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U.S.	
  -­‐	
  based	
  Electron-­‐Ion	
  Collider	
  

q  A	
  long	
  journey,	
  a	
  joint	
  effort	
  of	
  the	
  full	
  community:	
  

…	
  three	
  profound	
  ques.ons:	
  
	
  	
  	
  	
  	
  	
  How	
  does	
  the	
  mass	
  of	
  the	
  nucleon	
  arise?	
  
	
  	
  	
  	
  	
  	
  How	
  does	
  the	
  spin	
  of	
  the	
  nucleon	
  arise?	
  
	
  	
  	
  	
  	
  	
  What	
  are	
  the	
  emergent	
  proper.es	
  of	
  dense	
  systems	
  of	
  gluons?	
  

“…	
  answer	
  science	
  ques.ons	
  that	
  are	
  compelling,	
  
	
  	
  	
  	
  	
  	
  fundamental,	
  and	
  .mely,	
  and	
  help	
  maintain	
  U.S.	
  
	
  	
  	
  	
  	
  	
  scien.fic	
  leadership	
  in	
  nuclear	
  physics.”	
  

… … 

A	
  new	
  era	
  to	
  explore	
  the	
  emergent	
  phenomena	
  of	
  QCD!	
  

q  On	
  January	
  9,	
  2020:	
  
The	
  U.S.	
  DOE	
  announced	
  the	
  selec?on	
  of	
  BNL	
  as	
  the	
  site	
  for	
  the	
  Electron-­‐Ion	
  Collider	
  	
  



High	
  energy	
  lepton-­‐hadron	
  sca7ering	
  

q  A	
  new	
  genera.on	
  of	
  the	
  “Rutherford”	
  experiment:	
  	
  

²  Semi-­‐Inclusive	
  events:	
  	
   	
  	
  e+p/A	
  à	
  e’+h(p,K,p,jet)+X	
  
	
  	
  	
   	
  Detect	
  the	
  sca7ered	
  lepton	
  in	
  coincidence	
  with	
  iden.fied	
  hadrons/jets	
  

(Ini.al	
  hadron	
  is	
  broken	
  –	
  confined	
  mo.on!	
  –	
  cleaner	
  than	
  h-­‐h	
  collisions)	
  

²  Exclusive	
  events: 	
  	
  e+p/A	
  à	
  e’+	
  p’/A’+	
  h(p,K,p,jet)	
  
	
  	
  	
  	
  	
  	
   	
  Detect	
  every	
  things	
  including	
  sca7ered	
  proton/nucleus	
  (or	
  its	
  fragments)	
  

(Ini.al	
  hadron	
  is	
  NOT	
  broken	
  –	
  tomography!	
  –	
  almost	
  impossible	
  for	
  h-­‐h	
  collisions)	
  

²  Inclusive	
  events:	
  	
   	
  	
  e+p/A	
  à	
  e’+X	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  Detect	
  only	
  the	
  sca7ered	
  lepton	
  in	
  the	
  detector	
  

(Modern	
  Rutherford	
  experiment!)	
  

One	
  facility	
  covers	
  all! 

²  A	
  controlled	
  “probe”	
  –	
  virtual	
  photon	
  
²  Can	
  either	
  break	
  or	
  not	
  break	
  the	
  hadron	
  	
  



q  Approxima.on	
  of	
  one-­‐photon	
  exchange:	
  

Inclusive	
  inelas.c	
  lepton-­‐hadron	
  sca7ering	
  

Q2	
  =	
  -­‐	
  (k-­‐k’)2	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  Measure	
  of	
  the	
  resolu.on	
  
	
  y	
  =	
  P.(k-­‐k’)/P.k	
  à	
  Measure	
  of	
  inelas.city	
  
	
  xB	
  =	
  Q2/2P.(k-­‐k’)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  à	
  Measure	
  of	
  momentum	
  frac.on	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  of	
  the	
  struck	
  quark	
  in	
  a	
  proton	
  
	
  Q2	
  =	
  S	
  xB	
  y	
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<latexit sha1_base64="Mdb21SGHh4/KUZK/7txWFCHTz38="></latexit>

=
2↵2

EM

Q4s
Lµ(k, k0; q)Wµ⌫(q, P )

<latexit sha1_base64="wSmrbYBe2b+JHExn1dvNfuczV6E="></latexit>

q  Deep	
  inelas.c	
  sca7ering	
  (DIS)	
  structure	
  func.ons:	
  
Wµ⌫(q, P ) =

1

4⇡

X

X

(2⇡)4�4(P + q �X) hP |Jµ(0)|Xi hX|J⌫(0)|P i+ spin...

<latexit sha1_base64="ZBeh4fvlQvmQStMKeyUH4dLb6jA="></latexit>

= �egµ⌫F1(xB , Q
2) +

e
Pµ

e
P⌫

P · q F2(xB , Q
2) + spin...

<latexit sha1_base64="0V5yo46/qUcGTTC3GisfrITioJI="></latexit>

egµ⌫ = �gµ⌫ + qµq⌫/q
2

<latexit sha1_base64="b5/PFchG0JbyO2Vr7PwztJ5K33w=">AAACHnicbVDLSgMxFM34rPVVdekmWARBrDOloi6EghuXFawKnTpkMrc1NJOZ5qGUoV/ixl9x40IRwZX+jekDfB5IODnnXm7uCVPOlHbdD2dicmp6ZjY3l59fWFxaLqysnqvESAp1mvBEXoZEAWcC6pppDpepBBKHHC7CzvHAv7gBqVgiznQvhWZM2oK1GCXaSkFhz79lEWjGI8ja/SDzY+ML08dHeKf99druBpZiewuz270qB4WiW3KHwH+JNyZFNEYtKLz5UUJNDEJTTpRqeG6qmxmRmlEO/bxvFKSEdkgbGpYKEoNqZsP1+njTKhFuJdIeofFQ/d6RkVipXhzaypjoa/XbG4j/eQ2jWwfNjInUaBB0NKhlONYJHmSFIyaBat6zhFDJ7F8xvSaSUG0TzdsQvN8r/yXn5ZJXKR2eVorV8jiOHFpHG2gLeWgfVdEJqqE6ougOPaAn9OzcO4/Oi/M6Kp1wxj1r6Aec9096aKKg</latexit>

ePµ = egµ⌫P ⌫

<latexit sha1_base64="uXJwFf4kVj+TfXd199mKrYXLHnQ=">AAACHXicbZDLSgMxFIYzXmu9jbp0EyyCqzJTCupCKLhxOYK9QKcOmcxpG5rJDElGKUNfxI2v4saFIi7ciG9jelnU1gMhP99/Dsn5w5QzpR3nx1pZXVvf2CxsFbd3dvf27YPDhkoySaFOE57IVkgUcCagrpnm0EolkDjk0AwH12O/+QBSsUTc6WEKnZj0BOsySrRBgV31H1kEmvEIcm8U5H6cjfAVnqO9KfWFMbz7fHwHdskpO5PCy8KdiRKalRfYX36U0CwGoSknSrVdJ9WdnEjNKIdR0c8UpIQOSA/aRgoSg+rkk+1G+NSQCHcTaY7QeELnJ3ISKzWMQ9MZE91Xi94Y/ue1M9296ORMpJkGQacPdTOOdYLHUeGISaCaD40gVDLzV0z7RBKqTaBFE4K7uPKyaFTKbrV8eVst1SqzOAroGJ2gM+Sic1RDN8hDdUTRE3pBb+jderZerQ/rc9q6Ys1mjtCfsr5/AZOUo28=</latexit>



Inclusive	
  inelas.c	
  lepton-­‐hadron	
  sca7ering	
  

A	
  very	
  successful	
  story	
  of	
  QCD,	
  QCD	
  Factoriza?on,	
  and	
  QCD	
  evolu?on!	
  	
  
Extrac?on	
  of	
  Parton	
  Distribu?on	
  Func?ons	
  (PDFs)	
  –	
  hadron	
  structure	
  



q  Single	
  scale	
  hard	
  probes	
  is	
  too	
  “localized”:	
  

New-­‐type	
  probes	
  for	
  3D	
  hadron	
  structure	
  

bT

kT
xp

1/Q

o  Transverse	
  confined	
  mo.on:	
  	
  	
  	
  	
  	
  	
  	
  kT	
  ~	
  1/fm	
  	
  <<	
  	
  Q	
  	
  

o  It	
  pins	
  down	
  the	
  par.cle	
  nature	
  of	
  quarks	
  and	
  gluons	
  
o  But,	
  not	
  very	
  sensi.ve	
  to	
  the	
  detailed	
  structure	
  of	
  hadron	
  ~	
  fm	
  

o  Transverse	
  spa.al	
  posi.on:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  bT	
  ~	
  fm	
  	
  >>	
  	
  1/Q	
  	
  

q  Need	
  new	
  type	
  of	
  “Hard	
  Probes”	
  –	
  Physical	
  observables	
  with	
  TWO	
  Scales:	
  

Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

Hard	
  scale:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  To	
  localize	
  the	
  probe	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  par.cle	
  nature	
  of	
  quarks/gluons	
  

“Son”	
  scale:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  could	
  be	
  more	
  sensi.ve	
  to	
  the	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  hadron	
  structure	
  ~	
  1/fm	
  

Hit	
  the	
  hadron	
  “very	
  hard”	
  without	
  breaking	
  it,	
  	
  
clean	
  informa.on	
  on	
  the	
  structure!	
  	
  

Q1

Q2



q  Semi-­‐inclusive	
  DIS:	
  

Semi-­‐inelas.c	
  lepton-­‐hadron	
  sca7ering	
  

l l'

P
X

q
p
h

P

q

l l'

X

Jet, π, J/ψ, … 

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

§  Gluon:	
  	
  
§  FFs	
  
§  Nuclei:	
  	
  

fq ! fg

<latexit sha1_base64="ZQ8+W5ZuGoePM3kFJ7OQACqL2gM=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclZlSUHcFNy4r2Ae2w5BJ77ShmcyYZIRS+hduXCji1r9x59+YtrPQ1gOBwzn3kntOmAqujet+O2vrG5tb24Wd4u7e/sFh6ei4pZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPRzcxvP6HSPJH3ZpyiH9OB5BFn1FjpIQoeeyYhUTAISmW34s5BVomXkzLkaASlr14/YVmM0jBBte56bmr8CVWGM4HTYi/TmFI2ogPsWippjNqfzC+eknOr9EmUKPukIXP198aExlqP49BOxtQM9bI3E//zupmJrvwJl2lmULLFR1EmiA05i0/6XCEzYmwJZYrbWwkbUkWZsSUVbQnecuRV0qpWvFrl+q5WrlfzOgpwCmdwAR5cQh1uoQFNYCDhGV7hzdHOi/PufCxG15x85wT+wPn8AT36kJs=</latexit>

s 6= 1

2

<latexit sha1_base64="O7H1eR26KEmtNTPUIQju5y62Mk8=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVJJSUG8FLx4r2A9oQtlsJ+3SzSbubpQS81O8eFDEq7/Em//GbZuDtj4YeLw3w8y8IOFMacf5ttbWNza3tks75d29/YNDu3LUUXEqKbRpzGPZC4gCzgS0NdMceokEEgUcusHkeuZ3H0AqFos7PU3Aj8hIsJBRoo00sCvKE3CPvVASmrl5Vs8HdtWpOXPgVeIWpIoKtAb2lzeMaRqB0JQTpfquk2g/I1IzyiEve6mChNAJGUHfUEEiUH42Pz3HZ0YZ4jCWpoTGc/X3REYipaZRYDojosdq2ZuJ/3n9VIeXfsZEkmoQdLEoTDnWMZ7lgIdMAtV8agihkplbMR0Tk4I2aZVNCO7yy6ukU6+5jdrVbaParBdxlNAJOkXnyEUXqIluUAu1EUWP6Bm9ojfryXqx3q2PReuaVcwcoz+wPn8AAi2Tzw==</latexit>

Q2

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

Scale:	
   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!	
  
