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QCD and the Structure of Nucleons and Nuclei 

q QCD	
  –	
  Color	
  Confinement:	
  	
  
²  Do	
  not	
  see	
  any	
  quarks	
  and	
  gluons	
  in	
  isolaNon	
  
²  The	
  structure	
  of	
  nucleons	
  and	
  nuclei	
  –	
  emergent	
  properNes	
  of	
  QCD	
  	
  

Color	
  Confinement	
   AsymptoNc	
  freedom	
  

Probing	
  
scale	
  

Q (GeV)

200	
  MeV	
  (1	
  fm)	
   2	
  GeV	
  (1/10	
  fm)	
  

QCD	
  at	
  a	
  Fermi	
  scale:	
  	
  Femto-­‐science	
  (0.1-­‐10	
  fm)	
  
Asympto(c	
  
regime	
  
PQCD	
  
works	
  

beau(fully!	
  

All	
  emergent	
  phenomena	
  depend	
  on	
  the	
  probes	
  	
  
and	
  the	
  scale	
  at	
  which	
  we	
  probe	
  them!	
  



QCD and the Structure of Nucleons and Nuclei 

q QCD	
  –	
  Color	
  Confinement:	
  	
  
²  Do	
  not	
  see	
  any	
  quarks	
  and	
  gluons	
  in	
  isolaNon	
  
²  The	
  structure	
  of	
  nucleons	
  and	
  nuclei	
  –	
  emergent	
  properNes	
  of	
  QCD	
  	
  

Color	
  Confinement	
   AsymptoNc	
  freedom	
  

Probing	
  
scale	
  

Q (GeV)

200	
  MeV	
  (1	
  fm)	
   2	
  GeV	
  (1/10	
  fm)	
  

QCD	
  at	
  a	
  Fermi	
  scale:	
  	
  Femto-­‐science	
  (0.1-­‐10	
  fm)	
  
Asympto(c	
  
regime	
  
PQCD	
  
works	
  

beau(fully!	
  

All	
  emergent	
  phenomena	
  depend	
  on	
  the	
  probes	
  	
  
and	
  the	
  scale	
  at	
  which	
  we	
  probe	
  them!	
  

q QCD	
  –	
  AsymptoNc	
  Freedom:	
  	
  
²  QCD	
  FactorizaNon	
  –	
  Controllable	
  ApproximaNon	
  	
  
²  Explore	
  the	
  structure	
  of	
  nucleons	
  and	
  nuclei	
  by	
  using	
  “controllable”,	
  

“sharp”	
  and	
  “local”	
  probes,	
  …	
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“See” the Structure of Nucleons and Nuclei 

q Need	
  to	
  idenNfy	
  observables	
  with	
  two-­‐momentum	
  scales:	
  
Q1 � Q2 ⇠ 1/R ⇠ ⇤QCD

²  Hard	
  scale:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  localizes	
  the	
  probe	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  parNcle	
  nature	
  of	
  quarks/gluons	
  

²  “Sob”	
  scale:	
  	
  	
  	
  	
  	
  	
  	
  	
  could	
  be	
  more	
  sensiNve	
  to	
  the	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  hadron	
  structure	
  ~	
  1/fm	
  

²  Hit	
  the	
  hadron	
  “very	
  hard”	
  without	
  breaking	
  it,	
  clean	
  
informaNon	
  on	
  the	
  structure!	
  	
  



Lepton-Hadron Deep Inelastic Scattering 

Q2	
  àMeasure	
  of	
  resoluNon	
  
	
  y	
  à	
  Measure	
  of	
  inelasNcity	
  

	
  x	
  à	
  Measure	
  of	
  momentum	
  fracNon	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  of	
  the	
  struck	
  quark	
  in	
  a	
  proton	
  
	
  Q2	
  =	
  S	
  x	
  y	
  

Semi-­‐Inclusive	
  events:	
  	
  e+p/A	
  à	
  e’+h(p,K,p,jet)+X	
  
Detect	
  the	
  scajered	
  lepton	
  in	
  coincidence	
  with	
  idenNfied	
  hadrons/jets	
  
(IniNal	
  hadron	
  is	
  broken	
  –	
  confined	
  moNon!	
  –	
  cleaner	
  than	
  h-­‐h	
  collisions)	
  

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

(IniNal	
  hadron	
  is	
  NOT	
  broken	
  –	
  tomography!	
  

q Many	
  complementary	
  probes	
  at	
  one	
  facility:	
  	
  
Inclusive	
  events:	
  	
  e+p/A	
  à	
  e’+X	
  

Detect	
  only	
  the	
  scajered	
  lepton	
  in	
  the	
  detector	
  
(Modern	
  Rutherford	
  experiment	
  –	
  Single	
  hard	
  scale!)	
  



