golonka and Was `06

Carloni Calame, Montagna et. al. `07
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PRECISION PREDICTIONS IN  MEASUREMENTmW

https://inspirehep.net/literature/763627
https://inspirehep.net/literature/684121


➤CDF II use ResBos to generate theory templates

➤NLO+NNLL QCD accuracy for W/Z production 

➤CSS factorisation and resummation of  in  space: 
 

 
 

➤Non-perturbative effects at  and large : 
 

pT b

αs(Λ) b

 assumes the BLNY functional formSNP

Balazs, Brock, Landry, Nadolsky and Yuan`97 to`03

Collins, Soper and Sterman`85

Collins and Soper `77

Brock, Landry, Nadolsky and Yuan `02

➤Use data driven method: 

mW
T ∼ 0.7 MeV, pl

T ∼ 2.3 MeV, pν
T ∼ 0.9 MeV

Fix g1 g2 g3

Global 
fit `03

CDFII 
fit

Global fit 
`03

CDFII 
fit

Global fit 
`03

pZ
T

αs

pZ
T /pW

T

Global fit by Brock, Landry, Nadolsky and Yuan `03

CDF supplementary materials `22

➤LO+LL lepton EM radiation with 
PHOTOS and HORACE Golonka and Was `06

Carloni Calame, Montagna et. al. `07
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PRECISION PREDICTIONS IN  MEASUREMENTmW

https://inspirehep.net/literature/684121
https://inspirehep.net/literature/763627


➤CDF II use ResBos to generate theory templates

➤NLO+NNLL QCD accuracy for W/Z production 

➤CSS factorisation and resummation of  in  space: 
 

 
 

➤Non-perturbative effects at  and large : 
 

pT b

αs(Λ) b

 assumes the BLNY functional formSNP

Balazs, Brock, Landry, Nadolsky and Yuan`97 to`03

Collins, Soper and Sterman`85

Collins and Soper `77

Brock, Landry, Nadolsky and Yuan `02

➤Use data driven method: 

mW
T ∼ 0.7 MeV, pl

T ∼ 2.3 MeV, pν
T ∼ 0.9 MeV

Fix g1 g2 g3

Global 
fit `03

CDFII 
fit

Global fit 
`03

CDFII 
fit

Global fit 
`03

pZ
T

αs

pZ
T /pW

T

Global fit by Brock, Landry, Nadolsky and Yuan `03

CDF supplementary materials `22

➤Scale uncertainty of  by DYQT pZ
T /pW

T

mW
T ∼ 3.5 MeV, pl

T ∼ 10.1 MeV, pν
T ∼ 3.9 MeV

Bozzi, Catani, Ferrera, de Florian, Grazzini `09 `11

CDF sm`22Not included in final result

➤LO+LL lepton EM radiation with 
PHOTOS and HORACE Golonka and Was `06

Carloni Calame, Montagna et. al. `07
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PRECISION PREDICTIONS IN  MEASUREMENTmW

https://inspirehep.net/literature/684121
https://inspirehep.net/literature/763627


➤ResBos  ResBos2 
➤NNLO+N3LL accuracy for W/Z production

➤Upgrade CSS formalism to N3LL

➤Rescale NLO to NNLO from MCFM:

 

➤Dependence of angular coefficients recently 
included with more rescaling:

→

Isaacson, Fu, Yuan `23

Isaacson, Fu and Yuan`22 `23

Campbell, Ellis and Giele `15

dσAi
NLO

dpTdydQ
→ KAi

NNLO
NLO

(pT, y, Q)
dσAi

NLO

dpTdydQ

➤  at each fixed order:

➤LO: 

➤NLO: 

➤NNLO: 

➤Resummation choices for only  or all 

➤The AZ-tune is also used in ATLAS analysis:

➤PYTHIA 8 + PS for modelling 

➤Tune  to best fit 

➤Test the tuned model on  then apply to 

Ai

L0, A4

L0, A0 = A2, A1, A3, A4

L0, A0 ≠ A2, A1, A3, A4, A5, A6, A7

L0, A4 Ai

dσAi
NNLO/dpT /dy/dQ pZ

T

pW
T pl

T, mT

dσ
dcosθdϕ

= L0(1 + cos2θ) + A0(1 − 3cos2θ) + A1sin2θcosϕ
+A2sin2θcos2ϕ + A3sinθcosϕ + A4cosθ
+A5sin2θsin2ϕ + A6sin2θsinϕ + A7sinθsinϕ
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➤ResBos  ResBos2 
➤NNLO+N3LL accuracy for W/Z production

➤Upgrade CSS formalism to N3LL

➤Rescale NLO to NNLO from MCFM:

 

➤Dependence of angular coefficients recently 
included with more rescaling:

→

Isaacson, Fu, Yuan `23

Isaacson, Fu and Yuan`22 `23

Campbell, Ellis and Giele `15

dσAi
NLO

dpTdydQ
→ KAi

NNLO
NLO

(pT, y, Q)
dσAi

NLO

dpTdydQ

➤  at each fixed order:

➤LO: 

➤NLO: 

➤NNLO: 

➤Resummation choices for only  or all 

➤The AZ-tune is also used in ATLAS analysis:

➤PYTHIA 8 + PS for modelling 

➤Tune  to best fit 

➤Test the tuned model on  then apply to 

Ai

L0, A4

L0, A0 = A2, A1, A3, A4

L0, A0 ≠ A2, A1, A3, A4, A5, A6, A7

L0, A4 Ai

dσAi
NNLO/dpT /dy/dQ pZ

T

pW
T pl

T, mT

dσ
dcosθdϕ

= L0(1 + cos2θ) + A0(1 − 3cos2θ) + A1sin2θcosϕ
+A2sin2θcos2ϕ + A3sinθcosϕ + A4cosθ
+A5sin2θsin2ϕ + A6sin2θsinϕ + A7sinθsinϕ
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PRECISION PREDICTIONS IN  MEASUREMENTmW

Theoretical systematics in LHC precision measurements

https://inspirehep.net/literature/2077581
https://inspirehep.net/literature/2723200
https://inspirehep.net/literature/2723200
https://indico.cern.ch/event/1368033/timetable/


➤ATLAS use DYTurbo as theory input 
  

➤aN4LO + aN4LL accuracy for DY production

➤FO: NNLO qT slicing from DYqT +  for  + 
MCFM @  for qT > 5 GeV. 

➤CSS resummation of  in  space:

➤  Expansion up to  for small qT (approx.)
➤  Exact B4 coefficient with all  

other N4LL components approx. (A5, H4, DGLAP etc.)  
➤aN3LO PDF MSHT20: approx. in DGLAP, TH input 

 

➤Non-perturbative effects at  and large : 
 

𝒪(α3
S) δ(qT)

𝒪(α3
S)

pT b
𝒪(α4

S)

αs(Λ) b

Camarda, Boonekamp et. al. `20

Camarda, Cieri, Ferrera `23

Collins, Rogers `14

Neumann, Campbell `22

McGowan, Cridge, Larland-Lang, Thorne `22

Moult, Zhu, Zhu `22

PRECISION PREDICTIONS IN ATLAS  DETERMINATIONαs
➤LL ISR photons radiation + normalisation to 

NLO QED and virtual EW cor. in ReneSANCe
Bondarenko, Dydyshka et. al. `22

S. Camarda, L. Cieri, G. Ferrera Phys. Lett. B 845 (2023) 

DYTurbo

➤See also DYTurbo in  fitting with CDF dataαs
Camarda , Ferrera, Schott `23

qcut
T = 4 GeV

dσ/dpZ
T
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https://arxiv.org/abs/2207.04739
https://arxiv.org/pdf/2303.12781.pdf
https://inspirehep.net/literature/1334147
https://inspirehep.net/literature/2077547
https://arxiv.org/abs/2207.07056
https://arxiv.org/pdf/1910.07049.pdf
https://arxiv.org/abs/2207.04332
https://inspirehep.net/literature/2644969
https://doi.org/10.1140/epjc/s10052-023-12373-2


