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Light-front correlator

• 𝒃𝑻 is the Fourier conjugate to the intrinsic transverse momentum of 
quarks in the hadron, 𝒌𝑻
• We can learn about the coordinate space correlations of quark fields 

in hadrons



Factorization for low-𝑞! Drell-Yan
• Like collinear observable, a hard part with two functions that 

describe structure of beam and target
• So called “𝑊”-term, valid only at low-𝑞!
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Small 𝑏# operator product expansion

• At small 𝑏", the TMDPDF can be described in terms of its OPE:

• where $𝐶 are the Wilson coefficients, and 𝑓#/% is the collinear PDF
• Breaks down when 𝑏" gets large
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𝑏∗ prescription

• A common approach to regulating large 𝑏" behavior

• At small 𝑏", 𝑏∗ 𝑏" = 𝑏"
• At large 𝑏" , 𝑏∗ 𝑏" = 𝑏'()

barryp@jlab.org 5

Must choose an appropriate value; 
a transition from perturbative to 
non-perturbative physics



Introduction of non-perturbative functions

• Because 𝑏∗ ≠ 𝑏", have to non-perturbatively describe large 𝑏"
behavior

Completely general –
independent of quark, 

hadron, PDF or FF

Non-perturbative function 
dependent in principle on 

flavor, hadron, etc.
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Full description of the TMD

• Have individual pieces that are sensitive to low-𝑏" spectrum 
(perturbative) and the high-𝑏" (non-perturbative)



TMD factorization in Drell-Yan 

• In small-𝑞* region, use the Collins-Soper-Sterman (CSS) formalism and 
𝑏∗ prescription
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Non-perturbative 
pieces

Perturbative 
pieces

Can these data constrain the 
pion collinear PDF?

Non-perturbative piece of the CS kernel



Datasets in the analysis

• Total of 383 number of points
• All fixed target, low-energy data
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Kinematics in 𝑥%, 𝑥&
• Using the kinematic 

mid-point from each 
of the bins, we show 
the range in 𝑥+ and 
𝑥,
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Data and theory agreement

• Fit both 𝑝𝐴 and 𝜋𝐴 DY data and achieve good agreement to both



Conditional density

• We define a quantity in which describes the ratio of the 2-
dimensional density to the integrated, 𝑏"-independent number 
density



Resulting TMD PDFs 
of proton and pion
• Shown in the range 

where pion and proton 
are both constrained
• Broadening appearing 

as 𝑥 increases
• Up quark in pion is

narrower than up
quark in proton
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Average 𝑏#
• The conditional expectation value of 𝑏" for a given 𝑥

• Shows a measure of the transverse correlation in coordinate space of
the quark in a hadron for a given 𝑥



Resulting average 𝑏#
• Up quark in proton

is ∼ 1.2 times 
bigger than that of 
pion
• Pion’s 𝑏" 𝑥⟩ is 
5.3 − 7.5𝜎 smaller 
than proton in this 
range
• Decreases as 𝑥

decreases
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Possible explanation

• At large 𝑥, we are in a valence region, where only the valence quarks 
are populating the momentum dependence of the hadron
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Possible explanation

• At small 𝑥, sea quarks and potential 𝑞9𝑞 bound states allowing only for 
a smaller bound system
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Future work – pion SIDIS
𝑒𝑁 → 𝑒"𝑁"𝜋𝑋

•Measure an outgoing pion 
in the TDIS experiment
• Gives us another observable 

sensitive to pion TMDs
• Needed for tests of 

universality
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