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Quark	
  Model	
  

1968	
  

q  A	
  modern	
  “Rutherford”	
  experiment	
  (over	
  50	
  years	
  ago):	
  

Inelas*c	
  Lepton-­‐Hadron	
  ScaSering	
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Prediction: 

Discovery: 

²  Point-like Partons/Quarks  
²  Probability Distributions 



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

Inelas*c	
  Lepton-­‐Hadron	
  ScaSering	
  

Q2	
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  (k-­‐k’)2	
  àMeasure	
  of	
  resolu*on	
  
	
  y	
  =	
  P.(k-­‐k’)/P.k	
  à	
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  of	
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EM

Q4s
Lµ(k, k0; q)Wµ⌫(q, P )
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q  Deep	
  inelas*c	
  scaSering	
  (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...
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= �egµ⌫F1(xB , Q
2) +

e
Pµ

e
P⌫

P · q F2(xB , Q
2) + spin...
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egµ⌫ = �gµ⌫ + qµq⌫/q
2
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ePµ = egµ⌫P ⌫
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Inelas*c	
  Lepton-­‐Hadron	
  ScaSering	
  

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	
  

“Sod”	
  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:	
  

Inelas*c	
  Lepton-­‐Hadron	
  ScaSering	
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  π, J/ψ, …	
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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,	
  …	
  

Quark TMDs

�[�+]
q h(x, b) = f1(x, b) + i✏

µ⌫
T bµs⌫Mf

?
1 (x, b)
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• 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
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Inelas*c	
  Lepton-­‐Hadron	
  ScaSering	
  

q
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q  Photon-­‐hadron	
  frame:	
  	
  

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

QED	
  Radia*ve	
  Correc*ons	
  

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

§  Inelas*c	
  collision	
  breaks	
  the	
  proton:	
  

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,	
  …	
  

QCD	
  radia*on	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  QCD	
  evolu*on,	
  high	
  order	
  correc*ons,	
  resumma*on,	
  …	
  

Well-­‐studied	
  topic	
  –	
  too	
  many	
  references	
  to	
  list	
  here	
  
See	
  all	
  others	
  talks	
  	
  
at	
  this	
  workshop	
  

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,	
  …	
  	
  



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	
  scaSered	
  “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	
  momentum	
  transfer,	
  	
  larger	
  phase-­‐space	
  for	
  shower,	
  and	
  	
  
larger	
  radia*ve	
  correc*ons!	
   Fits	
  to	
  EIC	
  kinema>cs?!	
  



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	
  

�
Measured

= RC ⌦ �
No QED Radiation

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

l l'

P
X

q

•  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	
  sod	
  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.,	
  ZPC	
  66	
  (1995)	
  591]

Is	
  the	
  Born	
  kinema>cs	
  necessary	
  for	
  extrac>ng	
  PDFs?	
  	
  



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	
  

 

But,	
  

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?

◆

Radia*ve	
  correc*ons	
  can	
  change	
  the	
  “direc*on”	
  of	
  the	
  “q”	
  
and	
  make	
  the	
  “real”	
  Q2	
  to	
  be	
  small	
  	
  
Is	
  the	
  Breit	
  frame	
  experimentally	
  aUainable?	
  	
  
Yes,	
  but	
  with	
  errors,	
  so	
  precision	
  QCD	
  studies	
  depends	
  on	
  how	
  well	
  	
  
such	
  error	
  is	
  controlled	
  e.g.	
  	
  SIDIS	
  pT(Breit)	
  spectrum?	
  



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	
  

 

But,	
  

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?