∑ (pT) = ∫
pT

0
dkT

dσ(kT)
dkt

= σH
LO ∫

∞

0
[dk1]R′ (mH, kt,1)exp( − R(mH, ϵkt,1))

∞

∑
n=0

1
n!

n+1

∏
i=2

∫
kt,1

ϵkt,1

[dki]R′ (mH, kt,i)Θ(pT −
n+1

∑
j=1

⃗kt,j )

RESUMMATION FRAMEWORKS (QT FACTORISATION)
➤Resummation kernels:  

➤In SCET:  
 
 
 
 

➤In qT (CSS): 
 
 
 

➤In momentum space (RadISH): 
 

dσ = σLO ⊗ H ⊗ B ⊗ B ⊗ S
dσ
dp2

T
= πσZ

LO ∫ dxadxbδ(xaxb −
m2

ll

E2
CM

)∫
d2b⃗

(2π)2
ei ⃗pT⋅b⃗W(xa, xb, mll, b⃗),

W(xa, xb, mll, b⃗) = H(mll, μh)Uh(mll, μB, μh)S⊥(b⃗, μs, νs)Us(b, μB, μs; νB, νs) ∏
γ=a,b

Bαβ
g/Nγ

(xγ, b⃗, mll, μB, νB),

Us(b, μ, μs; ν, νs) = exp [2∫
μ

μs

dμ̄
μ̄ (Γcusp(αs(μ̄))ln

b2μ̄2

b2
0

− γs(αs(μ̄)))] ( ν2

ν2
s )

b0/b
∫
μ

dμ̄
μ̄ 2Γcusp[αs(μ̄)]+γr[αs(b0/b)]

.

dσ
dp2

Tdy
=

m2
ll

s
σZ

LO ∫
+∞

0
db

b
2

J0(bpT)Sc(mll, b) ∑
a1,a2

∫
1

x1

dz1

z1 ∫
1

x2

dz2

z2
[HC1C2]gg:a1a2 ∏

i=1,2

fai/hi
(xi/zi, b2

0 /b2)

Sc(M, b) = exp[ − ∫
M2

b2
0 /b2

dq2

q2 (Ac(αs(q2))ln
M2

q2
+ Bc(αs(q2)))]
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COMPONENTS OF QT FACTORISATION (SCET)
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N3LO Phenomenology Progress
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State-of-the-art Parton Distribution Functions
➤ Experiment input 

➤ All past and current measurements of DIS, DY, jets 
etc. provide fitting targets of  

➤ Differential and total cross sections provide 
sensitivity in different regions of  

➤ Various technology for fitting: functional form, 
neural network, fast evaluation grids etc.

fa(x, Q)

x ∈ [0,1]

NNPDF4.0 Coverage

➤ Option A: solve proton wave function with Lattice 
QCD  

➤ Option B: collinear factorisation  
with p-QCD evolution of factorisation scale

fa → fa(x, μ)

Recent progress in D. Chakrabarti, P. Choudhary et. al. 2304.09908

Parton Distributions @ N3LO

x

Q2

d
dlnμ2 (

fq
fg) = (

Pq←q Pq←g

Pg←q Pg←g) ⊗ (
fq
fg)

DGLAP evolution with

G. Falcioni, F. Herzog et. al. Phys.Lett.B 842 (2023)

γ(3)
j←i(N) = − ∫

1

0
dxxN−1P(3)

j←i(x)

pa←b =
αs

π
P(0)

a←b +
α2

s

π2
P(1)

a←b +
α3

s

π3
P(2)

a←b + ⋯
1970’s 1980 2004

γ(3)
q←g(N), γ(3)

q←q(N), γ(3)
g←q(N)