Lepton-Hadron Deep Inelastic Scattering 

q QCD	
  is	
  fully	
  color	
  entangled	
  –	
  FactorizaNon:	
   TMD fragmentation 

Soft factors 

TMD parton distribution 

+O
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Q2
,
hp2i
Q2

◆

SIDIS:	
  



Lepton-Hadron Deep Inelastic Scattering 

TMD fragmentation 

Soft factors 

TMD parton distribution 

+O
✓ hk2i

Q2
,
hp2i
Q2

◆

q 	
  Low	
  PhT	
  –	
  TMD	
  factorizaNon:	
  

q 	
  High	
  PhT	
  –	
  Collinear	
  factorizaNon:	
  
�SIDIS(Q,Ph?, xB , zh) = Ĥ(Q,Ph?,↵s)⌦ �f ⌦Df!h +O

✓
1

Ph?
,
1

Q

◆

q 	
  PhT	
  Integrated	
  -­‐	
  Collinear	
  factorizaNon:	
  
�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

�

q QCD	
  is	
  fully	
  color	
  entangled	
  –	
  FactorizaNon:	
  
SIDIS:	
  



Surprise from COMPASS 

Data:	
  	
  	
  	
  	
  	
  M.	
  Aghasyan	
  et	
  al.	
  (COMPASS	
  CollaboraNon),	
  Phys.	
  Rev.	
  D97	
  (2018)	
  032006	
  
Theory:	
  	
  B.	
  Wang	
  et	
  al.	
  Phys.	
  Rev.	
  D99	
  (2019)	
  094029	
  

q  SIDIS	
  producNon	
  of	
  charge	
  hadron:	
   Also	
  see	
  Ted	
  Rogers’	
  talk	
  



Theoretical Calculations 
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Theoretical Calculations 

q QCD	
  factorizaNon	
  is	
  an	
  approximaNon	
  –	
  leading	
  power:	
  

Colored	
  !	
  

q Where	
  does	
  the	
  color	
  go?	
  

Sob	
  pions	
  

Color	
  neutralizaNon	
  needs:	
  

E
pions

⌧ Eh²  AND:	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  for	
  factorizaNon	
  

²  Large	
  enough	
  phase	
  space	
  to	
  shower	
  
²  Sufficiently	
  high	
  mulNplicity	
  	
  

Near	
  threshold	
  –	
  low	
  mul=plicity?	
  



Much Enhanced Power “Corrections” – High pT 

+	
   +	
   +	
  …	
  

O
✓

1

P 2
T

⇥Dqq0(z, ...)

◆
O
✓

1

Q2
⇥Df (z)

◆
O (Df (z))

arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  



Much Enhanced Power “Corrections” – High pT 

q  Low	
  mulNplicity	
  events	
  –	
  edge	
  of	
  phase	
  space:	
  
Large PT and large zh ⇠ z

²  Leading	
  power:	
   � / D(z) / (1� z)n ⇠ (1� zh)
n COMPASS:	
  	
  <zh>	
  	
  

	
  	
  as	
  large	
  as	
  0.9	
  

+	
   +	
   +	
  …	
  

O
✓

1

P 2
T

⇥Dqq0(z, ...)

◆
O
✓

1

Q2
⇥Df (z)

◆
O (Df (z))

arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  



Much Enhanced Power “Corrections” – High pT 

q  Low	
  mulNplicity	
  events	
  –	
  edge	
  of	
  phase	
  space:	
  
Large PT and large zh ⇠ z

²  Leading	
  power:	
   � / D(z) / (1� z)n ⇠ (1� zh)
n COMPASS:	
  	
  <zh>	
  	
  

	
  	
  as	
  large	
  as	
  0.9	
  

+	
   +	
   +	
  …	
  

O
✓

1

P 2
T

⇥Dqq0(z, ...)

◆
O
✓

1

Q2
⇥Df (z)

◆
O (Df (z))

²  NL	
  power:	
   � / 1

P 2
T

D(z, ...) ⇠ 1

P 2
T

�(1� z)

Hadroniza=on	
  –	
  “pre-­‐hadron	
  state”	
  –	
  beKer	
  chance	
  to	
  form	
  hadron	
  

arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  



Calculation of the PT-suppressed Power Correction 

q QCD	
  factorizaNon:	
  
arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  



Calculation of the PT-suppressed Power Correction 

q QCD	
  factorizaNon:	
  
arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  

q Two-­‐parton	
  fragmentaNon	
  funcNons:	
  

Gauge	
  link:	
  



Fragmentation Functions - Hadronization 

q  Leading	
  power	
  fragmentaNon	
  funcNon:	
  

Dq(z) : / (1� z)n

arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  



Fragmentation Functions - Hadronization 

q  Leading	
  power	
  fragmentaNon	
  funcNon:	
  

