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Outline
Lepton-hadron scattering and hadron structure 

2

main source of information about quark/gluon (parton) structure
of hadrons, via QCD factorization theorems

Inclusive DIS

Semi-inclusive DIS

Outlook

leptons radiate photons, so QED radiation effects may complicate
“Born” level interpretations
new factorized approach treats QED+QCD radiation on equal footing

radiative contributions vs. “radiative corrections”

no unique photon-hadron frame for simple TMD interpretation
      mixing of spin asymmetries



Lepton-hadron scattering
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Inclusive deep-inelastic scattering
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Most information on PDFs obtained from lepton-hadron 
deep-inelastic scattering (DIS) 

structure function given as convolution of hard
Wilson coefficient with PDF 
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Inclusive deep-inelastic scattering

one of great success 
stories of QCD & 
QCD factorization!

good description of 
data and extraction 
of PDFs over several 
orders of x & Q  !2
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= (s+ s̄)/(d̄+ ū)
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Inclusive deep-inelastic scattering

global QCD analysis of DIS and other high-energy scattering data
has provided detailed information on momentum (& spin) 
distributions of partons in the nucleon



Phys. Lett. B 475, 386 (2000)
Miller, Brodsky, Karliner 
Phys. Lett. B 481, 245 (2000)

Inclusive deep-inelastic scattering

QED radiation effects important!

e.g. “HERMES effect”

R=
�L

�T

<latexit sha1_base64="J8jOXY89sI5HlpEcnfPj+ySQ3C4=">AAACCHicbZDLSsNAFIYn9VbrLerShVOL4KokUtGNUHDjwkWV3qAJYTKdtENnkjAzEUrI0o2v4saFIm59BHe+jdM2grb+MPDxn3M4c34/ZlQqy/oyCkvLK6trxfXSxubW9o65u9eWUSIwaeGIRaLrI0kYDUlLUcVINxYEcZ+Rjj+6mtQ790RIGoVNNY6Jy9EgpAHFSGnLMw/vnPKlU3YCgXDqSDrgyLvJfqiZeWbFqlpTwUWwc6 iAXA3P/HT6EU44CRVmSMqebcXKTZFQFDOSlZxEkhjhERqQnsYQcSLddHpIBo+104dBJPQLFZy6vydSxKUcc193cqSGcr42Mf+r9RIVXLgpDeNEkRDPFgUJgyqCk1RgnwqCFRtrQFhQ/VeIh0hnonR2JR2CPX/yIrRPq3atenZbq9RreRxFcACOwAmwwTmog2vQAC2AwQN4Ai/g1Xg0no03433WWjDymX3wR8bHN0/ymYQ=</latexit>

lots of theoretical
interpretations

e.g., coherent 
scattering from
σ, ω mesons

7



Inclusive deep-inelastic scattering

QED radiation effects important!

e.g. “HERMES effect”

Phys. Lett. B 475, 386 (2000)
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A-dependent tracking inefficiency of spectrometer,
not recognized in original analysis, had significant
effect on radiative corrections!

hep-ex/0210068

e.g. “HERMES effect”

effect disappears!
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QED radiation in DIS

In presence of QED radiation (from initial or final leptons), 
momentum transfer not unique
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Apply collinear factorization (with one-photon exchange approximation)

QED radiation in DIS

10

` = ⇠ k
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Apply collinear factorization (with one-photon exchange approximation)

QED radiation in DIS
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short-distance
hard part

LDFLFF

PDF

Apply collinear factorization (with one-photon exchange approximation)

QED radiation in DIS

lepton distribution function (LDF) & lepton fragmentation function (LFF) 
do not decouple from parton distribution!
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QED radiation in DIS

compare with existing calculations

Mo-Tsai

Bardin

RC depends on input PDF!
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QED radiation in DIS

QED radiative corrections vs. radiative contributions
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Semi-inclusive deep-inelastic scattering
Differential cross section involves 18 structure functions

lepton plane

hadron plane
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Semi-inclusive deep-inelastic scattering
Goal to extract from SIDIS structure functions the transverse 
momentum dependent (TMD) distribution and fragmentation functions
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Semi-inclusive deep-inelastic scattering
Do we need to consider lepton TMDs?

hP

k'
l

l'

P

p
p'

k

use  “hybrid” framework, with TMD factorization for hadrons,
collinear factorization for leptons

QED broadening for lepton
much less than typical parton k  !T
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Semi-inclusive deep-inelastic scattering
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Semi-inclusive deep-inelastic scattering
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QED radiative effect
depends strongly on
hadronic input! 
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models for input SIDIS
structure functions



Semi-inclusive deep-inelastic scattering

Sivers function

Collins function

20

pretzelocity
(set to zero)



Semi-inclusive deep-inelastic scattering

e.g., for Sivers function, modulation would be obtained from

since 

with QED radiation, projecting phases are no longer orthonormal

“leakage” between various asymmetries
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Semi-inclusive deep-inelastic scattering

leakage from Sivers to Collins

“LO” = no QED

“RES” = QED resummed

cannot isolate QED-free signals
… QED corrections inherently
     model dependent!
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Semi-inclusive deep-inelastic scattering
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Outlook
Factorized approach treats QED & QCD radiation on equal footing
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QED radiation integral part of production cross section,
not universal “correction factor”

More important for less inclusive processes, such as SIDIS

all QED & QCD hard parts IR safe; IR sensitivity included in
universal lepton distribution and fragmentation functions 

no well-defined photon-hadron frame in presence of radiation
radiative effects more pronounced at high momentum transfer
— new paradigm for future data analyses at EIC energies
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QED radiation integral part of production cross section,
not universal “correction factor”

More important for less inclusive processes, such as SIDIS

all QED & QCD hard parts IR safe; IR sensitivity included in
universal lepton distribution and fragmentation functions 

no well-defined photon-hadron frame in presence of radiation
radiative effects more pronounced at high momentum transfer
— new paradigm for future data analyses at EIC energies

Danke!