◆

Radia*ve	
  correc*ons	
  can	
  change	
  the	
  “direc*on”	
  of	
  the	
  “q”	
  
and	
  make	
  the	
  “real”	
  Q2	
  to	
  be	
  small	
  	
  

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	
  

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.	
  



q  Inclusive	
  DIS	
  	
  	
  
	
  	
  	
  	
  	
  	
  =	
  	
  Inclusive	
  produc*on	
  of	
  a	
  high	
  transverse	
  momentum	
  lepton	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  lepton-­‐hadron	
  collisions	
  

Inclusive	
  Deep	
  Inelas*c	
  ScaSering	
  

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 particles
In	
  the	
  following	
  discussion,	
  we	
  take	
  valence	
  approximaXon:	
   i = j = e

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

fi/e(⇠), De/j(⇣)

<latexit sha1_base64="byXx19U5/PpqnZIkSG9G1tkdaIU=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAYhAUl2Q0DtAlpYRjAPSMIyO7mbjJl9MDMrxiWNjb9iY6GIrf9g5984eRSaeODCmXPuZe49bsSZVJb1baSWlldW19LrmY3Nre0dc3evLsNYUKjRkIei6RIJnAVQU0xxaEYCiO9yaLiDi7HfuAMhWRjcqGEEHZ/0AuYxSpSWHPPQcxJWhFGufc/yJ/jSSaB4q18PoEjeMbNWwZoALxJ7RrJohqpjfrW7IY19CBTlRMqWbUWqkxChGOUwyrRjCRGhA9KDlqYB8UF2kskVI3yslS72QqErUHii/p5IiC/l0Hd1p09UX857Y/E/rxUr76yTsCCKFQR0+pEXc6xCPI4Ed5kAqvhQE0IF07ti2ieCUKWDy+gQ7PmTF0m9VLDLhfPrcrZSmsWRRgfoCOWQjU5RBV2hKqohih7RM3pFb8aT8WK8Gx/T1pQxm9lHf2B8/gCOHZdN</latexit>

Lepton	
  PDFs	
  and	
  FFs	
  include	
  all	
  collinear	
  sensiXviXes	
  as	
  	
  	
  me ! 0

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

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; k0)

<latexit sha1_base64="VTQqcQsJQNyoU79hL0nHaIec1AI="></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	
  



q  Hard	
  scale:	
  

Inclusive	
  Deep	
  Inelas*c	
  ScaSering	
  

l0T � ⇤QCD

<latexit sha1_base64="pjN8pKUPCzAJSaMCSNIh12pEYKA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbRVUlKQd0V6sKFixb6giaEyWTSDp1MwsxEKKHgxl9x40IRt/6EO//GaZuFth4YOJxzD3fu8RNGpbKsb6Owtr6xuVXcLu3s7u0fmIdHXRmnApMOjlks+j6ShFFOOooqRvqJICjyGen548bM7z0QIWnM22qSEDdCQ05DipHSkmeesAuvDZ3hEDr3OhUgL3NEBFuN26lnlq2KNQdcJXZOyiBH0zO/nCDGaUS4wgxJObCtRLkZEopiRqYlJ5UkQXiMhmSgKUcRkW42v2EKz7USwDAW+nEF5+rvRIYiKSeRrycjpEZy2ZuJ/3mDVIXXbkZ5kirC8WJRmDKoYjgrBAZUEKzYRBOEBdV/hXiEBMJK11bSJdjLJ6+SbrVi1yo3rVq5Xs3rKIJTcAYugQ2uQB3cgSboAAwewTN4BW/Gk/FivBsfi9GCkWeOwR8Ynz8XN5aC</latexit>

Physically	
  measured,	
  unlike	
  the	
  tradi*onal	
  Q2,	
  
which	
  could	
  be	
  very	
  “small”	
  due	
  to	
  photon	
  radia*on	
  

q  Lepton	
  distribu*on:	
  