G. Falcioni, F. Herzog, S. Moch, A. Vogt Phys.Lett.B 846 (2023)For N = 2,4,⋯20
G. Falcioni, F. Herzog, S. Moch, A. Vogt 2404.09959

See also full result of  contribution inN2
f , NfC2

f
Gehrmann, von Manteuffel et. al. JHEP 01 (2024) 029 
Gehrmann, von Manteuffel et. al. Phys.Lett.B 849 (2024) 
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More details on Wednesday 

https://doi.org/10.1140/epjc/s10052-022-10328-7
https://inspirehep.net/literature/2652890
https://inspirehep.net/literature/2675638
https://doi.org/10.1016/j.physletb.2023.137944
https://arxiv.org/abs/2404.09959
https://linkinghub.elsevier.com/retrieve/pii/S0370269323007608
https://link.springer.com/article/10.1007/JHEP01(2024)029


State-of-the-art Parton Distribution Functions

➤ Approximated N3LO PDF available: 
 

MSHT20aN3LO 

 

NNPDFaN3LO  

➤ More precise 4-loop splitting 
functions affect small x region: 
    4  10 Mellin Moments 

➤ Large correction at aN3LO at small 
x region outside 68% c.l. region. 

➤ Missing Higher Order Uncertainty 
(MHOU) not included in standard 
NNLO PDF. 

➤ Crucial to consider MHOU and 
IHOU to understand consistency 
between NNLO and N3LO PDF.

→

Eur.Phys.J.C 83 (2023) 4

NNPDF 2402.18635 

x Pqq(x)
x Pqg(x)

NNPDF 2402.18635 

x Pgq(x)x Pgg(x)
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Parton Distributions @ N3LO

https://doi.org/10.1140/epjc/s10052-023-11451-9
https://inspirehep.net/literature/2762925
https://inspirehep.net/literature/2762925


State-of-the-art Parton Distribution Functions

➤ Approximated N3LO PDF available: 
 

MSHT20aN3LO 

 

NNPDFaN3LO  

➤ More precise 4-loop splitting 
functions affect small x region: 
    4  10 Mellin Moments 

➤ Large correction at aN3LO at small 
x region outside 68% c.l. region. 

➤ Missing Higher Order Uncertainty 
(MHOU) not included in standard 
NNLO PDF. 

➤ Crucial to consider MHOU and 
IHOU to understand consistency 
between NNLO and N3LO PDF.

→

Eur.Phys.J.C 83 (2023) 4

NNPDF 2402.18635 

NNPDF 2402.18635 

x fg(x) x fg(x)
With Theory UncertaintiesW/O Theory Uncertainties

NNPDF 4.0NNPDF 4.0
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Parton Distributions @ N3LO

https://doi.org/10.1140/epjc/s10052-023-11451-9
https://inspirehep.net/literature/2762925
https://inspirehep.net/literature/2762925


➤Differential N3LO accuracy
➤Projection to Born
➤Jet production in DIS (NNLOJET) Currie, Gehrmann, Glover, Huss, Niehues `18
➤Higgs decay to  (MCFM) Mondini, Schiavi, Williams `19
➤Higgs production via ggF (RapidiX+NNLOJET) XC, Gehrmann, Glover, Huss, Mistlberger, Pelloni `21

➤qT slicing
➤Higgs production via ggF (HN3LO+NNLOJET) Cieri, XC, Gehrmann, Glover, Huss `18
➤Higgs pair production via ggF (with modified iHixs2) Chen, Li, Shuo, Wang `19
➤Drell-Yan production (NNLOJET) XC, Gehrmann, Glover, Huss, Yang, Zhu `21 `22 (MCFM) Neumann 

and Campbell `22 `23
➤Combined with resummation (N3LL/aN4LL at small qT)
➤Drell-Yan production Ju and Schönherr `21 (DYTurbo) Camarda, Cieri, Ferrera `21 `23 (RadISH(N3LL)

