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Semi-Inclusive DIS: Frontier of Hadron Structure

EICe

Jefferson Lab

i e Observation of two particles allows
% consideration of two scales of
B S observables: P, | and Q2
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Breit Frame

identified hadron Pf’; outgoing lepton I'*
Prhr
: -
incoming proton P* g=1-1
exchanged photon
Yn = llog (E) incoming lepton [*
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Separation of Kinematic Regions
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Standard Approach

small transverse \A/ large transverse FO

momentum momentum

rentation
rization

matching region

aka A SY (=asymptotic) "

Current fragmentation
TMD factorization
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Scale Separation of Cross Section

do
— — W FO — ASY 0 A? D 2
dzdQ?dzdPyy | T Olen/@)
where ~ W for qT <K Q

Pnr = qrzp

~ FO forgr~Q

e W term has resummed logarithms

e Asymptotic term perturbatively expands W term to fixed
order

e Covers matching region between W and fixed order and
removes non-dominant contributions
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Puzzles from Standard Approach

Previous Theory Comparison, (J*=3.5 GeV?, x=0.017 and z=0.2437

e Large discrepancy with data 10° ——"
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QED Effects

e Radiation of photon from initial state changes the direction of the exchanged
photon

e Unobserved lepton radiation introduces ambiguity, as the radiation changes
the unobserved photon’s momentum (Liu et al., 2021)

e Hybrid factorization method to address these issues

L' N

LH
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Hybrid Factorization Approach

e Leading collinear radiative corrections resummed into lepton distribution
functions and lepton fragmentation functions
e Can still extract PDFs and TMDs from scattering cross sections

d60_LA—>L’hX dc df
EPhEL’ d?’ﬁhd?’f’ ~ Z CQ 5 6/] (C)fz/e(é.)
d6O.kA—>k,hX
ST PR

e Standard approach still valid in the virtual photon-hadron frame
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Explicit vs Structure Function Expansion

e Explicit Perturbative Expansion
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Kinematic Variables Appearing in Full SIDIS Cross Section
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Kinematic Variables with QED effects Highlighted
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QED Effects on Relevant Kinematic Variables

e Explicit dependence of major kinematic variables on

rad iation paramete rS g’g ()% vs xy over arange of 4 at Compass kinematics
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Previous Work on QED Effects

e Liuetal., 2020 and 2021 established new factorization approach
e Showed effects of radiative corrections to Gaussian approximation of W term
with artificial fixed order talil
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Setup

h
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= WR + (1 — R)FO

e—A(QT/Q)B

Before QED corrections

Fixed order calculation comes from Nadolsky et al., 1999 (at finite gr ~ Q)
To match W to FO, toy scheme used in this work (and in Liu et al., 2021):
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Role of Angular Effects on PhT

e Standard approach assumes separable angular dependence
e Lepton radiation introduces internal angular dependence
e Increases weight of back-to-back region
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Importance of Angular Effects

G./Q vs ¢y, for Q*=3.5 GeV?, x=0.017 and z=0.2437
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Conclusion

e Joint QED + QCD factorization
scheme for SIDIS process showed
significant effects on cross section

e Full transverse momentum spectrum
required to address QED effects

e Potential resolution to discrepancies
between previous theory and
COMPASS data
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Cross Section Expression
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Transformation Between Lab Frame and Virtual Breit

Frame
e Traditionally Breit frame is photon-hadron frame
e Lepton radiation makes frame determination ambiguous
e All historical factorization formula defined in photon hadron frame
e Introduce virtual photon-hadron frame which is determined by a given pair of
£, under one-photon exchange approximation
= (2%, 27,7, = (2!, 27)) x° = ROAV:U“
smGL L )
E—F COSQL I

QNO Radiation — arctan
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Helicity Expansion

e Similar to Ji et al., 2006

v () (5

YH =e" 7, T, Xs
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Perturbative Coefficients in Helicity Basis

e \Working with helicity-based hadronic structure functions (similar to lepton
case in Liu et al., 2021)

n 1 ~ A A~ A ~ N A A A~ A A~ A ~
W = < (X“X” + WY”) Hyr + (T“T”HL n (T“X” + X“T”) Ha + .. )

Transverse other, (9(0423)

Separate into real and virtual terms Wy = Ruw + Vi
Separate based on momentum scale

HTT(CfT) — WTT (small C;T) YTT (large C;T)
Yrr = Rppr — Ry

A J. Cammarota, QCD Evolution 2023

1 174 174
Fixed order projection onto partonic states Hrr = §(XMX +YHY" )W,
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CSS-like Formalism

e Similar process as in CSS formalism (Collins et al., 1985)
Wrr(br, Q) = /d2§T€i5T'5TWTT(§T, Q) =e¢"[Cr@ fl®[Cp © D]
e Expanding in powers of o
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NLO Perturbative Coefficients
Wrr = C}VCRs© + Ccp)s© + o e st

e Comparing derivation with above:
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Full W term
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Matching to Fixed Order Region

e Fixed order calculation comes from Nadolsky et al., 1999 (at finite ¢gr ~ Q)
e To match W to FO, toy scheme used in this work (and in Liu et al., 2021):

h - h 1.0F —
TUU,Modified ™~ UUU,WR(QT/Q) 2 e
h 5
+ (1 = R(qr/Q))otru ro o)

@)
R = G—A(QT/Q)B NSM'
\g 0.2
0.0 0.5 1.0 1.5 2.0
qr/Q
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Breaking of Azimuthal Symmetry

e Standard approach assumes azimuthal symmetry

e Lepton radiation introduces a preferred direction of photon and therefore
outgoing hadron

e Breaking of azimuthal symmetry increases weight of back-to-back region

L7
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