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	
  



Semi-­‐inelas.c	
  lepton-­‐hadron	
  sca7ering	
  

q

<latexit sha1_base64="Q2BFSIr9Ese4qpZF68FGxhGmq1M=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgHoLePGYgHlAsoTZSScZMzu7zswKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSnYBqFFxi03AjsBMrpGEgsB1Mbud++wmV5pG8N9MY/ZCOJB9yRo2VGo/9YsktuwuQdeJlpAQZ6v3iV28QsSREaZigWnc9NzZ+SpXhTOCs0Es0xpRN6Ai7lkoaovbTxaEzcmGVARlGypY0ZKH+nkhpqPU0DGxnSM1Yr3pz8T+vm5jhtZ9yGScGJVsuGiaCmIjMvyYDrpAZMbWEMsXtrYSNqaLM2GwKNgRv9eV10qqUvWr5plEt1SpZHHk4g3O4BA+uoAZ3UIcmMEB4hld4cx6cF+fd+Vi25pxs5hT+wPn8AdqtjPE=</latexit>

q  Photon-­‐hadron	
  frame:	
  	
  

Ph

<latexit sha1_base64="lTnspHEgSy5c4Uiy5i0Mm+/FSF8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPTQH40G54lbdBcg68XJSgRzNQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLU2fkwipDEsbalkKyUH9PZDQyZhoFtjOiODar3lz8z+ulGF77mVBJilyx5aIwlQRjMv+bDIXmDOXUEsq0sLcSNqaaMrTplGwI3urL66Rdq3r16s19vdKo5XEU4QzO4RI8uIIG3EETWsBgBM/wCm+OdF6cd+dj2Vpw8plT+APn8wchLI2r</latexit>

q  Leptonic	
  +	
  hadronic	
  planes:	
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q  Collision	
  of	
  charged	
  par.cles	
  triggers	
  radia.on!	
  

QED	
  radia.ve	
  correc.ons	
  

§  Inelas.c	
  collision	
  breaks	
  the	
  proton:	
  
QCD	
  radia.on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  QCD	
  evolu.on,	
  high	
  order	
  correc.ons,	
  resumma.on,	
  …	
  

§  QED	
  radia.on	
  –	
  emission	
  of	
  photon	
  from	
  lepton	
  and	
  quark,	
  …	
  

If	
  not	
  precisely	
  observed,	
  emission	
  of	
  real	
  photon	
  will	
  	
  

o  change	
  the	
  inelas.c	
  cross	
  sec.on,	
  …	
  
o  change	
  the	
  kinema.cs	
  –	
  the	
  meaning	
  of	
  xB,	
  Q2,	
  …	
  
o  make	
  the	
  photon-­‐hadron	
  frame	
  ill-­‐defined	
  –	
  crucial	
  for	
  SIDIS,	
  …	
  
o  make	
  the	
  angular	
  modula.on	
  between	
  leptonic	
  and	
  hadronic	
  planes	
  	
  
	
  	
  	
  	
  	
  	
  inaccurate	
  –	
  cri.cal	
  for	
  separa.ng	
  various	
  TMDs,	
  …	
  

Well-­‐studied	
  topic	
  –	
  too	
  many	
  references	
  to	
  list	
  here	
  

How	
  big	
  the	
  effect	
  is?	
  	
  

How	
  precisely	
  we	
  can	
  account	
  for	
  this	
  effect?	
  	
  

What	
  could	
  be	
  the	
  impact	
  for	
  the	
  future	
  EIC?,	
  or	
  CEBAF	
  in	
  a	
  near	
  term,	
  …	
  	
  

L.W.	
  Mo	
  and	
  Y.S.	
  Tsai,	
  	
  
Rev.	
  Mod.	
  Phys.	
  41	
  (1969)	
  205	
  	
  
	
  D.Y.	
  Bardin,	
  et	
  al.	
  	
  
Z.	
  Phys.	
  C	
  42	
  (1989)	
  679	
  	
  



q  Kinema.cs	
  is	
  smeared	
  by	
  radia.ve	
  correc.ons:	
  

QED	
  radia.ve	
  correc.ons	
  
See	
  Xiaoxuan	
  Chu	
  
@2nd	
  EIC	
  YR	
  workshop	
  

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	
  sca7ered	
  “quark”	
  experienced!	
  	
  

Trouble	
  with	
  the	
  “photon-­‐hadron”	
  frame?!	
  



q  Radia.ve	
  correc.on	
  factor	
  is	
  too	
  big	
  to	
  be	
  comfort:	
  

QED	
  radia.ve	
  correc.ons	
  
See	
  B.	
  Badelek	
  et	
  al.	
  
Z	
  Phys	
  C	
  66	
  (1995)	
  591	
  

Radia.ve	
  correc.ons	
  are	
  very	
  large,	
  exceeding	
  50%	
  at	
  low	
  x	
  and	
  high	
  y	
  region!	
  

Recall:	
   y =
2P · q
2P · l

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

xB =
Q

2

2P · q

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

larger	
  phase-­‐space	
  for	
  shower	
  (smaller	
  xB),	
  Larger	
  momentum	
  transfer	
  (larger	
  y)	
  	
  
larger	
  radia.ve	
  correc.ons!	
   Fits	
  to	
  EIC	
  kinema?cs?!	
  

Q

2 = xB y S

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



q  Radia.ve	
  correc.ons	
  can	
  cause	
  trouble,	
  …	
  

QED	
  radia.ve	
  correc.ons	
  

	
  
•  "HERMES	
  effect",	
  with	
  apparent	
  enhancement	
  of	
  nuclear	
  R=σL/σT	
  ra.o	
  

at	
  xB	
  <	
  0.03	
  and	
  Q2	
  <	
  2	
  GeV2	
  
	
  
•  Original	
  paper:	
  Ackerstaff	
  et	
  al.,	
  PLB	
  475,	
  386	
  (2000)	
  
•  Erratum:	
  Airape.an	
  et	
  al.,	
  PLB	
  567,	
  339	
  (2003)	
  
•  Interes.ng	
  physics	
  interpreta.ons	
  of	
  original	
  data	
  [e.g.,	
  Miller,	
  
Brodsky,	
  Karliner,	
  PLB	
  481,	
  245	
  (2000)]	
  
	
  

•  Nuclear	
  EMC	
  effect,	
  with	
  discrepancy	
  between	
  early	
  EMC	
  and	
  BCDMS	
  
data	
  at	
  low	
  xB	
  	
  (enhancement	
  rather	
  than	
  “shadowing”)	
  

	
  
•  Coulomb	
  correc.ons	
  have	
  not	
  always	
  been	
  consistently	
  applied	
  
[e.g.	
  Solvignon,	
  Gaskell,	
  Arrington,	
  AIP	
  Conf.	
  Proc.	
  1160,	
  155	
  (2009)]	
  

•  …	
  

Can	
  mimic	
  new/unexpected	
  physics,	
  if	
  not	
  handled	
  correctly,	
  e.g.	
  



q  Radia.ve	
  correc.ons	
  –	
  Born	
  kinema.cs:	
  

Ques.ons	
  

•  Uniquely	
  determined	
  “q”	
  –	
  a	
  clean	
  and	
  controllable	
  EM	
  probe	
  
•  A	
  well-­‐defined	
  hadronic	
  tensor	
  –	
  DIS	
  Structure	
  Func.ons	
  

•  OPE	
  works	
  –	
  QCD	
  factoriza.on	
  to	
  all	
  powers	
  (or	
  twists)	
  	
  

Wµ⌫(q, P ) =
1

4⇡

X

X

(2⇡)4�4(P + q �X) hP |Jµ(0)|Xi hX|J⌫(0)|P i+ spin...

<latexit sha1_base64="ZBeh4fvlQvmQStMKeyUH4dLb6jA="></latexit>

= �egµ⌫F1(xB , Q
2) +

e
Pµ

e
P⌫

P · q F2(xB , Q
2) + spin...

<latexit sha1_base64="0V5yo46/qUcGTTC3GisfrITioJI="></latexit>

Fi(xB , Q
2) =

X

f

Ci(xB , x;Q
2
, µ

2)⌦ f(x, µ2) +O(1/Q2)

<latexit sha1_base64="XlmFEqMjmUpa+fGudrXTvzznUd0="></latexit>

 

But,	
   o  Tradi.onal	
  approach	
  of	
  Mo	
  and	
  Tsai:	
  
•  depends	
  on	
  unphysical	
  parameter	
  separa.ng	
  son	
  and	
  hard	
  regions	
  of	
  the	
  
phase	
  space	
  of	
  radiated	
  photon	
  in	
  order	
  to	
  cancel	
  infrared	
  divergences	
  

•  is	
  not	
  easily	
  transferrable	
  to	
  applica.on	
  to	
  other	
  processes,	
  e.g.	
  SIDIS	
  
o  Differences	
  between	
  different	
  schemes	
  (e.g.,	
  Mo-­‐Tsai	
  and	
  Bardin-­‐

Shumeiko)	
  can	
  be	
  as	
  large	
  or	
  larger	
  than	
  some	
  systema.c	
  errors	
  in	
  the	
  
data	
  analysis	
  [Badelek	
  et	
  al.,	
  Z.	
  Phys.	
  C66	
  (1995)	
  591]	
  

Is	
  the	
  Born	
  kinema?cs	
  necessary	
  for	
  extrac?ng	
  PDFs	
  or	
  TMDs?	
  	