fe/l(⇠) =

Z
dy�

4⇡
ei⇠ l

+y�
hl| (0)�+�(0, y�) (y�)|li

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

f (0)
e/l (⇠) = �(⇠ � 1)�el

<latexit sha1_base64="JKsRM3eV52XU+z52GAsh1Or+kM0=">AAACFXicbVDLSgMxFM3UV62vqks3wSK0oHWmFNSFUHDjsoJ9QKeWTHqnDc08SDJiGeYn3Pgrblwo4lZw59+YtrPQ1gOBc8+5l5t7nJAzqUzz28gsLa+srmXXcxubW9s7+d29pgwiQaFBAx6ItkMkcOZDQzHFoR0KIJ7DoeWMriZ+6x6EZIF/q8YhdD0y8JnLKFFa6uWP3V4Mpzy5i4tmKSnaD6yEL+0+cEUmxYlVmhW6iye9fMEsm1PgRWKlpIBS1Hv5L7sf0MgDX1FOpOxYZqi6MRGKUQ5Jzo4khISOyAA6mvrEA9mNp1cl+EgrfewGQj9f4an6eyImnpRjz9GdHlFDOe9NxP+8TqTc827M/DBS4NPZIjfiWAV4EhHuMwFU8bEmhAqm/4rpkAhClQ4yp0Ow5k9eJM1K2aqWL26qhVoljSOLDtAhKiILnaEaukZ11EAUPaJn9IrejCfjxXg3PmatGSOd2Ud/YHz+AHPbnb4=</latexit>

Obey	
  DGLAP	
  evoluXon	
  with	
  QED	
  kernels	
  

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>

D(1)
l/e(⇣) =

↵em

2⇡


1 + ⇣2

1� ⇣
ln

✓
µ2

(1� ⇣)m2
e +�E2

◆�

+

<latexit sha1_base64="d7ApbFX7lQ6vmQXZF7mmZ7qJRLk="></latexit>

Obey	
  DGLAP	
  evoluXon	
  with	
  QED	
  kernels	
  

QED	
  gauge	
  link	
  

k

l

f (1)
e/l (⇠, µ

2) =
↵em

2⇡


1 + ⇠2

1� ⇠
ln

✓
µ2

(1� ⇠)m2
e

◆�

+

<latexit sha1_base64="x7IBUBJJD/2ZunnHJqElhYAM86c="></latexit>



q  LO	
  perturba*vely	
  calculable	
  hard	
  part:	
  

Inclusive	
  Deep	
  Inelas*c	
  ScaSering	
  

q NLO	
  calculable	
  hard	
  part	
  from	
  QED:	
  	
  

k'

γ∗
q

p
k Ĥ(2,0)

eq!e = e2q(4↵
2
EM)


ŝ2 + û2

t̂2

�
�(ŝ+ t̂+ û)

<latexit sha1_base64="ZD4F7h0ZT6i+FfPGw6UJdtlNkFU="></latexit>

ŝ = x ⇠ s

<latexit sha1_base64="Llr4XcVfsENy3IFUlWNkUgGGQJA=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwUUpSCupCKLhxWcE+oAllMp22QyeTMHMjraH4K25cKOLW/3Dn3zhts9DWAxcO59zLvfcEseAaHOfbWlldW9/YzG3lt3d29/btg8OGjhJFWZ1GIlKtgGgmuGR14CBYK1aMhIFgzWB4M/WbD0xpHsl7GMfMD0lf8h6nBIzUsY+9AYFUT/A1HnlFb8S9ItYdu+CUnBnwMnEzUkAZah37y+tGNAmZBCqI1m3XicFPiQJOBZvkvUSzmNAh6bO2oZKETPvp7PoJPjNKF/ciZUoCnqm/J1ISaj0OA9MZEhjoRW8q/ue1E+hd+imXcQJM0vmiXiIwRHgaBe5yxSiIsSGEKm5uxXRAFKFgAsubENzFl5dJo1xyK6Wru0qhWs7iyKETdIrOkYsuUBXdohqqI4oe0TN6RW/Wk/VivVsf89YVK5s5Qn9gff4ADLmUSA==</latexit>

