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1. Parton distributions in TMD factorization 

for 𝑊,𝑍 boson production

• …introduce a systematic uncertainty of order 𝛿𝑀𝑊 ≳ 10 MeV

• Two kinds:

a. 𝑓𝑎(𝑥, 𝜇) -- collinear PDFs [e.g., CT14 NNLO]

b. P𝑎(𝑥, 𝑘𝑇) and P𝑎(𝑥, 𝑏) -- transverse-momentum-dependent 

(TMD) or transverse-position-dependent PDFs

• P𝑎(𝑥, 𝑏) is related to 𝑓𝑎(𝑥, 𝜇) at 𝑏2 ≪ 1/Λ2, where Λ ∼ 1 GeV
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The power-suppressed terms of order Λ2𝑝𝑏2𝑝 must be constrained by data 

just as the collinear PDFs 𝑓𝑎(𝑥, 𝜇)

⇒ global analyses of 𝑞𝑇 distributions (in the future, PDFs+𝑞𝑇 distributions)

⇒ constraining 𝒇𝒂(𝒙, 𝝁) and P𝒂 𝒙, 𝒃 at NNLO is a large coupled 

problem!
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[ also depends on 𝑓𝑎 𝑥, 𝜇 ]

𝑎

long-distance
depends on 𝑓𝑎(𝑥, 𝜇)

flavor-independent

in ResBos)

𝜇𝑄 ∼ 𝑄, 𝜇𝑏 ∼ 1/𝑏

𝜇 ∼ 𝑄 ∼ 𝑞𝑇



Example: 𝜎( Τ𝑊+ 𝑍
0
) & 𝜎 Τ𝑊− 𝑍

0
vs.𝑝𝑇

𝑊,𝑍
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Various flavor combinations of 𝑓𝑎(𝑥, 𝜇) and P𝑎 𝑥, 𝑏 enter in a range of QCD scales 

from 1 GeV to ≳ 𝑀𝑊,𝑍; do not cancel in some xsec ratios!

Parton luminosities as percentages of the total cross section:

𝑊+: 𝑢 ҧ𝑑 (~70%), 𝑐 ҧ𝑠 (20%), 𝑔𝑞, …

𝑊−: 𝑑ത𝑢 (60%), 𝑠 ҧ𝑐 (25%), 𝑔𝑞, …
𝑍0: 𝑢ത𝑢 (30%), 𝑑 ҧ𝑑 (30%), 𝑠 ҧ𝑠 15% ,

𝑐 ҧ𝑐(8%), 𝑏ത𝑏 (5%)….

𝑞𝑠𝑒𝑎 and ത𝑞𝑠𝑒𝑎 dominate the PDF uncertainties; impossible to guess which ones

Quark mass effects in 𝑐, 𝑏 channels; included at NLO in ResBos 1



Statistical methods to identify the PDF dependence
Correlation between 𝜎𝑊/𝜎𝑍 and f(x,Q=85 GeV)

1. PDF-driven correlations 

[CTEQ6.6, arXiv:0802.0007]

cos𝜑 > 0.7 shows that the ratio 

𝜎𝑊/𝜎𝑍 at the LHC must 

be sensitive to the strange 

PDF 𝑠(𝑥, 𝑄)

Useful, but incomplete 

information! 

2. Program PDFSense, 

B.W. Wang, T.J. Hobbs, et al., : 
arXiv:1803.02777

Quickly identifies sensitivity 𝑺𝒇
of experimental data to any PDF-

dependent quantity:

𝝈(𝑾)/𝝈(𝒁), 𝝈𝑹𝒆𝒔𝑩𝒐𝒔/𝝈𝑫𝒀𝑹𝑬𝑺, etc.
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Unexpected!
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New experiments 

considered for 

the fit (ATLAS, 

CMS, LHCb; 

𝑁𝑝𝑡 = 734)

Experiments

in the CT14 

HERA2 

NNLO fit

(𝑁𝑝𝑡 = 3258)



 Points with  a large 

𝑆𝑓 have a stronger 

sensitivity to 𝑠(𝑥𝑖 , 𝜇𝑖)

