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Motivation

• QCD allows us to study the structure of hadrons in terms of partons
(quarks, antiquarks, and gluons)
• Identify physical observables that can be factorized in theory with 

controllable approximations
• Perform global QCD analysis as structures are universal and are the 

same in all processes
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Pions

• Pion is the Goldstone boson associated with 
spontaneous symmetry breaking of chiral 
𝑆𝑈 2 !×𝑆𝑈 2 " symmetry
• Lightest hadron 
• Made up of 𝑞 and &𝑞 constituents
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Drell-Yan (DY)

𝜋!

𝐴
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Experiments to Probe Pion Structure
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Drell-Yan (DY)
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Large-𝑥! behavior

• Longstanding theoretical debates on 𝑞# 𝑥 ∝
1 − 𝑥 $ if 𝛽 = 1 or 𝛽 = 2

Phenomenologically
• Fixed order analyses find 𝛽 ≈ 1
• Aicher, Schaefer Vogelsang (ASV) found 𝛽 = 2

with threshold resummation
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ASV valence PDF
Phys. Rev. Lett. 105, 114023 (2011).



JAM analysis with threshold resummation

• Highly dependent on perturbative approach
• NLO and NLO+NLL double Mellin methods 

better on theoretical grounds 0.75 0.8 0.85 0.9 0.95 1x
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For more 
details, attend 
my talk in WG1 
on Tuesday at 
5:30pm



What about the transverse dimension?

• Available 𝑞%-dependent Drell-Yan data from E615
• Fixed Target data (no collider pion data)
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Phys. Rev. D 39, 92 (1989).
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Factorization for low-𝑞" Drell-Yan

• Again, a hard part with two functions that describe structure of beam
and target
• So called “𝑊”-term
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TMD factorization in Drell-Yan 

• In small-𝑞% region,  Use the Collins-Soper-Sterman (CSS) formalism

• Can these data constrain the pion collinear PDF?
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Non-
perturbative 

TMDs to extract

Collinear pion PDF

Use NLO, N2LL 
perturbative 
expansions

𝑏∗ =
𝑏"

1 + 𝑏"#/𝑏$%&#

𝜇'∗ = 𝐶(/𝑏∗



Strategy for simultaneous analysis

1. Perform single fit of TMDPDFs to available 𝑝𝐴 and 𝜋𝐴 data with    
𝑄 < 18 GeV* to obtain the nuclear TMDPDFs

2. Perform the first Monte Carlo (MC) global QCD analysis on 𝜋 PDFs 
and non-perturbative TMD functions

*Avoid Υ resonance in 9 < 𝑄 < 11GeV
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Description of 𝑝𝐴 data
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• Proton PDFs from the 
recent JAM analysis 
including MARATHON 
data

• Nuclear PDFs from 
EPPS16
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𝑄 < 18 GeV* to obtain the nuclear TMDPDFs

2. Perform the first Monte Carlo (MC) global QCD analysis on 𝜋 PDFs 
and non-perturbative TMD functions

*Avoid Υ resonance in 9 < 𝑄 < 11GeV

barryp@jlab.org 13

Process Drell-Yan
𝜋 𝑊 → 𝜇)𝜇*𝑋

Leading neutron
𝑒𝑝 → 𝑒+𝑛 𝑋

𝑞"-dependent Drell-Yan
𝜋 𝑊 → 𝜇)𝜇*𝑋

Observable 𝑑#𝜎/𝑑𝑥,𝑑 𝜏 𝐹#-., 𝑟 = 𝐹#-./𝐹#/01 𝑑#𝜎/𝑑𝑥,𝑑𝑞"

Experiment E615, NA10 H1, ZEUS E615, E537



Description of 𝜋𝐴 data

• Well describe the 
E615 data in the 
(𝑥& , 𝑞') spectrum:  
𝜒(/npts = 1.45
• Can also describe 

rest of the 
experimental data:
𝜒)*)( /npts = 0.93
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Impact on PDFs
• Similar to the case without inclusion of 𝑞'-dependent DY, but with 

more constrained sea quark
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Conclusions

• We have made strides in collinear pion PDF phenomenology by 
introducing available datasets and theoretical advances
• Inclusion of 𝑞'-dependent DY data slightly constrains the sea quark 

distribution
• Extend framework to LHC data and nucleon PDFs
• Use different methodologies – CSS, Qiu-Zhang, zeta-prescription
• Can these precise data constrain nucleon PDFs?
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Backup Slides
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Nuclear TMDPDFs – working hypothesis

• Because no 𝑝𝑊 DY data exist, we must model the tungsten TMDPDF 
from proton 

• Each object on the right side independently obeys the CSS equation
• Make use of isospin symmetry in that 𝑢/𝑝/𝐴 ↔ 𝑑/𝑛/𝐴, etc.
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𝐹+/- 𝑥, 𝑏' , 𝜇, 𝜁 =
𝑍
𝐴
𝐹+/./- 𝑥, 𝑏' , 𝜇, 𝜁 +

𝐴 − 𝑍
𝐴

𝐹+///- 𝑥, 𝑏' , 𝜇, 𝜁



Parametric form

• We perform a simultaneous extraction of collinear and transverse 
momentum dependent PDFs using collinear and 𝑝'-dependent data
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𝑔!/#(𝑥, 𝑏$) =
𝑎% + 𝐴%/& − 1 𝑎' 𝑥(! 1 − 𝑥 ("𝑏$)

1 + 𝑎*𝑏$)
Generic:

proton

𝑔+/, 𝑥, 𝑏$ = 𝑎%+𝑥(!
#
1 − 𝑥 ("#𝑏$)

𝑔-/, 𝑥, 𝑏$ = 𝑎%-𝑥(!
$ 1 − 𝑥 ("$𝑏$)

𝑔./0/, 𝑥, 𝑏$ = 𝑎%./0𝑥(!
%&'𝑏$)

pion

𝑔!/1 𝑥, 𝑏$ =
𝑎%1 1 − 𝑥 ("(𝑏$)

1 + 𝑎*1𝑏$)

The data do not have sensitivity 
to flavor separation in the pion

𝑔2 𝑏$, 𝑏304 = 𝑐5𝑏$𝑏∗



Correlations

• Shown is the 
correlation of the 
parameters
• 𝑎=> , 𝑎?> , 𝑎@> are 

TMD parameters, 
rest are collinear
• Notice the lack of

correlation
between TMD
parameters and
PDF parameters
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