t̂ = (⇠/⇣)t

<latexit sha1_base64="C/OoYVux89ofw/cYSlK4YNq/TdE=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLUDc1KQV1IRTcuKxgH9CEMplO2qGTBzM3Yg3Z+CtuXCji1s9w5984bbPQ6oELh3Pu5d57vFhwBZb1ZRSWlldW14rrpY3Nre0dc3evraJEUtaikYhk1yOKCR6yFnAQrBtLRgJPsI43vpr6nTsmFY/CW5jEzA3IMOQ+pwS01DcPnBGBFDJ8iSvOPT91HhiQEwx9s2xVrRnwX2LnpIxyNPvmpzOIaBKwEKggSvVsKwY3JRI4FSwrOYliMaFjMmQ9TUMSMOWmswcyfKyVAfYjqSsEPFN/TqQkUGoSeLozIDBSi95U/M/rJeCfuykP4wRYSOeL/ERgiPA0DTzgklEQE00IlVzfiumISEJBZ1bSIdiLL/8l7VrVrlcvburlRi2Po4gO0RGqIBudoQa6Rk3UQhRl6Am9oFfj0Xg23oz3eWvByGf20S8YH98kg5Vw</latexit>

û = (x/⇣)u

<latexit sha1_base64="omdMDsAw+XMvyWgdY3TMg64mEi0=">AAAB/nicbVDLSgNBEJyNrxhfq+LJy2AQ4iXuhoB6EAJePEYwD8iGMDuZTYbMPpjpEeMS8Fe8eFDEq9/hzb9xkuxBowUNRVU33V1+IrgCx/myckvLK6tr+fXCxubW9o69u9dUsZaUNWgsYtn2iWKCR6wBHARrJ5KR0Bes5Y+upn7rjknF4+gWxgnrhmQQ8YBTAkbq2QfekECqJ/gSl+5PvQcG5ATrnl10ys4M+C9xM1JEGeo9+9Prx1SHLAIqiFId10mgmxIJnAo2KXhasYTQERmwjqERCZnqprPzJ/jYKH0cxNJUBHim/pxISajUOPRNZ0hgqBa9qfif19EQnHdTHiUaWETniwItMMR4mgXuc8koiLEhhEpubsV0SCShYBIrmBDcxZf/kmal7FbLFzfVYq2SxZFHh+gIlZCLzlANXaM6aiCKUvSEXtCr9Wg9W2/W+7w1Z2Uz++gXrI9vox+UmQ==</latexit>

t = (l � l0)2 ⌘ �Q2

<latexit sha1_base64="WMDUmRTZsvgvDapq1JE+l2bvjzg=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLWBctSSioC6HgxmUL9gFtWibTSTt0Mokzk0IJ3fgrblwo4tbPcOffOG2z0NYDFw7n3Mu993gRo1JZ1reRWVvf2NzKbud2dvf2D8zDo4YMY4FJHYcsFC0PScIoJ3VFFSOtSBAUeIw0vdHdzG+OiZA05A9qEhE3QANOfYqR0lLPPFG3BVZkF5ddB3bIY0zHsAhrXadn5q2SNQdcJXZK8iBFtWd+dfohjgPCFWZIyrZtRcpNkFAUMzLNdWJJIoRHaEDamnIUEOkm8wem8FwrfeiHQhdXcK7+nkhQIOUk8HRngNRQLnsz8T+vHSv/2k0oj2JFOF4s8mMGVQhnacA+FQQrNtEEYUH1rRAPkUBY6cxyOgR7+eVV0nBKdrl0UyvnK04aRxacgjNQADa4AhVwD6qgDjCYgmfwCt6MJ+PFeDc+Fq0ZI505Bn9gfP4ARmyUPw==</latexit>

