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A note on the success of SM and challenge for finding BSM

Constraints from precision measurements

§ W mass:

[P.C. Bhat  et al. arXiv:hep-ph/0001152]

[A. Sirlin 1999]

q Prediction for PT distribution for Higgs production at the LHC:
– Ten years before Higgs was discovered in 2012 [E. Berger, J. Qiu, arXiv:hep-ph/0210135]

§ Need a Higgs mass: 
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<latexit sha1_base64="oXAWSPPAt+6kOtrj19lk3832h74=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4scyUtrosuLDLCvYBnWHIpGkbmmSGJCOUoS7c+CtuXCji1n9w59+YtrPQ1gP3cjjnXpJ7wphRpR3n21pZXVvf2Mxt5bd3dvf27YPDlooSiUkTRyySnRApwqggTU01I51YEsRDRtrh6Hrqt++JVDQSd3ocE5+jgaB9ipE2UmCf8KAOPUU5dEsVeGF69SH1JIc3pDUJ7IJTdGaAy8TNSAFkaAT2l9eLcMKJ0JghpbquE2s/RVJTzMgk7yWKxAiP0IB0DRWIE+Wnsysm8MwoPdiPpCmh4Uz9vZEirtSYh2aSIz1Ui95U/M/rJrp/5adUxIkmAs8f6icM6ghOI4E9KgnWbGwIwpKav0I8RBJhbYLLmxDcxZOXSatUdKvFym25UCtnceTAMTgF58AFl6AG6qABmgCDR/AMXsGb9WS9WO/Wx3x0xcp2jsAfWJ8/vpSWKQ==</latexit>

mH ⇠ 125� 126 GeV

Using the values of W-mass and Top-mass at 2002, § SM Higgs mass:

Estimate: Choice:
<latexit sha1_base64="BjymLBhfFzKKE4ZZDAfEMvZupbk=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTWnUjFFzYZQX7gHYYMmmmDU0yQ5IR6lD9FTcuFHHrf7jzb0zbWWjrgQuHc+7l3nuCmFGlHefbyq2srq1v5DcLW9s7u3v2/kFLRYnEpIkjFslOgBRhVJCmppqRTiwJ4gEj7WB0PfXb90QqGok7PY6Jx9FA0JBipI3k20fcr8Mr6Jar8DHtSQ5vSGvi20Wn5MwAl4mbkSLI0PDtr14/wgknQmOGlOq6Tqy9FElNMSOTQi9RJEZ4hAaka6hAnCgvnV0/gadG6cMwkqaEhjP190SKuFJjHphOjvRQLXpT8T+vm+jw0kupiBNNBJ4vChMGdQSnUcA+lQRrNjYEYUnNrRAPkURYm8AKJgR38eVl0iqX3PNS9bZSrFWyOPLgGJyAM+CCC1ADddAATYDBA3gGr+DNerJerHfrY96as7KZQ/AH1ucP3mGTiw==</latexit>

mH = 125 GeV

[Berger, Qiu, PRD67, 034026 (2003)]



3
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• Challenge for 
finding BSM

• Success of SM

• More precision 
is needed!

• Role of QED?

<latexit sha1_base64="oXAWSPPAt+6kOtrj19lk3832h74=">AAACBXicbVDLSgMxFM34rPU16lIXwSK4scyUtrosuLDLCvYBnWHIpGkbmmSGJCOUoS7c+CtuXCji1n9w59+YtrPQ1gP3cjjnXpJ7wphRpR3n21pZXVvf2Mxt5bd3dvf27YPDlooSiUkTRyySnRApwqggTU01I51YEsRDRtrh6Hrqt++JVDQSd3ocE5+jgaB9ipE2UmCf8KAOPUU5dEsVeGF69SH1JIc3pDUJ7IJTdGaAy8TNSAFkaAT2l9eLcMKJ0JghpbquE2s/RVJTzMgk7yWKxAiP0IB0DRWIE+Wnsysm8MwoPdiPpCmh4Uz9vZEirtSYh2aSIz1Ui95U/M/rJrp/5adUxIkmAs8f6icM6ghOI4E9KgnWbGwIwpKav0I8RBJhbYLLmxDcxZOXSatUdKvFym25UCtnceTAMTgF58AFl6AG6qABmgCDR/AMXsGb9WS9WO/Wx3x0xcp2jsAfWJ8/vpSWKQ==</latexit>

mH ⇠ 125� 126 GeV

Using the values of W-mass and Top-mass at 2002, § SM Higgs mass:

Estimate: Choice:
<latexit sha1_base64="BjymLBhfFzKKE4ZZDAfEMvZupbk=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzJTWnUjFFzYZQX7gHYYMmmmDU0yQ5IR6lD9FTcuFHHrf7jzb0zbWWjrgQuHc+7l3nuCmFGlHefbyq2srq1v5DcLW9s7u3v2/kFLRYnEpIkjFslOgBRhVJCmppqRTiwJ4gEj7WB0PfXb90QqGok7PY6Jx9FA0JBipI3k20fcr8Mr6Jar8DHtSQ5vSGvi20Wn5MwAl4mbkSLI0PDtr14/wgknQmOGlOq6Tqy9FElNMSOTQi9RJEZ4hAaka6hAnCgvnV0/gadG6cMwkqaEhjP190SKuFJjHphOjvRQLXpT8T+vm+jw0kupiBNNBJ4vChMGdQSnUcA+lQRrNjYEYUnNrRAPkURYm8AKJgR38eVl0iqX3PNS9bZSrFWyOPLgGJyAM+CCC1ADddAATYDBA3gGr+DNerJerHfrY96as7KZQ/AH1ucP3mGTiw==</latexit>

mH = 125 GeV

[Berger, Qiu, PRD67, 034026 (2003)]
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U.S. - based Electron-Ion Collider (EIC)

EIC

A machine that will unlock the secrets of the strongest force in Nature
Like a CT Scanner for Atoms

https://www.bnl.gov/eic/

• Center of Mass Energies: 
    20 GeV – 141 GeV
• Required Luminosity: 
    1033  - 1034 cm-2s-1

• Hadron Beam Polarization: 
    80%
• Electron Beam Polarization: 
    80%
• Ion Species Range: 
    p to Uranium
• Number of interaction regions: 
    up to two

Basic Tech Requirements
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Physics of BSM in the EIC White Paper & the Yellow Report

4.2.1  Charged Lepton Flavor Violation

4.2.2  Precision Measurements of Weak Neutral Current
          Couplings

<latexit sha1_base64="v+qQK4Fhyd2KitjuNlGRHsVIHRw=">AAACIHicbZDLSgMxFIYzXmu9VV26CRbBjWWmVOtGKLjQZUV7gU4tmTTThmYuJmeUMoxv4sZXceNCEd3p05i2s9DWA4GP/z+Hk/M7oeAKTPPLmJtfWFxazqxkV9fWNzZzW9t1FUSSshoNRCCbDlFMcJ/VgINgzVAy4jmCNZzB2chv3DGpeOBfwzBkbY/0fO5ySkBLnVzZVrcS4qsEn2KrZD7EtvTwOasnNh7jPYe+5qKZWq6T3MSHVtLJ5c2COS48C1YKeZRWtZP7tLsBjTzmAxVEqZZlhtCOiQROBUuydqRYSOiA9FhLo088ptrx+MAE72uli91A6ucDHqu/J2LiKTX0HN3pEeiraW8k/ue1InBP2jH3wwiYTyeL3EhgCPAoLdzlklEQQw2ESq7/immfSEJBZ5rVIVjTJ89CvViwjgtHl6V8pZTGkUG7aA8dIAuVUQVdoCqqIYoe0TN6RW/Gk/FivBsfk9Y5I53ZQX/K+P4BsACiCQ==</latexit>p
S = 140 GeV with 200 fb�1

<latexit sha1_base64="TcRDe3S+oA/jvbDCb4r+VHfShD0="></latexit>

⌧ ! e scattering process via leptoquarks



6
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S = 140 GeV with 200 fb�1

<latexit sha1_base64="TcRDe3S+oA/jvbDCb4r+VHfShD0="></latexit>

⌧ ! e scattering process via leptoquarks

7.5  Connections with Other Fields

7.5.1  Electroweak and BSM physics
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Collision induced radiation for high-energy lepton-hadron scattering
q “Probe” for the hadron is smeared by the induced QED radiation: 

y =
2P · q
2P · l

<latexit sha1_base64="5yvoUIHemJM9fWPqkUAKFEaHOAM=">AAACBnicbZDLSsNAFIYnXmu9RV2KMFgEVyUpBXUhFNy4rGAv0IQymUzaoZOZODMRQujKja/ixoUibn0Gd76N0zaItv4w8PGfczhz/iBhVGnH+bKWlldW19ZLG+XNre2dXXtvv61EKjFpYcGE7AZIEUY5aWmqGekmkqA4YKQTjK4m9c49kYoKfquzhPgxGnAaUYy0sfr2UXbpRRLhvNb0cCg0vBv/IBv37YpTdaaCi+AWUAGFmn370wsFTmPCNWZIqZ7rJNrPkdQUMzIue6kiCcIjNCA9gxzFRPn59IwxPDFOCCMhzeMaTt3fEzmKlcriwHTGSA/VfG1i/lfrpTo693PKk1QTjmeLopRBLeAkExhSSbBmmQGEJTV/hXiITCraJFc2IbjzJy9Cu1Z169WLm3qlUSviKIFDcAxOgQvOQANcgyZoAQwewBN4Aa/Wo/VsvVnvs9Ylq5g5AH9kfXwDqHmYlA==</latexit>

xB =
Q2

2P · q

<latexit sha1_base64="3FBSlDKLX8p/rMKDbPAM5OMhJ9Q=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUJBXUhFN24bME+oIlhMpm0QycPZyZiCcGNv+LGhSJu/Qp3/o3TNgttPXDhcM693HuPlzAqpGF8a6Wl5ZXVtfJ6ZWNza3tH393riDjlmLRxzGLe85AgjEakLalkpJdwgkKPka43upr43XvCBY2jGzlOiBOiQUQDipFUkqsfPLiXF3bAEc5at1aeWU0b+7GEd7mrV42aMQVcJGZBqqBA09W/bD/GaUgiiRkSom8aiXQyxCXFjOQVOxUkQXiEBqSvaIRCIpxs+kIOj5XiwyDmqiIJp+rviQyFQoxDT3WGSA7FvDcR//P6qQzOnIxGSSpJhGeLgpRBGcNJHtCnnGDJxoogzKm6FeIhUnlIlVpFhWDOv7xIOlbNrNfOW/VqwyriKINDcAROgAlOQQNcgyZoAwwewTN4BW/ak/aivWsfs9aSVszsgz/QPn8Ah2qW2Q==</latexit>

Q2 = xB y S

<latexit sha1_base64="QuV/ZFoKR58mwXSXX/EdYK39HoE=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwIGE3BNSDEPTiMUHzgGRdZiezyZDZBzOzaljzKV48KOLVL/Hm3zhJ9qCJBQ1FVTfdXV7MmVSW9W0sLa+srq3nNvKbW9s7u2ZhrymjRBDaIBGPRNvDknIW0oZiitN2LCgOPE5b3vBq4rfuqZAsCm/VKKZOgPsh8xnBSkuuWajfldEFenQvuydopOvGNYtWyZoCLRI7I0XIUHPNr24vIklAQ0U4lrJjW7FyUiwUI5yO891E0hiTIe7TjqYhDqh00unpY3SklR7yI6ErVGiq/p5IcSDlKPB0Z4DVQM57E/E/r5Mo/8xJWRgnioZktshPOFIRmuSAekxQovhIE0wE07ciMsACE6XTyusQ7PmXF0mzXLIrpfN6pVi1sjhycACHcAw2nEIVrqEGDSDwAM/wCm/Gk/FivBsfs9YlI5vZhz8wPn8ACjGR4g==</latexit>

Instead of a straight line – linear correla*on, 
     the kinema*c variables, y, Q2 , xB, from the leptons are smeared so much
     to make them different from what the scaUered “quark” experienced! 

See Xiaoxuan Chu
@2nd EIC YR workshop

Ill-defined “photon-hadron” frame?!
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<latexit sha1_base64="3FBSlDKLX8p/rMKDbPAM5OMhJ9Q=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyUJBXUhFN24bME+oIlhMpm0QycPZyZiCcGNv+LGhSJu/Qp3/o3TNgttPXDhcM693HuPlzAqpGF8a6Wl5ZXVtfJ6ZWNza3tH393riDjlmLRxzGLe85AgjEakLalkpJdwgkKPka43upr43XvCBY2jGzlOiBOiQUQDipFUkqsfPLiXF3bAEc5at1aeWU0b+7GEd7mrV42aMQVcJGZBqqBA09W/bD/GaUgiiRkSom8aiXQyxCXFjOQVOxUkQXiEBqSvaIRCIpxs+kIOj5XiwyDmqiIJp+rviQyFQoxDT3WGSA7FvDcR//P6qQzOnIxGSSpJhGeLgpRBGcNJHtCnnGDJxoogzKm6FeIhUnlIlVpFhWDOv7xIOlbNrNfOW/VqwyriKINDcAROgAlOQQNcgyZoAwwewTN4BW/ak/aivWsfs9aSVszsgz/QPn8Ah2qW2Q==</latexit>

Q2 = xB y S

<latexit sha1_base64="QuV/ZFoKR58mwXSXX/EdYK39HoE=">AAAB+nicbVDLSgNBEOz1GeNro0cvg0HwIGE3BNSDEPTiMUHzgGRdZiezyZDZBzOzaljzKV48KOLVL/Hm3zhJ9qCJBQ1FVTfdXV7MmVSW9W0sLa+srq3nNvKbW9s7u2ZhrymjRBDaIBGPRNvDknIW0oZiitN2LCgOPE5b3vBq4rfuqZAsCm/VKKZOgPsh8xnBSkuuWajfldEFenQvuydopOvGNYtWyZoCLRI7I0XIUHPNr24vIklAQ0U4lrJjW7FyUiwUI5yO891E0hiTIe7TjqYhDqh00unpY3SklR7yI6ErVGiq/p5IcSDlKPB0Z4DVQM57E/E/r5Mo/8xJWRgnioZktshPOFIRmuSAekxQovhIE0wE07ciMsACE6XTyusQ7PmXF0mzXLIrpfN6pVi1sjhycACHcAw2nEIVrqEGDSDwAM/wCm/Gk/FivBsfs9YlI5vZhz8wPn8ACjGR4g==</latexit>

Instead of a straight line – linear correlation, 
     the kinematic variables, y, Q2 , xB, from the leptons are smeared so much
     to make them different from what the scattered “quark” experienced! 

XL

<latexit sha1_base64="GENFoHQkKP+yBXiK+jUwQxkgjdU=">AAACAnicbVDNS8MwHE3n15xfVU/iJTgET6MdQz0OvHic4D5gLSXN0i0sSbskFUYZXvxXvHhQxKt/hTf/G9OtB918kPB47/cjeS9MGFXacb6t0tr6xuZWebuys7u3f2AfHnVUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDcc3ud99IFLRWNzraUJ8joaCRhQjbaTAPpkEHk+hBz0d5/cI6Wwyy7XArjo1Zw64StyCVEGBVmB/eYMYp5wIjRlSqu86ifYzJDXFjMwqXqpIgvAYDUnfUIE4UX42jzCD50YZwCiW5ggN5+rvjQxxpaY8NJMc6ZFa9nLxP6+f6ujaz6hIUk0EXjwUpQyauHkfcEAlwZpNDUFYUvNXiEdIIqxNaxVTgrsceZV06jX3sta4a1Sb9aKOMjgFZ+ACuOAKNMEtaIE2wOARPINX8GY9WS/Wu/WxGC1Zxc4x+APr8wdjTZbC</latexit>

qµ ! q̂µ
<latexit sha1_base64="+9alU8OQkh0uINfQUKJEkYdc3Xs=">AAACFnicbZBNS8MwGMdTX+d8q3r0EhyCl412DPUiDLx43MC9wFpHmqZbWJp2SaqMsk/hxa/ixYMiXsWb38Z060E3H0jy4/9/QvL8vZhRqSzr21hZXVvf2CxsFbd3dvf2zYPDtowSgUkLRywSXQ9JwignLUUVI91YEBR6jHS80XXmd+6JkDTit2oSEzdEA04DipHSUt8sN++q8AqWx/pwoKOibH+gPhkilTanmVl2Mh5n3DdLVsWaFVwGO4cSyKvRN78cP8JJSLjCDEnZs61YuSkSimJGpkUnkSRGeIQGpKeRo5BIN52NNYWnWvFhEAm9uIIz9feNFIVSTkJPd4ZIDeWil4n/eb1EBZduSnmcKMLx/KEgYVBPn2UEfSoIVmyiAWFB9V8hHiKBsNJJFnUI9uLIy9CuVuzzSq1ZK9WreRwFcAxOwBmwwQWogxvQAC2AwSN4Bq/gzXgyXox342PeumLkd47AnzI+fwDzVpzA</latexit>

Q2 = �q2 ! bQ2 = �q̂2
<latexit sha1_base64="d2RhEnm7Pbv7im8L5bXEIQMYn4s="></latexit>

xB =
Q2

2P · q ! x̂B =
bQ2

2P · q̂

See Xiaoxuan Chu
@2nd EIC YR workshop

Ill-defined “photon-hadron” frame?!
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No simple radiative correction for SIDIS

q Radiative correction – Born kinematics:
<latexit sha1_base64="tlQYfDyirWgXE4ANv0t7rDdxK+Y="></latexit>

�Measured ⌘ RC ⌦ �No QED Radiation

Necessary requirement: RC – Radiative correction factor 
         does not depend on the hadronic physics that we want to extract! 
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No simple radiative correction for SIDIS

q RadiaEve correcEon – Born kinemaEcs:
<latexit sha1_base64="tlQYfDyirWgXE4ANv0t7rDdxK+Y="></latexit>

�Measured ⌘ RC ⌦ �No QED Radiation

Necessary requirement: RC – Radiative correction factor 
         does not depend on the hadronic physics that we want to extract! 

q Impact of QED radiation to SIDIS – order of aEM:
<latexit sha1_base64="JbUN55SJHZQBAm75ivUCe6UekLU=">AAACJ3icbVBNSwMxFMz6WetX1aOXYBE8SN0tol4UQQUvioqtQreUt9nXNjTZXZKsUJb+Gy/+FS+CiujRf2Jae9DqQMIw84bkTZAIro3rfjhj4xOTU9O5mfzs3PzCYmFpuarjVDGssFjE6jYAjYJHWDHcCLxNFIIMBN4EnaO+f3OHSvM4ujbdBOsSWhFvcgbGSo3Cwb6veUtCI/OVpGcIOlUY9qi/md/qXz/d89inlyfHPr2CkA/yvUah6JbcAehf4g1JkQxx0Sg8+2HMUomRYQK0rnluYuoZKMOZwF7eTzUmwDrQwpqlEUjU9WywZ4+uWyWkzVjZExk6UH8mMpBad2VgJyWYth71+uJ/Xi01zb16xqMkNRix74eaqaAmpv3SaMgVMiO6lgBT3P6VsjYoYMZWm7cleKMr/yXVcsnbKbmX28XD8rCOHFkla2SDeGSXHJJTckEqhJF78kheyKvz4Dw5b8779+iYM8yskF9wPr8Aj1Okeg==</latexit>

= �Measured /�No QED Radiation

<latexit sha1_base64="k9D+VFfUHAZFElbaoelU4xoSOkU="></latexit>p
S = 7.19 GeV, xB = 0.15, Q2 = 4 GeV2