  

�
Measured

= RC ⌦ �
No QED Radiation

<latexit sha1_base64="OFHMk4kL0NCEtvfZcz6oMgm4Fx4="></latexit>

p
h

P

q

l l'

X



q  Radia.ve	
  correc.ons	
  –	
  Born	
  kinema.cs:	
  

Ques.ons	
  

�
Measured

= RC ⌦ �
No QED Radiation

<latexit sha1_base64="OFHMk4kL0NCEtvfZcz6oMgm4Fx4="></latexit>

•  The	
  “photon-­‐hadron”	
  frame	
  is	
  cri.cal	
  for	
  SIDIS	
  
•  QCD	
  factoriza.on	
  is	
  proved	
  to	
  be	
  valid	
  for	
  all	
  PT,	
  as	
  long	
  as	
  Q2	
  is	
  sufficiently	
  large	
  

 

p
h

P

q

l l'

X

² 	
  Low	
  PhT	
  (PhT	
  <<	
  Q)	
  –	
  TMD	
  factoriza.on:	
  

² 	
  High	
  PhT	
  (PhT	
  ~	
  Q)	
  –	
  Collinear	
  factoriza.on:	
  
�SIDIS(Q,Ph?, xB , zh) = Ĥ(Q,Ph?,↵s)⌦ �f ⌦Df!h +O

✓
1

Ph?
,
1

Q

◆

² 	
  PhT	
  Integrated	
  -­‐	
  Collinear	
  factoriza.on:	
  
�SIDIS(Q, xB , zh) = H̃(Q,↵s)⌦ �f ⌦Df!h +O

✓
1

Q

◆

�SIDIS(Q,Ph?, xB , zh) = Ĥ(Q)⌦ �f (x, k?)⌦Df!h(z, p?)⌦ S(ks?) +O

Ph?
Q

�

² 	
  Very	
  high	
  PhT	
  >>	
  Q	
  –	
  Collinear	
  factoriza.on:	
  
�SIDIS(Q,Ph?, xB , zh) =

X

abc

Ĥab!c ⌦ ��!a ⌦ �b ⌦Dc!h +O
✓

1

Q
,

Q

Ph?

◆

But,	
   Radia.ve	
  correc.ons	
  can	
  change	
  the	
  “direc.on”	
  and	
  “value”	
  of	
  the	
  “q”	
  
and	
  make	
  the	
  “real”	
  Q2	
  to	
  be	
  small	
  (and	
  very	
  small	
  !	
  )	
  

Is	
  the	
  Breit	
  frame	
  experimentally	
  aYainable?	
  
Can	
  we	
  achieve	
  the	
  factoriza?on	
  for	
  extrac?ng	
  the	
  same	
  distribu?ons	
  
without	
  requiring	
  the	
  Born	
  kinema?cs?	
  



q  Do	
  not	
  try	
  to	
  invent	
  any	
  new	
  scheme	
  to	
  treat	
  QED	
  radia.on	
  to	
  match	
  to	
  the	
  
Born	
  kinema.cs	
  –	
  NO	
  Radia.ve	
  Correc.on	
  !	
  

Basic	
  ideas	
  for	
  our	
  new	
  approach	
  

§  QED	
  radia.on	
  is	
  a	
  part	
  of	
  the	
  produc.on	
  cross	
  sec.ons	
  	
  
§  QED	
  radia.on	
  is	
  treated	
  in	
  the	
  same	
  way	
  as	
  QCD	
  radia.on	
  is	
  treated	
  	
  

q  Develop	
  a	
  reliable	
  formalism	
  that	
  can	
  extract	
  the	
  PDFs,	
  TMDs	
  and	
  parton	
  
correla.on	
  func.ons,	
  systema.cally	
  with	
  controllable	
  and	
  consistent	
  
approxima.ons,	
  without	
  requiring	
  the	
  “one-­‐photon”	
  approxima.on	
  and	
  the	
  
“photon-­‐hadron”	
  frame	
  !	
  

q  Generalize	
  the	
  QCD	
  factoriza.on	
  to	
  include	
  Electroweak	
  theory	
  

Note:	
  our	
  new	
  approach	
  is	
  more	
  relevant	
  for	
  high-­‐energy	
  process	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  where	
  a	
  large	
  GeV	
  scale	
  exists	
  and	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  collinear	
  logarithms	
  caused	
  by	
  radia?on	
  are	
  important	
  



q  Inclusive	
  DIS	
  	
  	
  
	
  	
  	
  	
  	
  	
  =	
  	
  Inclusive	
  produc.on	
  of	
  a	
  high	
  transverse	
  momentum	
  lepton	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  lepton-­‐hadron	
  collision	
  frame	
  

Inclusive	
  inelas.c	
  deep	
  inelas.c	
  sca7ering	
  

e(l) + h(P ) ! e0(l0) +X

<latexit sha1_base64="tc+1H3nysAOTHHNdADscxopej9A=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2CQbAiE3RBQbwEvHiOYByRLmJ30JkNmH8zMCmEJ+CtePCji1e/w5t84SfagiQUNRVU33V1ezJlUtv1t5DY2t7Z38ruFvf2DwyPz+KQto0RQaNGIR6LrEQmchdBSTHHoxgJI4HHoeJPbud95BCFZFD6oaQxuQEYh8xklSksD8wwsXq6MrWa5ryIMJYuXypXuwCzaVXsBvE6cjBRRhubA/OoPI5oEECrKiZQ9x46VmxKhGOUwK/QTCTGhEzKCnqYhCUC66eL8Gb7UyhD7kdAVKrxQf0+kJJByGni6MyBqLFe9ufif10uUf+2mLIwTBSFdLvITjvWn8yzwkAmgik81IVQwfSumYyIIVTqxgg7BWX15nbRrVadevbmvFxu1LI48OkcXyEIOukINdIeaqIUoStEzekVvxpPxYrwbH8vWnJHNnKI/MD5/AFkTkyE=</latexit>

p

X

l

l'
k'

k P

Nayak,	
  Qiu,	
  Sterman	
  
PRD72	
  (2005)	
  114012	
  q  Factoriza.on	
  proof:	
  

	
  	
  	
  	
  	
  	
  =	
  	
  Factoriza.on	
  proof	
  of	
  single	
  hadron	
  produc.on	
  hadronic	
  collisions	
  

s = (P + l)2 ⇡ 2P · l

<latexit sha1_base64="gJ6vQhb8+lE7aWYLX1Zzu4oG7CI=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahIpQkFNSFUHDjMoJ9QBPLZDJph04yYWYillJw46+4caGIW3/CnX/jtM1CWw9cOJxzL/feE6SMSmVZ30ZhaXllda24XtrY3NreMXf3mpJnApMG5oyLdoAkYTQhDUUVI+1UEBQHjLSCwdXEb90TISlPbtUwJX6MegmNKEZKS13zQF5W3FN2cud4KE0Ff4CO6+GQK8i6ZtmqWlPARWLnpAxyuF3zyws5zmKSKMyQlB3bSpU/QkJRzMi45GWSpAgPUI90NE1QTKQ/mv4whsdaCWHEha5Ewan6e2KEYimHcaA7Y6T6ct6biP95nUxF5/6IJmmmSIJni6KMQcXhJBAYUkGwYkNNEBZU3wpxHwmElY6tpEOw519eJE2nateqFze1ct3J4yiCQ3AEKsAGZ6AOroELGgCDR/AMXsGb8WS8GO/Gx6y1YOQz++APjM8fwtmWTQ==</latexit>

i, j, a

<latexit sha1_base64="D8RmV0sls4KTaO9s2JoIpWHK9qw=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBQym7paDeCl48VnDbQruUbJptY7PJkmSFsvQ3ePGgiFd/kDf/jWm7B219MPB4b4aZeWHCmTau++0UNja3tneKu6W9/YPDo/LxSVvLVBHqE8ml6oZYU84E9Q0znHYTRXEcctoJJ7dzv/NElWZSPJhpQoMYjwSLGMHGSj6rPlbxoFxxa+4CaJ14OalAjtag/NUfSpLGVBjCsdY9z01MkGFlGOF0VuqnmiaYTPCI9iwVOKY6yBbHztCFVYYoksqWMGih/p7IcKz1NA5tZ4zNWK96c/E/r5ea6DrImEhSQwVZLopSjoxE88/RkClKDJ9agoli9lZExlhhYmw+JRuCt/ryOmnXa16jdnPfqDTreRxFOINzuAQPrqAJd9ACHwgweIZXeHOE8+K8Ox/L1oKTz5zCHzifPx6KjjQ=</latexit>

include	
  all	
  QED	
  and	
  light	
  flavor	
  QCD	
  par.cles	
  
In	
  the	
  following	
  discussion,	
  we	
  take	
  valence	
  approxima.on:	
   i = j = e

<latexit sha1_base64="nYMTz34Y3OOPnnwkZb90S1QY2Dk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69BIvgqSSloB4KBS8eK5i20Iay2U7atZtN2N0IJfQ3ePGgiFd/kDf/jds2B219MPB4b4aZeUHCmdKO820VNja3tneKu6W9/YPDo/LxSVvFqaTo0ZjHshsQhZwJ9DTTHLuJRBIFHDvB5Hbud55QKhaLBz1N0I/ISLCQUaKN5LHGYwMH5YpTdRaw14mbkwrkaA3KX/1hTNMIhaacKNVznUT7GZGaUY6zUj9VmBA6ISPsGSpIhMrPFsfO7AujDO0wlqaEthfq74mMREpNo8B0RkSP1ao3F//zeqkOr/2MiSTVKOhyUZhyW8f2/HN7yCRSzaeGECqZudWmYyIJ1SafkgnBXX15nbRrVbdevbmvV5q1PI4inME5XIILV9CEO2iBBxQYPMMrvFnCerHerY9la8HKZ07hD6zPH1hmjlo=</latexit>

Ĥia!j

<latexit sha1_base64="nDTXhtLyLxw3r/VkZ/trtX1aHOM=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiSloO4KbrqsYB/QhDCZTtqxkwczN0qJ+RQ3LhRx65e482+ctllo64ELh3Pu5d57/ERwBZb1bZQ2Nre2d8q7lb39g8Mjs3rcU3EqKevSWMRy4BPFBI9YFzgINkgkI6EvWN+f3sz9/gOTisfRHcwS5oZkHPGAUwJa8syqMyGQtXMv48SBGN/nnlmz6tYCeJ3YBamhAh3P/HJGMU1DFgEVRKmhbSXgZkQCp4LlFSdVLCF0SsZsqGlEQqbcbHF6js+1MsJBLHVFgBfq74mMhErNQl93hgQmatWbi/95wxSCKzfjUZICi+hyUZAKrH+c54BHXDIKYqYJoZLrWzGdEEko6LQqOgR79eV10mvU7Wb9+rZZazWKOMroFJ2hC2SjS9RCbdRBXUTRI3pGr+jNeDJejHfjY9laMoqZE/QHxucPbYqUFA==</latexit>