u = (P � l0)2 ⌘ �(1� y)s

<latexit sha1_base64="PTTNtfggaLGfi9nG1a1cagpnBX0=">AAACA3icbVC7SgNBFJ2Nrxhfq3baDAYxKRJ2Q0AthICNZQTzgGQNs5PZZMjsw3kEliVg46/YWChi60/Y+TdOki008cCFwzn3cu89bsSokJb1bWRWVtfWN7Kbua3tnd09c/+gKULFMWngkIW87SJBGA1IQ1LJSDviBPkuIy13dD31W2PCBQ2DOxlHxPHRIKAexUhqqWceqatCvcTOivcV2CUPio5hCRbsUlwUPTNvla0Z4DKxU5IHKeo986vbD7HySSAxQ0J0bCuSToK4pJiRSa6rBIkQHqEB6WgaIJ8IJ5n9MIGnWulDL+S6Agln6u+JBPlCxL6rO30kh2LRm4r/eR0lvQsnoUGkJAnwfJGnGJQhnAYC+5QTLFmsCcKc6lshHiKOsNSx5XQI9uLLy6RZKdvV8uVtNV+rpHFkwTE4AQVgg3NQAzegDhoAg0fwDF7Bm/FkvBjvxse8NWOkM4fgD4zPH7hclPw=</latexit>

Q

2 = xB y s

<latexit sha1_base64="zqXYnWdYQP8IRRdzj9wqdpAgceo=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgQkpSCupCKLpx2YJ9QBvDZDpph04ezEzEGPolblwo4tZPceffOG2z0NYDFw7n3Mu993gxZ1JZ1rexsrq2vrFZ2Cpu7+zulcz9g7aMEkFoi0Q8El0PS8pZSFuKKU67saA48DjteOObqd95oEKyKLxTaUydAA9D5jOClZZcs9S8r149utf9M5Tqkq5ZtirWDGiZ2DkpQ46Ga371BxFJAhoqwrGUPduKlZNhoRjhdFLsJ5LGmIzxkPY0DXFApZPNDp+gE60MkB8JXaFCM/X3RIYDKdPA050BViO56E3F/7xeovwLJ2NhnCgakvkiP+FIRWiaAhowQYniqSaYCKZvRWSEBSZKZ1XUIdiLLy+TdrVi1yqXzVq5Xs3jKMARHMMp2HAOdbiFBrSAQALP8ApvxpPxYrwbH/PWFSOfOYQ/MD5/AIr9kbA=</latexit>

k

k
pp

γ∗γ∗ ll

l' l'

kγ∗

p

l'

l
l'

γ∗

p

k

l

l' l' l' l'
γ∗ γ∗lll

pp

γ∗

p

γ∗

p

l

Real:	
  

Virtual:	
  

Ĥ
(3,0)
eq!e0 =�

(3,0)
eq!e0 �D

(1)
e0/e0 ⌦ Ĥ

(2,0)
eq!e0 � f

(1)
e/e ⌦ Ĥ

(2,0)
eq!e0 � f

(1)
q/q ⌦ Ĥ

(2,0)
eq!e0

<latexit sha1_base64="lBfRqcKZNWOK3M/LDw6Bettqy5w="></latexit>

Completely	
  IR	
  safe,	
  no	
  dependence	
  on	
  lepton	
  mass	
  

Into	
  QED	
  	
  
CorrecXon	
  to	
  
QCD	
  DGLAP	
  
kernels	
  



q  LO	
  Factorized	
  inclusive	
  DIS	
  cross	
  sec*on:	
  

Inclusive	
  Deep	
  Inelas*c	
  ScaSering	
  

E

0 d�
(0)
eh!e

0
X

d

3
l

0 ⇡ 2↵2
EM

s

X

q

Z 1

zL

d⇣

⇣

2

Z 1

xL

d⇠

⇠

D

e/e

(⇣)f
e/e

(⇠)

Z 1

xh

dx

x

e

2
q

f

q/h

(x) �(x� �⇠t

⇠⇣s+ u

)

<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	
  resummaXon	
  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	
  relaXon:	
  	
  

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:	
  



q  Size	
  of	
  NLO	
  fixed	
  order	
  QED	
  correc*ons:	
  

Inclusive	
  Deep	
  Inelas*c	
  ScaSering	
  

Factor	
  of	
  radiaXve	
  correcXons	
  

Preliminary	
  



q No	
  photon-­‐hadron	
  frame!	
  