I. Akushevich et al.
EPJ C10 (1999) 681

<latexit sha1_base64="sgaEZBilAbR+uHb/576CNu3/sF4=">AAACGHicbVDLSgNBEJyN7/iKevQyGMRdAnFXRD0KXjxJBPOAJITeSSc7ZGZ3mZlVQvAzvPgrXjwo4tWbf+Mk5qDGgoaiqpvurjAVXBvf/3Ryc/MLi0vLK/nVtfWNzcLWdk0nmWJYZYlIVCMEjYLHWDXcCGykCkGGAuvh4GLs129RaZ7EN2aYYltCP+Y9zsBYqVM4RFd4pSu34rUU70cGlEruKB644sDLl1p9kBLcgVeK3Eon8kqNTqHol/0J6CwJpqRIpqh0Ch+tbsIyibFhArRuBn5q2iNQhjOB9/lWpjEFNoA+Ni2NQaJujyaP3dN9q3RpL1G2YkMn6s+JEUithzK0nRJMpP96Y/E/r5mZ3ll7xOM0Mxiz70W9TFCT0HFKtMsVMiOGlgBT3N5KWQQKmLFZ5m0Iwd+XZ0ntqByclP3r4+L50TSOZbJL9ohLAnJKzsklqZAqYeSBPJEX8uo8Os/Om/P+3ZpzpjM75Becjy85DJy1</latexit>

e(l) +N(P ) ! e0(l0) + �(k) + h(Ph) +X

Dashed line:

Gaussian pT-dependence
<latexit sha1_base64="u6C8s1uLFcf6b/2pYJPUgqdTxZw=">AAAB+3icbZDLSgMxFIYz9VbrbaxLN8EiVNAyU0RdFty4rGAv0BmHTJppQzOZkGSkZeiruHGhiFtfxJ1vY9rOQlt/CHz85xzOyR8KRpV2nG+rsLa+sblV3C7t7O7tH9iH5bZKUolJCycskd0QKcIoJy1NNSNdIQmKQ0Y64eh2Vu88Ealowh/0RBA/RgNOI4qRNlZgl0Pv3CNjUb0wIAL9WD8L7IpTc+aCq+DmUAG5moH95fUTnMaEa8yQUj3XEdrPkNQUMzIteakiAuERGpCeQY5iovxsfvsUnhqnD6NEmsc1nLu/JzIUKzWJQ9MZIz1Uy7WZ+V+tl+roxs8oF6kmHC8WRSmDOoGzIGCfSoI1mxhAWFJzK8RDJBHWJq6SCcFd/vIqtOs196rm3F9WGvU8jiI4BiegClxwDRrgDjRBC2AwBs/gFbxZU+vFerc+Fq0FK585An9kff4AGYeTIg==</latexit>

b exp(�b p2t ) where
<latexit sha1_base64="EWNJd53GTvpqqEGeCbOAtfS6QfM=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4kJoEUS9CwYvHKvYDmrRstpt26WYTdjdCDf0bXjwo4tU/481/47bNQVsfDDzem2FmXpBwprRtf1tLyyura+uFjeLm1vbObmlvv6HiVBJaJzGPZSvAinImaF0zzWkrkRRHAafNYHgz8ZuPVCoWiwc9Sqgf4b5gISNYG8kLvNNrdN9xz546brdUtiv2FGiRODkpQ45at/Tl9WKSRlRowrFSbcdOtJ9hqRnhdFz0UkUTTIa4T9uGChxR5WfTm8fo2Cg9FMbSlNBoqv6eyHCk1CgKTGeE9UDNexPxP6+d6vDKz5hIUk0FmS0KU450jCYBoB6TlGg+MgQTycytiAywxESbmIomBGf+5UXScCvORcW+Oy9X3TyOAhzCEZyAA5dQhVuoQR0IJPAMr/BmpdaL9W59zFqXrHzmAP7A+vwB9taQSQ==</latexit>

b = R2/z2

Solid line:
Power pT-dependence

<latexit sha1_base64="1MsCxTabwpZ5PB0aMeUS5YFCOo0=">AAACFXicbVDLSsNAFJ34rPUVdekmWAShpSRF1GXBjcsK9gFJGiaTSTt08mDmRqghP+HGX3HjQhG3gjv/xuljoa0HLhzOuZd77/FTziSY5re2srq2vrFZ2ipv7+zu7esHhx2ZZILQNkl4Ino+lpSzmLaBAae9VFAc+Zx2/dH1xO/eUyFZEt/BOKVuhAcxCxnBoCRPrzmchmA7ocAkt4ocV32n9lBNPeg3CkewwRDcfk6qgVILT6+YdXMKY5lYc1JBc7Q8/csJEpJFNAbCsZS2Zabg5lgAI5wWZSeTNMVkhAfUVjTGEZVuPv2qME6VEhhhIlTFYEzV3xM5jqQcR77qjDAM5aI3Ef/z7AzCKzdncZoBjclsUZhxAxJjEpERMEEJ8LEimAimbjXIEKuAQAVZViFYiy8vk06jbl3UzdvzSrMxj6OEjtEJOkMWukRNdINaqI0IekTP6BW9aU/ai/aufcxaV7T5zBH6A+3zB1rfnuI=</latexit>
1

a+ b z + p2t

�c+d z <latexit sha1_base64="ET3HIMPai6Bx4nw01mtqdU/aRhM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBQyhJEfVY8OKxiv3ANpTNZtMu3WzC7kYoof/CiwdFvPpvvPlv3LQ5aOuDgcd7M8zM8xPOlHacb6u0tr6xuVXeruzs7u0fVA+POipOJaFtEvNY9nysKGeCtjXTnPYSSXHkc9r1Jze5332iUrFYPOhpQr0IjwQLGcHaSI/3NrZ9m9gBGlZrTt2ZA60StyA1KNAaVr8GQUzSiApNOFaq7zqJ9jIsNSOcziqDVNEEkwke0b6hAkdUedn84hk6M0qAwliaEhrN1d8TGY6Umka+6YywHqtlLxf/8/qpDq+9jIkk1VSQxaIw5UjHKH8fBUxSovnUEEwkM7ciMsYSE21CqpgQ3OWXV0mnUXcv687dRa3ZKOIowwmcwjm4cAVNuIUWtIGAgGd4hTdLWS/Wu/WxaC1Zxcwx/IH1+QOS5o9/</latexit>

R, a, b, c, dparameters:

depends on physics we want to extract!
<latexit sha1_base64="eY+gBnufg2vmrhcNt0DoaRg9g8U=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRF1GXBjcsK9gFNKJPJbTt0MgkzEyGE+ituXCji1g9x5984abPQ1gMDh3Pu4d45QcKZ0o7zbVU2Nre2d6q7tb39g8Mj+/ikp+JUUujSmMdyEBAFnAnoaqY5DBIJJAo49IPZbeH3H0EqFosHnSXgR2Qi2JhRoo00sutebOwinXshcE3mHh7ZDafpLIDXiVuSBirRGdlfXhjTNAKhKSdKDV0n0X5OpGaUw7zmpQoSQmdkAkNDBYlA+fni+Dk+N0qIx7E0T2i8UH8nchIplUWBmYyInqpVrxD/84apHt/4ORNJqkHQ5aJxyrGOcdEEDpkEqnlmCKGSmVsxnRJJqDZ91UwJ7uqX10mv1XSvms79ZaPdKuuoolN0hi6Qi65RG92hDuoiijL0jF7Rm/VkvVjv1sdytGKVmTr6A+vzBwwHlPg=</latexit>

�

NO simple RC for SIDIS!
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QED radiaEve correcEons vs. QED radiaEve contribuEons

q QED radiative corrections: 

§ The correc*on factors RQED  and σX  should not depend on the hadron structure that we wish to extract, 
and they can be systema*cally calculated in QED to high precision (not sa*sfied); 

§ The effective scale Q2
true for the Born cross section σBorn  should be large enough to keep the “true” 

scattering within the DIS regime (questionable); 

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

§ Extraction of              is an inverse problem                  
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QED radiative corrections vs. QED radiative contributions

q QED radiaEve correcEons: 

§ The correction factors RQED  and σX  should not depend on the hadron structure that we wish to extract, 
and they can be systematically calculated in QED to high precision (not satisfied); 

§ The effec*ve scale Q2
true for the Born cross sec*on σBorn  should be large enough to keep the “true” 

scaUering within the DIS regime (ques*onable); 

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

§ Extraction of              is an inverse problem                  

q QED radiative contributions: 

§ Infrared sensitive QED contributions – divergent as                      , are absorbed to universal LDFs and LFFs 
<latexit sha1_base64="WEoGmGN0MrQDooeWikerNll6LZk=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqs6Uoi4Lbly2YB/YDiWT3mlDM5khyQil9C/cuFDErX/jzr8xbWehrQcCh3PuJfecIBFcG9f9dnIbm1vbO/ndwt7+weFR8fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3dxvP6HSPJYPZpKgH9Gh5CFn1FjpMerjVaNnYuL2iyW37C5A1omXkRJkqPeLX71BzNIIpWGCat313MT4U6oMZwJnhV6qMaFsTIfYtVTSCLU/XVw8IxdWGZAwVvZJQxbq740pjbSeRIGdjKgZ6VVvLv7ndVMT3vpTLpPUoGTLj8JUEBtxHp8MuEJmxMQSyhS3txI2oooyY0sq2BK81cjrpFUpe9flaqNaqlWyOvJwBudwCR7cQA3uoQ5NYCDhGV7hzdHOi/PufCxHc062cwp/4Hz+AHgmkBc=</latexit>

me/Q ! 0

§ Infrared safe QED contributions – finite as                      , are calculated order-by-order in power of a 
<latexit sha1_base64="WEoGmGN0MrQDooeWikerNll6LZk=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqs6Uoi4Lbly2YB/YDiWT3mlDM5khyQil9C/cuFDErX/jzr8xbWehrQcCh3PuJfecIBFcG9f9dnIbm1vbO/ndwt7+weFR8fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3dxvP6HSPJYPZpKgH9Gh5CFn1FjpMerjVaNnYuL2iyW37C5A1omXkRJkqPeLX71BzNIIpWGCat313MT4U6oMZwJnhV6qMaFsTIfYtVTSCLU/XVw8IxdWGZAwVvZJQxbq740pjbSeRIGdjKgZ6VVvLv7ndVMT3vpTLpPUoGTLj8JUEBtxHp8MuEJmxMQSyhS3txI2oooyY0sq2BK81cjrpFUpe9flaqNaqlWyOvJwBudwCR7cQA3uoQ5NYCDhGV7hzdHOi/PufCxHc062cwp/4Hz+AHgmkBc=</latexit>

me/Q ! 0

§ Power suppressed contribu*ons as                      , are neglected
<latexit sha1_base64="WEoGmGN0MrQDooeWikerNll6LZk=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqs6Uoi4Lbly2YB/YDiWT3mlDM5khyQil9C/cuFDErX/jzr8xbWehrQcCh3PuJfecIBFcG9f9dnIbm1vbO/ndwt7+weFR8fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx3dxvP6HSPJYPZpKgH9Gh5CFn1FjpMerjVaNnYuL2iyW37C5A1omXkRJkqPeLX71BzNIIpWGCat313MT4U6oMZwJnhV6qMaFsTIfYtVTSCLU/XVw8IxdWGZAwVvZJQxbq740pjbSeRIGdjKgZ6VVvLv7ndVMT3vpTLpPUoGTLj8JUEBtxHp8MuEJmxMQSyhS3txI2oooyY0sq2BK81cjrpFUpe9flaqNaqlWyOvJwBudwCR7cQA3uoQ5NYCDhGV7hzdHOi/PufCxHc062cwp/4Hz+AHgmkBc=</latexit>

me/Q ! 0

Predictive power:  Universality of LDFs and LFFs, their evolution, calculable hard parts
                                  Neglect power corrections
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Inclusive lepton-hadron deep inelastic scattering (DIS)

q Inclusive production of single high pT lepton in lepton-hadron collision:

X

<latexit sha1_base64="E/FyVENwGYI/8ue/djPIcsqt61U=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2FZoQ9lsJ+3S3STsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IBFcG9f9dkobm1vbO+Xdyt7+weFR9fikq+NUMeywWMTqMaAaBY+wY7gR+JgopDIQ2Aumt7nfe0KleRw9mFmCvqTjiIecUZNLAxRiWK25dXcBsk68gtSgQHtY/RqMYpZKjAwTVOu+5ybGz6gynAmcVwapxoSyKR1j39KIStR+trh1Ti6sMiJhrGxFhizU3xMZlVrPZGA7JTUTverl4n9ePzXhjZ/xKEkNRmy5KEwFMTHJHycjrpAZMbOEMsXtrYRNqKLM2HgqNgRv9eV10m3Uvat6875ZazWKOMpwBudwCR5cQwvuoA0dYDCBZ3iFN0c6L86787FsLTnFzCn8gfP5AwuEjjQ=</latexit>

`
<latexit sha1_base64="Df89xS43Tn3h7XbDJ+MaR2xr9hc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lKUY8FLx4rmLbQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnshHM0kxiOlQ8ogzaqzk91CIy3654lbdBcg68XJSgRzNfvmrN0hYFqM0TFCtu56bmmBKleFM4KzUyzSmlI3pELuWShqjDqaLY2fkwioDEiXKljRkof6emNJY60kc2s6YmpFe9ebif143M9FtMOUyzQxKtlwUZYKYhMw/JwOukBkxsYQyxe2thI2ooszYfEo2BG/15XXSqlW962r9oV5p1PI4inAG53AFHtxAA+6hCT4w4PAMr/DmSOfFeXc+lq0FJ585hT9wPn8AbSOOZQ==</latexit>

`0

<latexit sha1_base64="r41XBfUifQFIOJ+al8ATxLHPfJI=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1XqrXmnU8jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGnt4zN</latexit>

P

<latexit sha1_base64="PBQT/1eO2FEkeoKOZ9nO7PFbXGk="></latexit>

d�`(�`)P (S)!`0X =
1

2s

��M`(�`)P (S)!`0X

��2 dPS

<latexit sha1_base64="MMcPDpAsLcknAJb6SbNXpt5sPcQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVssZSZUtRlwY0rqWgf0BlKJr1tQzMPkoxQSv/Cjb/ixoUibnXn35hpZ6GtFwIn50FyjxdxJpVlfRuZldW19Y3sZm5re2d3z9w/aMowFhQaNOShaHtEAmcBNBRTHNqRAOJ7HFre6CrRWw8gJAuDezWOwPXJIGB9RonSVNcsQ8EBzksO15ke6SaXIj7DN4V66a6IHRXiueM0YdtdM2+VrdngZWCnII/SqXfNL6cX0tiHQFFOpOzYVqTcCRGKUQ7TnBNLiAgdkQF0NAyID9KdzPaa4hPN9HA/FPoECs/Y34kJ8aUc+552+kQN5aKWkP9pnVj1L90JC6JYQUDnD/VjjvW2SUm4xwRQxccaECqY/iumQyIIVbrKnC7BXlx5GTQrZfu8XL2t5muVtI4sOkLHqIBsdIFq6BrVUQNR9Iie0St6M56MF+Pd+JhbM0aaOUR/xvj8AVVknDE=</latexit>

e(`,�`) +N(P, S) ! e(`0) +X

<latexit sha1_base64="QfZjvutehbXxYJ06buqBhiHVVpU="></latexit>

⇡ 1

2s

X

ija

Z 1

⇣min

d⇣

⇣2

Z 1

⇠min

d⇠

⇠
De/j(⇣, µ

2) fi/e(⇠, µ
2)

<latexit sha1_base64="5cOhKOAGe6EWHwZew8aNSCDH1XI="></latexit>

⇥
Z 1

xmin

dx

x
fa/N (x, µ2) bHia!jX(⇠`, xP, `/⇣, µ2) + · · ·

<latexit sha1_base64="LugjzFrbEmyOTFm4cZY90RsXgr0=">AAACGXicbVDNS8MwHE3n15xfVY9egkPmabRzqMeBCB4nuA9Y60jTdAtL05Kkwij9N7z4r3jxoIhHPfnfmG496OaDwMt7vx/Je17MqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM9b3KV+70HIiSN+J2axsQN0YjTgGKktDQ0reuaEwiEUx86ko5CNEwdwhhsOyqCOavBfpal/v3Z/JYNzapVt2aAy8QuSBUUaA/NT8ePcBISrjBDUg5sK1ZuioSimJGs4iSSxAhP0IgMNOUoJNJNZ8kyeKIVHwaR0IcrOFN/b6QolHIaenoyRGosF71c/M8bJCq4dFPK40QRjucPBQmDOnVeE/SpIFixqSYIC6r/CvEY6aKULrOiS7AXIy+TbqNun9ebt81qq1HUUQZH4BicAhtcgBa4AW3QARg8gmfwCt6MJ+PFeDc+5qMlo9g5BH9gfP0A7D+flQ==</latexit>

E0 d�`P!`0X

d3`0

p

X

l

l'

k'
k P

(a) `0

<latexit sha1_base64="0B0IRRB/ghN1DMjP0Vh+EJfKSPg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LXnqsYNpCW8pmO2mXbjZhdyOU0t/gxYMiXv1B3vw3btsIKvpg4PHeDDPzgkRwbVz3w8mtrW9sbuW3Czu7e/sHxcOjlo5TxdBnsYhVJ6AaBZfoG24EdhKFNAoEtoPJzcJv36PSPJZ3ZppgP6IjyUPOqLGS30MhzgfFklt2lyDfyFWtWvM84mVKCTI0B8X33jBmaYTSMEG17npuYvozqgxnAueFXqoxoWxCR9i1VNIIdX+2PHZOzqwyJGGsbElDlur3iRmNtJ5Gge2MqBnr395C/Mvrpia87s+4TFKDkq0WhakgJiaLz8mQK2RGTC2hTHF7K2FjqigzNp+CDeHrU/I/aV2WvUq5elsp1RtZHHk4gVO4AA9qUIcGNMEHBhwe4AmeHek8Oi/O66o152Qzx/ADztsnmaCOlQ==</latexit>

`

<latexit sha1_base64="9je2xQ8JB3qTX3Ab2YUvtSw82Sc=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqexKaz0WvPRYwX5Au5RsOtuGJtklyQpl6V/w4kERr/4hb/4bs+0KVfTBwOO9GWbmBTFn2rjup1PY2Nza3inulvb2Dw6PyscnXR0likKHRjxS/YBo4ExCxzDDoR8rICLg0Atmt5nfewClWSTvzTwGX5CJZCGjxGTSEDgflStu1V0Cr5HrRr3hedjLlQrK0R6VP4bjiCYCpKGcaD3w3Nj4KVGGUQ6L0jDREBM6IxMYWCqJAO2ny1sX+MIqYxxGypY0eKmuT6REaD0Xge0UxEz1by8T//IGiQlv/JTJODEg6WpRmHBsIpw9jsdMATV8bgmhitlbMZ0SRaix8ZRsCN+f4v9J96rq1ar1u1ql2crjKKIzdI4ukYcaqIlaqI06iKIpekTP6MURzpPz6rytWgtOPnOKfsB5/wI4AY5k</latexit>

k

<latexit sha1_base64="Ycm69Y7AeLkudSZJpVakGRB0XNk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKYjwGRPCYgHlAsoTZSW8yZvbBzKwQlnyBFw+KePWTvPk3TpIVomhBQ1HVTXeXFwuutG1/Wrm19Y3Nrfx2YWd3b/+geHjUVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9dzvPKBUPArv9DRGN6CjkPucUW2k5mRQLNllewGyQi5r1ZrjECdTSpChMSh+9IcRSwIMNRNUqZ5jx9pNqdScCZwV+onCmLIJHWHP0JAGqNx0ceiMnBllSPxImgo1WairEykNlJoGnukMqB6r395c/MvrJdq/clMexonGkC0X+YkgOiLzr8mQS2RaTA2hTHJzK2FjKinTJpuCCeH7U/I/aV+UnUq52qyU6jdZHHk4gVM4BwdqUIdbaEALGCA8wjO8WPfWk/VqvS1bc1Y2cww/YL1/Afw5jRU=</latexit>

k0

<latexit sha1_base64="g/ilXVCKEVZqN18NU/+0qKPcqjU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LInisYj+gDWWz3bRLNpuwuxFK6D/w4kERr/4jb/4bN22EKvpg4PHeDDPzvJgzpW370yqsrK6tbxQ3S1vbO7t75f2DjooSSWibRDySPQ8rypmgbc00p71YUhx6nHa94Crzuw9UKhaJez2NqRvisWA+I1gb6S44HZYrdtWeAy2Ri0a94TjIyZUK5GgNyx+DUUSSkApNOFaq79ixdlMsNSOczkqDRNEYkwCPad9QgUOq3HR+6QydGGWE/EiaEhrN1eWJFIdKTUPPdIZYT9RvLxP/8vqJ9i/dlIk40VSQxSI/4UhHKHsbjZikRPOpIZhIZm5FZIIlJtqEUzIhfH+K/ied86pTq9Zva5XmdR5HEY7gGM7AgQY04QZa0AYCPjzCM7xYgfVkvVpvi9aClc8cwg9Y719cs41G</latexit>