Infrared	
  safe,	
  insensi.ve	
  to	
  	
  me ! 0

<latexit sha1_base64="DTvo5m7qhfsGt2//wGTXfXXcW9A=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsyUgroruHFZwT6gHUomvdOGJjNjkhHK0J9w40IRt/6OO//GtJ2Fth4IHM65l9xzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ch5hy3AjsJsopDIQ2Akmt3O/84RK8zh6MNMEfUlHEQ85o8ZKXTnAvomJOyhX3Kq7AFknXk4qkKM5KH/1hzFLJUaGCap1z3MT42dUGc4Ezkr9VGNC2YSOsGdpRCVqP1vcOyMXVhmSMFb2RYYs1N8bGZVaT2VgJyU1Y73qzcX/vF5qwms/41GSGozY8qMwFcRGnIcnQ66QGTG1hDLF7a2EjamizNiKSrYEbzXyOmnXql69enNfrzRqeR1FOINzuAQPrqABd9CEFjAQ8Ayv8OY8Oi/Ou/OxHC04+c4p/IHz+QNoEo+G</latexit>

mq ! 0

<latexit sha1_base64="bVtA8CfjOtlKLOIrEb3eAgdvLkc=">AAAB73icbVDLSgMxFL3js9ZX1aWbYBFclZlSUHcFNy4r2Ae0Q8mkmTY0j2mSEcrQn3DjQhG3/o47/8a0nYW2HggczrmX3HOihDNjff/b29jc2t7ZLewV9w8Oj45LJ6cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+m/vtJ6oNU/LRThMaCjyULGYEWyd1RH/Sswr5/VLZr/gLoHUS5KQMORr90ldvoEgqqLSEY2O6gZ/YMMPaMsLprNhLDU0wGeMh7ToqsaAmzBb3ztClUwYoVto9adFC/b2RYWHMVERuUmA7MqveXPzP66Y2vgkzJpPUUkmWH8UpRy7iPDwaME2J5VNHMNHM3YrICGtMrKuo6EoIViOvk1a1EtQqtw+1cr2a11GAc7iAKwjgGupwDw1oAgEOz/AKb97Ee/HevY/l6IaX75zBH3ifP3p+j5I=</latexit>

m :

<latexit sha1_base64="5vU4cqeEipylsi/ymlaopJ/Jj20=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqeyWgh+nghePFW0ttEvJptk2NMkuSVYoS3+CFw+KePUXefPfmLZ70NYHA4/3ZpiZFyaCG+t536iwtr6xuVXcLu3s7u0flA+P2iZONWUtGotYd0JimOCKtSy3gnUSzYgMBXsMxzcz//GJacNj9WAnCQskGSoecUqsk+7lNe6XK17VmwOvEj8nFcjR7Je/eoOYppIpSwUxput7iQ0yoi2ngk1LvdSwhNAxGbKuo4pIZoJsfuoUnzllgKNYu1IWz9XfExmRxkxk6DolsSOz7M3E/7xuaqPLIOMqSS1TdLEoSgW2MZ79jQdcM2rFxBFCNXe3YjoimlDr0im5EPzll1dJu1b169Wru3qlUcvjKMIJnMI5+HABDbiFJrSAwhCe4RXekEAv6B19LFoLKJ85hj9Anz+n8o1b</latexit>

n :

<latexit sha1_base64="ghMC5TxCguk1lKD33HfTiBv0MZ0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKwY9TwYvHirYW2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgY/B+GbmPz6h0jyWD2aSoB/RoeQhZ9RY6V5ek3654lbdOcgq8XJSgRzNfvmrN4hZGqE0TFCtu56bGD+jynAmcFrqpRoTysZ0iF1LJY1Q+9n81Ck5s8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrz0My6T1KBki0VhKoiJyexvMuAKmRETSyhT3N5K2IgqyoxNp2RD8JZfXiXtWtWrV6/u6pVGLY+jCCdwCufgwQU04Baa0AIGQ3iGV3hzhPPivDsfi9aCk88cwx84nz+peI1c</latexit>

QED	
  power	
  
QCD	
  power	
  

E0 d�eh!e

0
X

d3l0
⇡ 1

2s

X

i,j,a

Z 1

zL

d⇣

⇣2

Z 1

xL

d⇠

⇠
D

e

0
/j

(⇣)f
i/e

(⇠)

Z 1

xh

dx

x
f
a/h

(x) Ĥ(m,n)
ia!j

(⇠, ⇣, x; l0)

<latexit sha1_base64="1LGW+RFrTmUqfHlr1B3d+zXG04s="></latexit>

Lepton	
  distribu.on	
  func.ons	
  (LDFs)	
  fi/e(⇠)

<latexit sha1_base64="JnVa1gHYWb4apd/t+QHeTH4X0ho=">AAAB83icbVDLSgNBEOz1GeMr6tHLYBDiJe6GgHoLePEYwTwgu4TZSW8yZPbBzKwYlvyGFw+KePVnvPk3TpI9aGJBQ1HVTXeXnwiutG1/W2vrG5tb24Wd4u7e/sFh6ei4reJUMmyxWMSy61OFgkfY0lwL7CYSaegL7Pjj25nfeUSpeBw96EmCXkiHEQ84o9pIbtDP+CVOK+4Tv+iXynbVnoOsEicnZcjR7Je+3EHM0hAjzQRVqufYifYyKjVnAqdFN1WYUDamQ+wZGtEQlZfNb56Sc6MMSBBLU5Emc/X3REZDpSahbzpDqkdq2ZuJ/3m9VAfXXsajJNUYscWiIBVEx2QWABlwiUyLiSGUSW5uJWxEJWXaxFQ0ITjLL6+Sdq3q1Ks39/Vyo5bHUYBTOIMKOHAFDbiDJrSAQQLP8ApvVmq9WO/Wx6J1zcpnTuAPrM8fXBORNg==</latexit>

me ! 0

<latexit sha1_base64="DTvo5m7qhfsGt2//wGTXfXXcW9A=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqsyUgroruHFZwT6gHUomvdOGJjNjkhHK0J9w40IRt/6OO//GtJ2Fth4IHM65l9xzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ch5hy3AjsJsopDIQ2Akmt3O/84RK8zh6MNMEfUlHEQ85o8ZKXTnAvomJOyhX3Kq7AFknXk4qkKM5KH/1hzFLJUaGCap1z3MT42dUGc4Ezkr9VGNC2YSOsGdpRCVqP1vcOyMXVhmSMFb2RYYs1N8bGZVaT2VgJyU1Y73qzcX/vF5qwms/41GSGozY8qMwFcRGnIcnQ66QGTG1hDLF7a2EjamizNiKSrYEbzXyOmnXql69enNfrzRqeR1FOINzuAQPrqABd9CEFjAQ8Ayv8OY8Oi/Ou/OxHC04+c4p/IHz+QNoEo+G</latexit>

include	
  all	
  collinear	
  	
  
sensi.vi.es	
  as	
  	
  De/j(⇣)

<latexit sha1_base64="tCnmD86M7CXGs79x97U3SBfH5Ps=">AAAB9XicbVDJSgNBEO1xjXGLevTSGIR4iTMhoN4CevAYwSyQjKGnU5O06VnorlHikP/w4kERr/6LN//GznLQxAcFj/eqqKrnxVJotO1va2l5ZXVtPbOR3dza3tnN7e3XdZQoDjUeyUg1PaZBihBqKFBCM1bAAk9Cwxtcjv3GAygtovAWhzG4AeuFwhecoZHurjopnN6PCu0nQHbSyeXtoj0BXSTOjOTJDNVO7qvdjXgSQIhcMq1bjh2jmzKFgksYZduJhpjxAetBy9CQBaDddHL1iB4bpUv9SJkKkU7U3xMpC7QeBp7pDBj29bw3Fv/zWgn6524qwjhBCPl0kZ9IihEdR0C7QgFHOTSEcSXMrZT3mWIcTVBZE4Iz//IiqZeKTrl4cVPOV0qzODLkkByRAnHIGamQa1IlNcKJIs/klbxZj9aL9W59TFuXrNnMAfkD6/MHu6mR/A==</latexit>

Lepton	
  fragmenta.on	
  func.ons	
  (LFFs)	
  



q  Lepton	
  distribu.on:	
  

fe/l(⇠) =

Z
dy�

4⇡
ei⇠ l

+y�
hl| (0)�+�(0, y�) (y�)|li

<latexit sha1_base64="nq1iyTyqV0edXAylnlMalPDeLhg="></latexit>

Similar	
  to	
  the	
  defini<on	
  of	
  quark	
  PDFs	
  

QED	
  gauge	
  link	
  

o  Leading	
  order:	
   l

<latexit sha1_base64="TQ0+++IPPrw2icXeOybXftT3lpM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSUwxKZbfiLkDWiZeTMuRoDEpf/WHM0gilYYJq3fPcxPgZVYYzgbNiP9WYUDahI+xZKmmE2s8Wh87IpVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNkUbgrf68jppVyterXLbrJXr1TyOApzDBVyBB9dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwB0xmM7A==</latexit>

k

<latexit sha1_base64="Ua50nk2I+5s3Ee4bt8v6h6vyYtI=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSczIold2KuwBZJ15OypCjMSh99YcxSyOUhgmqdc9zE+NnVBnOBM6K/VRjQtmEjrBnqaQRaj9bHDojl1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2RRtCN7qy+ukXa14tcpts1auV/M4CnAOF3AFHlxDHe6hAS1ggPAMr/DmPDovzrvzsWzdcPKZM/gD5/MH0ZWM6w==</latexit>

= �(⇠ � 1)�el

<latexit sha1_base64="W69YbV9fnUnRyyEzDb+6vE7dzhk=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1iEurAkpaAuhIIblxXsA5oQJpPbdujkwcxELKG48VfcuFDErV/hzr9x2mah1QMXzpxzL3Pv8RPOpLKsL6OwtLyyulZcL21sbm3vmLt7bRmngkKLxjwWXZ9I4CyClmKKQzcRQEKfQ8cfXU39zh0IyeLoVo0TcEMyiFifUaK05JkHl04AXJGKc89O7ZP5w8uATzyzbFWtGfBfYuekjHI0PfPTCWKahhApyomUPdtKlJsRoRjlMCk5qYSE0BEZQE/TiIQg3Wx2wgQfayXA/VjoihSeqT8nMhJKOQ593RkSNZSL3lT8z+ulqn/uZixKUgURnX/UTzlWMZ7mgQMmgCo+1oRQwfSumA6JIFTp1Eo6BHvx5L+kXava9erFTb3cqOVxFNEhOkIVZKMz1EDXqIlaiKIH9IRe0KvxaDwbb8b7vLVg5DP76BeMj29ZF5a+</latexit>

f (0)
e/l (⇠) =

1

4l · nTr [� · n� · l] �(⇠ � k · n
l · n )d4k�4(k � l)�el

<latexit sha1_base64="HJbKP+KaDPwAqV7ZWN52Xz5lDyM="></latexit>

o  Next-­‐to-­‐Leading	
  order	
  (MSbar	
  scheme):	
  

fReal(1)
e/e (⇠, µ2) =

↵em

2⇡


1 + ⇠2

1� ⇠
ln

✓
µ2

(1� ⇠)me

◆�

<latexit sha1_base64="7VsdjJikcaLsQMyAp+PQYWLjS8g="></latexit>

f (1)
e/e(⇠, µ

2) =
↵em

2⇡


1 + ⇠2

1� ⇠
ln

✓
µ2

(1� ⇠)me

◆�

+

<latexit sha1_base64="HWo/9b0ybtUPvfNYLObnG1Zkd/I="></latexit>

q  Resumma.on:	
  

P (1)
e/e(z,↵) =

↵em

2⇡


1 + z2

1� z

�

+

<latexit sha1_base64="eoYTZLI/JWkrxpsOUve3doNGH6w="></latexit>

QED	
  DGLAP	
  evolu.on	
  with	
  QED	
  kernels	
  

Inclusive	
  inelas.c	
  deep	
  inelas.c	
  sca7ering	
  



q  Lepton	
  fragmenta.on	
  func.on:	
  

