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Electroproduction: Berger, Higher-Twist Effects in Deep-Inelastic Scattering, 
Phys.Lett B89 (1979) 241; Brandenburg, Khoze, Müller, Semi-Exclusive Pion 
Production in Deep-Inelastic Scattering, Phys.Lett. B347 (1995) 413
Brodsky, Diehl, Hoyer, Peigne, Semi-exclusive processes: new probes of hadron 
structure, Phys.Lett. B449 (1999) 306.
Same mechanism for high-pt photoproduction:
Carlson&Wakely, Phys.Rev.D48:2000-2006,1993
Afanasev, Carlson&Wahlquist, Phys.Lett.B398:393-399,1997; 
Phys.Rev.D58:054007,1998; Phys.Rev.D61:034014,2000; 
Scaling and duality in semi-exclusive processes: Phys.Rev.D62:074011,2000
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pQCD applicability

. Large momentum scale is required to make pQCD calculations 
applicable for specific processes
. DIS, SIDIS, Drell-Yan : large Q2

. Elastic scattering: large Q2 (form factors); large pT (2->2)

. Deep-exclusive processes (DVCS, DVMP): large Q2 and/or pT

. Wide-angle exclusive photoproduction (Compton, exlusive
mesons): small or zero Q2, large pT

. Inclusive photoproduction: small Q2, large pT
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Berger’s Mechanism

. Berger, Higher-Twist Effects in Deep-Inelastic Scattering, Phys.Lett
B89 (1979) 241
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Berger Mechanism in Drell-Yan: xF~1
. K.J. Eskola, P. Hoyer, M. Vänttinen, R. Vogt, Phys.Lett. B333 (1994) 526-530
. E.L. Berger and S.J. Brodsky, Phys. Rev. Lett. 42, 940 (1979) 
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Parton Model + pQCD for high-pT Photoproduction

. Similar to SIDIS, high-pt photoproduction may be described by parton
fragmentation; hadron is a part of a jet

. In addition, pQCD predicts existence of a short-distance process in 
which a hadron (pion) is produced kinematically isolated at high pt, 
balanced by a opposite-momentum quark jet 
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Implications for Experiment 
. Direct production enhanced toward high pt

Afanasev, Carlson&Wahlquist, Phys.Lett.B398:393-
399,1997; Phys.Rev.D58:054007,1998; 
Phys.Rev.D61:034014,2000
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Pion Distribution Amplitude
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Relevance to GPD measurements

GPD
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Direct Pion Production vs Beam Energy
. For higher beam energies, higher kT can be accesses, while 

suppressions VMD contributions
. Semi-exclusive production mechanism has an order-of-magnitude 

higher cross section
. EIC can study these processes
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Semi-Exclusive Drell Yan

AA, Carlson, in progress
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Two-Photon Exchange in inclusive DIS

. Theory: Afanasev, Strikman, Weiss, Phys.Rev.D77:014028,2008
. Asymmetry due to 2γ-exchange ~1/137 suppression
. Addional suppression due to transversity parton density => 

predict asymmetry at ~10-4 level
. EM gauge invariance is crucial for cancellation of

collinear divergence in theory predictions
. Hadronic non-perturbative ~1% vs partonic 10-4: Major 

disagreement
. Prediction consistent with HERMES measurements who set upper 

limits ~(0.6-0.9)x10-3 : Phys.Lett.B682:351-354,2010
. In contradiction to JLAB observation of per-cent asymmetry 

J. Katich et al. Phys. Rev. Lett. 113, 022502 (2014). 
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Two-Photon Fragmentation for SIDIS

. Extending Kivel-Vanderhaeghen mechanism to SIDIS
. Emission of an additional photon that converts into quark-

antiquark pair leads do an additional mechanism for fragmentation
. Produced hadron may be kinematically isolated (similar to higher-

twist Berger’s mechanism)

(a) one of the photons generates a q-qbar pair to form a final-state meson
(b) two-photon exchange facilitates baryon production from current fragmentation
(c) two-photon mechanism for production of fast meson pairs

baryon meson
meson
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TPE in Drell-Yan

Single-photon, single-gluon exchange Two-photon exchange

Interference of these two mechanisms generates C-odd asymmetries in angular distributions 
of muons vs antimuons

Note: C-odd asymmetries from TPE will also show in standard partonic picture of DY 
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Summary and Outlook

. Deep-Exclusive Processes – GPD can be accessed based on short-
range gluon-exchange mechanism of meson production
. This mechanism, “direct pion production”, can be studied 

separately in SIDIS and Drell Yan
. Semi-Exclusive electroproduction: kinematically isolated hadrons at 

high-z or at high-pT

. Feasibility studies for EIC are underway
. Drell Yan process: high-xF or at high-pT

. Can be studied at AMBER
. Higher-order QED corrections: would generate muon/antimuon 

angular asymmetries at per cent level in Drell Yan