P
p

<latexit sha1_base64="FcpH2/9XV/2yZWAlUPaC3zhOK7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzaRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpvHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f3ZiM/w==</latexit>

Collinear QED & QCD
factorization

<latexit sha1_base64="eGYCRRQFg1hjku7zGzjEbBYITz0=">AAACH3icbZDLSgNBEEV7fBtfUZduGoOgEOJMEHUpuHEZwWggE0NNp2Jaex5016hxyJ+48VfcuFBE3Pk39sQsfF1oONyqorpukChpyHU/nLHxicmp6ZnZwtz8wuJScXnl1MSpFlgXsYp1IwCDSkZYJ0kKG4lGCAOFZ8HVYV4/u0ZtZBydUD/BVggXkexKAWStdnHXv5Ed7AFlR4N2JsGnmF82Bpv+reQ+KlW+5bVyDtv+HRKU/TA9r24V2sWSW3GH4n/BG0GJjVRrF9/9TizSECMSCoxpem5CrQw0SaFwUPBTgwmIK7jApsUIQjStbHjfgG9Yp8O7sbYvIj50v09kEBrTDwPbGQL1zO9abv5Xa6bU3W9lMkpSwkh8LeqmitsQ8rB4R2oUpPoWQGhp/8pFDzQIspHmIXi/T/4Lp9WKt1vZOd4pHVRHccywNbbONpnH9tgBO2I1VmeC3bNH9sxenAfnyXl13r5ax5zRzCr7IefjE303oec=</latexit>

bHia!jX(⇠`, xP, `/⇣, µ2)Short-distance hard coefficients:
<latexit sha1_base64="AikFNz9F6k5D1mDrQlvOINXukbY="></latexit>

⇡ bH(m,n)
ia!jX(⇠`, xP, `/⇣, µ2)

<latexit sha1_base64="fpgYixjHLNn1Tqg5j8GhNpvcbnE=">AAACD3icbVC7TgJBFJ3FF+ILtbSZSDTYkF1C1JLExk5M5JGwC7k7DDBhdnYyM2skG/7Axl+xsdAYW1s7/8YFtlDwJDf35Jx7M3OPLznTxra/rczK6tr6RnYzt7W9s7uX3z9o6DBShNZJyEPV8kFTzgStG2Y4bUlFIfA5bfqjq6nfvKdKs1DcmbGkXgADwfqMgEmkbv7UBSlV+IBzsUuA45tJ0QUuh9AJ5r2rO+Is180X7JI9A14mTkoKKEWtm/9yeyGJAioM4aB127Gl8WJQhhFOJzk30lQCGcGAthMqIKDai2f3TPBJovRwP1RJCYNn6u+NGAKtx4GfTAZghnrRm4r/ee3I9C+9mAkZGSrI/KF+xLEJ8TQc3GOKEsPHCQGiWPJXTIaggJgkwmkIzuLJy6RRLjnnpcptpVAtp3Fk0RE6RkXkoAtURdeohuqIoEf0jF7Rm/VkvVjv1sd8NGOlO4foD6zPH6Ocm7s=</latexit>

⇡ O(↵m↵n
s )

<latexit sha1_base64="HY4QOEihvqI60PeMR5hH8faLyrM=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQWpSirosuHFZwT6giWEynbRDZyZhZiItob/ixoUibv0Rd/6N0zYLrR64cDjnXu69J0wYVdpxvqzC2vrG5lZxu7Szu7d/YB+WOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG45u5330kUtFY3OtpQnyOhoJGFCNtpMAuR0FGL8is6k3oucfTh/pZYFecmrMA/EvcnFRAjlZgf3qDGKecCI0ZUqrvOon2MyQ1xYzMSl6qSILwGA1J31CBOFF+trh9Bk+NMoBRLE0JDRfqz4kMcaWmPDSdHOmRWvXm4n9eP9XRtZ9RkaSaCLxcFKUM6hjOg4ADKgnWbGoIwpKaWyEeIYmwNnGVTAju6st/Sadecy9rjbtGpVnP4yiCY3ACqsAFV6AJbkELtAEGE/AEXsCrNbOerTfrfdlasPKZI/AL1sc3z+CTmg==</latexit>

fi/e(⇠, µ
2)Lepton distribution functions (LDFs):

<latexit sha1_base64="rPZNIEHXiDN2b4jW8tuEsR4ojlg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahgtSkFHVZ0IXLCvYBTQyT6U07dvJgZiK0ofgrblwo4tb/cOffOG2z0NYDFw7n3Mu993gxo0Ka5reWW1peWV3Lrxc2Nre2d/TdvaaIEk6gQSIW8baHBTAaQkNSyaAdc8CBx6DlDa4mfusRuKBReCeHMTgB7oXUpwRLJbn6wbWbwtnDuGSPQOJTO0juKyeuXjTL5hTGIrEyUkQZ6q7+ZXcjkgQQSsKwEB3LjKWTYi4pYTAu2ImAGJMB7kFH0RAHIJx0ev3YOFZK1/AjriqUxlT9PZHiQIhh4KnOAMu+mPcm4n9eJ5H+pZPSME4khGS2yE+YISNjEoXRpRyIZENFMOFU3WqQPuaYSBVYQYVgzb+8SJqVsnVert5Wi7VKFkceHaIjVEIWukA1dIPqqIEIGqFn9IretCftRXvXPmatOS2b2Ud/oH3+ADQHlGA=</latexit>

De/j(⇣, µ
2)Lepton fragmenta*on func*ons (LFFs):

<latexit sha1_base64="vdTAWdQDmSH1YoEprnj3sJFJGb0=">AAACD3icbZC7SgNBFIZnvRtvUUubwaBYLMtuELURBBtLBXOBZAlnJydxdGZ3nZkVwpI3sPFVbCwUsbW1822cJFt4+2Hg4z/ncOb8USq4Nr7/6UxNz8zOzS8slpaWV1bXyusbdZ1kimGNJSJRzQg0Ch5jzXAjsJkqBBkJbEQ3p6N64w6V5kl8aQYphhL6Me9xBsZanfIu967pMUW33QcpwW1HoHIcutTzPJfeurQ/xk654nv+WPQvBAVUSKHzTvmj3U1YJjE2TIDWrcBPTZiDMpwJHJbamcYU2A30sWUxBok6zMf3DOmOdbq0lyj7YkPH7veJHKTWAxnZTgnmSv+ujcz/aq3M9I7CnMdpZjBmk0W9TFCT0FE4tMsVMiMGFoApbv9K2RUoYMZGWLIhBL9P/gv1qhccePsX+5WTahHHAtki22SPBOSQnJAzck5qhJF78kieyYvz4Dw5r87bpHXKKWY2yQ8571/7LJjE</latexit>

i.j = e, �, ē, ..., q, g, ...

<latexit sha1_base64="ouQPw4EQq8NYEZ0tuwEizJKn++E=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQQepMKeqy4MaVVLAPaMeSSTNtMMkMSUYtYz/FjQtF3Pol7vwbM+0stPXAhcM593LvPX7EqNKO823llpZXVtfy64WNza3tHbu421JhLDFp4pCFsuMjRRgVpKmpZqQTSYK4z0jbv7tI/fY9kYqG4kaPI+JxNBQ0oBhpI/XtYtBP0MnVpPx43OPxbfWo0LdLTsWZAi4SNyMlkKHRt796gxDHnAiNGVKq6zqR9hIkNcWMTAq9WJEI4Ts0JF1DBeJEecn09Ak8NMoABqE0JTScqr8nEsSVGnPfdHKkR2reS8X/vG6sg3MvoSKKNRF4tiiIGdQhTHOAAyoJ1mxsCMKSmlshHiGJsDZppSG48y8vkla14p5Wate1Ur2axZEH++AAlIELzkAdXIIGaAIMHsAzeAVv1pP1Yr1bH7PWnJXN7IE/sD5/AFgHkrY=</latexit>

fa/N (x, µ2)Parton distribution functions (PDFs):
<latexit sha1_base64="J4+DkPUL3AB/zyqI2IIyd4xspjg=">AAACEXicbZC7SgNBFIZnvcZ4i1raDAbBYll2JaiNINhYRjAXSJZwdnI2Ds7srjOzQljyCja+io2FIrZ2dr6Nk0vh7YeBn++cw5nzR5ng2vj+pzM3v7C4tFxaKa+urW9sVra2mzrNFcMGS0Wq2hFoFDzBhuFGYDtTCDIS2Ipuzsf11h0qzdPkygwzDCUMEh5zBsaiXuUA6Cm9dQduNwJV3I5cim53AFKCSycILfI8j/YqVd/zJ6J/TTAzVTJTvVf56PZTlktMDBOgdSfwMxMWoAxnAkflbq4xA3YDA+xYm4BEHRaTi0Z035I+jVNlX2LohH6fKEBqPZSR7ZRgrvXv2hj+V+vkJj4JC55kucGETRfFuaAmpeN4aJ8rZEYMrQGmuP0rZdeggBkbYtmGEPw++a9pHnrBkVe7rFXPDmdxlMgu2SMHJCDH5IxckDppEEbuySN5Ji/Og/PkvDpv09Y5ZzazQ37Ief8CJ7aaqA==</latexit>

a = q, g, q̄, e, �, ē, ...

Photon is charge neutral 
QED factorizaRon works 
Nayak, Qiu, Sterman, Phys.Rev.D 72 (2005) 114012
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Inclusive lepton-hadron deep inelastic scattering (DIS)

§ No DIS “Structure Functions”!
Concept of one-photon exchange

§ QED & QCD contribu*on are  
factorized at the same scale:  µ

<latexit sha1_base64="/LsU6zmnVizzJwlX9Y+J/fXHV4k=">AAACBnicbVDLSsNAFJ34rPEVdSnCYBFbKCUpRV0W3bhsoS9oYphMJ+3QyYOZiRhKV278FTcuFHHrN7jzb5y2WWjrgYHDOfdy5xwvZlRI0/zWVlbX1jc2c1v69s7u3r5xcNgWUcIxaeGIRbzrIUEYDUlLUslIN+YEBR4jHW90M/U794QLGoVNmcbECdAgpD7FSCrJNU4KD+51CTbuKkVbt2UEbb2QlmzC2LnbLLpG3iybM8BlYmUkDzLUXePL7kc4CUgoMUNC9Cwzls4YcUkxIxPdTgSJER6hAekpGqKACGc8izGBZ0rpQz/i6oUSztTfG2MUCJEGnpoMkByKRW8q/uf1EulfOWMaxokkIZ4f8hMGVdxpJ7BPOcGSpYogzKn6K8RDxBGWqjldlWAtRl4m7UrZuihXG9V8rZLVkQPH4BQUgAUuQQ3cgjpoAQwewTN4BW/ak/aivWsf89EVLds5An+gff4AhTCV8Q==</latexit>

(xB , Q
2) ! (y, `0T )

§ Corrections suppressed by power 
<latexit sha1_base64="EDXMfT47UR0G3bd6kKo7X3h0qyI=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotYNzUpRV0W3Lis0Bc0MdxMJ+3QyYOZiVhCf8WNC0Xc+iPu/BunbRZaPXDhcM693HuPn3AmlWV9GYW19Y3NreJ2aWd3b//APCx3ZZwKQjsk5rHo+yApZxHtKKY47SeCQuhz2vMnN3O/90CFZHHUVtOEuiGMIhYwAkpLnlmu2hcO5fzMa5/fO8CTMXhmxapZC+C/xM5JBeVoeeanM4xJGtJIEQ5SDmwrUW4GQjHC6azkpJImQCYwogNNIwipdLPF7TN8qpUhDmKhK1J4of6cyCCUchr6ujMENZar3lz8zxukKrh2MxYlqaIRWS4KUo5VjOdB4CETlCg+1QSIYPpWTMYggCgdV0mHYK++/Jd06zX7sta4a1Sa9TyOIjpGJ6iKbHSFmugWtVAHEfSIntALejVmxrPxZrwvWwtGPnOEfsH4+AY2A5M8</latexit>

(1/`0T )
↵

q Inclusive producEon of single high pT lepton in lepton-hadron collision:

X

<latexit sha1_base64="E/FyVENwGYI/8ue/djPIcsqt61U=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLx4r2FZoQ9lsJ+3S3STsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IBFcG9f9dkobm1vbO+Xdyt7+weFR9fikq+NUMeywWMTqMaAaBY+wY7gR+JgopDIQ2Aumt7nfe0KleRw9mFmCvqTjiIecUZNLAxRiWK25dXcBsk68gtSgQHtY/RqMYpZKjAwTVOu+5ybGz6gynAmcVwapxoSyKR1j39KIStR+trh1Ti6sMiJhrGxFhizU3xMZlVrPZGA7JTUTverl4n9ePzXhjZ/xKEkNRmy5KEwFMTHJHycjrpAZMbOEMsXtrYRNqKLM2HgqNgRv9eV10m3Uvat6875ZazWKOMpwBudwCR5cQwvuoA0dYDCBZ3iFN0c6L86787FsLTnFzCn8gfP5AwuEjjQ=</latexit>

`
<latexit sha1_base64="Df89xS43Tn3h7XbDJ+MaR2xr9hc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbRU0lKUY8FLx4rmLbQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJSyeZYuizRCSqE1KNgkv0DTcCO6lCGocC2+H4bu63n1BpnshHM0kxiOlQ8ogzaqzk91CIy3654lbdBcg68XJSgRzNfvmrN0hYFqM0TFCtu56bmmBKleFM4KzUyzSmlI3pELuWShqjDqaLY2fkwioDEiXKljRkof6emNJY60kc2s6YmpFe9ebif143M9FtMOUyzQxKtlwUZYKYhMw/JwOukBkxsYQyxe2thI2ooszYfEo2BG/15XXSqlW962r9oV5p1PI4inAG53AFHtxAA+6hCT4w4PAMr/DmSOfFeXc+lq0FJ585hT9wPn8AbSOOZQ==</latexit>

`0

<latexit sha1_base64="r41XBfUifQFIOJ+al8ATxLHPfJI=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsyUoi4Lbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgobm1vbO8Xd0t7+weFR+fiko+NUMWyzWMSqF1CNgktsG24E9hKFNAoEdoPJ7dzvPqHSPJb3ZpqgH9GR5CFn1Fip1XwoV9yquwBZJ15OKpDD5r8Gw5ilEUrDBNW677mJ8TOqDGcCZ6VBqjGhbEJH2LdU0gi1ny0WnZELqwxJGCv7pCEL9fdERiOtp1FgkxE1Y73qzcX/vH5qwhs/4zJJDUq2/ChMBTExmV9NhlwhM2JqCWWK210JG1NFmbHdlGwJ3urJ66RTq3pX1XqrXmnU8jqKcAbncAkeXEMD7qAJbWCA8Ayv8OY8Oi/Ou/OxjBacfOYU/sD5/AGnt4zN</latexit>

P

<latexit sha1_base64="PBQT/1eO2FEkeoKOZ9nO7PFbXGk="></latexit>

d�`(�`)P (S)!`0X =
1

2s

��M`(�`)P (S)!`0X

��2 dPS

<latexit sha1_base64="MMcPDpAsLcknAJb6SbNXpt5sPcQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVssZSZUtRlwY0rqWgf0BlKJr1tQzMPkoxQSv/Cjb/ixoUibnXn35hpZ6GtFwIn50FyjxdxJpVlfRuZldW19Y3sZm5re2d3z9w/aMowFhQaNOShaHtEAmcBNBRTHNqRAOJ7HFre6CrRWw8gJAuDezWOwPXJIGB9RonSVNcsQ8EBzksO15ke6SaXIj7DN4V66a6IHRXiueM0YdtdM2+VrdngZWCnII/SqXfNL6cX0tiHQFFOpOzYVqTcCRGKUQ7TnBNLiAgdkQF0NAyID9KdzPaa4hPN9HA/FPoECs/Y34kJ8aUc+552+kQN5aKWkP9pnVj1L90JC6JYQUDnD/VjjvW2SUm4xwRQxccaECqY/iumQyIIVbrKnC7BXlx5GTQrZfu8XL2t5muVtI4sOkLHqIBsdIFq6BrVUQNR9Iie0St6M56MF+Pd+JhbM0aaOUR/xvj8AVVknDE=</latexit>

e(`,�`) +N(P, S) ! e(`0) +X

<latexit sha1_base64="QfZjvutehbXxYJ06buqBhiHVVpU="></latexit>

⇡ 1

2s

X

ija

Z 1

⇣min

d⇣

⇣2

Z 1

⇠min

d⇠

⇠
De/j(⇣, µ

2) fi/e(⇠, µ
2)

<latexit sha1_base64="5cOhKOAGe6EWHwZew8aNSCDH1XI="></latexit>

⇥
Z 1

xmin

dx

x
fa/N (x, µ2) bHia!jX(⇠`, xP, `/⇣, µ2) + · · ·

<latexit sha1_base64="LugjzFrbEmyOTFm4cZY90RsXgr0=">AAACGXicbVDNS8MwHE3n15xfVY9egkPmabRzqMeBCB4nuA9Y60jTdAtL05Kkwij9N7z4r3jxoIhHPfnfmG496OaDwMt7vx/Je17MqFSW9W2UVlbX1jfKm5Wt7Z3dPXP/oCujRGDSwRGLRN9DkjDKSUdRxUg/FgSFHiM9b3KV+70HIiSN+J2axsQN0YjTgGKktDQ0reuaEwiEUx86ko5CNEwdwhhsOyqCOavBfpal/v3Z/JYNzapVt2aAy8QuSBUUaA/NT8ePcBISrjBDUg5sK1ZuioSimJGs4iSSxAhP0IgMNOUoJNJNZ8kyeKIVHwaR0IcrOFN/b6QolHIaenoyRGosF71c/M8bJCq4dFPK40QRjucPBQmDOnVeE/SpIFixqSYIC6r/CvEY6aKULrOiS7AXIy+TbqNun9ebt81qq1HUUQZH4BicAhtcgBa4AW3QARg8gmfwCt6MJ+PFeDc+5qMlo9g5BH9gfP0A7D+flQ==</latexit>

E0 d�`P!`0X

d3`0

p

X

l

l'

k'
k P

(a) `0

<latexit sha1_base64="0B0IRRB/ghN1DMjP0Vh+EJfKSPg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LXnqsYNpCW8pmO2mXbjZhdyOU0t/gxYMiXv1B3vw3btsIKvpg4PHeDDPzgkRwbVz3w8mtrW9sbuW3Czu7e/sHxcOjlo5TxdBnsYhVJ6AaBZfoG24EdhKFNAoEtoPJzcJv36PSPJZ3ZppgP6IjyUPOqLGS30MhzgfFklt2lyDfyFWtWvM84mVKCTI0B8X33jBmaYTSMEG17npuYvozqgxnAueFXqoxoWxCR9i1VNIIdX+2PHZOzqwyJGGsbElDlur3iRmNtJ5Gge2MqBnr395C/Mvrpia87s+4TFKDkq0WhakgJiaLz8mQK2RGTC2hTHF7K2FjqigzNp+CDeHrU/I/aV2WvUq5elsp1RtZHHk4gVO4AA9qUIcGNMEHBhwe4AmeHek8Oi/O66o152Qzx/ADztsnmaCOlQ==</latexit>