Dl/e(⇣) =

Z
dy�

4⇡
eil

+y�/⇣ ⇣

2
Tr

⇥
�+h0| (0)�(0,1)|l,Xih (y�)�(y�,1)|0i

⇤

<latexit sha1_base64="cwM+pjWTNxICpla2h7+KdWvaUX0="></latexit>

D(0)
l/e(⇣) = �(⇣ � 1)�el

<latexit sha1_base64="Z4tq8UsyOaQ3xQsSXu6SWRsnnn0=">AAACHHicbVA9SwNBEN3z2/gVtbRZDEJSGO9UUAtB0MJSwRghicfe3iRZsvfB7pwQj/shNv4VGwtFbCwE/42bXAqNPhh4+94MO/O8WAqNtv1lTUxOTc/Mzs0XFhaXlleKq2vXOkoUhxqPZKRuPKZBihBqKFDCTayABZ6Eutc7Hfj1O1BaROEV9mNoBawTirbgDI3kFvfO3FTuQHablu1KVm7eA7IKPW76IJHlT7pNnQrNFTcFmbnFkl21h6B/iTMiJTLChVv8aPoRTwIIkUumdcOxY2ylTKHgErJCM9EQM95jHWgYGrIAdCsdHpfRLaP4tB0pUyHSofpzImWB1v3AM50Bw64e9wbif14jwfZhKxVhnCCEPP+onUiKER0kRX2hgKPsG8K4EmZXyrtMMY4mz4IJwRk/+S+53q06+9Wjy/3Sye4ojjmyQTZJmTjkgJyQc3JBaoSTB/JEXsir9Wg9W2/We946YY1m1skvWJ/fvymf6A==</latexit>

Similar	
  to	
  defini<on	
  of	
  quark	
  FFs	
  

QED	
  gauge	
  link	
  

o  Leading	
  order:	
  

o  Next-­‐to-­‐Leading	
  order	
  (MSbar	
  scheme):	
  

D(1)
l/e(⇣) =

↵em

2⇡


1 + ⇣2

1� ⇣
ln

✓
(1� ⇣)µ2

�E2

◆�

+

<latexit sha1_base64="xxCiOPtVye9FtSIFYbruxQD96pU="></latexit>

invariant	
  mass	
  resolu<on	
  	
  
of	
  the	
  radiated	
  photon	
  	
  

q  Resumma.on:	
  

LFFs	
  obey	
  the	
  same	
  QED	
  DGLAP	
  evolu.on	
  of	
  the	
  LPFs	
  

q  Input	
  distribu.ons	
  at	
  the	
  input	
  scale	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  :	
  µ2
0 ⇠ m2

e

<latexit sha1_base64="ER23wNpjOBQIA0O2tvjaiEzljgU=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJJQUG8FLx4r2A9o07DZTtqlu0nY3Ygl9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbW1sbm3v7Jb2yvsHh0fH9kmlrZJMUmjRhCeyGxIFnMXQ0kxz6KYSiAg5dMLJ7dzvPIJULIkf9DQFX5BRzCJGiTZSYFf6IgucgYf7igksAhh4gV11as4CeJ24BamiAs3A/uoPE5oJiDXlRKme66Taz4nUjHKYlfuZgpTQCRlBz9CYCFB+vrh9hi+MMsRRIk3FGi/U3xM5EUpNRWg6BdFjterNxf+8Xqajaz9ncZppiOlyUZRxrBM8DwIPmQSq+dQQQiUzt2I6JpJQbeIqmxDc1ZfXSdurufXazX292vCKOEroDJ2jS+SiK9RAd6iJWoiiJ/SMXtGbNbNerHfrY9m6YRUzp+gPrM8fbQCTXg==</latexit>

Unlike	
  input	
  distribu.ons	
  for	
  PDFs,	
  which	
  are	
  non-­‐perturba.ve,	
  	
  
input	
  distribu.on	
  for	
  LDFs	
  and	
  LFFs	
  are	
  perturba.vely	
  calculable,	
  …	
  

Used	
  in	
  numerical	
  	
  
calcula<ons	
  

Inclusive	
  inelas.c	
  deep	
  inelas.c	
  sca7ering	
  



q  LO	
  Factorized	
  inclusive	
  DIS	
  cross	
  sec.on:	
  

E
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)

<latexit sha1_base64="8ko4+dWXvgnFcD+GhsE+BuiGg98="></latexit>

⇥

(x⇠⇣s)2 + (xu)2

(⇠t)2

� 
⇣

(⇠⇣s) + u

�

<latexit sha1_base64="o736Nw50GGEDnMWa6jbdz+f9rj8="></latexit>

LO	
  in	
  hard	
  part,	
  but	
  include	
  all	
  orders	
  resumma.on	
  into	
  PDFs,	
  FFs	
  

) 4↵2
em

Q

2
s


F1(xB , Q

2) +
1� y

xBy
2
F2(xB , Q

2)

�

<latexit sha1_base64="BFAHl1devD8yMUZsY+oqwWaMRxg="></latexit>

F2(xB) = 2xBF1(xB) =
X

q

e

2
q xBfq/h(xB)

<latexit sha1_base64="voEk7mVoD3PUldRyFZrZoOqWIYY=">AAACIHicbVDLSgMxFM3UV62vUZdugkWoIHVmKFQXQlEoLivYB7Q1ZNJMG5p5NMmIZeinuPFX3LhQRHf6NaaPhbYeCDk5515u7nEjzqSyrC8jtbS8srqWXs9sbG5t75i7ezUZxoLQKgl5KBoulpSzgFYVU5w2IkGx73Jad/tXY79+T4VkYXCrhhFt+7gbMI8RrLSEzGIZObkHdHl8AR19wTKyp8+WjH00gBQN7pzWCRx7HkoGp73RxEdm1spbE8BFYs9IFsxQQeZnqxOS2KeBIhxL2bStSLUTLBQjnI4yrVjSCJM+7tKmpgH2qWwnkwVH8EgrHeiFQp9AwYn6uyPBvpRD39WVPlY9Oe+Nxf+8Zqy8s3bCgihWNCDTQV7MoQrhOC3YYYISxYeaYCKY/iskPSwwUTrTjA7Bnl95kdScvF3In98UsiVnFkcaHIBDkAM2KIISuAYVUAUEPIJn8ArejCfjxXg3PqalKWPWsw/+wPj+AfhGn8k=</latexit>

With	
  LO	
  rela.on:	
  	
  

q  NLO	
  fixed	
  order	
  QED	
  correc.on:	
  

fe/e(⇠) ⇡ f (0)
e/e(⇠)

<latexit sha1_base64="BNRlJ7lehOubzisEnIC6iiDLanM=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0VINzUpBXVXcOOygn1AG8NketMOnTyYmUhL6C+48VfcuFDErTt3/o1Jm4W2HrhwOOde7r3HjTiTyjS/tcLa+sbmVnG7tLO7t3+gHx61ZRgLCi0a8lB0XSKBswBaiikO3UgA8V0OHXd8nfmdBxCShcGdmkZg+2QYMI9RolLJ0Q3PSeAcZkZ/wiq4T6JIhBOci/eJYVYWVsnRy2bVnAOvEisnZZSj6ehf/UFIYx8CRTmRsmeZkbITIhSjHGalfiwhInRMhtBLaUB8kHYy/2iGz1JlgL1QpBUoPFd/TyTEl3Lqu2mnT9RILnuZ+J/Xi5V3aScsiGIFAV0s8mKOVYizePCACaCKT1NCqGDprZiOiCBUpSFmIVjLL6+Sdq1q1atXt/Vyo5bHUUQn6BQZyEIXqIFuUBO1EEWP6Bm9ojftSXvR3rWPRWtBy2eO0R9onz8L6JvW</latexit>

De/e(⇣) ⇡ D(0)
e/e(⇣)

<latexit sha1_base64="+SSCJ055izwfKSqTC/E15M6KbhE=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VoQWpSCuquoAuXFewDmhgm09t26OTBzESsoT/hxl9x40IRt4I7/8akjaDVAxcO59zLvfe4IWdSGcanlltYXFpeya8W1tY3Nrf07Z2WDCJBoUkDHoiOSyRw5kNTMcWhEwognsuh7Y7OUr99A0KywL9S4xBsjwx81meUqERy9MNzJ4YjmJSsO1CkjC0ShiK4xZl8HZeM8rdZcPSiUTGmwH+JmZEiytBw9A+rF9DIA19RTqTsmkao7JgIxSiHScGKJISEjsgAugn1iQfSjqdfTfBBovRwPxBJ+QpP1Z8TMfGkHHtu0ukRNZTzXir+53Uj1T+xY+aHkQKfzhb1I45VgNOIcI8JoIqPE0KoYMmtmA6JIFQlQaYhmPMv/yWtasWsVU4va8V6NYsjj/bQPiohEx2jOrpADdREFN2jR/SMXrQH7Ul71d5mrTktm9lFv6C9fwHwpZ1g</latexit>

⇠ = ⇣ = 1

<latexit sha1_base64="PIpNVyGhH3jwCPqabbzhTxWBba4=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5KUgroQCm5cVrAPaEKZTCft0MkkzNyIbeiXuHGhiFs/xZ1/47TNQlsPXO7hnHuZOydIBNfgON9WYWNza3unuFva2z84LNtHx20dp4qyFo1FrLoB0UxwyVrAQbBuohiJAsE6wfh27ncemdI8lg8wSZgfkaHkIacEjNS3y94TxzfYmzIgprt9u+JUnQXwOnFzUkE5mn37yxvENI2YBCqI1j3XScDPiAJOBZuVvFSzhNAxGbKeoZJETPvZ4vAZPjfKAIexMiUBL9TfGxmJtJ5EgZmMCIz0qjcX//N6KYRXfsZlkgKTdPlQmAoMMZ6ngAdcMQpiYgihiptbMR0RRSiYrEomBHf1y+ukXau69er1fb3SqOVxFNEpOkMXyEWXqIHuUBO1EEUpekav6M2aWi/Wu/WxHC1Y+c4J+gPr8weU95G1</latexit>

fe/e(⇠) ⇡ f (0)
e/e(⇠) + f (1)

e/e(⇠)

<latexit sha1_base64="4j865cCen7bfvRnJIJ+yj2/izzw=">AAACJXicbZDLSgMxFIYz9VbH26hLN8EitAh1phRUcFFw47KCvUBbSyY904ZmLiQZaRn6Mm58FTcuLCK48lVM21nU6oHAz/efw8n53YgzqWz7y8isrW9sbmW3zZ3dvf0D6/CoLsNYUKjRkIei6RIJnAVQU0xxaEYCiO9yaLjD25nfeAIhWRg8qHEEHZ/0A+YxSpRGXevG6yZwAZN8e8QKuE2iSIQjnMLHJG8XFpZ5vgSdFHatnF2054X/CicVOZRWtWtN272Qxj4EinIiZcuxI9VJiFCMcpiY7VhCROiQ9KGlZUB8kJ1kfuUEn2nSw14o9AsUntPliYT4Uo59V3f6RA3kqjeD/3mtWHlXnYQFUawgoItFXsyxCvEsMtxjAqjiYy0IFUz/FdMBEYQqHaypQ3BWT/4r6qWiUy5e35dzlVIaRxadoFOURw66RBV0h6qohih6Rq/oHU2NF+PN+DA+F60ZI505Rr/K+P4B+W2jBQ==</latexit>