+NNLOJET) XC, Gehrmann, Glover, Huss, Monni, Re, et. al. `18 `19 `22 (CuTe-MCFM) Neumann and 
Campbell `22 `23 

➤Higgs production via ggF (SCET+NNLOJET) XC, Gehrmann et. al.`18  (SCETlib) Billis, Dehnadi, et. al.`21

bb̄

STATE-OF-THE-ART PREDICTIONS: dσN3LO
dσF

NkLO

d𝒪
= (dσF+jet

Nk−1LO

d𝒪
−

dσF+jet
Nk−1LO

d�̃� ) +
dσF

NkLO

d�̃�

dσF
NkLO = ℋF

NkLO ⊗ dσF
LO δ(τ)

+ [dσF+jet
Nk−1LO

− dσF CT
NkLO]τ>τcut

+ 𝒪(τ2
cut /Q2)
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https://inspirehep.net/literature/1869515
https://inspirehep.net/literature/1850545
https://www.sciencedirect.com/science/article/pii/S0370269323004598?ref=pdf_download&fr=RR-2&rr=85ae01020a600450


➤qT slicing at N3LO for neutral and charged current production (NNLOJET)

∑ dσV
N3LO ≡ ∑

dpT,V

dσV+jet
NNLO/dpT,V |pT,V>qcut

T
+ ∑

dpT,V

dσV SCET
N3LO /dpT,V |pT,V∈[0,qcut

T ]

XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Rev.Lett. 128 (2022) 5 XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Lett.B 840 (2023)

STATE-OF-THE-ART PREDICTIONS: dσN3LO

NC and CC Validated against inclusive XS within  5% uncertainty ±
Δσγ*

N3LO = − 7.98 ± 0.36 fb vs. − 8.03 fb
Duhr, Dulat, Mistlberger Phys.Rev.Lett. 125 (2020)
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https://linkinghub.elsevier.com/retrieve/pii/S0370269323002101
http://dx.doi.org/10.1103/PhysRevLett.125.172001


CC agree to inclusive XS within  60% uncertainty of ± Δ(α3
s )

NC MCFM:
NC NNLOJET:

➤qT slicing at N3LO for neutral and charged current production (MCFM)

STATE-OF-THE-ART PREDICTIONS: dσN3LO

Neumann and Campbell JHEP 11 (2023) 127Neumann and Campbell Phys.Rev.D 107 (2023) 1

pp → Z pp → W+

τcut corelates qcut
T

∑ dσV
N3LO ≡ ∑

dpT,V

dσV+jet
NNLO/dpT,V |pT,V>qcut

T
+ ∑

dpT,V

dσV SCET
N3LO /dpT,V |pT,V∈[0,qcut

T ]
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qcut
T = 5 GeV

aN4LL+N3LO

qcut
T = 0.81 GeV

➤Differential N3LO predictions for neutral current production

STATE-OF-THE-ART PREDICTIONS: dσN3LO

1
σ

dσ
dpZ

T

CuTe-MCFM

dσ
dpZ

T

Neumann and Campbell Phys.Rev.D 107 (2023) 1XC, Gehrmann, Glover, Huss, Monni, Re, Rottoli, Torrielli 
Phys.Rev.Lett. 128 (2022) 25
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qcut
T = 5 GeV

aN4LL+N3LO

qcut
T = 0.81 GeV

➤Differential N3LO predictions for neutral current production

STATE-OF-THE-ART PREDICTIONS: dσN3LO

1%±

1%±

1
σ

dσ
dpZ

T

CuTe-MCFM

dσ
dpZ

T

Neumann and Campbell Phys.Rev.D 107 (2023) 1XC, Gehrmann, Glover, Huss, Monni, Re, Rottoli, Torrielli 
Phys.Rev.Lett. 128 (2022) 25
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➤Differential N3LO predictions for charged current production

STATE-OF-THE-ART PREDICTIONS: dσN3LO

aN4LL+N3LO

CuTe-MCFM

Neumann and Campbell JHEP 11 (2023) 127 XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Lett.B 840 (2023)

1
σ

dσ
dmW

T

dσ
dmW+

T

 TeV ATLAS cutss = 5.02

qcut
T = 3.16 GeV
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➤Precise AZ tune at N3LO: 

Require DY grids with all D.O.F.         