`

<latexit sha1_base64="9je2xQ8JB3qTX3Ab2YUvtSw82Sc=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqexKaz0WvPRYwX5Au5RsOtuGJtklyQpl6V/w4kERr/4hb/4bs+0KVfTBwOO9GWbmBTFn2rjup1PY2Nza3inulvb2Dw6PyscnXR0likKHRjxS/YBo4ExCxzDDoR8rICLg0Atmt5nfewClWSTvzTwGX5CJZCGjxGTSEDgflStu1V0Cr5HrRr3hedjLlQrK0R6VP4bjiCYCpKGcaD3w3Nj4KVGGUQ6L0jDREBM6IxMYWCqJAO2ny1sX+MIqYxxGypY0eKmuT6REaD0Xge0UxEz1by8T//IGiQlv/JTJODEg6WpRmHBsIpw9jsdMATV8bgmhitlbMZ0SRaix8ZRsCN+f4v9J96rq1ar1u1ql2crjKKIzdI4ukYcaqIlaqI06iKIpekTP6MURzpPz6rytWgtOPnOKfsB5/wI4AY5k</latexit>

k

<latexit sha1_base64="Ycm69Y7AeLkudSZJpVakGRB0XNk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKYjwGRPCYgHlAsoTZSW8yZvbBzKwQlnyBFw+KePWTvPk3TpIVomhBQ1HVTXeXFwuutG1/Wrm19Y3Nrfx2YWd3b/+geHjUVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9dzvPKBUPArv9DRGN6CjkPucUW2k5mRQLNllewGyQi5r1ZrjECdTSpChMSh+9IcRSwIMNRNUqZ5jx9pNqdScCZwV+onCmLIJHWHP0JAGqNx0ceiMnBllSPxImgo1WairEykNlJoGnukMqB6r395c/MvrJdq/clMexonGkC0X+YkgOiLzr8mQS2RaTA2hTHJzK2FjKinTJpuCCeH7U/I/aV+UnUq52qyU6jdZHHk4gVM4BwdqUIdbaEALGCA8wjO8WPfWk/VqvS1bc1Y2cww/YL1/Afw5jRU=</latexit>

k0

<latexit sha1_base64="g/ilXVCKEVZqN18NU/+0qKPcqjU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LInisYj+gDWWz3bRLNpuwuxFK6D/w4kERr/4jb/4bN22EKvpg4PHeDDPzvJgzpW370yqsrK6tbxQ3S1vbO7t75f2DjooSSWibRDySPQ8rypmgbc00p71YUhx6nHa94Crzuw9UKhaJez2NqRvisWA+I1gb6S44HZYrdtWeAy2Ri0a94TjIyZUK5GgNyx+DUUSSkApNOFaq79ixdlMsNSOczkqDRNEYkwCPad9QgUOq3HR+6QydGGWE/EiaEhrN1eWJFIdKTUPPdIZYT9RvLxP/8vqJ9i/dlIk40VSQxSI/4UhHKHsbjZikRPOpIZhIZm5FZIIlJtqEUzIhfH+K/ied86pTq9Zva5XmdR5HEY7gGM7AgQY04QZa0AYCPjzCM7xYgfVkvVpvi9aClc8cwg9Y719cs41G</latexit>

P
p

<latexit sha1_base64="FcpH2/9XV/2yZWAlUPaC3zhOK7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzaRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpvHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f3ZiM/w==</latexit>

Collinear QED & QCD
factorization

<latexit sha1_base64="eGYCRRQFg1hjku7zGzjEbBYITz0=">AAACH3icbZDLSgNBEEV7fBtfUZduGoOgEOJMEHUpuHEZwWggE0NNp2Jaex5016hxyJ+48VfcuFBE3Pk39sQsfF1oONyqorpukChpyHU/nLHxicmp6ZnZwtz8wuJScXnl1MSpFlgXsYp1IwCDSkZYJ0kKG4lGCAOFZ8HVYV4/u0ZtZBydUD/BVggXkexKAWStdnHXv5Ed7AFlR4N2JsGnmF82Bpv+reQ+KlW+5bVyDtv+HRKU/TA9r24V2sWSW3GH4n/BG0GJjVRrF9/9TizSECMSCoxpem5CrQw0SaFwUPBTgwmIK7jApsUIQjStbHjfgG9Yp8O7sbYvIj50v09kEBrTDwPbGQL1zO9abv5Xa6bU3W9lMkpSwkh8LeqmitsQ8rB4R2oUpPoWQGhp/8pFDzQIspHmIXi/T/4Lp9WKt1vZOd4pHVRHccywNbbONpnH9tgBO2I1VmeC3bNH9sxenAfnyXl13r5ax5zRzCr7IefjE303oec=</latexit>

bHia!jX(⇠`, xP, `/⇣, µ2)Short-distance hard coefficients:
<latexit sha1_base64="AikFNz9F6k5D1mDrQlvOINXukbY="></latexit>

⇡ bH(m,n)
ia!jX(⇠`, xP, `/⇣, µ2)

<latexit sha1_base64="fpgYixjHLNn1Tqg5j8GhNpvcbnE=">AAACD3icbVC7TgJBFJ3FF+ILtbSZSDTYkF1C1JLExk5M5JGwC7k7DDBhdnYyM2skG/7Axl+xsdAYW1s7/8YFtlDwJDf35Jx7M3OPLznTxra/rczK6tr6RnYzt7W9s7uX3z9o6DBShNZJyEPV8kFTzgStG2Y4bUlFIfA5bfqjq6nfvKdKs1DcmbGkXgADwfqMgEmkbv7UBSlV+IBzsUuA45tJ0QUuh9AJ5r2rO+Is180X7JI9A14mTkoKKEWtm/9yeyGJAioM4aB127Gl8WJQhhFOJzk30lQCGcGAthMqIKDai2f3TPBJovRwP1RJCYNn6u+NGAKtx4GfTAZghnrRm4r/ee3I9C+9mAkZGSrI/KF+xLEJ8TQc3GOKEsPHCQGiWPJXTIaggJgkwmkIzuLJy6RRLjnnpcptpVAtp3Fk0RE6RkXkoAtURdeohuqIoEf0jF7Rm/VkvVjv1sd8NGOlO4foD6zPH6Ocm7s=</latexit>

⇡ O(↵m↵n
s )

<latexit sha1_base64="HY4QOEihvqI60PeMR5hH8faLyrM=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQQWpSirosuHFZwT6giWEynbRDZyZhZiItob/ixoUibv0Rd/6N0zYLrR64cDjnXu69J0wYVdpxvqzC2vrG5lZxu7Szu7d/YB+WOypOJSZtHLNY9kKkCKOCtDXVjPQSSRAPGemG45u5330kUtFY3OtpQnyOhoJGFCNtpMAuR0FGL8is6k3oucfTh/pZYFecmrMA/EvcnFRAjlZgf3qDGKecCI0ZUqrvOon2MyQ1xYzMSl6qSILwGA1J31CBOFF+trh9Bk+NMoBRLE0JDRfqz4kMcaWmPDSdHOmRWvXm4n9eP9XRtZ9RkaSaCLxcFKUM6hjOg4ADKgnWbGoIwpKaWyEeIYmwNnGVTAju6st/Sadecy9rjbtGpVnP4yiCY3ACqsAFV6AJbkELtAEGE/AEXsCrNbOerTfrfdlasPKZI/AL1sc3z+CTmg==</latexit>

fi/e(⇠, µ
2)Lepton distribution functions (LDFs):

<latexit sha1_base64="rPZNIEHXiDN2b4jW8tuEsR4ojlg=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahgtSkFHVZ0IXLCvYBTQyT6U07dvJgZiK0ofgrblwo4tb/cOffOG2z0NYDFw7n3Mu993gxo0Ka5reWW1peWV3Lrxc2Nre2d/TdvaaIEk6gQSIW8baHBTAaQkNSyaAdc8CBx6DlDa4mfusRuKBReCeHMTgB7oXUpwRLJbn6wbWbwtnDuGSPQOJTO0juKyeuXjTL5hTGIrEyUkQZ6q7+ZXcjkgQQSsKwEB3LjKWTYi4pYTAu2ImAGJMB7kFH0RAHIJx0ev3YOFZK1/AjriqUxlT9PZHiQIhh4KnOAMu+mPcm4n9eJ5H+pZPSME4khGS2yE+YISNjEoXRpRyIZENFMOFU3WqQPuaYSBVYQYVgzb+8SJqVsnVert5Wi7VKFkceHaIjVEIWukA1dIPqqIEIGqFn9IretCftRXvXPmatOS2b2Ud/oH3+ADQHlGA=</latexit>

De/j(⇣, µ
2)Lepton fragmentation functions (LFFs):

<latexit sha1_base64="vdTAWdQDmSH1YoEprnj3sJFJGb0=">AAACD3icbZC7SgNBFIZnvRtvUUubwaBYLMtuELURBBtLBXOBZAlnJydxdGZ3nZkVwpI3sPFVbCwUsbW1822cJFt4+2Hg4z/ncOb8USq4Nr7/6UxNz8zOzS8slpaWV1bXyusbdZ1kimGNJSJRzQg0Ch5jzXAjsJkqBBkJbEQ3p6N64w6V5kl8aQYphhL6Me9xBsZanfIu967pMUW33QcpwW1HoHIcutTzPJfeurQ/xk654nv+WPQvBAVUSKHzTvmj3U1YJjE2TIDWrcBPTZiDMpwJHJbamcYU2A30sWUxBok6zMf3DOmOdbq0lyj7YkPH7veJHKTWAxnZTgnmSv+ujcz/aq3M9I7CnMdpZjBmk0W9TFCT0FE4tMsVMiMGFoApbv9K2RUoYMZGWLIhBL9P/gv1qhccePsX+5WTahHHAtki22SPBOSQnJAzck5qhJF78kieyYvz4Dw5r87bpHXKKWY2yQ8571/7LJjE</latexit>

i.j = e, �, ē, ..., q, g, ...

<latexit sha1_base64="ouQPw4EQq8NYEZ0tuwEizJKn++E=">AAAB+nicbVDLSgMxFM3UV62vqS7dBItQQepMKeqy4MaVVLAPaMeSSTNtMMkMSUYtYz/FjQtF3Pol7vwbM+0stPXAhcM593LvPX7EqNKO823llpZXVtfy64WNza3tHbu421JhLDFp4pCFsuMjRRgVpKmpZqQTSYK4z0jbv7tI/fY9kYqG4kaPI+JxNBQ0oBhpI/XtYtBP0MnVpPx43OPxbfWo0LdLTsWZAi4SNyMlkKHRt796gxDHnAiNGVKq6zqR9hIkNcWMTAq9WJEI4Ts0JF1DBeJEecn09Ak8NMoABqE0JTScqr8nEsSVGnPfdHKkR2reS8X/vG6sg3MvoSKKNRF4tiiIGdQhTHOAAyoJ1mxsCMKSmlshHiGJsDZppSG48y8vkla14p5Wate1Ur2axZEH++AAlIELzkAdXIIGaAIMHsAzeAVv1pP1Yr1bH7PWnJXN7IE/sD5/AFgHkrY=</latexit>

fa/N (x, µ2)Parton distribution functions (PDFs):
<latexit sha1_base64="J4+DkPUL3AB/zyqI2IIyd4xspjg=">AAACEXicbZC7SgNBFIZnvcZ4i1raDAbBYll2JaiNINhYRjAXSJZwdnI2Ds7srjOzQljyCja+io2FIrZ2dr6Nk0vh7YeBn++cw5nzR5ng2vj+pzM3v7C4tFxaKa+urW9sVra2mzrNFcMGS0Wq2hFoFDzBhuFGYDtTCDIS2Ipuzsf11h0qzdPkygwzDCUMEh5zBsaiXuUA6Cm9dQduNwJV3I5cim53AFKCSycILfI8j/YqVd/zJ6J/TTAzVTJTvVf56PZTlktMDBOgdSfwMxMWoAxnAkflbq4xA3YDA+xYm4BEHRaTi0Z035I+jVNlX2LohH6fKEBqPZSR7ZRgrvXv2hj+V+vkJj4JC55kucGETRfFuaAmpeN4aJ8rZEYMrQGmuP0rZdeggBkbYtmGEPw++a9pHnrBkVe7rFXPDmdxlMgu2SMHJCDH5IxckDppEEbuySN5Ji/Og/PkvDpv09Y5ZzazQ37Ief8CJ7aaqA==</latexit>

a = q, g, q̄, e, �, ē, ...

Photon is charge neutral 
QED factorizaRon works 
Nayak, Qiu, Sterman, Phys.Rev.D 72 (2005) 114012



15

Inclusive lepton-hadron deep inelastic scattering (DIS)

q Recover the concept of structure functions?
<latexit sha1_base64="PGfSrz6R9AmOvZJH8cLrzH2xteE="></latexit>

E`0
d3�`(�`)P (S)!`0X

d3`0
⇡

X

�k

Z 1

⇣min

d⇣

⇣2
De/e(⇣, µ

2)

Z 1

⇠min

d⇠fe(�k)/e(�`)(⇠, µ
2)

<latexit sha1_base64="tUywqOkxBzWyrTHkwq/2DgQlqcc="></latexit>

⇥

Ek0

d3�̂k(�k)P (S)!k0X

d3k0

�

k=⇠`, k0=`0/⇣

,

<latexit sha1_base64="TWYo5PjDfvlj2iOCL3YLMBm5zSA="></latexit>

Ek0
d3�̂k(�k)P (S)!k0X

d3k0
⇡ 2↵2

ŝ bQ4
L(0)
µ⌫ (k, k

0,�k)W
µ⌫(q̂, P, S)

<latexit sha1_base64="qsAAeQKsIQn0vcutuTkY7xc30R4="></latexit>

Wµ⌫(q̂, P, S) = �egµ⌫(q̂)F1(x̂B , bQ2) +
1

P · q̂
ePµ(q̂) eP ⌫(q̂)F2(x̂B , bQ2) + ...

Structure functions are evaluated at                      instead of                   !  
<latexit sha1_base64="+ngNuXjLIKp6MHPtSOIyas0QXfM=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahgpSkFHVZdOOyBfuAJobJZNoOnTyYmaglBNz4K25cKOLWn3Dn3zhps9DWAxfOnHMvc+9xI0aFNIxvrbC0vLK6VlwvbWxube/ou3sdEcYckzYOWch7LhKE0YC0JZWM9CJOkO8y0nXHV5nfvSNc0DC4kZOI2D4aBnRAMZJKcvSDijVCMnlInctT6556JHu10tvaCXT0slE1poCLxMxJGeRoOvqX5YU49kkgMUNC9E0jknaCuKSYkbRkxYJECI/RkPQVDZBPhJ1Mb0jhsVI8OAi5qkDCqfp7IkG+EBPfVZ0+kiMx72Xif14/loMLO6FBFEsS4NlHg5hBGcIsEOhRTrBkE0UQ5lTtCvEIcYSliq2kQjDnT14knVrVPKvWW/Vyo5bHUQSH4AhUgAnOQQNcgyZoAwwewTN4BW/ak/aivWsfs9aCls/sgz/QPn8A9+mXCg==</latexit>

(x̂B , bQ2)
<latexit sha1_base64="okEocydUzL8FYD69NCkwQ8NtfWA=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpSkFPVY9OKxBfsBbVo22227dLMJuxu1hPwPLx4U8ep/8ea/cdvmoK0PBh7vzTAzzws5U9q2v63M2vrG5lZ2O7ezu7d/kD88aqogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm9zO/NYDlYoF4l5PQ+r6eCTYkBGsjdQrxk9J/+Yirie98jnq5wt2yZ4DrRInJQVIUevnv7qDgEQ+FZpwrFTHsUPtxlhqRjhNct1I0RCTCR7RjqEC+1S58fzqBJ0ZZYCGgTQlNJqrvydi7Cs19T3T6WM9VsveTPzP60R6eO3GTISRpoIsFg0jjnSAZhGgAZOUaD41BBPJzK2IjLHERJugciYEZ/nlVdIsl5zLUqVeKVTLaRxZOIFTKIIDV1CFO6hBAwhIeIZXeLMerRfr3fpYtGasdOYY/sD6/AEMTZGG</latexit>

(xB , Q
2)

q Inclusive production of single high pT lepton in lepton-hadron collision:

X

<latexit sha1_base64="PBQT/1eO2FEkeoKOZ9nO7PFbXGk="></latexit>

d�`(�`)P (S)!`0X =
1

2s

��M`(�`)P (S)!`0X

��2 dPS

<latexit sha1_base64="MMcPDpAsLcknAJb6SbNXpt5sPcQ=">AAACF3icbVDLSgMxFM3UV62vUZdugkVssZSZUtRlwY0rqWgf0BlKJr1tQzMPkoxQSv/Cjb/ixoUibnXn35hpZ6GtFwIn50FyjxdxJpVlfRuZldW19Y3sZm5re2d3z9w/aMowFhQaNOShaHtEAmcBNBRTHNqRAOJ7HFre6CrRWw8gJAuDezWOwPXJIGB9RonSVNcsQ8EBzksO15ke6SaXIj7DN4V66a6IHRXiueM0YdtdM2+VrdngZWCnII/SqXfNL6cX0tiHQFFOpOzYVqTcCRGKUQ7TnBNLiAgdkQF0NAyID9KdzPaa4hPN9HA/FPoECs/Y34kJ8aUc+552+kQN5aKWkP9pnVj1L90JC6JYQUDnD/VjjvW2SUm4xwRQxccaECqY/iumQyIIVbrKnC7BXlx5GTQrZfu8XL2t5muVtI4sOkLHqIBsdIFq6BrVUQNR9Iie0St6M56MF+Pd+JhbM0aaOUR/xvj8AVVknDE=</latexit>

e(`,�`) +N(P, S) ! e(`0) +X

<latexit sha1_base64="5ympnATDlZsa4WfCbBrC7LlsNEA=">AAAB9XicbVDJSgNBEK1xjXGLevTSGAQPEmaC2yUQ8OIxglkgGUNPpyZp07PQ3aOEIf/hxYMiXv0Xb/6NnWQOmviKgsd7VXT182LBlbbtb2tpeWV1bT23kd/c2t7ZLeztN1SUSIZ1FolItjyqUPAQ65prga1YIg08gU1veD3xm48oFY/COz2K0Q1oP+Q+Z1Qb6Z6TCsFT0jH1UMFuoWiX7CnIInEyUoQMtW7hq9OLWBJgqJmgSrUdO9ZuSqXmTOA430kUxpQNaR/bhoY0QOWm06vH5NgoPeJH0nSoyVT9vZHSQKlR4JnJgOqBmvcm4n9eO9H+lZvyME40hmz2kJ8IoiMyiYD0uESmxcgQyiQ3txI2oJIybYLKmxCc+S8vkka55FyUzm/PitVyFkcODuEITsCBS6jCDdSgDgwkPMMrvFlP1ov1bn3MRpesbOcA/sD6/AGceJCb</latexit>

i = e, j = e
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<latexit sha1_base64="cw6NbxeZye+ONiNQM/CEYtwWXr4=">AAACD3icbVDLSsNAFJ34rPEVdekmWJQKUpJS1GXRjcsW7AOaGCbTaTt08mDmRltC/sCNv+LGhSJu3brzb5w+Ftp64MKZc+5l7j1+zJkEy/rWlpZXVtfWcxv65tb2zq6xt9+QUSIIrZOIR6LlY0k5C2kdGHDaigXFgc9p0x9cj/3mPRWSReEtjGLqBrgXsi4jGJTkGSeFoXd1VrsrnToQ6QWnjyEdZkpyHliHjl+1TJmekbeK1gTmIrFnJI9mqHrGl9OJSBLQEAjHUrZtKwY3xQIY4TTTnUTSGJMB7tG2oiEOqHTTyT2ZeayUjtmNhKoQzIn6eyLFgZSjwFedAYa+nPfG4n9eO4HupZuyME6AhmT6UTfhJkTmOByzwwQlwEeKYCKY2tUkfSwwARWhrkKw509eJI1S0T4vlmvlfKU0iyOHDtERKiAbXaAKukFVVEcEPaJn9IretCftRXvXPqatS9ps5gD9gfb5A6FDmyI=</latexit>