By	
  taking:	
  

De/e(⇣) ⇡ D(0)
e/e(⇣) +D(1)

e/e(⇣)

<latexit sha1_base64="4d4bpBlcR0ltLfh4mGXtYV6WEdY=">AAACK3icbZDLTgIxFIY7eEO8jbp000hMICY4Q0jUHVEXLjGRSwJIOuUADZ1L2o4RJ7yPG1/FhS68xK3vYYHRIHiSJn++/5ycnt8JOJPKst6NxMLi0vJKcjW1tr6xuWVu71SkHwoKZepzX9QcIoEzD8qKKQ61QABxHQ5Vp38+8qu3ICTzvWs1CKDpkq7HOowSpVHLPLtoRXAEw0zjHhTJ4gYJAuHf4RjfRBkr+2OmDqew/YtbZtrKWePC88KORRrFVWqZz422T0MXPEU5kbJuW4FqRkQoRjkMU41QQkBon3ShrqVHXJDNaHzrEB9o0sYdX+jnKTym0xMRcaUcuI7udInqyVlvBP/z6qHqnDQj5gWhAo9OFnVCjpWPR8HhNhNAFR9oQahg+q+Y9oggVOl4UzoEe/bkeVHJ5+xC7vSqkC7m4ziSaA/towyy0TEqoktUQmVE0QN6Qq/ozXg0XowP43PSmjDimV30p4yvb3skpVQ=</latexit>

or:	
  

Ĥ(m,n) ⇡ Ĥ(2,0) + Ĥ(3,0)

<latexit sha1_base64="+iw9Wk+KERaw1nP/NC8FTswjdVA=">AAACInicbZDLSsNAFIYnXmu9RV26GSxCxVKSWtDuCm66rGAv0MYymU7boZNJmJmIJeRZ3Pgqblwo6krwYZy0AWvrDwM/3zmHM+d3A0alsqwvY2V1bX1jM7OV3d7Z3ds3Dw6b0g8FJg3sM1+0XSQJo5w0FFWMtANBkOcy0nLH10m9dU+EpD6/VZOAOB4acjqgGCmNemalO0IqqsV3Ud4r8LMYdlEQCP8B/vJSwdL8fI5cJKRn5qyiNRVcNnZqciBVvWd+dPs+Dj3CFWZIyo5tBcqJkFAUMxJnu6EkAcJjNCQdbTnyiHSi6YkxPNWkDwe+0I8rOKXzExHypJx4ru70kBrJxVoC/6t1QjW4ciLKg1ARjmeLBiGDyodJXrBPBcGKTbRBWFD9V4hHSCCsdKpZHYK9ePKyaZaKdrlYuSnnqqU0jgw4BicgD2xwCaqgBuqgATB4BM/gFbwZT8aL8W58zlpXjHTmCPyR8f0DOBeiJg==</latexit>

or:	
  

Inclusive	
  inelas.c	
  deep	
  inelas.c	
  sca7ering	
  



�

noRC

�

RC

$ �

1�

�

measured

= ⌘(xB , y)

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

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

�
noRC

= E0 d�

d3l0

<latexit sha1_base64="z/6i/ijCK4Bk+GUzRf/Sr6DBHVI=">AAACFHicbVDLSgMxFM3UV62vqks3wSIVhDJTC+pCKBTBZRX7gE4tmUymDU0yQ5IRyjAf4cZfceNCEbcu3Pk3po+Fth64cDjnXu69x4sYVdq2v63M0vLK6lp2PbexubW9k9/da6owlpg0cMhC2faQIowK0tBUM9KOJEHcY6TlDWtjv/VApKKhuNOjiHQ56gsaUIy0kXr5E1fRPke9xJUcivC2luYur4puIBFO/KmXJv79KSumuV6+YJfsCeAicWakAGao9/Jfrh/imBOhMUNKdRw70t0ESU0xI2nOjRWJEB6iPukYKhAnqptMnkrhkVF8GITSlNBwov6eSBBXasQ908mRHqh5byz+53ViHZx3EyqiWBOBp4uCmEEdwnFC0KeSYM1GhiAsqbkV4gEygWiT4zgEZ/7lRdIsl5xK6eKmUqiWZ3FkwQE4BMfAAWegCq5BHTQABo/gGbyCN+vJerHerY9pa8aazeyDP7A+fwCjJJ3k</latexit>

With	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  	
  fe/e(⇠) ⇡ f (0)
e/e = �(⇠ � 1)

<latexit sha1_base64="2MsyrYE9JR2TVuhc3Ex7fYpWiDU=">AAACHHicbVC7SgNBFJ2Nrxhfq5Y2g0FICuNuDKiFELCxjGAekI1hdnI3GTL7YGZWEpZ8iI2/YmOhiI2F4N84SbbQ6IGBwznncuceN+JMKsv6MjJLyyura9n13Mbm1vaOubvXkGEsKNRpyEPRcokEzgKoK6Y4tCIBxHc5NN3h1dRv3oOQLAxu1TiCjk/6AfMYJUpLXfPU6yZwApOCM2JF7JAoEuEIp+JdUrCKE3yJnR5wRaYZfGwXu2beKlkz4L/ETkkepah1zQ+nF9LYh0BRTqRs21akOgkRilEOk5wTS4gIHZI+tDUNiA+yk8yOm+AjrfSwFwr9AoVn6s+JhPhSjn1XJ32iBnLRm4r/ee1YeeedhAVRrCCg80VezLEK8bQp3GMCqOJjTQgVTP8V0wERhCrdZ06XYC+e/Jc0yiW7Urq4qeSr5bSOLDpAh6iAbHSGquga1VAdUfSAntALejUejWfjzXifRzNGOrOPfsH4/AZfSZ+b</latexit>

De/e(⇣) ⇡ D(0)
e/e = �(⇣ � 1)

<latexit sha1_base64="vX4ViLp/9GV3NF9xFMg6E0iGKrM=">AAACIHicbVDLSgNBEJz1bXxFPXoZDEJyMO6KoB4EQQ8eFYwK2Rh6Jx0dMvtgpleMSz7Fi7/ixYMietOvcZLswVfBQFFVTU9XkChpyHU/nJHRsfGJyanpwszs3PxCcXHpzMSpFlgTsYr1RQAGlYywRpIUXiQaIQwUngedg75/foPayDg6pW6CjRCuItmWAshKzeL2YTPDDeyV/TskqHAfkkTHtzyXL7OyW+nxPe63UBEMU3zdqzSLJbfqDsD/Ei8nJZbjuFl891uxSEOMSCgwpu65CTUy0CSFwl7BTw0mIDpwhXVLIwjRNLLBgT2+ZpUWb8favoj4QP0+kUFoTDcMbDIEuja/vb74n1dPqb3TyGSUpISRGC5qp4pTzPtt8ZbUKEh1LQGhpf0rF9egQZDttGBL8H6f/JecbVa9reruyVZpfzOvY4qtsFVWZh7bZvvsiB2zGhPsnj2yZ/biPDhPzqvzNoyOOPnMMvsB5/MLUf6hJQ==</latexit>

NLO :

<latexit sha1_base64="prcwdAu0xXJYH1Td/KNF5rqtxwg=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGgI9TwIsH0QjmgckSZiezyZCZ2WVmVghL/sKLB0W8+jfe/BsnyR40saChqOqmuyuIOdPGdb+d3Mrq2vpGfrOwtb2zu1fcP2jqKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyupn7riSrNIvlgxjH1BR5IFjKCjZUe064S6PbmbnLZK5bcsjsDWiZeRkqQod4rfnX7EUkElYZwrHXHc2Pjp1gZRjidFLqJpjEmIzygHUslFlT76eziCTqxSh+FkbIlDZqpvydSLLQei8B2CmyGetGbiv95ncSE537KZJwYKsl8UZhwZCI0fR/1maLE8LElmChmb0VkiBUmxoZUsCF4iy8vk2al7FXLF/fVUq2SxZGHIziGU/DgDGpwDXVoAAEJz/AKb452Xpx352PemnOymUP4A+fzB8udkFA=</latexit>

With	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  	
  fe/e(⇠, µ) ⇡ f (0)
e/e(⇠) + f (1)

e/e(⇠, µ
2)

<latexit sha1_base64="q7baTnD3Qkr9dOto42IOQ1xMd8Q="></latexit>

De/e(⇣, µ) ⇡ D(0)
e/e(⇣) +D(1)

e/e(⇣, µ
2)

<latexit sha1_base64="QUCB07Gqlr1eWFhQ+AorSrAxuCM="></latexit>

RESII	
  :	
   DGLAP	
  evolved	
  with	
  input	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  De/e ⇡ D(0)
e/e +D(1)

e/e

<latexit sha1_base64="yCS0+4jwL2h2Qp0sGc0xDXP7pFE=">AAACGXicbVDLSgMxFM3UV62vqks3wSJUhDpTCuquoAuXFewD2loy6Z02mJkJSUYsw/yGG3/FjQtFXOrKvzFtZ1FbDwTOOfdebu5xBWdK2/aPlVlaXlldy67nNja3tnfyu3sNFUaSQp2GPJQtlyjgLIC6ZppDS0ggvsuh6d5fjuvNB5CKhcGtHgno+mQQMI9Roo3Vy9tXvRhOIekQIWT4iFN5Fxft4yR3MqMdow16+YJdsifAi8RJSQGlqPXyX51+SCMfAk05Uart2EJ3YyI1oxySXCdSIAi9JwNoGxoQH1Q3nlyW4CPj9LEXSvMCjSfu7ERMfKVGvms6faKHar42Nv+rtSPtnXdjFohIQ0Cni7yIYx3icUy4zyRQzUeGECqZ+SumQyIJ1SbMcQjO/MmLpFEuOZXSxU2lUC2ncWTRATpEReSgM1RF16iG6oiiJ/SC3tC79Wy9Wh/W57Q1Y6Uz++gPrO9fvbudhQ==</latexit>

fe/e ⇡ f (0)
e/e + f (1)

e/e

<latexit sha1_base64="iZt7Kqo2uWmnt78bDEap/Dj2xsw=">AAACGXicbVDLSgMxFM3UV62vUZdugkWoCHWmFNRdwY3LCvYB7Vgy6Z02NPMgyYhl6G+48VfcuFDEpa78GzPtLGrrgcA5597LzT1uxJlUlvVj5FZW19Y38puFre2d3T1z/6Apw1hQaNCQh6LtEgmcBdBQTHFoRwKI73JouaPrtN56ACFZGNypcQSOTwYB8xglSls90/J6CZzDpEuiSISPOJP3Sck6nRTO5rSttUbPLFplawq8TOyMFFGGes/86vZDGvsQKMqJlB3bipSTEKEY5TApdGMJEaEjMoCOpgHxQTrJ9LIJPtFOH3uh0C9QeOrOTyTEl3Lsu7rTJ2ooF2up+V+tEyvv0klYEMUKAjpb5MUcqxCnMeE+E0AVH2tCqGD6r5gOiSBU6TDTEOzFk5dJs1K2q+Wr22qxVsniyKMjdIxKyEYXqIZuUB01EEVP6AW9oXfj2Xg1PozPWWvOyGYO0R8Y379lAJ3r</latexit>