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'

Large	
  hard	
  scale:	
  	
  

“So`”	
  scale:	
   �PT = |~l0T + ~P 0
T | ⌧ |l0T | ⇠ |P 0

T |

<latexit sha1_base64="cz5UVDVkmJmt/KbfY4cFBl2zSMc=">AAACJnicbZBLSwMxEMez9VXra9Wjl2ARBaHsloJ6KBT04HGFvqBbSjadtqHZB0m2ULb9NF78Kl48VES8+VHMtj1o60DgN/+ZYTJ/L+JMKsv6MjIbm1vbO9nd3N7+weGReXxSl2EsKNRoyEPR9IgEzgKoKaY4NCMBxPc4NLzhfVpvjEBIFgZVNY6g7ZN+wHqMEqWljll2H4Argp1OFZfxxB0BTfj0UmfXeJ44aTLBLud4whcomY8nTsodM28VrHngdbCXkEfLcDrmzO2GNPYhUJQTKVu2Fal2QoRilMM058YSIkKHpA8tjQHxQbaT+ZlTfKGVLu6FQr9A4bn6eyIhvpRj39OdPlEDuVpLxf9qrVj1btsJC6JYQUAXi3oxxyrEqWe4ywRQxccaCBVM/xXTARGEKu1sTptgr568DvViwS4V7p5K+UpxaUcWnaFzdIVsdIMq6BE5qIYoekavaIbejRfjzfgwPhetGWM5c4r+hPH9A/qVo58=</latexit>

PT =
1

2
|~l0T � ~P 0

T |

<latexit sha1_base64="xK9xiB59sTsRiKZ6dBXqfIz12Mw=">AAACFHicbVDLSsNAFJ3UV62vqEs3g0UUxJKUgroQCm5cRugLmhAm00k7dPJgZlIoaT7Cjb/ixoUibl2482+cpllo9cDAuefcy517vJhRIQ3jSyutrK6tb5Q3K1vbO7t7+v5BR0QJx6SNIxbxnocEYTQkbUklI72YExR4jHS98e3c704IFzQKW3IaEydAw5D6FCOpJFc/t9wWvIG2zxFOzSytZzN7QnDKslNlXMC8sPJi5upVo2bkgH+JWZAqKGC5+qc9iHASkFBihoTom0YsnRRxSTEjWcVOBIkRHqMh6SsaooAIJ82PyuCJUgbQj7h6oYS5+nMiRYEQ08BTnQGSI7HszcX/vH4i/SsnpWGcSBLixSI/YVBGcJ4QHFBOsGRTRRDmVP0V4hFS+UiVY0WFYC6f/Jd06jWzUbu+b1Sb9SKOMjgCx+AMmOASNMEdsEAbYPAAnsALeNUetWftTXtftJa0YuYQ/IL28Q2KB505</latexit>

d�

dy dP 2
T d�y d�P 2

T

=
X

i,j,a,b

efi/e ⌦ eDe/j ⌦ efa/h ⌦ eDh0/b ⌦ Ĥ
(m,n)
ij!ab

<latexit sha1_base64="thpTb9y/zuHglAxxLPwo49Adt9k="></latexit>

q  TMD	
  factoriza*on	
  formula:	
  	
  

TMDs	
  

Momentum	
  imbalance	
  between	
  two	
  parXcles	
  (or	
  jet(s))	
  

Only	
  two	
  hadrons	
  are	
  involved,	
  the	
  color	
  flow	
  is	
  unique.	
  	
  NO	
  factoriza>on	
  breaking	
  
effect	
  iden>fied	
  by	
  Collins	
  &	
  Qiu	
  (2007)	
  and	
  Mulders	
  &	
  Rogers	
  (2010)	
  



q  Radia*ve	
  correc*ons	
  are	
  very	
  important	
  for	
  lepton-­‐hadron	
  scaSering	
  

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	
  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!	
  