(xB , Q
2) ! (x̂B , bQ2)

§ QED radiation prevents a well-defined “photon-hadron” frame

§ Radiation is CO sensitive as                       , factorized into LDFs & LFFs

§ Hadron is probed by 

<latexit sha1_base64="LzX1q/E47AS2ipsVf5ChcDRj1Mk=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXdaYUdVlw47IF+4B2KJk004bmMSR3hDL0M9y4UMStX+POvzFtZ6GtBwKHc+4l95woEdyC7397G5tb2zu7hb3i/sHh0XHp5LRtdWooa1EttOlGxDLBFWsBB8G6iWFERoJ1osn93O88MWO5Vo8wTVgoyUjxmFMCTurJAbtu4j5o7A9KZb/iL4DXSZCTMsrRGJS++kNNU8kUUEGs7QV+AmFGDHAq2KzYTy1LCJ2QEes5qohkNswWJ8/wpVOGONbGPQV4of7eyIi0diojNykJjO2qNxf/83opxHdhxlWSAlN0+VGcCuwizvPjITeMgpg6Qqjh7lZMx8QQCq6loishWI28TtrVSnBTqTVr5Xo1r6OAztEFukIBukV19IAaqIUo0ugZvaI3D7wX7937WI5uePnOGfoD7/MHz+2QQQ==</latexit>

me/Q ! 0

Collinear factorizaEon for QED radiaEve contribuEon

q Collinear factorization with the “one-photon” approximation: 

l l’

<latexit sha1_base64="VZBcxJQnxYhmQOoS708UHKX5EMA=">AAACBXicbVC7SgNBFL3rM8ZX1FKLwSBYSNgNQS1DbCwjmAdkl2V2MkmGzM4uM7OSsKSx8VdsLBSx9R/s/BsnyRaaeGDgcM693DkniDlT2ra/rZXVtfWNzdxWfntnd2+/cHDYVFEiCW2QiEeyHWBFORO0oZnmtB1LisOA01YwvJn6rQcqFYvEvR7H1AtxX7AeI1gbyS+cjPyaqyPkDrBORxO/hlwmUMeoF47nF4p2yZ4BLRMnI0XIUPcLX243IklIhSYcK9Vx7Fh7KZaaEU4neTdRNMZkiPu0Y6jAIVVeOksxQWdG6aJeJM0TGs3U3xspDpUah4GZDLEeqEVvKv7ndRLdu/ZSJuJEU0Hmh3oJRyb2tBLUZZISzceGYCKZ+SsiAywx0aa4vCnBWYy8TJrlknNZqtxVitVyVkcOjuEUzsGBK6jCLdShAQQe4Rle4c16sl6sd+tjPrpiZTtH8AfW5w/mTZd/</latexit>

xB ! x̂B 2 [xB , 1]

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

<latexit sha1_base64="Xdle0iU1tE0IcJGwTNwN0EqNwzs="></latexit>

d2�`P!`0X

dxBdy
⇡

Z 1

⇣min

d⇣

⇣2

Z 1

⇠min

d⇠De/e(⇣, µ
2) fe/e(⇠, µ

2)


Q2

xB

x̂B

bQ2

�

<latexit sha1_base64="q7han6gLoUvNVAx552y+V7oHUhI="></latexit>

⇥ 4⇡↵2

x̂B ŷ bQ2

h
x̂B ŷ

2F1(x̂B , bQ2) +
⇣
1� ŷ � 1

4
ŷ2�̂2

⌘
F2(x̂B , bQ2)

i

A simple RC factor at xB is necessarily sensitive to hadronic information from [xB, 1] !
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Inclusive lepton-hadron deep inelastic scattering (DIS)

q Numerical impact of QED contribuEon at EIC (                          ): 
p
S = 140 GeV

<latexit sha1_base64="RnyCdwhlhgqQog557y0vqIlMePE=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwCnchoBZCwELLiOYDckfY20ySJXsf7s6J4bjGxr9iY6GIrf/Bzn/jJblCEx8MPN6bYWaeG0qh0TS/jYXFpeWV1dxafn1jc2u7sLPb0EGkONR5IAPVcpkGKXyoo0AJrVAB81wJTXd4Mfab96C0CPxbHIXgeKzvi57gDFOpUziw9Z3C+Cah59SqmDa1ER4wvoRGks93CkWzZE5A54mVkSLJUOsUvuxuwCMPfOSSad22zBCdmCkUXEKStyMNIeND1od2Sn3mgXbiyRcJPUqVLu0FKi0f6UT9PREzT+uR56adHsOBnvXG4n9eO8LeqRMLP4wQfD5d1IskxYCOI6FdoYCjHKWEcSXSWykfMMU4psGNQ7BmX54njXLJqpTOrivFajmLI0f2ySE5JhY5IVVyRWqkTjh5JM/klbwZT8aL8W58TFsXjGxmj/yB8fkD/XOW7Q==</latexit>

�noRC

�RC
$ �1�

�measured
= ⌘(xB , y)

<latexit sha1_base64="8zkfvi0Gey3/KRrMOe/V8pCQkWI="></latexit>

B. Badelek et al.
Z Phys C 66 (1995) 591

At 
p
S = 140 GeV

<latexit sha1_base64="RnyCdwhlhgqQog557y0vqIlMePE=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwCnchoBZCwELLiOYDckfY20ySJXsf7s6J4bjGxr9iY6GIrf/Bzn/jJblCEx8MPN6bYWaeG0qh0TS/jYXFpeWV1dxafn1jc2u7sLPb0EGkONR5IAPVcpkGKXyoo0AJrVAB81wJTXd4Mfab96C0CPxbHIXgeKzvi57gDFOpUziw9Z3C+Cah59SqmDa1ER4wvoRGks93CkWzZE5A54mVkSLJUOsUvuxuwCMPfOSSad22zBCdmCkUXEKStyMNIeND1od2Sn3mgXbiyRcJPUqVLu0FKi0f6UT9PREzT+uR56adHsOBnvXG4n9eO8LeqRMLP4wQfD5d1IskxYCOI6FdoYCjHKWEcSXSWykfMMU4psGNQ7BmX54njXLJqpTOrivFajmLI0f2ySE5JhY5IVVyRWqkTjh5JM/klbwZT8aL8W58TFsXjGxmj/yB8fkD/XOW7Q==</latexit>

<latexit sha1_base64="vFaf8JSqqI4SK3lLHIAJLTXnkok=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KEol6Eggc9tmBboU3LZrtpl+5uwu5GCKH9K148KOLVH+LNf+O2zUFbHww83pthZl4QM6q043xbhY3Nre2d4m5pb//g8Mg+PmmrKJGYtHDEIvkYIEUYFaSlqWbkMZYE8YCRTjC5nfudJyIVjcSDTmPiczQSNKQYaSMN7HKz78Eb6M6ynuTwjrSnfW9gV5yqswBcJ25OKiBHY2B/9YYRTjgRGjOkVNd1Yu1nSGqKGZmWeokiMcITNCJdQwXiRPnZ4vgpPDfKEIaRNCU0XKi/JzLElUp5YDo50mO16s3F/7xuosNrP6MiTjQReLkoTBjUEZwnAYdUEqxZagjCkppbIR4jibA2eZVMCO7qy+uk7VXdy2qtWavUvTyOIjgFZ+ACuOAK1ME9aIAWwCAFz+AVvFkz68V6tz6WrQUrnymDP7A+fwB1oJNU</latexit>

Q2 = 1 GeV2

<latexit sha1_base64="SA/GV+gkT1vNYfrhIIpYq25zuCc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgadkNPg9CwIvHCOYByRJmJ7PJmNmZZWZWWEL+wYsHRbz6P978GyfJHjSxoKGo6qa7K0w408bzvp3Cyura+kZxs7S1vbO7V94/aGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo9up33qiSjMpHkyW0CDGA8EiRrCxUjO78dzr81654rneDGiZ+DmpQI56r/zV7UuSxlQYwrHWHd9LTDDGyjDC6aTUTTVNMBnhAe1YKnBMdTCeXTtBJ1bpo0gqW8Kgmfp7YoxjrbM4tJ0xNkO96E3F/7xOaqKrYMxEkhoqyHxRlHJkJJq+jvpMUWJ4ZgkmitlbERlihYmxAZVsCP7iy8ukWXX9C/fs/qxSq+ZxFOEIjuEUfLiEGtxBHRpA4BGe4RXeHOm8OO/Ox7y14OQzh/AHzucPNKqOMQ==</latexit>

y = 0.95

EIC eP could reach:
<latexit sha1_base64="QwzSc/NOQEW0qNI+eyLujhTGX34=">AAACCXicbVC7TsMwFHXKq5RXgJHFokJioUqqFhgrsTAWiT6kJkSO67RWbSeyHUQVdWXhV1gYQIiVP2Djb3DbDNBypCsdnXOv7r0nTBhV2nG+rcLK6tr6RnGztLW9s7tn7x+0VZxKTFo4ZrHshkgRRgVpaaoZ6SaSIB4y0glHV1O/c0+korG41eOE+BwNBI0oRtpIgQ0fgsyTHHIqJtBTlMO6pyknCrrOXXZWnwR22ak4M8Bl4uakDHI0A/vL68c45URozJBSPddJtJ8hqSlmZFLyUkUShEdoQHqGCmSW+dnskwk8MUofRrE0JTScqb8nMsSVGvPQdHKkh2rRm4r/eb1UR5d+RkWSaiLwfFGUMqhjOI0F9qkkWLOxIQhLam6FeIgkwtqEVzIhuIsvL5N2teKeV2o3tXKjmsdRBEfgGJwCF1yABrgGTdACGDyCZ/AK3qwn68V6tz7mrQUrnzkEf2B9/gDn6Zkj</latexit>

xmin ⇠ 5⇥ 10�5

If we do not have confidence for  y > 0.5, due to QED radiation, 

EIC’s eP reach to small-x could be reduced to

or effectively,   

<latexit sha1_base64="o70Wam3IzM1O+UWE7zEGPfB/SNE=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwY0lKUZcFNy4r2Ac0MUymk3bozCTMTMQSsnXjr7hxoYhb/8Cdf+O0zUJbD1w4nHMv994TJowq7TjfVmlldW19o7xZ2dre2d2z9w86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6Ybjq6nfvSdS0Vjc6klCfI6GgkYUI22kwIYPQeZJDjkVOfQU5dD1NOVEQde5y84aeWBXnZozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+xmSmmJG8oqXKpIgPEZD0jdUILPMz2af5PDEKAMYxdKU0HCm/p7IEFdqwkPTyZEeqUVvKv7n9VMdXfoZFUmqicDzRVHKoI7hNBY4oJJgzSaGICypuRXiEZIIaxNexYTgLr68TDr1mntea9w0qs16EUcZHIFjcApccAGa4Bq0QBtg8AiewSt4s56sF+vd+pi3lqxi5hD8gfX5A+AcmR4=</latexit>

xmin ⇠ 1⇥ 10�4

<latexit sha1_base64="OStl6zXGpKW70xg4AQ2Z2dUEIPY="></latexit>p
S = 140 GeV ! 102 GeV at y = 0.95

Y=0.5

<latexit sha1_base64="1QC0feRtjDkFKSjmgPIpPk11tA4=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIHiTshqBehKAXjwmaByTrMjuZJENmH8zMiuuSL/HiQRGvfoo3/8ZJsgdNLGgoqrrp7vIizqSyrG8jt7K6tr6R3yxsbe/sFs29/ZYMY0Fok4Q8FB0PS8pZQJuKKU47kaDY9zhte+Prqd9+oEKyMLhTSUQdHw8DNmAEKy25ZrFxX7l8dK96pyjRdeuaJatszYCWiZ2REmSou+ZXrx+S2KeBIhxL2bWtSDkpFooRTieFXixphMkYD2lX0wD7VDrp7PAJOtZKHw1CoStQaKb+nkixL2Xie7rTx2okF72p+J/XjdXgwklZEMWKBmS+aBBzpEI0TQH1maBE8UQTTATTtyIywgITpbMq6BDsxZeXSatSts/K1Ua1VKtkceThEI7gBGw4hxrcQB2aQCCGZ3iFN+PJeDHejY95a87IZg7gD4zPH1mLkY0=</latexit>

Q2 = xB y S

Red vs. Blue
Different PDFs

“RC” depends PDFs!!!
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Inclusive lepton-hadron deep inelastic scattering (DIS)

q Numerical impact of QED contribution at EIC (                          ): 
p
S = 140 GeV

<latexit sha1_base64="RnyCdwhlhgqQog557y0vqIlMePE=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwCnchoBZCwELLiOYDckfY20ySJXsf7s6J4bjGxr9iY6GIrf/Bzn/jJblCEx8MPN6bYWaeG0qh0TS/jYXFpeWV1dxafn1jc2u7sLPb0EGkONR5IAPVcpkGKXyoo0AJrVAB81wJTXd4Mfab96C0CPxbHIXgeKzvi57gDFOpUziw9Z3C+Cah59SqmDa1ER4wvoRGks93CkWzZE5A54mVkSLJUOsUvuxuwCMPfOSSad22zBCdmCkUXEKStyMNIeND1od2Sn3mgXbiyRcJPUqVLu0FKi0f6UT9PREzT+uR56adHsOBnvXG4n9eO8LeqRMLP4wQfD5d1IskxYCOI6FdoYCjHKWEcSXSWykfMMU4psGNQ7BmX54njXLJqpTOrivFajmLI0f2ySE5JhY5IVVyRWqkTjh5JM/klbwZT8aL8W58TFsXjGxmj/yB8fkD/XOW7Q==</latexit>

�noRC

�RC
$ �1�

�measured
= ⌘(xB , y)

<latexit sha1_base64="8zkfvi0Gey3/KRrMOe/V8pCQkWI="></latexit>

B. Badelek et al.
Z Phys C 66 (1995) 591

At 
<latexit sha1_base64="vFaf8JSqqI4SK3lLHIAJLTXnkok=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KEol6Eggc9tmBboU3LZrtpl+5uwu5GCKH9K148KOLVH+LNf+O2zUFbHww83pthZl4QM6q043xbhY3Nre2d4m5pb//g8Mg+PmmrKJGYtHDEIvkYIEUYFaSlqWbkMZYE8YCRTjC5nfudJyIVjcSDTmPiczQSNKQYaSMN7HKz78Eb6M6ynuTwjrSnfW9gV5yqswBcJ25OKiBHY2B/9YYRTjgRGjOkVNd1Yu1nSGqKGZmWeokiMcITNCJdQwXiRPnZ4vgpPDfKEIaRNCU0XKi/JzLElUp5YDo50mO16s3F/7xuosNrP6MiTjQReLkoTBjUEZwnAYdUEqxZagjCkppbIR4jibA2eZVMCO7qy+uk7VXdy2qtWavUvTyOIjgFZ+ACuOAK1ME9aIAWwCAFz+AVvFkz68V6tz6WrQUrnymDP7A+fwB1oJNU</latexit>

Q2 = 1 GeV2

<latexit sha1_base64="SA/GV+gkT1vNYfrhIIpYq25zuCc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgadkNPg9CwIvHCOYByRJmJ7PJmNmZZWZWWEL+wYsHRbz6P978GyfJHjSxoKGo6qa7K0w408bzvp3Cyura+kZxs7S1vbO7V94/aGqZKkIbRHKp2iHWlDNBG4YZTtuJojgOOW2Fo9up33qiSjMpHkyW0CDGA8EiRrCxUjO78dzr81654rneDGiZ+DmpQI56r/zV7UuSxlQYwrHWHd9LTDDGyjDC6aTUTTVNMBnhAe1YKnBMdTCeXTtBJ1bpo0gqW8Kgmfp7YoxjrbM4tJ0xNkO96E3F/7xOaqKrYMxEkhoqyHxRlHJkJJq+jvpMUWJ4ZgkmitlbERlihYmxAZVsCP7iy8ukWXX9C/fs/qxSq+ZxFOEIjuEUfLiEGtxBHRpA4BGe4RXeHOm8OO/Ox7y14OQzh/AHzucPNKqOMQ==</latexit>

y = 0.95

EIC eA could reach:

<latexit sha1_base64="ryzJ/Y8WqOhU+b2lsJX/S1mHxSA=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiSlqBuh4EKXFe0DmlAm00k7dGYSZyZCCdGNv+LGhSJu/Qp3/o3TNgttPXDhcM693HtPEDOqtON8WwuLS8srq4W14vrG5ta2vbPbVFEiMWngiEWyHSBFGBWkoalmpB1LgnjASCsYXoz91j2RikbiVo9i4nPUFzSkGGkjde19T91Jnd5k8By6jvOQepLDS9LMYNcuOWVnAjhP3JyUQI561/7yehFOOBEaM6RUx3Vi7adIaooZyYpeokiM8BD1ScdQgThRfjp5IYNHRunBMJKmhIYT9fdEirhSIx6YTo70QM16Y/E/r5Po8MxPqYgTTQSeLgoTBnUEx3nAHpUEazYyBGFJza0QD5BEWJvUiiYEd/bledKslN2TcvW6WqpV8jgK4AAcgmPgglNQA1egDhoAg0fwDF7Bm/VkvVjv1se0dcHKZ/bAH1ifP1cJlhA=</latexit>p
S = 100 GeV

<latexit sha1_base64="o70Wam3IzM1O+UWE7zEGPfB/SNE=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwY0lKUZcFNy4r2Ac0MUymk3bozCTMTMQSsnXjr7hxoYhb/8Cdf+O0zUJbD1w4nHMv994TJowq7TjfVmlldW19o7xZ2dre2d2z9w86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6Ybjq6nfvSdS0Vjc6klCfI6GgkYUI22kwIYPQeZJDjkVOfQU5dD1NOVEQde5y84aeWBXnZozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+xmSmmJG8oqXKpIgPEZD0jdUILPMz2af5PDEKAMYxdKU0HCm/p7IEFdqwkPTyZEeqUVvKv7n9VMdXfoZFUmqicDzRVHKoI7hNBY4oJJgzSaGICypuRXiEZIIaxNexYTgLr68TDr1mntea9w0qs16EUcZHIFjcApccAGa4Bq0QBtg8AiewSt4s56sF+vd+pi3lqxi5hD8gfX5A+AcmR4=</latexit>

xmin ⇠ 1⇥ 10�4

If we do not have confidence for  y > 0.5, due to QED radia*on, 

EIC’s eA reach to small-x could be reduced to

or effec*vely,   

<latexit sha1_base64="pvGYORxCjrHIDDdb7mbIgveGIjI=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwY0lKUZcFNy4r2Ac0MUymk3bozCTMTMQSsnXjr7hxoYhb/8Cdf+O0zUJbD1w4nHMv994TJowq7TjfVmlldW19o7xZ2dre2d2z9w86Kk4lJm0cs1j2QqQIo4K0NdWM9BJJEA8Z6Ybjq6nfvSdS0Vjc6klCfI6GgkYUI22kwIYPQeZJDjkVOfQU5bDuacqJgq5zl5018sCuOjVnBrhM3IJUQYFWYH95gxinnAiNGVKq7zqJ9jMkNcWM5BUvVSRBeIyGpG+oQGaZn80+yeGJUQYwiqUpoeFM/T2RIa7UhIemkyM9UoveVPzP66c6uvQzKpJUE4Hni6KUQR3DaSxwQCXBmk0MQVhScyvEIyQR1ia8ignBXXx5mXTqNfe81rhpVJv1Io4yOALH4BS44AI0wTVogTbA4BE8g1fwZj1ZL9a79TFvLVnFzCH4A+vzB+GumR8=</latexit>

xmin ⇠ 2⇥ 10�4

<latexit sha1_base64="oqQ17I5/CSyxYcty1LS7325PmC0="></latexit>p
S = 100 GeV ! 73 GeV at y = 0.95

y=0.5

<latexit sha1_base64="1QC0feRtjDkFKSjmgPIpPk11tA4=">AAAB+HicbVDLSgNBEOyNrxgfWfXoZTAIHiTshqBehKAXjwmaByTrMjuZJENmH8zMiuuSL/HiQRGvfoo3/8ZJsgdNLGgoqrrp7vIizqSyrG8jt7K6tr6R3yxsbe/sFs29/ZYMY0Fok4Q8FB0PS8pZQJuKKU47kaDY9zhte+Prqd9+oEKyMLhTSUQdHw8DNmAEKy25ZrFxX7l8dK96pyjRdeuaJatszYCWiZ2REmSou+ZXrx+S2KeBIhxL2bWtSDkpFooRTieFXixphMkYD2lX0wD7VDrp7PAJOtZKHw1CoStQaKb+nkixL2Xie7rTx2okF72p+J/XjdXgwklZEMWKBmS+aBBzpEI0TQH1maBE8UQTTATTtyIywgITpbMq6BDsxZeXSatSts/K1Ua1VKtkceThEI7gBGw4hxrcQB2aQCCGZ3iFN+PJeDHejY95a87IZg7gD4zPH1mLkY0=</latexit>