RESI	
  :	
   DGLAP	
  evolved	
  with	
  0th	
  input	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  at	
  	
  fe/e ⇡ f (0)
e/e

<latexit sha1_base64="LBOWCJdknS+NMJUZJbqwmrIM/Sw=">AAACCXicbVDLSsNAFJ34rPUVdelmsAh1U5NSUHcFNy4r2Ae0MUymN+3QyYOZiVhCt278FTcuFHHrH7jzb5y0EbT1wIUz59zL3Hu8mDOpLOvLWFpeWV1bL2wUN7e2d3bNvf2WjBJBoUkjHomORyRwFkJTMcWhEwsggceh7Y0uM799B0KyKLxR4xicgAxC5jNKlJZcE/tuCqcw6ZE4FtH9z/M2LVsnk6KGa5asijUFXiR2TkooR8M1P3v9iCYBhIpyImXXtmLlpEQoRjlMir1EQkzoiAygq2lIApBOOr1kgo+10sd+JHSFCk/V3xMpCaQcB57uDIgaynkvE//zuonyz52UhXGiIKSzj/yEYxXhLBbcZwKo4mNNCBVM74rpkAhClQ4vC8GeP3mRtKoVu1a5uK6V6tU8jgI6REeojGx0huroCjVQE1H0gJ7QC3o1Ho1n4814n7UuGfnMAfoD4+MbzH2YaA==</latexit>

De/e ⇡ D(0)
e/e

<latexit sha1_base64="wsrtrRFHAMW0BVMTiE6RIlPgLIU=">AAACCXicbVDLSgMxFM3UV62vqks3wSLUTZ0pBXVX0IXLCvYBbR0y6W0bmskMSUYsw2zd+CtuXCji1j9w59+YtiNo64ELJ+fcS+49XsiZ0rb9ZWWWlldW17LruY3Nre2d/O5eQwWRpFCnAQ9kyyMKOBNQ10xzaIUSiO9xaHqji4nfvAOpWCBu9DiErk8GgvUZJdpIbh5fujGcQNIhYSiD+5/nbVy0j5OcgZsv2CV7CrxInJQUUIqam//s9AIa+SA05USptmOHuhsTqRnlkOQ6kYKQ0BEZQNtQQXxQ3Xh6SYKPjNLD/UCaEhpP1d8TMfGVGvue6fSJHqp5byL+57Uj3T/rxkyEkQZBZx/1I451gCex4B6TQDUfG0KoZGZXTIdEEqpNeJMQnPmTF0mjXHIqpfPrSqFaTuPIogN0iIrIQaeoiq5QDdURRQ/oCb2gV+vRerberPdZa8ZKZ/bRH1gf318vmCQ=</latexit>

µ2
0 = m2

e

<latexit sha1_base64="RBSGY945znLwfwBX2XL6hr5pcLc=">AAAB+HicbVDLSsNAFJ3UV62PRl26CRbBVUlCQV0IBTcuK9gHtGmYTCft0JlJmIdQQ7/EjQtF3Pop7vwbJ20W2nrgwuGce7n3niilRCrX/bZKG5tb2zvl3cre/sFh1T467shEC4TbKKGJ6EVQYko4biuiKO6lAkMWUdyNpre5333EQpKEP6hZigMGx5zEBEFlpNCuDpgO3aF/w0I89CuV0K65dXcBZ514BamBAq3Q/hqMEqQZ5gpRKGXfc1MVZFAogiieVwZa4hSiKRzjvqEcMiyDbHH43Dk3ysiJE2GKK2eh/p7IIJNyxiLTyaCayFUvF//z+lrFV0FGeKoV5mi5KNbUUYmTp+CMiMBI0ZkhEAlibnXQBAqIlMkqD8FbfXmddPy616hf3zdqTb+IowxOwRm4AB64BE1wB1qgDRDQ4Bm8gjfryXqx3q2PZWvJKmZOwB9Ynz+JH5Gs</latexit>

q  Numerical	
  impact	
  of	
  QED	
  contribu.on	
  at	
  EIC	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ):	
  
p
S = 140 GeV

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

Almost	
  the	
  same	
  as	
  	
  
p
S = 90 GeV at y = 0.95

<latexit sha1_base64="2QcdpjyEVACCpXDEraJ5f671Awc=">AAACEXicbVA9TwJBEN3DL8Qv1NJmIzGhIncEoxQkJBZaYpSPhCNkbxlgw96Hu3NGcuEv2PhXbCw0xtbOzn/jHVAo+JJJXt6bycw8J5BCo2l+G6mV1bX1jfRmZmt7Z3cvu3/Q0H6oONS5L33VcpgGKTyoo0AJrUABcx0JTWd0kfjNe1Ba+N4tjgPouGzgib7gDGOpm83b+k5hdDOhFVo2bWojPGB0CQ2bMrTphI4rZqF8msl0szmzYE5Bl4k1JzkyR62b/bJ7Pg9d8JBLpnXbMgPsREyh4BImGTvUEDA+YgNox9RjLuhONP1oQk9ipUf7vorLQzpVf09EzNV67Dpxp8twqBe9RPzPa4fYP+9EwgtCBI/PFvVDSdGnSTy0JxRwlOOYMK5EfCvlQ6YYxzjEJARr8eVl0igWrFKhfF3KVYvzONLkiByTPLHIGamSK1IjdcLJI3kmr+TNeDJejHfjY9aaMuYzh+QPjM8fOEuaqA==</latexit>

q  Renormaliza.on	
  and	
  factoriza.on	
  scale	
  choice:	
  

Inclusive	
  inelas.c	
  deep	
  inelas.c	
  sca7ering	
  



q  Photon-­‐Hadron	
  frame	
  -­‐	
  “Born”	
  kinema.c:	
  

Semi-­‐inclusive	
  DIS	
  

<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>

✓

Trento	
  
conven.on	
  <latexit sha1_base64="TYsin9ADjsJ9ssOFGTqJjLK2hPk="></latexit>

Eh
d�

dxBdQ
2
d

3
Ph

⇡ ↵

2

S

1 + (1� y)2

y

zh

Q

2
<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 ) + ...

q  QED	
  radia.on	
  –	
  NO	
  “Born”	
  kinema.c:	
  
<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="i66fgDm4Cvg6gHYzuoyEuNigkgE="></latexit>

Eh
d�

dxBdQ
2
d

3
Ph

⇡
Z

d⇣

⇣

2
De/e(⇣)

Z
d⇠ �e/e(⇠)Eh

d�̂

dx̂BdQ̂
2
d

3
Ph

+ ...

Collinear	
  factoriza.on	
  for	
  QED:	
  
<latexit sha1_base64="EJSDlZQie8sRV8b75Pr4wIiCtAc=">AAACFXicbZDLSgMxFIYz9VbrrerSTbCIFWyZKYpuhIIbly3YC3TakkkzbWjmQnJGrMO8hBtfxY0LRdwK7nwb08tCW38IfPznHE7O74SCKzDNbyO1tLyyupZez2xsbm3vZHf36iqIJGU1GohANh2imOA+qwEHwZqhZMRzBGs4w+txvXHHpOKBfwujkLU90ve5yykBbXWzp/aAQFxNOiV8VcD5YWF4fDJmbLuS0Ni+50lsPzAgSbVT6mZzZtGcCC+CNYMcmqnSzX7ZvYBGHvOBCqJUyzJDaMdEAqeCJRk7UiwkdEj6rKXRJx5T7XhyVYKPtNPDbiD18wFP3N8TMfGUGnmO7vQIDNR8bWz+V2tF4F62Y+6HETCfThe5kcAQ4HFEuMcloyBGGgiVXP8V0wHRcYAOMqNDsOZPXoR6qWidF83qWa5cmsWRRgfoEOWRhS5QGd2gCqohih7RM3pFb8aT8WK8Gx/T1pQxm9lHf2R8/gBhTZ0R</latexit>

Q̂2 = �(k � k0)2 =
⇠

⇣
Q2

<latexit sha1_base64="jQAqrBsOcMMsK03LxkMLd1oS/xQ="></latexit>

x̂B =
Q̂

2

2p · q̂ = xB
⇠y

⇠⇣ � (1� y)

<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)µ

<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



q  QED	
  radia.on	
  changes	
  PT	
  ,	
  magnitude	
  of	
  PT	
  spectrum:	
  

Semi-­‐inclusive	
  DIS	
  

q  QED	
  radia.on	
  makes	
  the	
  hard	
  scale	
  to	
  be	
  soner!	
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<latexit sha1_base64="U2zVkKi+fbnuez/1Lm5ilkqlIvk=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktil6EghePFfol7bJk02wbmmTXJCuUpb/CiwdFvPpzvPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2E49uZ33miSrNYNs0kob7AQ8kiRrCx0sNj0EQ3qBE0g3LFrbpzoFXi5aQCORpB+as/iEkqqDSEY617npsYP8PKMMLptNRPNU0wGeMh7VkqsaDaz+YHT9GZVQYoipUtadBc/T2RYaH1RIS2U2Az0sveTPzP66UmuvYzJpPUUEkWi6KUIxOj2fdowBQlhk8swUQxeysiI6wwMTajkg3BW355lbRrVe+y6t5fVOq1PI4inMApnIMHV1CHO2hACwgIeIZXeHOU8+K8Ox+L1oKTzxzDHzifP2Aaj2w=</latexit>

qT = PT

In	
  photon-­‐hadron	
  	
  
Frame	
  without	
  
QED	
  radia.on	
  

QED	
  radia.on	
  also	
  changes	
  the	
  angular	
  modula.on	
  and	
  how	
  to	
  extract	
  different	
  TMDs	
  	
  

<latexit sha1_base64="vDT7LQOQF+c/Eu4bjMDAC5OVoFk=">AAACF3icbVDJSgNBEO1xN25Rj14ag6CXMBMUvQgBLx4NmAUyY+jp1GQaexa6a8Q4zF948Ve8eFDEq978GzvLwe1BFY/3quiu56dSaLTtT2tmdm5+YXFpubSyura+Ud7caukkUxyaPJGJ6vhMgxQxNFGghE6qgEW+hLZ/fTby2zegtEjiSxym4EVsEItAcIZG6pWrbsgwbxRXNXpKG6a7EgLcdwPFeO7eiiJ37wBZ4SoxCPGgV67YVXsM+pc4U1IhU1z0yh9uP+FZBDFyybTuOnaKXs4UCi6hKLmZhpTxazaArqExi0B7+fiugu4ZpU+DRJmKkY7V7xs5i7QeRr6ZjBiG+rc3Ev/zuhkGJ14u4jRDiPnkoSCTFBM6Con2hQKOcmgI40qYv1IeMhMJmihLJgTn98l/SatWdY6qduOwUq9N41giO2SX7BOHHJM6OScXpEk4uSeP5Jm8WA/Wk/VqvU1GZ6zpzjb5Aev9C1Eqn2I=</latexit>