 Constraints on 

𝑠(𝑥, 𝜇) are weaker 

than on the other 

flavors

NuTeV, CCFR dimuon

SIDIS, HERA DIS 

most sensitive

 Combined |𝑆𝑓| of 

CMS7+8 jet data 

comparable to |𝑆𝑓|

of one of NuTeV, 

CCFR data sets

 W ASYmmetry, 𝜎𝑊, 

𝜎𝑍 are weakly 

sensitive

𝑆𝑓 > 0.25
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But, wait, LHC experiments do not agree 

on strangeness

1612.03016

CT14 and MMHT14 NNLO PDFs profiled

using ATLAS 7 TeV (4.6 fb−1) 𝑊±, Z xsecs

prefer 𝑠 𝑥, 1.9 𝐺𝑒𝑉 ∼ 1 @ 𝑥 = 0.023

(𝑠
+

ҧ𝑠)
/(
ത𝑢
+

ҧ
𝑑
)(
𝑥
,𝜇

𝑓2
)

CMS-PAS-SMP-17-014 

CMS W,Z, CMS W+c (13 TeV) 

prefer smaller 𝑠(𝑥, 𝜇) than ATLAS 

for 𝑥 ≳ 10−3 8



 Inclusive jet production 

has potential to constrain 
ҧ𝑑/ത𝑢 in the near future

 the large E866 

pd/pp sensitivity 

degrades at 

larger x

 this is a prime 

motivation for 

higher x DY 

measurements 

at E906

(SeaQuest)

𝑆𝑓 > 0.25

ҧ𝑑/ത𝑢(𝑥, 𝜇),
HERA DIS: 

large 𝑁𝑝𝑡 ⇒

large total |𝑆𝑓|
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𝑆𝑓 > 0.25

𝑑/𝑢(𝑥, 𝜇),
HERA, fixed-target 

DIS still most 

sensitive!

Individually, LHC 𝑊,
𝑍 experiments 

provide the essential 

reach to 𝑑/𝑢 and 
ҧ𝑑/ത𝑢 at 𝑥 ∼ 10−2

In the fit, they do not 

tangibly reduce the 

PDF error because 

they don’t quite 

agree 

2018-05-24 P. Nadolsky, LAL MW workshop 10



Questions to address
1. Which experiments constrain the PDFs in the 𝑀𝑊, sin 𝜃𝑤 measurements? 

2. What needs to be done to reduce the PDF uncertainty on 𝑀𝑊? To phase out the 

fixed-target DIS/DY experiments?

[These questions can be studied as a part of the 𝑴𝑾 analysis using the 

PDFSense tool, without relying on PDF reweighting or profiling]

3. Benchmarking exercise for NNLO QCD + NLO EW 𝑾,𝒁 rapidity distributions 

and asymmetries

Similar in spirit to the PDF4LHC benchmarking exercise that reduced 𝛿𝑃𝐷𝐹𝜎 𝐻0
from 7% to 3% [arXiv:1510.03865]

All NNLO/resummation/PDF fitting codes must agree on benchmark inclusive

𝑊, 𝑍 cross sections. [Often, they don’t.] Check for numerical issues. PDF fits are 

often done with fast NNLO QCD interfaces for “bare Born” lepton production. 

Fitted 𝑊, 𝑍 experiments must agree with one another, or we cannot reduce the 

CT14 PDF uncertainty. [They don’t.]
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http://arxiv.org/abs/arXiv:1510.03865


2. Nonperturbative parameters in the TMD factorization

Arise at 𝑏 > 0.5 GeV−1 from…

…the soft (Sudakov) function 𝑆(𝑏, 𝑄)
flavor-independent, 𝑥-independent;  linear in ln 𝑄/𝑄𝑟𝑒𝑓 ; dominate at 

𝑄 = 𝑀𝑊,𝑍; shift 𝑀𝑊 by ×100 MeV

…TMD PDFs P𝑎(𝑥, 𝑏)
depend on the flavor & x, not on 𝑄; marginal, poorly known; 

shift 𝑀𝑊 by × 1 MeV 
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Universal in 𝑒+𝑒−, SIDIS, 