Dq(z) : / (1� z)n

arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  

q Next-­‐to-­‐Leading	
  power	
  fragmentaNon	
  funcNon:	
  

Dud̄(z, u, v) : �! �(1� z)

�! (1� z)m

“Exclusive”	
  



Two-parton Fragmentation Function – Approximation  

q Lowest	
  order	
  two-­‐parton	
  fragmentaNon	
  funcNon:	
  

(1a)	
  

arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  



Two-parton Fragmentation Function – Approximation  

q Lowest	
  order	
  two-­‐parton	
  fragmentaNon	
  funcNon:	
  

q Pseudoscalar	
  distribuNon	
  amplitude:	
  

(1a)	
  

arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  



Partonic Hard Part at Next-to-Leading Power 

q LO	
  Feynman	
  diagrams:	
  

Two	
  possible	
  channels	
  

arXiv:1907.06136	
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Partonic Hard Part at Next-to-Leading Power 

q LO	
  Feynman	
  diagrams:	
  

q Hard	
  parts:	
  
Two	
  possible	
  channels	
  

q One	
  example:	
  

Transverse	
  	
  
polarized	
  	
  
photon	
  

arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  



Numerical Estimate – Lower Limit 

d2Mh

dzhdP 2
T

=

d

4
�

SIDIS

dxBdQ

2
dzhdP

2
T

d

2
�

DIS

dxBdQ

2

Lower	
  limit	
  for	
  
the	
  power	
  correcNon!	
  

Only	
  used	
  leading	
  
term	
  of	
  two-­‐parton	
  
fragmentaNon	
  
funcNons	
  

arXiv:1907.06136	
  
T.	
  Liu	
  &	
  J.W.	
  Qiu	
  

q DifferenNal	
  
mulNplicity:	
  



JLab Kinematics  

q DifferenNal	
  mulNplicity:	
  



Near Threshold – Lower pT 

q Lower	
  W2	
  with	
  sufficiently	
  large	
  Q2	
  –	
  less	
  phase	
  space	
  to	
  “shower”:	
  

Lower	
  mulNplicity!	
  

Color	
  singlet	
  pre-­‐hadron	
  states	
  

Leading	
  power	
  TMD	
  
factorizaNon	
  should	
  	
  
not	
  work	
  here!	
  



Near Threshold – Lower pT 

q Lower	
  W2	
  with	
  sufficiently	
  large	
  Q2	
  –	
  less	
  phase	
  space	
  to	
  “shower”:	
  

Lower	
  mulNplicity!	
  

Color	
  singlet	
  pre-­‐hadron	
  states	
  q Threshold	
  and	
  resonance	
  region:	
  
Q2	
  is	
  sNll	
  sufficiently	
  large	
  
Localized	
  hard	
  collision	
  
Single	
  acNve	
  parton	
  

Forma=on	
  of	
  pre-­‐hadron	
  states	
  is	
  not	
  a	
  hard	
  process	
  
1/Q2	
  –	
  inclusive	
  high	
  twist	
  terms	
  should	
  be	
  small	
  –	
  duality	
  

Δ+	
  

Leading	
  power	
  TMD	
  
factorizaNon	
  should	
  	
  
not	
  work	
  here!	
  



Summary 

q Lepton-­‐hadron	
  facility	
  is	
  an	
  excellent	
  one	
  for	
  QCD	
  study:	
  	
  

Thank you! 

²  Many	
  observables/probes	
  at	
  one	
  facility	
  
²  Probe	
  the	
  partonic	
  structure	
  by	
  either	
  breaking	
  or	
  not	
  breaking	
  the	
  hadron	
  
²  Study	
  the	
  hadronizaNon	
  with	
  controllable	
  probes	
  

q “Power	
  correcNons”	
  is	
  much	
  more	
  important	
  for	
  hadronizaNon:	
  
²  1/PT2-­‐type	
  correcNon	
  to	
  fragmentaNon	
  is	
  important	
  near	
  threshold	
  
²  When	
  lower	
  W	
  or	
  PT,	
  the	
  1/PT2-­‐type	
  contribuNon	
  to	
  hadronizaNon	
  are	
  

much	
  enhanced,	
  or	
  dominate	
  	
  
²  1/Q2-­‐type	
  high-­‐twist	
  contribuNon	
  to	
  SIDIS	
  is	
  small	
  if	
  Q	
  is	
  large	
  enough	
  

q QCD	
  is	
  fully	
  color	
  entangled:	
  	
  
²  QCD	
  FactorizaNon	
  is	
  an	
  approximaNon	
  with	
  suppressed	
  color	
  entanglement	
  
²  Power	
  “correcNons”	
  are	
  important	
  near	
  the	
  threshold	
  