➤ Numerically challenging for D.O.F = 11 (may drop  for being very small)

➤ MC error of each grid bin + interpolation error cross bins (prefer fine granularity)
➤ Once  available, no new calculation is needed for different fiducial cuts

dσ
dmlνdpTdy [(1 + cos2θ) +

7

∑
i=0

Ai fi(θ, ϕ)]
A5,6,7

Ai(pT, y, mlν)

Z+J @ NNLO 
 

 

Inclusive in  
Smallest bin @ 10 GeV 

Gauld, Gehrmann-De Ridder,  
Gehrmann, Glover, Huss `17

A0(pT, y)
|y | < 1

mlν

W+J @ NNLO 
 

 

Inclusive in  
Smallest bin ~ 20 GeV 
Pellen, Poncelet, Popescu, 

Vitos `22

A4(pT, y)
|y | > 1.5

mlν

ResBos2  
ATLAS with PYTHIA 8

STATE-OF-THE-ART PREDICTIONS: dσN3LO
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➤Precise AZ tune at N3LO (fully differential):

STATE-OF-THE-ART PREDICTIONS: dσN3LO
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  for   GeV,  and  GeVd3σ pW+

T ∈ [2, 500] |yW+ | ∈ [0, 4] Q ∈ [30, 85]

In collaboration with T. Gehrmann, A. Huss



➤Precise AZ tune at N3LO (fully differential):

STATE-OF-THE-ART PREDICTIONS: dσN3LO
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  for   GeV,  and  GeVAi pW+

T ∈ [2, 50] |yW+ | ∈ [0, 5] Q ∈ [30, 85]

➤Numerically more challenging than the unpolarised contribution, different challenges for 
➤Different shape for low and high , both regions have smooth distributions 

Ai

pW
T

In collaboration with T. Gehrmann, A. Huss



➤Precise AZ tune at N3LO (fully differential):

STATE-OF-THE-ART PREDICTIONS: dσN3LO
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  for   GeV,  and  GeVAi pW+

T ∈ [50, 500] |yW+ | ∈ [0, 4] Q ∈ [30, 85]

➤Numerically more challenging than the unpolarised contribution, different challenges for 
➤Different shape for low and high , both regions have smooth distributions 

Ai

pW
T

In collaboration with T. Gehrmann, A. Huss



➤Precise AZ tune at N3LO (fully differential):

STATE-OF-THE-ART PREDICTIONS: dσN3LO
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  for   GeV,  and  GeVAi pW+

T ∈ [50, 500] |yW+ | ∈ [0, 4] Q ∈ [30, 500]

In collaboration with T. Gehrmann, A. Huss



CONCLUSION AND OUTLOOK

➤The Standard Candle of the Standard Model requires precision phenomenology
➤The determination of  and  need delicate treatment and thorough understanding 

of experiment and theory uncertainties.
➤Best predictions for NC and CC DY production at N3LO QCD achieves 1% accuracy.
➤Thorough study of resummation uncertainties (matching and scheme choice), mixed 

QCD-EW, approximated PDFs, indicate corrections and irreducible errors at % level.
➤Require collective efforts to turn controversial results to convincing results: most of 

the approximations are expected to be replaced during LHC Run 3.
➤The AZ tune method is a powerful tool to bridge MC samples and EXP data. New 

numerical challenges but seem to be manageable. 

mW αs
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CONCLUSION AND OUTLOOK

Thank You for Your Attention

➤The Standard Candle of the Standard Model requires precision phenomenology
➤The determination of  and  need delicate treatment and thorough understanding 

of experiment and theory uncertainties.
➤Best predictions for NC and CC DY production at N3LO QCD achieves 1% accuracy.
➤Thorough study of resummation uncertainties (matching and scheme choice), mixed 