Q2 = xB y S

Red vs. Blue
Different PDFs

“RC” depends PDFs!!!
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What if we measure another particle in the final-state, like SIDIS?

l l'

P
X

q

Q2

<latexit sha1_base64="gK/lRk8PBeXVCIv3kp6fgiAjCAM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgHoLePGYoHlAsobZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2V7huPlX6x5JbdBcg68TJSggz1fvGrN4hYEqI0TFCtu54bGz+lynAmcFboJRpjyiZ0hF1LJQ1R++ni1Bm5sMqADCNlSxqyUH9PpDTUehoGtjOkZqxXvbn4n9dNzPDaT7mME4OSLRcNE0FMROZ/kwFXyIyYWkKZ4vZWwsZUUWZsOgUbgrf68jppVcpetXzTqJZqlSyOPJzBOVyCB1dQgzuoQxMYjOAZXuHNEc6L8+58LFtzTjZzCn/gfP4Az0aNdQ==</latexit>

1-Scale: - PDFs

p
h

P

q

l l'

X

Q2 � P 2
hT

<latexit sha1_base64="2hewL0tH0ed2XFfRTRq1IXZWMNU=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlCQd0V3LhsoS/oI0ymk3To5MHMRCmxn+LGhSJu/RJ3/o3TNgttPXDhcM693HuPl3AmlWV9G4Wt7Z3dveJ+6eDw6PjELJ92ZJwKQtsk5rHoeVhSziLaVkxx2ksExaHHadeb3i387gMVksVRS80SOgxxEDGfEay05Jrl5shBgyBADTebuK35yHHNilW1lkCbxM5JBXI0XPNrMI5JGtJIEY6l7NtWooYZFooRTuelQSppgskUB7SvaYRDKofZ8vQ5utTKGPmx0BUptFR/T2Q4lHIWerozxGoi172F+J/XT5V/M8xYlKSKRmS1yE85UjFa5IDGTFCi+EwTTATTtyIywQITpdMq6RDs9Zc3Scep2rXqbbNWqTt5HEU4hwu4AhuuoQ730IA2EHiEZ3iFN+PJeDHejY9Va8HIZ87gD4zPH6PJku4=</latexit>

In photon-hadron frame!

Jet, p, J/y, …

f(x, kT , Q)

<latexit sha1_base64="TKrzvOlykzxlxB0J4ZT1pfFrRrc=">AAAB8XicbVBNS8NAEJ3Ur1o/WvXoZbEIFUpJSkG9Fbx4bKFf2Iay2W7apZtN2N2IJfRfePGgiFf/jTf/jds2B219MPB4b4aZeV7EmdK2/W1ltrZ3dvey+7mDw6PjfOHktKPCWBLaJiEPZc/DinImaFszzWkvkhQHHqddb3q38LuPVCoWipaeRdQN8FgwnxGsjfTgl57K02Gr3LwaFop2xV4CbRInJUVI0RgWvgajkMQBFZpwrFTfsSPtJlhqRjid5waxohEmUzymfUMFDqhyk+XFc3RplBHyQ2lKaLRUf08kOFBqFnimM8B6ota9hfif14+1f+MmTESxpoKsFvkxRzpEi/fRiElKNJ8Zgolk5lZEJlhiok1IOROCs/7yJulUK06tctusFevVNI4snMMFlMCBa6jDPTSgDQQEPMMrvFnKerHerY9Va8ZKZ87gD6zPHwdFj9A=</latexit>

Parton’s confined mo*on, …
- TMDs

18 SIDIS
Structure Functions

2-scales
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What if we measure another particle in the final-state, like SIDIS?

l l'

P
X

q

Q2

<latexit sha1_base64="gK/lRk8PBeXVCIv3kp6fgiAjCAM=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgHoLePGYoHlAsobZSScZMju7zMwKYcknePGgiFe/yJt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pF8MNMY/ZCOJB9yRo2V7huPlX6x5JbdBcg68TJSggz1fvGrN4hYEqI0TFCtu54bGz+lynAmcFboJRpjyiZ0hF1LJQ1R++ni1Bm5sMqADCNlSxqyUH9PpDTUehoGtjOkZqxXvbn4n9dNzPDaT7mME4OSLRcNE0FMROZ/kwFXyIyYWkKZ4vZWwsZUUWZsOgUbgrf68jppVcpetXzTqJZqlSyOPJzBOVyCB1dQgzuoQxMYjOAZXuHNEc6L8+58LFtzTjZzCn/gfP4Az0aNdQ==</latexit>

1-Scale: - PDFs

p
h

P

q

l l'

X

Q2 � P 2
hT

<latexit sha1_base64="2hewL0tH0ed2XFfRTRq1IXZWMNU=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlCQd0V3LhsoS/oI0ymk3To5MHMRCmxn+LGhSJu/RJ3/o3TNgttPXDhcM693HuPl3AmlWV9G4Wt7Z3dveJ+6eDw6PjELJ92ZJwKQtsk5rHoeVhSziLaVkxx2ksExaHHadeb3i387gMVksVRS80SOgxxEDGfEay05Jrl5shBgyBADTebuK35yHHNilW1lkCbxM5JBXI0XPNrMI5JGtJIEY6l7NtWooYZFooRTuelQSppgskUB7SvaYRDKofZ8vQ5utTKGPmx0BUptFR/T2Q4lHIWerozxGoi172F+J/XT5V/M8xYlKSKRmS1yE85UjFa5IDGTFCi+EwTTATTtyIywQITpdMq6RDs9Zc3Scep2rXqbbNWqTt5HEU4hwu4AhuuoQ730IA2EHiEZ3iFN+PJeDHejY9Va8HIZ87gD4zPH6PJku4=</latexit>

In photon-hadron frame!

Jet, p, J/y, …

f(x, kT , Q)

<latexit sha1_base64="TKrzvOlykzxlxB0J4ZT1pfFrRrc=">AAAB8XicbVBNS8NAEJ3Ur1o/WvXoZbEIFUpJSkG9Fbx4bKFf2Iay2W7apZtN2N2IJfRfePGgiFf/jTf/jds2B219MPB4b4aZeV7EmdK2/W1ltrZ3dvey+7mDw6PjfOHktKPCWBLaJiEPZc/DinImaFszzWkvkhQHHqddb3q38LuPVCoWipaeRdQN8FgwnxGsjfTgl57K02Gr3LwaFop2xV4CbRInJUVI0RgWvgajkMQBFZpwrFTfsSPtJlhqRjid5waxohEmUzymfUMFDqhyk+XFc3RplBHyQ2lKaLRUf08kOFBqFnimM8B6ota9hfif14+1f+MmTESxpoKsFvkxRzpEi/fRiElKNJ8Zgolk5lZEJlhiok1IOROCs/7yJulUK06tctusFevVNI4snMMFlMCBa6jDPTSgDQQEPMMrvFnKerHerY9Va8ZKZ87gD6zPHwdFj9A=</latexit>

Parton’s confined motion, …
- TMDs

2-scales

q Photon-Hadron frame - “Born” kinematic:
<latexit sha1_base64="TYsin9ADjsJ9ssOFGTqJjLK2hPk="></latexit>

Eh
d�

dxBdQ2d3Ph
⇡ ↵2

S

1 + (1� y)2

y

zh
Q2

<latexit sha1_base64="cO2WCmSj/Yett6mjrCT6/zdgLbo="></latexit>

⇥
Z

d2pT d
2phT �

(2) (pT � phT �PhT /zh)
<latexit sha1_base64="4U6WJnH+9nuq+cizNpAPaSn4ry4="></latexit>

⇥Dh/j(zh,phT )fi/h(x,pT ) + ...

<latexit sha1_base64="DMzd+mDSjRHIHyYBgrcSvqEiNxI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ6KklR9Fjw4rGC/YAmlM120i7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk0hxZPZKK7ITMghYIWCpTQTTWwOJTQCcd3M7/zBNqIRD3iJIUgZkMlIsEZWsn3cQTI+rmUF9N+perW3DnoKvEKUiUFmv3Klz9IeBaDQi6ZMT3PTTHImUbBJUzLfmYgZXzMhtCzVLEYTJDPb57Sc6sMaJRoWwrpXP09kbPYmEkc2s6Y4cgsezPxP6+XYXQb5EKlGYLii0VRJikmdBYAHQgNHOXEEsa1sLdSPmKacbQxlW0I3vLLq6Rdr3nXNffhqtqoF3GUyCk5I5fEIzekQe5Jk7QIJyl5Jq/kzcmcF+fd+Vi0rjnFzAn5A+fzBx2Eka4=</latexit>

✓ll0
<latexit sha1_base64="aqxxoVFhql5RCGBilLgRbdD+uf0=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hd2g6DHgxWME84BkCbOTSTJmdmaZ6RXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bVqeG8QbTUpt2RC2XQvEGCpS8nRhO40jyVjS+nfmtJ26s0OoBJwkPYzpUYiAYRSc1uzjiSHulsl/x5yCrJMhJGXLUe6Wvbl+zNOYKmaTWdgI/wTCjBgWTfFrsppYnlI3pkHccVTTmNszm107JuVP6ZKCNK4Vkrv6eyGhs7SSOXGdMcWSXvZn4n9dJcXATZkIlKXLFFosGqSSoyex10heGM5QTRygzwt1K2IgaytAFVHQhBMsvr5JmtRJcVfz7y3KtmsdRgFM4gwsI4BpqcAd1aACDR3iGV3jztPfivXsfi9Y1L585gT/wPn8AoHmPHA==</latexit>

✓

q QED radia7on – NO “Born” kinema7c:

<latexit sha1_base64="DMzd+mDSjRHIHyYBgrcSvqEiNxI=">AAAB83icbVBNS8NAEN34WetX1aOXxSJ6KklR9Fjw4rGC/YAmlM120i7dbMLuRCihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk0hxZPZKK7ITMghYIWCpTQTTWwOJTQCcd3M7/zBNqIRD3iJIUgZkMlIsEZWsn3cQTI+rmUF9N+perW3DnoKvEKUiUFmv3Klz9IeBaDQi6ZMT3PTTHImUbBJUzLfmYgZXzMhtCzVLEYTJDPb57Sc6sMaJRoWwrpXP09kbPYmEkc2s6Y4cgsezPxP6+XYXQb5EKlGYLii0VRJikmdBYAHQgNHOXEEsa1sLdSPmKacbQxlW0I3vLLq6Rdr3nXNffhqtqoF3GUyCk5I5fEIzekQe5Jk7QIJyl5Jq/kzcmcF+fd+Vi0rjnFzAn5A+fzBx2Eka4=</latexit>

✓ll0
<latexit sha1_base64="FrceEoHsT6LpTmqKtfNK1BK7I2I=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKewGRY8BLx4jmAdkl9A7mU2GzD6c6Q2EJd/hxYMiXv0Yb/6Ns8keNLGgoajqprvLT6TQaNvfVmljc2t7p7xb2ds/ODyqHp90dJwqxtsslrHq+aC5FBFvo0DJe4niEPqSd/3JXe53p1xpEUePOEu4F8IoEoFggEby3DFg5uKYI8wrg2rNrtsL0HXiFKRGCrQG1S93GLM05BEyCVr3HTtBLwOFgkk+r7ip5gmwCYx439AIQq69bHH0nF4YZUiDWJmKkC7U3xMZhFrPQt90hoBjverl4n9eP8Xg1stElKTII7ZcFKSSYkzzBOhQKM5QzgwBpoS5lbIxKGBocspDcFZfXiedRt25rtsPV7Vmo4ijTM7IObkkDrkhTXJPWqRNGHkiz+SVvFlT68V6tz6WrSWrmDklf2B9/gCwO5H9</latexit>

✓̂

<latexit sha1_base64="HJzdN6S21I7cXmCVVkSDlIHxzaM=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1jEurAkRdGNUHDjsoJ9QBPLZDpph8wkcWYilFDc+CtuXCji1q9w5984abPQ1gMXzpxzL3Pv8WJGpbKsb6OwsLi0vFJcLa2tb2xumds7LRklApMmjlgkOh6ShNGQNBVVjHRiQRD3GGl7wVXmtx+IkDQKb9UoJi5Hg5D6FCOlpZ655wyRSu/Hdw5P4CWsBCfB0XH2KPXMslW1JoDzxM5JGeRo9Mwvpx/hhJNQYYak7NpWrNwUCUUxI+OSk0gSIxygAelqGiJOpJtOThjDQ630oR8JXaGCE/X3RIq4lCPu6U6O1FDOepn4n9dNlH/hpjSME0VCPP3ITxhUEczygH0qCFZspAnCgupdIR4igbDSqWUh2LMnz5NWrWqfVa2b03K9lsdRBPvgAFSADc5BHVyDBmgCDB7BM3gFb8aT8WK8Gx/T1oKRz+yCPzA+fwAFtZXV</latexit>

q̂µ = (k � k0)µ

<latexit sha1_base64="gqZQ8A075tiyygMppdkb3WTMOuk=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2AR68IyUxTdCAU3LivYB7RjyaRpG5rMjElGKEPBX3HjQhG3foc7/8ZMOwutHrhwcs695N7jR5wp7ThfVm5hcWl5Jb9aWFvf2Nyyt3caKowloXUS8lC2fKwoZwGta6Y5bUWSYuFz2vRHV6nffKBSsTC41eOIegIPAtZnBGsjde295H5y1xExukQlfsKPjtNHoWsXnbIzBfpL3IwUIUOta392eiGJBQ004ViptutE2kuw1IxwOil0YkUjTEZ4QNuGBlhQ5SXT9Sfo0Cg91A+lqUCjqfpzIsFCqbHwTafAeqjmvVT8z2vHun/hJSyIYk0DMvuoH3OkQ5RmgXpMUqL52BBMJDO7IjLEEhNtEktDcOdP/ksalbJ7VnZuTovVShZHHvbhAErgwjlU4RpqUAcCCTzBC7xaj9az9Wa9z1pzVjazC79gfXwD5COUFg==</latexit>

qµ = (l � l0)µMeasured:

True photon momentum – never measured:

<latexit sha1_base64="sVxdXQQPlCizAWZVHyHbftzZKPA=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tF8FSSouix4MVjBfsBTSyb7aZdutmkuxOhhHrxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlBIrgGx/m2Ciura+sbxc3S1vbO7p69f9DUcaooa9BYxKodEM0El6wBHARrJ4qRKBCsFQyvp37rgSnNY3kH44T5EelLHnJKwEhd+ygbTe69KMWeZCPsDQjkQtcuOxVnBrxM3JyUUY561/7yejFNIyaBCqJ1x3US8DOigFPBJiUv1SwhdEj6rGOoJBHTfjb7YIJPjdLDYaxMScAz9fdERiKtx1FgOiMCA73oTcX/vE4K4ZWfcZmkwCSdLwpTgSHG0zhwjytGQYwNIVRxcyumA6IIBRNayYTgLr68TJrVintRcW7Py7VqHkcRHaMTdIZcdIlq6AbVUQNR9Iie0St6s56sF+vd+pi3Fqx85hD9gfX5A9BJlxI=</latexit>

qµ 6= q̂µ

<latexit sha1_base64="OrkDcSTwUVt+Of8ZyVWNsZnjdwI=">AAACAHicbVC7SgNBFJ31GeMramFhMxgEq7AbFC0DNpYRzAOyS5id3E2GzM6uM3eFsKTxV2wsFLH1M+z8GyePQhMPXDhzzr3MvSdMpTDout/Oyura+sZmYau4vbO7t186OGyaJNMcGjyRiW6HzIAUChooUEI71cDiUEIrHN5M/NYjaCMSdY+jFIKY9ZWIBGdopW7p2McBIPMVPFB/wDCfvcfdUtmtuFPQZeLNSZnMUe+WvvxewrMYFHLJjOl4bopBzjQKLmFc9DMDKeND1oeOpYrFYIJ8esCYnlmlR6NE21JIp+rviZzFxozi0HbGDAdm0ZuI/3mdDKPrIBcqzRAUn30UZZJiQidp0J7QwFGOLGFcC7sr5QOmGUebWdGG4C2evEya1Yp3WXHvLsq16jyOAjkhp+SceOSK1MgtqZMG4WRMnskreXOenBfn3fmYta4485kj8gfO5w8r15a6</latexit>

✓ 6= ✓̂
<latexit sha1_base64="d+v3IKY81EwSXuL4Y9tmfFCx0og=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5IURY8FLx4j9AvaEDbbTbt0s4m7E7GE/hUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvTAXX4DjfVmljc2t7p7xb2ds/ODyyj6sdnWSKsjZNRKJ6IdFMcMnawEGwXqoYiUPBuuHkdu53H5nSPJEtmKbMj8lI8ohTAkYK7KoXtPBAsgc8GBPIvVnQCuyaU3cWwOvELUgNFfAC+2swTGgWMwlUEK37rpOCnxMFnAo2qwwyzVJCJ2TE+oZKEjPt54vbZ/jcKEMcJcqUBLxQf0/kJNZ6GoemMyYw1qveXPzP62cQ3fg5l2kGTNLloigTGBI8DwIPuWIUxNQQQhU3t2I6JopQMHFVTAju6svrpNOou1d15/6y1mwUcZTRKTpDF8hF16iJ7pCH2oiiJ/SMXtGbNbNerHfrY9lasoqZE/QH1ucPGliTyg==</latexit>

PT 6= P̂T Trouble!