Q̂2 = Q2

✓
⇠

⇣

◆

<latexit sha1_base64="Ix/qsaYCtPf5srFYqotX+GMAHV8="></latexit>

Q̂

2
min = Q

2

✓
1� y

1� xBy

◆
! 0

<latexit sha1_base64="wUdAx6uqtliaV9801TfN4eD8YhU=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5IURY8FLx4r2A9oQtlsN+3S3STsboQQ6l/x4kERr/4Qb/4bN20O2vpg4PHeDDPzgoQzpR3n26psbG5t71R3a3v7B4dH9vFJT8WpJLRLYh7LQYAV5SyiXc00p4NEUiwCTvvB7Lbw+49UKhZHDzpLqC/wJGIhI1gbaWTXc08KhNXcQx7KPB0jtzayG07TWQCtE7ckDSjRGdlf3jgmqaCRJhwrNXSdRPs5lpoRTuc1L1U0wWSGJ3RoaIQFVX6+OH6Ozo0yRmEsTUUaLdTfEzkWSmUiMJ0C66la9QrxP2+Y6vDGz1mUpJpGZLkoTDkyPxZJoDGTlGieGYKJZOZWRKZYYqJNXkUI7urL66TXarpXTef+stFulXFU4RTO4AJcuIY23EEHukAgg2d4hTfryXqx3q2PZWvFKmfq8AfW5w/hH5OP</latexit>

as y ! 1
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<latexit sha1_base64="F+iuFQAn+RDxpRcYPv/9HmmRwh4=">AAACDXicbVDLSgMxFM3UV62vUZduglVwVWaKohuh4EKXLdgHdMYhk2ba0CQzJBmhDPUD3Pgrblwo4ta9O//GtJ2Fth64cHLOveTeEyaMKu0431ZhaXllda24XtrY3NresXf3WipOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmHw6uJ374nUtFY3OpRQnyO+oJGFCNtpMA+8gZIZ43xXTXIPMkhp2IML6H7MH1dk5ZxSoFddirOFHCRuDkpgxz1wP7yejFOOREaM6RU13US7WdIaooZGZe8VJEE4SHqk66hAnGi/Gx6zRgeG6UHo1iaEhpO1d8TGeJKjXhoOjnSAzXvTcT/vG6qows/oyJJNRF49lGUMqhjOIkG9qgkWLORIQhLanaFeIAkwtoEOAnBnT95kbSqFfes4jROy7VqHkcRHIBDcAJccA5q4AbUQRNg8AiewSt4s56sF+vd+pi1Fqx8Zh/8gfX5A5ePmoo=</latexit>

Q̂2
min = 1 GeV2

Reduce	
  the	
  kinema?c	
  reach 

<latexit sha1_base64="UAbcBY4PKJixl5juUcFPFGfLfls=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbB07JbLOpBKHjxWMF+QLuUbJptY7PJkmSFsvQ/ePGgiFf/jzf/jWm7B219MPB4b4aZeWHCmTae9+0U1tY3NreK26Wd3b39g/LhUUvLVBHaJJJL1QmxppwJ2jTMcNpJFMVxyGk7HN/O/PYTVZpJ8WAmCQ1iPBQsYgQbK7UmN557XeuXK57rzYFWiZ+TCuRo9MtfvYEkaUyFIRxr3fW9xAQZVoYRTqelXqppgskYD2nXUoFjqoNsfu0UnVllgCKpbAmD5urviQzHWk/i0HbG2Iz0sjcT//O6qYmugoyJJDVUkMWiKOXISDR7HQ2YosTwiSWYKGZvRWSEFSbGBlSyIfjLL6+SVtX1a653f1GpV/M4inACp3AOPlxCHe6gAU0g8AjP8ApvjnRenHfnY9FacPKZY/gD5/MHMw6OLA==</latexit>

y = 0.95

With	
  QED	
  radia?on,	
  No	
  photon-­‐hadron	
  frame!	
  



q  Our	
  proposal:	
  

Semi-­‐inclusive	
  DIS	
  

Semi-­‐inclusive	
  DIS	
  cross	
  sec.on	
  
=	
  	
  inclusive	
  electron	
  +	
  hadron	
  (or	
  jet)	
  cross	
  sec.on	
  in	
  lepton-­‐hadron	
  collisions	
  

k

P'

p'

l
p

k'
P

l'

Momentum	
  imbalance	
  between	
  	
  
two	
  par<cles	
  (or	
  jet(s))	
  

o  Transverse	
  plane	
  to	
  the	
  colliding	
  axis:	
  

o  Collinear	
  factoriza.on:	
  

(hadron	
  or	
  jet)	
  

(lepton	
  or	
  lepton	
  jet)	
  

o  TMD	
  factoriza.on:	
  

q  The	
  “Parton	
  frame”:	
  	
  
“Son”	
  scale	
  	
  =	
  	
  

“Hard”	
  scale	
  =	
  	
  

Boost	
  along	
  the	
  collision	
  axis,	
  such	
  that	
  	
  

Rapidity	
  of	
  the	
  observed	
  lepton	
  (or	
  jet)	
  in	
  the	
  lab	
  frame	
  

Rapidity	
  of	
  the	
  observed	
  hadron	
  (or	
  jet)	
  in	
  the	
  lab	
  frame	
  



q  Collinear	
  factoriza.on:	
  

Semi-­‐inclusive	
  DIS	
  

k

P'

p'

l
p

k'
P

l'

Effec.vely	
  the	
  same	
  as	
  two-­‐jet	
  (or	
  hadron)	
  cross	
  sec.on	
  	
  
at	
  a	
  hadron	
  collider	
  

=
1

2s

X

i,j,a,b

fi/e ⌦De/j ⌦ fa/h ⌦Dh0/b ⌦H
(m,n)
i+a!j+b+X

<latexit sha1_base64="G/axDOTGZK5ynafn59MEM3FYusk="></latexit>

CO-­‐Func<ons	
  

+O(1/|P|, 1/|p|)

<latexit sha1_base64="RMeUwjrf0PZfLGF1LDtyvK5iDwM="></latexit>

For	
  final-­‐state	
  jet(s):	
  	
  
	
  	
  or	
  fully	
  calculated	
  HJ	
  without	
  D’s	
  

D ! J

<latexit sha1_base64="2rnt5vsDuCUjs7SoGxfj7bJYkZQ=">AAAB7nicbVDLSgNBEOz1GddX1KOXwSB4CrtBUA9iQA/iKYJ5QLKE2clsMmR2dpiZFcKSj/DiQREPXvwD/8OL+DdOHgdNLGgoqrrprg4lZ9p43rezsLi0vLKaW3PXNza3tvM7uzWdpIrQKkl4ohoh1pQzQauGGU4bUlEch5zWw/7lyK/fU6VZIu7MQNIgxl3BIkawsVL9CrVMgm7a+YJX9MZA88SfksLFh3su377cSjv/2eokJI2pMIRjrZu+J02QYWUY4XTotlJNJSZ93KVNSwWOqQ6y8blDdGiVDooSZUsYNFZ/T2Q41noQh7YzxqanZ72R+J/XTE10GmRMyNRQQSaLopQjG3GUHXWYosTwgSWYKGZvRaSHFSbGfsi1T/BnI8+TWqnoHxfPbr1CuQQT5GAfDuAIfDiBMlxDBapAoA8P8ATPjnQenRfnddK64Exn9uAPnPcfeKiR9g==</latexit>

Only	
  two	
  hadrons	
  (or	
  jet)	
  are	
  observed.	
  	
  Factoriza?on	
  breaking	
  effect,	
  iden?fied	
  by	
  
Collins	
  &	
  Qiu	
  (2007)	
  and	
  Mulders	
  &	
  Rogers	
  (2010),	
  is	
  not	
  relevant	
  here	
  

q  TMD	
  factoriza.on:	
  	
  
TMDs	
  

+O(|p|/|P|)

<latexit sha1_base64="jemsSnms/wPT1dtyFj+wK9Iywy0="></latexit>

=
1

2s

X

i,j,a,b

f̃i/e ⌦ D̃e/j ⌦ f̃a/h ⌦ D̃h0/b ⌦ H̃
(m,n)
i+a!j+b+X

<latexit sha1_base64="xJ4+BE2Q+nRBHX+uLXSkLfu43PU="></latexit>

The	
  “+”-­‐direc.on	
  of	
  the	
  final-­‐state	
  TMDs	
  are	
  defined	
  in	
  the	
  ”parton	
  frame”	
  
where	
  the	
  observed	
  lepton	
  (or	
  jet)	
  and	
  hadron	
  (or	
  jet)	
  are	
  about	
  back-­‐to-­‐back	
  



q  Radia.ve	
  correc.ons	
  are	
  very	
  important	
  for	
  lepton-­‐hadron	
  sca7ering	
  

o  Especially	
  difficult	
  for	
  a	
  consistent	
  treatment	
  beyond	
  the	
  inclusive	
  DIS	
  
o  No	
  well-­‐defined	
  photon-­‐hadron	
  frame,	
  if	
  we	
  cannot	
  recover	
  all	
  QED	
  radia.on	
  
o  Radia.ve	
  correc.ons	
  are	
  more	
  important	
  for	
  events	
  with	
  high	
  momentum	
  

transfers	
  and	
  large	
  phase	
  space	
  to	
  shower	
  –	
  such	
  as	
  those	
  at	
  the	
  EIC	
  	
  

q  We	
  proposed	
  a	
  factoriza.on	
  based	
  treatment	
  of	
  QED	
  radia.on	
  	
  

o  QED	
  radia.on	
  is	
  a	
  part	
  of	
  produc.on	
  cross	
  sec.ons,	
  treated	
  in	
  the	
  same	
  
way	
  as	
  radia.on	
  from	
  quarks	
  and	
  gluons	
  

o  No	
  ar.ficial	
  and/or	
  process	
  dependent	
  scale(s)	
  introduced	
  for	
  trea.ng	
  QED	
  
radia.on,	
  other	
  than	
  the	
  standard	
  factoriza.on	
  scale	
  

o  All	
  perturba.vely	
  calculable	
  hard	
  parts	
  are	
  IR	
  safe	
  for	
  both	
  QCD	
  and	
  QED	
  
o  All	
  lepton	
  mass	
  or	
  resolu.on	
  sensi.vity	
  are	
  included	
  into	
  ”Universal”	
  lepton	
  

distribu.on	
  and	
  fragmenta.on	
  func.ons	
  (or	
  jet	
  func.ons)	
  

Thank	
  you!	
  

Summary	
  and	
  outlook	
  

Special	
  thanks	
  to	
  JLab	
  experimental	
  colleagues	
  for	
  helpful	
  discussions!	
  