QCD-EW, approximated PDFs, indicate corrections and irreducible errors at % level.
➤Require collective efforts to turn controversial results to convincing results: most of 

the approximations are expected to be replaced during LHC Run 3.
➤The AZ tune method is a powerful tool to bridge MC samples and EXP data. New 

numerical challenges but seem to be manageable. 

mW αs



 

Resummation Fixed OrderTransitionNon-perturbative

PRECISION PREDICTIONS AT HADRON COLLIDER

➤Beyond QCD improved parton model

➤pQCD describes the tail of spectrum

➤Large logarithmic divergence 
 

➤Various LP resummation schemes

➤Multiple solutions in transition region

➤Non-perturbative effects ~ 1 GeV 
(Short distance and long distance effects) 

ln
pT

Q
as pT → 1 GeV
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Resummation Fixed OrderTransitionNon-perturbative

H

g

g

Hg

gg

t/b? ?

@ N3LL (full) 
@ N4LL (partial) 

Light  effectsmq

@N3LO V 
@NNLO V+jet

⊗ ⊕
MiNNLO 
Profiling

S.D. and L.D.  
NP models

PRECISION PREDICTIONS AT HADRON COLLIDER

dσ
dpT res

dσ
dpT F.O.

dσ
dpT res

+
dσ
dpT F.O.

−
dσ
dpT truncated

fNP(x, bT, ξ)
Lattice QCD

~2% (fitting data) 
> 10% (lattice)

~ 1% (single) 
~3% (multiple)

~ 1% (single) 
~3% (multiple)

~1-10%  
 (Scale Unc.)

➤Beyond QCD improved parton model

➤pQCD describes the tail of spectrum

➤Large logarithmic divergence 
 

➤Various LP resummation schemes

➤Multiple solutions in transition region

➤Non-perturbative effects ~ 1 GeV 
(Short distance and long distance effects)

ln
pT

Q
as pT → 1 GeV
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➤At few GeV b and c quark mass are comparable to the resummation and factorisation scales

➤Retain full quark mass 
dependence in FO, PDF and 
resummation: GM-VFN scheme

➤Reasonably good approximation 
in S-ACOT scheme (ignore 
quark mass from initial states) 
 

➤NLO+NLL indicate 9 MeV 
(LHC) and 3 MeV (Tevatron) 
shift of mW.

➤Extension to NNLL’ is available 

➤Revisit  uncertainty in  is 
needed with modern tools! ( FO, 
resummation scheme, PDF)

mq mW

LIGHT QUARK MASS EFFECT AT SMALL TRANSVERSE MOMENTUM

Collins `98

Kramer, Olness and Soper `00  
Nadolsky, Kidonakis, Olness, Yuan `03 

Berge, Nadolsky, Olness `05

Pietrulewicz, Samitz, Spiering, Tackmann `17

Berge, Nadolsky, Olness `05

9MeV±
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W MASS IN CDFII MEASUREMENT
➤  Template fit to best best 

parameter values:  
➤ Relativistic Breit-Wigner form: 

 

➤ Binned maximum-likelihood fit: 
(Poisson distribution cross bins) 
  
 

: observed event, : predicted 
➤ The best linear unbiased estimator to 

combine each observable: 

➤ p-value = 20% 

➤ Weight distribution: 

  

dσ/dmW
T

(s2 − m2
W + is2ΓW /mW)−1 with fixed ΓW

nb Δσb(mW)

χ2/dof = 7.4/5 →

mW
T ∼ 64.2 % , pl

T ∼ 25.4 % , pν
T ∼ 10.4 %

CDFII: Best fitted results for mW
T , pl

T

−lnℒb(mW) = − ∑
b

(nbln(Δσb(mW)) − Δσb(mW))