DY & compatible with 𝑀𝑆
PDFs in the CSS 

framework [Collins, Metz, 

2004];

not automatically universal in 

all resummation/event 

generator frameworks



A Gaussian nonperturbative function, example

Konychev, PN, 2005𝑭𝑵𝑷 𝒃,𝑸 = 𝒃𝟐 𝒂(𝑸, 𝒙𝑨, 𝒙𝑩)
Adequate in DY processes for 𝑄 >5 GeV

Guzzi, PN, Wang [arXiv: 1309.1393]:

𝑄𝑟𝑒𝑓 = 𝑀𝑍, 𝑏𝑚𝑎𝑥 = 1.5 𝐺𝑒𝑉−1; 

NNLL+𝑂(𝛼𝑠
2) (ResBos 1)

Fitted to Tevatron Run-2 
𝑑𝜎 𝑍

𝑑𝑦𝑑𝜑𝜂
∗ using 

fixed or free scales 𝐶1,2,3

GNW’2012

𝑎𝑍 = 0.79−0.03
+0.2 , 𝑎2 = 0.17 ± 0.03 ,

𝑎3 = −0.03 ± 0.02 (in 𝐺𝑒𝑉2)

For 𝑄 ≈ 𝑀𝑊,𝑍: a Q, 𝑠 ≈ 𝑎𝑍 --

a 1-parameter fit  with the 

scales 𝐶1,2,3 as nuisance 

parameters
P. Nadolsky, LAL MW workshop
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• BLNY form with small-x broadening in ResBos
[Berge, PN, Olness, Yuan, hep-ph/0410375] 

𝐹𝑁𝑃 𝑏, 𝑄, 𝑥𝐴, 𝑥𝐵

= 𝑏2 0.21 + 0.68 𝑙𝑛
𝑄

3.2 𝐺𝑒𝑉
− 0.126 ln

𝑥𝐴𝑥𝐵
0.12

+ 𝑔3
1

𝑥𝐴
+

1

𝑥𝐵

• Joint form for DY+SIDIS 
[Sun, Isaacson, Yuan, Yuan, 1406.0373]

𝐹𝑁𝑃 𝑏, 𝑄, 𝑥𝐴, 𝑥𝐵 = 𝑏2 0.212 + 0.84 𝑙𝑛
𝑄

1.55 𝐺𝑒𝑉
+ 𝑔3

0.01

𝑥𝐴

0.2

+
0.01

𝑥𝐵

0.2

Some alternative nonperturbative functions

Current Drell-Yan data are compatible with 𝑔3 = 0

• The Gaussian approximation fails at 𝑄 < 5 GeV. A more 

complete parametrization is discussed, e.g., in J. Collins, T. 

Rogers, 1412.3820

• A variety of other forms were proposed, hard to discriminate by data
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3. TMD PDFs with quark mass dependence 
(PN, Kidonakis, Olness, Yuan, : hep-ph/0210082; Berge, PN, Olness, hep-ph/0509023;

Recent work in SCET at NNLL-NNLO by Pietrulewisz et al., 1703.09702 )

In ResBos 1, finite-mass effects are included in P𝑎(𝑥, 𝑏) for 𝑎 = 𝑐, 𝑏 at NLO in 

the S-ACOT-𝜒 mass scheme – the scheme used to determined CT14 PDFs

2018-05-24 P. Nadolsky, LAL MW workshop 15



2018-05-24 P. Nadolsky, LAL MW workshop 16



2018-05-24 P. Nadolsky, LAL MW workshop 17

Total Δ𝑀𝑊 ∼ 10 MeV [~0 MeV] for 𝑑𝜎/𝑑𝑝𝑇
𝑒 [𝑑𝜎/𝑑𝑀𝑇

𝑒𝜈] at 14 TeV due to 𝑚𝑐,𝑏 ≠ 0



Extra details
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Experiments in the CT14 HERA2 fit
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Candidate experiments in the 

CTEQ-TEA fit

𝑁𝑑 is the number of data points
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