Trento
convention



21

Transverse momentum dependent PDFs (TMDs)

Quark TMDs

�[�+]
q h(x, b) = f1(x, b) + i✏µ⌫T bµs⌫Mf?1 (x, b)

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

b? ⇠ 1

k?<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

• There are eight TMD 
distributions in leading twist 

• TMD distributions provide a 
more detailed picture of the 
many body parton structure of 
the hadron 

• Interplay with the transverse 
momentum

q  Quark TMDs with polarization:
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Transverse momentum dependent PDFs (TMDs)

Quark TMDs

�[�+]
q h(x, b) = f1(x, b) + i✏µ⌫T bµs⌫Mf?1 (x, b)

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

b? ⇠ 1

k?<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

• There are eight TMD 
distributions in leading twist 

• TMD distributions provide a 
more detailed picture of the 
many body parton structure of 
the hadron 

• Interplay with the transverse 
momentum

q  Quark TMDs with polarization:

<latexit sha1_base64="WMs6UM7zPVhI1yUGG4tXTmxsn84="></latexit>
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q Polarized SIDIS: 
<latexit sha1_base64="ctUOj+gL0djBoHwQEhUukEl6wsA=">AAACEHicbVBLSwMxGMzWV62vVY9egkW6pVJ2i6jHghdPsoJ9QHdZsmm2Dc0+SLJKWfoTvPhXvHhQxKtHb/4b03YP2joQMsx8H8mMnzAqpGl+a4WV1bX1jeJmaWt7Z3dP3z9oizjlmLRwzGLe9ZEgjEakJalkpJtwgkKfkY4/upr6nXvCBY2jOzlOiBuiQUQDipFUkqdXiMGqtRvDPnXSBHEeP1ShI2Oo5EoV1oaG7Q3V3fX0slk3Z4DLxMpJGeSwPf3L6cc4DUkkMUNC9CwzkW6GuKSYkUnJSQVJEB6hAekpGqGQCDebBZrAE6X0YRBzdSIJZ+rvjQyFQoxDX02GSA7FojcV//N6qQwu3YxGSSpJhOcPBSmDKvG0HdinnGDJxoogzKn6K8RDxBGWqsOSKsFajLxM2o26dV43b8/KzUZeRxEcgWNgAAtcgCa4BjZoAQwewTN4BW/ak/aivWsf89GClu8cgj/QPn8APciZgA==</latexit>

e(l) +N(P, ") ! e(l0) + h(Ph) +X

Two planes
Leptonic plane
Hadronic plane

In photon-hadron frame:

Single Transverse-Spin
Asymmetry

Angular modulation provides the best 
way to separate TMDs
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Lepton-hadron semi-inclusive deep inelasEc scaPering (SIDIS)

q Inclusive production of a lepton and a hadron: 

Momentum imbalance between the lepton and the hadron could be sensi*ve to
both parton TMDs and lepton TMDs

Typical parton transverse momentum: 
<latexit sha1_base64="EfuztTMqWtAGnhXvc/+cJ9LxIlM="></latexit>

k2T ⇠ ⇤2
QCD + hk2T igenerated by QCD shower

q Estimate of lepton transverse momentum generated by QED shower: 

Resummation
to lepton TMD

QED broadening for lepton is so much smaller than typical parton kT!
                         Collinear factorization for high order QED contributions

Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371
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Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)
Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

q QED factorization of collision-induced radiation – collinear: 
<latexit sha1_base64="7t0shu7Z3Srz9B8g10vvQGRQBnI=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBahIpSkFHVZcOPOFuwDmhgm00k7dDIJMxOhhGzc+CtuXCji1n9w5984bbPQ1gP3cjjnXmbu8WNGpbKsb6Owsrq2vlHcLG1t7+zumfsHHRklApM2jlgkej6ShFFO2ooqRnqxICj0Gen64+up330gQtKI36lJTNwQDTkNKEZKS555fJ46GDF4m1WcQCCchh6551na0u3MM8tW1ZoBLhM7J2WQo+mZX84gwklIuMIMSdm3rVi5KRKKYkaykpNIEiM8RkPS15SjkEg3nV2RwVOtDGAQCV1cwZn6eyNFoZST0NeTIVIjuehNxf+8fqKCKzelPE4U4Xj+UJAwqCI4jQQOqCBYsYkmCAuq/wrxCOkwlA6upEOwF09eJp1a1b6o1lv1cqOWx1EER+AEVIANLkED3IAmaAMMHsEzeAVvxpPxYrwbH/PRgpHvHII/MD5/AOtZmC0=</latexit>

+O(
mn

e

Qn
)

§ Leading power IR sensitive contribution is universal, as                      ,  factorized into LDFs and LFFs
§ IR safe contributions are calculated order-by-order in powers of a
§ Neglect               power suppressed contributions
§ Collinear QED factorization for both inclusive DIS and SIDIS, or e+e-, … [global fits of LDFs, LFFs]

<latexit sha1_base64="LzX1q/E47AS2ipsVf5ChcDRj1Mk=">AAAB8nicbVDLSgMxFM34rPVVdekmWARXdaYUdVlw47IF+4B2KJk004bmMSR3hDL0M9y4UMStX+POvzFtZ6GtBwKHc+4l95woEdyC7397G5tb2zu7hb3i/sHh0XHp5LRtdWooa1EttOlGxDLBFWsBB8G6iWFERoJ1osn93O88MWO5Vo8wTVgoyUjxmFMCTurJAbtu4j5o7A9KZb/iL4DXSZCTMsrRGJS++kNNU8kUUEGs7QV+AmFGDHAq2KzYTy1LCJ2QEes5qohkNswWJ8/wpVOGONbGPQV4of7eyIi0diojNykJjO2qNxf/83opxHdhxlWSAlN0+VGcCuwizvPjITeMgpg6Qqjh7lZMx8QQCq6loishWI28TtrVSnBTqTVr5Xo1r6OAztEFukIBukV19IAaqIUo0ugZvaI3D7wX7937WI5uePnOGfoD7/MHz+2QQQ==</latexit>

me/Q ! 0

<latexit sha1_base64="c5ct7iI7JcuEMS8qr0mM9YCqp9E=">AAAB7HicbVBNS8NAEJ34WetX1aOXYBE81aQU9Vjw4rEF0xbaUDbbabt0dxN2N0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZelHCmjed9OxubW9s7u4W94v7B4dFx6eS0peNUUQxozGPViYhGziQGhhmOnUQhERHHdjS5n/vtJ1SaxfLRTBMMBRlJNmSUGCsFoo/XzX6p7FW8Bdx14uekDDka/dJXbxDTVKA0lBOtu76XmDAjyjDKcVbspRoTQidkhF1LJRGow2xx7My9tMrAHcbKljTuQv09kRGh9VREtlMQM9ar3lz8z+umZngXZkwmqUFJl4uGKXdN7M4/dwdMITV8agmhitlbXTomilBj8ynaEPzVl9dJq1rxbyq1Zq1cr+ZxFOAcLuAKfLiFOjxAAwKgwOAZXuHNkc6L8+58LFs3nHzmDP7A+fwBVk6OVg==</latexit>

me/Q

q “One photon”-approximation: 

Evaluated in a “virtual photon-hadron” frameApply a           -dependent Lorentz transformation: 
<latexit sha1_base64="HUdm0sxI6FUvVw5dabz4DU0hQxo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBahgpSkFPVY8OKxgv2AJJTNdtMu3WzC7kSsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxLBNdj2t1VYW9/Y3Cpul3Z29/YPyodHHR2nirI2jUWsegHRTHDJ2sBBsF6iGIkCwbrB+Gbmdx+Y0jyW9zBJmB+RoeQhpwSM5Fa9R37hPTEg5/1yxa7Zc+BV4uSkgnK0+uUvbxDTNGISqCBau46dgJ8RBZwKNi15qWYJoWMyZK6hkkRM+9n85Ck+M8oAh7EyJQHP1d8TGYm0nkSB6YwIjPSyNxP/89wUwms/4zJJgUm6WBSmAkOMZ//jAVeMgpgYQqji5lZMR0QRCialkgnBWX55lXTqNeey1rhrVJr1PI4iOkGnqIocdIWa6Ba1UBtRFKNn9IreLLBerHfrY9FasPKZY/QH1ucPcOmQqw==</latexit>

(⇠, ⇣)
<latexit sha1_base64="otOqmqlPkAUA6HVzuilc8pbVqUk=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgopSkFHVZcOMygn1AE8JkMmmHTh7OTJQSsnLjr7hxoYhbv8Gdf+OkzUJbD1w4c869zL3HSxgV0jC+tcrK6tr6RnWztrW9s7un7x/0RJxyTLo4ZjEfeEgQRiPSlVQyMkg4QaHHSN+bXBV+/55wQePoVk4T4oRoFNGAYiSV5OrHdmaPkczu8ga0GtB+oD4p3lbuju3c1etG05gBLhOzJHVQwnL1L9uPcRqSSGKGhBiaRiKdDHFJMSN5zU4FSRCeoBEZKhqhkAgnm52Rw1Ol+DCIuapIwpn6eyJDoRDT0FOdIZJjsegV4n/eMJXBpZPRKEklifD8oyBlUMawyAT6lBMs2VQRhDlVu0I8RhxhqZKrqRDMxZOXSa/VNM+b7Zt2vdMq46iCI3ACzoAJLkAHXAMLdAEGj+AZvII37Ul70d61j3lrRStnDsEfaJ8/1w2YsQ==</latexit>

{q̂, P, bPh}
<latexit sha1_base64="bdRtBkVpddCQF6/oZhwcFejdSnY=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSK4KCUpRV0W3LiMYB/QhjCZTtqhk4czE6XEfIobF4q49Uvc+TdO2yy09cCFwzn3cu89fsKZVJb1baytb2xubZd2yrt7+weHZuWoI+NUENomMY9Fz8eSchbRtmKK014iKA59Trv+5Hrmdx+okCyO7tQ0oW6IRxELGMFKS55ZGWTZfV5DTg1lTu6NB7lnVq26NQdaJXZBqlDA8cyvwTAmaUgjRTiWsm9biXIzLBQjnOblQSppgskEj2hf0wiHVLrZ/PQcnWlliIJY6IoUmqu/JzIcSjkNfd0ZYjWWy95M/M/rpyq4cjMWJamiEVksClKOVIxmOaAhE5QoPtUEE8H0rYiMscBE6bTKOgR7+eVV0mnU7Yt687ZZbTWKOEpwAqdwDjZcQgtuwIE2EHiEZ3iFN+PJeDHejY9F65pRzBzDHxifP1a5k14=</latexit>

{q, P, Ph}
In a frame to compare with exp. measurements<latexit sha1_base64="HUdm0sxI6FUvVw5dabz4DU0hQxo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBahgpSkFPVY8OKxgv2AJJTNdtMu3WzC7kSsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxLBNdj2t1VYW9/Y3Cpul3Z29/YPyodHHR2nirI2jUWsegHRTHDJ2sBBsF6iGIkCwbrB+Gbmdx+Y0jyW9zBJmB+RoeQhpwSM5Fa9R37hPTEg5/1yxa7Zc+BV4uSkgnK0+uUvbxDTNGISqCBau46dgJ8RBZwKNi15qWYJoWMyZK6hkkRM+9n85Ck+M8oAh7EyJQHP1d8TGYm0nkSB6YwIjPSyNxP/89wUwms/4zJJgUm6WBSmAkOMZ//jAVeMgpgYQqji5lZMR0QRCialkgnBWX55lXTqNeey1rhrVJr1PI4iOkGnqIocdIWa6Ba1UBtRFKNn9IreLLBerHfrY9FasPKZY/QH1ucPcOmQqw==</latexit>

(⇠, ⇣)
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Lepton-hadron semi-inclusive deep inelasEc scaPering (SIDIS)
q Two-step approach to SIDIS: 

<latexit sha1_base64="EKkM9EiL7AwkMh0AUqVUTcT2sl4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRahgpakFHVZcOOygn1AE8pkOmkHJ5M4cyO2ofgrblwo4tb/cOffOG2z0NYDFw7n3Mu99/gxZwps+9vILS2vrK7l1wsbm1vbO+buXlNFiSS0QSIeybaPFeVM0AYw4LQdS4pDn9OWf3c18VsPVCoWiVsYxtQLcV+wgBEMWuqaB+4AQ3o/LrmP7NQdUcAnZ3HXLNplewprkTgZKaIM9a755fYikoRUAOFYqY5jx+ClWAIjnI4LbqJojMkd7tOOpgKHVHnp9PqxdayVnhVEUpcAa6r+nkhxqNQw9HVniGGg5r2J+J/XSSC49FIm4gSoILNFQcItiKxJFFaPSUqADzXBRDJ9q0UGWGICOrCCDsGZf3mRNCtl57xcvakWa5Usjjw6REeohBx0gWroGtVRAxE0Qs/oFb0ZT8aL8W58zFpzRjazj/7A+PwB6vCU1Q==</latexit>

q̂(⇠, ⇣)� p
<latexit sha1_base64="QBOU8OLH1v3bcbAhL7aqhJdGyo8=">AAACCnicbZDLSsNAFIZPvNZ6i7p0M1oEVyUpRV0W3LhsoTdoaplMJu3QyYWZiVJC1258FTcuFHHrE7jzbZy0QbT1h4Gf75zDmfO7MWdSWdaXsbK6tr6xWdgqbu/s7u2bB4dtGSWC0BaJeCS6LpaUs5C2FFOcdmNBceBy2nHH11m9c0eFZFHYVJOY9gM8DJnPCFYaDcwT5555dIRVWp/eVgZN5HCOflgjY2bJKlszoWVj56YEueoD89PxIpIENFSEYyl7thWrfoqFYoTTadFJJI0xGeMh7Wkb4oDKfjo7ZYrONPGQHwn9QoVm9PdEigMpJ4GrOwOsRnKxlsH/ar1E+Vf9lIVxomhI5ov8hCMVoSwX5DFBieITbTARTP8VkREWmCidXlGHYC+evGzalbJ9Ua42qqVaJY+jAMdwCudgwyXU4Abq0AICD/AEL/BqPBrPxpvxPm9dMfKZI/gj4+MbzeCaSg==</latexit>

bP 2
T ⌧ bQ2

<latexit sha1_base64="C6NVpfhEGrenCmlSsnd+n/mDFeU=">AAACC3icbZDLSgMxFIYzXmu9jbp0E1oEV2WmFHVZcOOyhd6gM5ZMJtOGJpkhyShl6N6Nr+LGhSJufQF3vo2Ztoi2/hD4+c45nJw/SBhV2nG+rLX1jc2t7cJOcXdv/+DQPjruqDiVmLRxzGLZC5AijArS1lQz0kskQTxgpBuMr/N6945IRWPR0pOE+BwNBY0oRtqggV3y7mlIRkhnjeltddCCnqIc/sBmDu2yU3FmgqvGXZgyWKgxsD+9MMYpJ0JjhpTqu06i/QxJTTEj06KXKpIgPEZD0jdWIE6Un81umcIzQ0IYxdI8oeGM/p7IEFdqwgPTyZEeqeVaDv+r9VMdXfkZFUmqicDzRVHKoI5hHgwMqSRYs4kxCEtq/grxCEmEtYmvaEJwl09eNZ1qxb2o1Jq1cr26iKMATkEJnAMXXII6uAEN0AYYPIAn8AJerUfr2Xqz3ueta9Zi5gT8kfXxDavQmsU=</latexit>

bP 2
T ⇠ bQ2

1) In “virtual-photon” frame, defined by  

§ TMD factorization when
§ CO factorization when
§ Matching to get the        -distribution  

<latexit sha1_base64="l8gtmhBO+o/zZkJi+KcEkqTNLO8=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBA8hd0Q1GPAi8cIeUGyhtnZ3mTI7IOZWUNY8h9ePCji1X/x5t84SfagiQUNRVU33V1eIrjStv1tbWxube/sFvaK+weHR8elk9O2ilPJsMViEcuuRxUKHmFLcy2wm0ikoSew443v5n7nCaXicdTU0wTdkA4jHnBGtZEe+xPu44jqrDEbNMmgVLYr9gJknTg5KUOOxqD01fdjloYYaSaoUj3HTrSbUak5Ezgr9lOFCWVjOsSeoRENUbnZ4uoZuTSKT4JYmoo0Wai/JzIaKjUNPdMZUj1Sq95c/M/rpTq4dTMeJanGiC0XBakgOibzCIjPJTItpoZQJrm5lbARlZRpE1TRhOCsvrxO2tWKc12pPdTK9WoeRwHO4QKuwIEbqMM9NKAFDCQ8wyu8WRPrxXq3PpatG1Y+cwZ/YH3+AFU4klw=</latexit>

bPT

2) Lorentz transformation from the “virtual-photon” 
     frame to any experimentally defined frame 
      – lepton-hadron Lab frame, Breit frame (xB,Q2), …

One-photon approximation

QED contribu*on (not correc*on) can be
systema*cally improved order-by-order in power a!

q Case study FUU: 



26

Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)

q Case study FUU: 

Evaluated in a “virtual photon-hadron” frame

Unpolarized structure function:

- Dependent Lorentz transformation
<latexit sha1_base64="HUdm0sxI6FUvVw5dabz4DU0hQxo=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBahgpSkFPVY8OKxgv2AJJTNdtMu3WzC7kSsoT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxLBNdj2t1VYW9/Y3Cpul3Z29/YPyodHHR2nirI2jUWsegHRTHDJ2sBBsF6iGIkCwbrB+Gbmdx+Y0jyW9zBJmB+RoeQhpwSM5Fa9R37hPTEg5/1yxa7Zc+BV4uSkgnK0+uUvbxDTNGISqCBau46dgJ8RBZwKNi15qWYJoWMyZK6hkkRM+9n85Ck+M8oAh7EyJQHP1d8TGYm0nkSB6YwIjPSyNxP/89wUwms/4zJJgUm6WBSmAkOMZ//jAVeMgpgYQqji5lZMR0QRCialkgnBWX55lXTqNeey1rhrVJr1PI4iOkGnqIocdIWa6Ba1UBtRFKNn9IreLLBerHfrY9FasPKZY/QH1ucPcOmQqw==</latexit>

(⇠, ⇣)

Effec*vely, a rota*on in hadron-rest frame 

Solid – with Lorentz transformation
Dashed – without Lorentz transformation
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Lepton-hadron semi-inclusive deep inelastic scattering (SIDIS)
q Case study – single transverse spin asymmetry: Liu, Melnitchouk, Qiu, Sato

2008.02895, 2108.13371
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Collinear factorization for QED radiative contribution

q Without the “one-photon” approximation: Liu, Melnitchouk, Qiu, Sato
2008.02895, 2108.13371

<latexit sha1_base64="sf/YuRtJzoq/s3PWcWTmpxNircU="></latexit>

Ek0
d�kP!k0X

d3k0
=

1

2s

X

i,j,a

Z 1

⇣min

d⇣

⇣2

Z 1

⇠min

d⇠

⇠
De/j(⇣, µ

2) fi/e(⇠, µ
2)

<latexit sha1_base64="9kibYu+peAz8OV254QttKhI1hQ4="></latexit>

⇥
Z 1

xmin

dx

x
fa/N (x, µ2) bHia!jX(⇠k, xP, k0/⇣, µ2) + · · ·

~ Inclusive single lepton production at high transverse momentum

No structure functions, but
have PDFs, LDFs, LFFs, …q Calculated hard parts in power of               : 

<latexit sha1_base64="gtytMPf4ws5oyh3QhOsUVneckaI=">AAAB+3icbVBNTwIxEJ31E/EL8ehlIzHxRHYJUY8kXjxiIh8JLGS2dKGh7W7arpEQ/ooXDxrj1T/izX9jgT0o+JLJvLw3k05fmHCmjed9OxubW9s7u7m9/P7B4dFx4aTY1HGqCG2QmMeqHaKmnEnaMMxw2k4URRFy2grHt3O/9UiVZrF8MJOEBgKHkkWMoLFSv1DsIk9G2BPL3tc9K5a8sreAu078jJQgQ71f+OoOYpIKKg3hqHXH9xITTFEZRjid5buppgmSMQ5px1KJgupgurh95l5YZeBGsbIljbtQf29MUWg9EaGdFGhGetWbi/95ndREN8GUySQ1VJLlQ1HKXRO78yDcAVOUGD6xBIli9laXjFAhMTauvA3BX/3yOmlWyv5VuXpfLdUqWRw5OINzuAQfrqEGd1CHBhB4gmd4hTdn5rw4787HcnTDyXZO4Q+czx84SJSF</latexit>

↵m↵n
s

LO NLO:

Beyond one-photon 
exchange

p

X

l

l'

k'
k P

(a) `0

<latexit sha1_base64="0B0IRRB/ghN1DMjP0Vh+EJfKSPg=">AAAB7HicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LXnqsYNpCW8pmO2mXbjZhdyOU0t/gxYMiXv1B3vw3btsIKvpg4PHeDDPzgkRwbVz3w8mtrW9sbuW3Czu7e/sHxcOjlo5TxdBnsYhVJ6AaBZfoG24EdhKFNAoEtoPJzcJv36PSPJZ3ZppgP6IjyUPOqLGS30MhzgfFklt2lyDfyFWtWvM84mVKCTI0B8X33jBmaYTSMEG17npuYvozqgxnAueFXqoxoWxCR9i1VNIIdX+2PHZOzqwyJGGsbElDlur3iRmNtJ5Gge2MqBnr395C/Mvrpia87s+4TFKDkq0WhakgJiaLz8mQK2RGTC2hTHF7K2FjqigzNp+CDeHrU/I/aV2WvUq5elsp1RtZHHk4gVO4AA9qUIcGNMEHBhwe4AmeHek8Oi/O66o152Qzx/ADztsnmaCOlQ==</latexit>

`

<latexit sha1_base64="9je2xQ8JB3qTX3Ab2YUvtSw82Sc=">AAAB63icdVBNSwMxEM3Wr1q/qh69BIvgqexKaz0WvPRYwX5Au5RsOtuGJtklyQpl6V/w4kERr/4hb/4bs+0KVfTBwOO9GWbmBTFn2rjup1PY2Nza3inulvb2Dw6PyscnXR0likKHRjxS/YBo4ExCxzDDoR8rICLg0Atmt5nfewClWSTvzTwGX5CJZCGjxGTSEDgflStu1V0Cr5HrRr3hedjLlQrK0R6VP4bjiCYCpKGcaD3w3Nj4KVGGUQ6L0jDREBM6IxMYWCqJAO2ny1sX+MIqYxxGypY0eKmuT6REaD0Xge0UxEz1by8T//IGiQlv/JTJODEg6WpRmHBsIpw9jsdMATV8bgmhitlbMZ0SRaix8ZRsCN+f4v9J96rq1ar1u1ql2crjKKIzdI4ukYcaqIlaqI06iKIpekTP6MURzpPz6rytWgtOPnOKfsB5/wI4AY5k</latexit>

k

<latexit sha1_base64="Ycm69Y7AeLkudSZJpVakGRB0XNk=">AAAB6HicdVDLSgNBEOyNrxhfUY9eBoPgKexKYjwGRPCYgHlAsoTZSW8yZvbBzKwQlnyBFw+KePWTvPk3TpIVomhBQ1HVTXeXFwuutG1/Wrm19Y3Nrfx2YWd3b/+geHjUVlEiGbZYJCLZ9ahCwUNsaa4FdmOJNPAEdrzJ9dzvPKBUPArv9DRGN6CjkPucUW2k5mRQLNllewGyQi5r1ZrjECdTSpChMSh+9IcRSwIMNRNUqZ5jx9pNqdScCZwV+onCmLIJHWHP0JAGqNx0ceiMnBllSPxImgo1WairEykNlJoGnukMqB6r395c/MvrJdq/clMexonGkC0X+YkgOiLzr8mQS2RaTA2hTHJzK2FjKinTJpuCCeH7U/I/aV+UnUq52qyU6jdZHHk4gVM4BwdqUIdbaEALGCA8wjO8WPfWk/VqvS1bc1Y2cww/YL1/Afw5jRU=</latexit>

k0

<latexit sha1_base64="g/ilXVCKEVZqN18NU/+0qKPcqjU=">AAAB6XicdVBNS8NAEJ3Ur1q/qh69LBbRU0mktR4LInisYj+gDWWz3bRLNpuwuxFK6D/w4kERr/4jb/4bN22EKvpg4PHeDDPzvJgzpW370yqsrK6tbxQ3S1vbO7t75f2DjooSSWibRDySPQ8rypmgbc00p71YUhx6nHa94Crzuw9UKhaJez2NqRvisWA+I1gb6S44HZYrdtWeAy2Ri0a94TjIyZUK5GgNyx+DUUSSkApNOFaq79ixdlMsNSOczkqDRNEYkwCPad9QgUOq3HR+6QydGGWE/EiaEhrN1eWJFIdKTUPPdIZYT9RvLxP/8vqJ9i/dlIk40VSQxSI/4UhHKHsbjZikRPOpIZhIZm5FZIIlJtqEUzIhfH+K/ied86pTq9Zva5XmdR5HEY7gGM7AgQY04QZa0AYCPjzCM7xYgfVkvVpvi9aClc8cwg9Y719cs41G</latexit>

P
p

<latexit sha1_base64="FcpH2/9XV/2yZWAlUPaC3zhOK7o=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseCCB5bsLXQhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzaRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6Lq1aqXzVqlfpvHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f3ZiM/w==</latexit>

More systematic
for PVDIS!
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Beyond 1-vector meson exchange: NLO QED contribution

q Project the external particles to leptons or partons:

NLO: 
<latexit sha1_base64="Pr/YTvJRIqzPuF8A+xeLkTZCoao=">AAACLXicbZBbSwJBFMdn7WZ22+qxlyEJVxDZlW6PQj30aJAXcEVmx6MOzl6amQ1E/EK99FUi6MGIXvsazapRaQcG/vz+53Dm/L2IM6lse2KkVlbX1jfSm5mt7Z3dPXP/oCbDWFCo0pCHouERCZwFUFVMcWhEAojvcah7g6vErz+AkCwM7tQwgpZPegHrMkqURm3zGiwXOM+7KsRgDfJuARewi93MjOe+jdyP07cqeZzgeytKaDHTNrN20Z4WXhbOXGTRvCpt88XthDT2IVCUEymbjh2p1ogIxSiHccaNJUSEDkgPmloGxAfZGk2vHeMTTTq4Gwr9AoWn9PfEiPhSDn1Pd/pE9eWil8D/vGasupetEQuiWEFAZ4u6Mcf61CQ63GECqOJDLQgVTP8V0z4RhCodcBKCs3jysqiVis558ez2NFsuzeNIoyN0jCzkoAtURjeogqqIokf0jCbozXgyXo1342PWmjLmM4foTxmfX4C9oX8=</latexit>

e(`) ! e(k) , e(`0) ! e(k0) , h(P ) ! q(p) .
<latexit sha1_base64="ftQ/bqGB6uJSyUMzrFgwrQFgoKg="></latexit>

�
(1)
e(k)+q(p)!e(k0)+X = D

(0)
e/e ⌦ f

(0)
e/e ⌦ f

(0)
q/q ⌦ Ĥ

(1)
e+q!e+X

<latexit sha1_base64="78gOS19OD7CbU4nUtci9oYiKCX0="></latexit>

+D
(1)
e/e ⌦ f

(0)
e/e ⌦ f

(0)
q/q ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="BXrF2PYjD7h9LZQ4nM1vD55+DXM="></latexit>

+D
(0)
e/e ⌦ f

(1)
e/e ⌦ f

(0)
q/q ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="vO4TIaq75bC0/LaEJw4seLu4Xqs="></latexit>

+D
(0)
e/e ⌦ f

(0)
e/e ⌦ f

(1)
q/q ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="/SD79MqzEY2GPztZWhP5zl0Tu70="></latexit>

+D
(0)
e/e ⌦ f

(0)
e/e ⌦ f

(1)
�/q ⌦ Ĥ

(0)
e+�!e+X

<latexit sha1_base64="y5mPkPgUqBjN+7MVikG2VugILno=">AAACIHicbVDLSgMxFM34rPVVdekmWIRKocwUtW6EgpsuK9gHdMaSSW/b0MzDJCOUYT7Fjb/ixoUiutOvMdN2oW0PBA7n3MvNOW7ImVSm+W2srK6tb2xmtrLbO7t7+7mDw6YMIkGhQQMeiLZLJHDmQ0MxxaEdCiCey6Hljm5Sv/UIQrLAv1PjEByPDHzWZ5QoLXVzFXtIVFxL7uOCdZZ0Yyg+2CrAUGwn2WtsSzbwyDKvm8ubJXMCvEisGcmjGerd3JfdC2jkga8oJ1J2LDNUTkyEYpRDkrUjCSGhIzKAjqY+8UA68SRggk+10sP9QOjnKzxR/27ExJNy7Ll60iNqKOe9VFzmdSLVv3Ji5oeRAp9OD/UjjnXMtC3cYwKo4mNNCBVM/xXTIRGEKt1pWoI1H3mRNMsl67J0cXuer5ZndWTQMTpBBWShCqqiGqqjBqLoCb2gN/RuPBuvxofxOR1dMWY7R+gfjJ9fyamhcA==</latexit>

Ĥ
(1)
e+q!e+X = �

(1)
e+q!e+X

<latexit sha1_base64="HyOT9QPlItDeuFWgmGWEbcEnfs8=">AAACGXicbVDJSgNBFOyJW4zbqEcvg0FQgnFG3I4BPeQYwSyQiaGn85I09ix2vxHCML/hxV/x4kERj3ryb+wsB00saCiq3uN1lRcJrtC2v43M3PzC4lJ2Obeyura+YW5u1VQYSwZVFopQNjyqQPAAqshRQCOSQH1PQN27uxz69QeQiofBDQ4iaPm0F/AuZxS11Dbtw6t2AkeQ3ib7zkHqhsh9UDm3TzEpD0X7INUDhXsXQwsKjbRt5u2iPYI1S5wJyZMJKm3z0+2ELPYhQCaoUk3HjrCVUImcCUhzbqwgouyO9qCpaUD1/VYySpZae1rpWN1Q6hegNVJ/byTUV2rge3rSp9hX095Q/M9rxti9aCU8iGKEgI0PdWNh6ZTDmqwOl8BQDDShTHL9V4v1qaQMdZk5XYIzHXmW1I6Lzlnx9PokXzqe1JElO2SX7BOHnJMSKZMKqRJGHskzeSVvxpPxYrwbH+PRjDHZ2SZ/YHz9AJcjn2Q=</latexit>

�D
(1)
e/e ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="dHnhVA8m83a7+bH5p+dmraNHPz8=">AAACGXicbVDLSsNAFJ34rPVVdekmWARFrEnxtSy46bKCrYUmlsn0xg6dPJy5EUrIb7jxV9y4UMSlrvwbJ20Xaj0wcDjnXu6c48WCK7SsL2Nmdm5+YbGwVFxeWV1bL21stlSUSAZNFolItj2qQPAQmshRQDuWQANPwLU3uMj963uQikfhFQ5jcAN6G3KfM4pa6pasQ7+bwhFkN+mevZ85EfIAVNHpU0zruWjtZ3rg4M7ByISDdtYtla2KNYI5TewJKZMJGt3Sh9OLWBJAiExQpTq2FaObUomcCciKTqIgpmxAb6GjaUj1fTcdJcvMXa30TD+S+oVojtSfGykNlBoGnp4MKPbVXy8X//M6CfrnbsrDOEEI2fiQnwhTp8xrMntcAkMx1IQyyfVfTdankjLUZRZ1CfbfyNOkVa3Yp5WTy+NyrTqpo0C2yQ7ZIzY5IzVSJw3SJIw8kCfyQl6NR+PZeDPex6MzxmRni/yC8fkN0Mefhg==</latexit>

�f
(1)
e/e ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="19ta6NeAw2/0KCem+szlHUEuhPo=">AAACGXicbVDJSgNBFOxxjXGLevQyGAQlGGfE7RjwkmMEs0AmDj2dN6axZ0n3GyEM8xte/BUvHhTxqCf/xs5y0MSChqLqPV5XebHgCi3r25ibX1hcWs6t5FfX1jc2C1vbDRUlkkGdRSKSLY8qEDyEOnIU0Iol0MAT0PTur4Z+8wGk4lF4g4MYOgG9C7nPGUUtuQXryHfT/nE/u00P7MPMiZAHoPJOj2JaHYrWYeamUOo7GJlQamVuoWiVrRHMWWJPSJFMUHMLn043YkkAITJBlWrbVoydlErkTECWdxIFMWX39A7amoZU3++ko2SZua+VrulHUr8QzZH6eyOlgVKDwNOTAcWemvaG4n9eO0H/spPyME4QQjY+5CfC1CmHNZldLoGhGGhCmeT6rybrUUkZ6jLzugR7OvIsaZyU7fPy2fVpsXIyqSNHdskeOSA2uSAVUiU1UieMPJJn8krejCfjxXg3Psajc8ZkZ4f8gfH1A/kXn54=</latexit>

�f
(1)
q/q ⌦ Ĥ

(0)
e+q!e+X

<latexit sha1_base64="Gr3SeITERa3IVTbEyzbSfTzsTGw="></latexit>

�f
(1)
�/q ⌦ Ĥ

(0)
e+�!e+X

Completely IR and CO safe!  Only depends on factorization scale µ, same in all partonic scattering channels
No need for any “cut-off” parameter(s) in the traditional ”Radiative Correction”

In joint QCD & QED factoriza*on:  Lepton-distributions are not pure QED !
Hadron’s parton distributions are not pure QCD !
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Separation of LDFs from LFFs – A simpler process

q Recall: Photoproduction in ep collision is important & sensitive to how the “photon” is defined
§ Real or quasi-photon is defined by   

<latexit sha1_base64="FEbsC0YZidj6DOrgQNkPrSIjlLY=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovoqiSlqMuCG5cV+oImhMl00g6dmcSZiVBCcOOvuHGhiFu/wp1/47TNQlsPXDiccy/33hMmjCrtON/Wyura+sZmaau8vbO7t28fHHZUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDcc3U7/7QKSisWjpSUJ8joaCRhQjbaTAPh4HrXPoMXIPx0HWCjJPcohTneeBXXGqzgxwmbgFqYACzcD+8gYxTjkRGjOkVN91Eu1nSGqKGcnLXqpIgvAYDUnfUIE4UX42eyGHZ0YZwCiWpoSGM/X3RIa4UhMemk6O9EgtelPxP6+f6ujaz6hIUk0Eni+KUgZ1DKd5wAGVBGs2MQRhSc2tEI+QRFib1MomBHfx5WXSqVXdy2r9rl5p1Io4SuAEnIIL4IIr0AC3oAnaAINH8AxewZv1ZL1Y79bHvHXFKmaOwB9Ynz9+c5bV</latexit>

k0T  kTcut
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§ Photon flux is derived by   

Evalua*ng the photon shower with above “cut”
Weizsaecker-Williiams photon distribu*on, …

q Inclusive single hadron (jet) production in ep collision:
Kang, Meta, Qiu, Zhou, PRD 2011

Hinderer, Schlegel, Vogelsang, PRD 2015, 2016
Abelof, Boughezal, Liu, Petriello, PLB, 2016

Qiu, Wang, Xing, CPL, 2021
Qiu, Watanabe, in preparaYon
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Ph With measuring the scattered electron!
Single hard scale, collinear factorization

<latexit sha1_base64="JSu4vQ5aP2KPt1aHoY+Iz6Cv4rU="></latexit>

Eh
d�`P!Phx

d3Ph
=

1

2s

X

i,a,b

Z 1

zmin

dz

z2

Z 1

⇠min

d⇠

⇠
Dh/b(z, µ

2)fi/e(⇠, µ
2)

<latexit sha1_base64="yseBL/z3IWzBDo7WFXuL3ntmmSk="></latexit>

⇥
Z 1

xmin

dx

x
fa/N (x, µ2) bHia!bX(⇠`, xP, Ph/z, µ

2) + ...§ Universal lepton distribution functions (LDFs)
§ No artificial cut to define the “photon”
§ Single factorization scale: µ
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Evolution of lepton distribution functions (LDFs)

q Modified DGLAP equation for LDFs:

Evolution kernels in both QCD and QED: 

with
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, NF , Nl

§ Factorization scale:
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µ2 ⇠ m2
c

§ Input LDFs at µ2:

• Perturbatively 
generated by solving 
QED evolution from 
lepton mass threshold

• With perturbatively 
calculated fixed-order 
MSbar LDFs 

• Test the size of non-
perturbative hadronic 
contribution

• …

Qiu, Watanabe
In preparation
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03 GeV2
q Lepton distribuEon funcEons (LDFs): Qiu, Watanabe

In preparation

With LDFs, we calculated single hadron produc*on, including J/y produc*on at the EIC

Evolution of lepton distribution functions (LDFs)
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Evolution of lepton distribution functions (LDFs)

q Photon distribution of the electron:
§ Weizsa c̈ker-William photon distribu*on: 

§ LDFs are not purely perturba*ve in QED! 

• Precision measurements for BSM physics at the EIC needs reliable lepton distributions
• Joint global analysis of lepton and hadron distribution functions should be carried out.
• Impact on searching BSM at ILC or CEPC, FCC, …
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Parity violating lepton-hadron DIS

q Inclusive single lepton cross sections:
• Still assume one-vector boson exchange – to test the impact of collinear radiation – LDFs
• Finishing up the complete NLO hard part for EW+QCD

Process:

Cross secfon:
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Parity violating lepton-hadron DIS

q Inclusive single lepton cross sections – one-vector boson approximation:
Taking into account contribufon of collinear radiafons:

Parity violating lepton-spin asymmetry:

Unpolarized cross section:
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Parity violating lepton-hadron DIS

q Inclusive single lepton cross secEons – one-vector boson approximaEon:
Taking into account contribufon of collinear radiafons:

Parity violating lepton-spin asymmetry:

Polarized cross secfon:
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APV at JLab 12 program and beyond – JAM results

q Impact of  QED radiative contributions:

Impact of QED corrections is under control if x is sufficiently large at JLab energy
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APV at JLab 12 program and beyond – JAM results

q Impact at JLab 12 and beyond – with SoLID detector:

● The JLab 12 program and its upgrade offer competitive constraints compared to the current baseline.
● QED systematics have a minor impact on the projected results.
● The JLab upgrade at 22 GeV offers an opportunity to explore the role of power corrections and test the 

reliability of extracting the strange quark PDF.
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APV at JLab 12 program and beyond – JAM results

q Impact on determining              :
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sin2 ✓W

● Apv is a unique class of observables that have not been included in PDF constraints.
● It provides a clean signal compared to SIDIS and is complementary to the LHC program.
● In particular, the strange quark PDFs in the intermediate to large x region are sensitive to Apv measurements 

on proton and deuteron targets at JLab kinematics.
● It also provides opportunities to constrain the Weinberg angle at lower energies, relevant to BSM searches.

Impact of APV  deuteron

● Apv provides unique opportunifes to constrain 
the Weinberg angle at scales of Q^2~ 5 GeV^2.

● The reconstrucfon of the Weinberg angle is 
largely insensifve to QED effects.

● The impact on Weinberg angle is limited in this 
analysis by the projected systemafc 
uncertainfes. 

More work are underway!
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Summary and Outlook

q Collision induced QED radia7on is an integrated part of the lepton-hadron collision  

o Radiative correction approach is difficult for a consistent treatment beyond the inclusive DIS
o No well-defined photon-hadron frame, if we cannot recover all QED radiation
o Radiative corrections are more important for events with high momentum transfers and large phase 

space to shower – such as those at the EIC 

q Factorization approach to include both QCD and QED radiative contributions provides a 
consistent and controllable approximation to high-energy lepton scattering processes
o QED radiation is a part of production cross sections, treated in the same way as QCD radiation 

from quarks and gluons (Have not be able to extend this to full EW+QCD factorization!)
o No artificial and/or process dependent scale(s) introduced for treating QED radiation, other than 

the standard factorization scale, universal lepton distribution and fragmentation functions
o All perturbatively calculable hard parts are IR safe for both QCD and QED
o All lepton mass or resolution sensitivity are included into “Universal” lepton distribution and 

fragmentation functions (or jet functions)

– Thank you!

q QED collision induced radia7on should be treated in terms of factoriza7on approach for lepton 
scaQering processes with a large momentum transfer, in par7cular, for precision BSM measurements!  