Muon Channel Electron Channel

mT

pl
T
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1
σ

dσ
dpW

T

PRECISION PREDICTIONS IN RESBOS2

➤Pseudo data: NNLO+N3LL  with global fit

➤Fit g2,  in NLO+NNLL  to pseudo data

➤Use fitted g2,  in NLO+NNLL W templates

pZ
T

αs pZ
T

αs

➤ResBos  ResBos2 
➤NNLO+N3LL accuracy for W/Z production

➤Upgrade CSS formalism to N3LL

➤Rescale NLO to NNLO from MCFM:

 

➤Dependence of angular coefficients recently 
included with more rescaling:

→

Isaacson, Fu, Yuan `23

Isaacson, Fu and Yuan`22 `23

Campbell, Ellis and Giele `15

dσAi
NLO

dpTdydQ
→ KAi

NNLO
NLO

(pT, y, Q)
dσAi

NLO

dpTdydQ

dσ
dcosθdϕ

= L0(1 + cos2θ) + A0(1 − 3cos2θ) + A1sin2θcosϕ
+A2sin2θcos2ϕ + A3sinθcosϕ + A4cosθ
+A5sin2θsin2ϕ + A6sin2θsinϕ + A7sinθsinϕ
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PRECISION PREDICTIONS IN RESBOS2
Isaacson, Fu and Yuan`22 `23➤W mass details by ResBos2
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qT SUBTRACTION  @ N3LO

qT

dσ
dqT

+∞

−∞

1
qT

ln2n−1(qT/Q)

1/ϵm

dσV
N3LO = dσV

N3LO
qT<qcut

T

+ dσV
N3LO

qT>qcut
T

= ℋV
N3LO ⊗ dσV

LO + [dσV+jet
NNLO − dσV,CT

N3LO]qT>qcut
T

+ 𝒪 ((qcut
T /Q)n)

[Catani, Grazzini ’07]

V+jet @ NNLO resummationqT

Competing interests:    as small as possible         as large as possibleqcut
T ↭ qcut

T

  suppress power corrections↪   numerical stability & efficiency↪

๏ expand to fixed order 

๏  ingredients: 

‣ hard function  

‣ soft function  

‣ beam function 

𝒪(α3
s )

Hqq̄

S(b⊥)

Bq(b⊥)

qcut
T

p

p

g

q
Z/�

`�

`+

recoil

pZT 6= 0

[Gehrmann, Glover, Huber, Ikizlerli, Studerus '10]

[Li, Zhu '16]

[Luo, Yang, Zhu, Zhu '19] [Ebert, Mistlberger, Vita '20]
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BACKUP SLIDES
➤Differential N3LO predictions for neutral current 

production with fiducial cuts
➤ Resum all order contributions at N3LL using RadISH 

and matched to N3LO

XC
, G

eh
rm

an
n,

 G
lo

ve
r, 

H
us

s, 
 

M
on

ni
, R

ot
to

li,
 R

e,
 To

rr
ie

lli
 `2

2
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➤Differential N3LO predictions for neutral current production with fiducial cuts
➤ Apply ATLAS fiducial cuts at 13 TeV 

➤ Dynamical scale  

➤  GeV,  

➤ Symmetric cuts:  GeV 
Introduce power correction at  

➤ Solution: 

➤ Apply Lorentz Boost below  

➤ Product cuts: 

➤ Typical fiducial cuts for  in DY production 

➤ Large log terms appear in  

μF = μR = m2
ll + pll2

T

mll ∈ [66,116] |ηl±
| < 2.5

|pl±

T | > 27
𝒪(qcut

T /mll)

qcut
T

mV
T , pV

T

pl
T ∼ mV /2, mV

T ∼ 2 × min[pl
T], pV

T ∼ 0

pl+

T pl−

T > 27 GeV

min{pl+

T , pl−

T } > 20 GeV
XC, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli `22

Salam, Slade `21

Buonocore, Rottoli, Kallweit, Wiesemann `21 
Camarda, Cieri, Ferrera `21

BACKUP SLIDES
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