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Ø Novel	
  understanding	
  of	
  gluon	
  and	
  quark	
  
	
  confinement	
  and	
  its	
  consequences	
  
	
  is	
  emerging	
  from	
  quantum	
  field	
  theory	
  

Ø  Arriving	
  at	
  a	
  clear	
  picture	
  of	
  how	
  hadron	
  masses	
  emerge	
  
dynamically	
  in	
  a	
  universe	
  with	
  light	
  quarks	
  
	
   	
  Dynamical	
  Chiral	
  Symmetry	
  Breaking	
  (DCSB)	
  

Ø  Realisdc	
  computadons	
  of	
  ground-­‐state	
  hadron	
  wave	
  funcdons	
  
with	
  a	
  direct	
  link	
  to	
  QCD	
  are	
  now	
  available	
  
Ø Quark-­‐quark	
  correladons	
  are	
  unavoidable	
  
Ø  Accumuladng	
  empirical	
  evidence	
  in	
  support	
  of	
  predicdon	
  

that	
  they	
  are	
  crucial	
  in	
  determining	
  hadron	
  properdes	
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Light quarks & Confinement 

	
  A	
  unit	
  area	
  placed	
  midway	
  
between	
  the	
  quarks	
  and	
  
perpendicular	
  to	
  the	
  line	
  
connecdng	
  them	
  intercepts	
  
a	
  constant	
  number	
  of	
  field	
  
lines,	
  independent	
  of	
  the	
  
distance	
  between	
  the	
  
quarks.	
  	
  	
  
	
  This	
  leads	
  to	
  a	
  constant	
  
force	
  between	
  the	
  quarks	
  –	
  
and	
  a	
  large	
  force	
  at	
  that,	
  
equal	
  to	
  about	
  16	
  metric	
  
tons.”	
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Ø  Folklore	
  …	
   	
  Hall-­‐D	
  Conceptual	
  Design	
  Report(5)	
  	
  
	
  “The	
  color	
  field	
  lines	
  between	
  a	
  quark	
  and	
  an	
  and-­‐quark	
  form	
  flux	
  tubes.	
  	
  	
  	
  



Light quarks & Confinement 

Ø Problem:	
  	
  
	
  16	
  tonnes	
  of	
  force	
  	
  
	
  makes	
  a	
  lot	
  of	
  pions.	
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Light quarks & Confinement 
Ø In	
  the	
  presence	
  of	
  
light	
  quarks,	
  pair	
  
creaion	
  seems	
  to	
  
occur	
  non-­‐localized	
  
and	
  instantaneously	
  

Ø No	
  flux	
  tube	
  in	
  a	
  
theory	
  with	
  light-­‐
quarks.	
  	
  	
  

Ø Flux-­‐tube	
  is	
  not	
  the	
  
correct	
  paradigm	
  for	
  
confinement	
  in	
  
hadron	
  physics	
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Confinement Ø QFT	
  Paradigm:	
  	
  
–  Confinement	
  is	
  expressed	
  through	
  a	
  dramaic	
  
change	
  in	
  the	
  analydc	
  structure	
  of	
  propagators	
  
for	
  coloured	
  states	
  

–  It	
  can	
  be	
  read	
  from	
  a	
  plot	
  of	
  the	
  dressed-­‐
propagator	
  for	
  a	
  coloured	
  state	
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Normal	
  pardcle	
  
Confined	
  pardcle	
  

σ	
  ≈	
  1/Im(m)	
  	
  
	
  	
  	
  ≈	
  1/2ΛQCD	
  ≈	
  ½fm	
  

Real-­‐axis	
  mass-­‐pole	
  splits,	
  	
  
moving	
  into	
  pair(s)	
  of	
  complex	
  conjugate	
  singulariies,	
  (or	
  qualitaively	
  
analogous	
  structures	
  chracterised	
  by	
  a	
  dynamically	
  generated	
  mass-­‐scale)	
  

Propagaion	
  described	
  by	
  rapidly	
  
damped	
  wave	
  &	
  hence	
  state	
  cannot	
  
exist	
  in	
  observable	
  spectrum	
  



Ø  A	
  quark	
  begins	
  to	
  
propagate	
  	
  

Ø  But	
  arer	
  each	
  “step”	
  of	
  
length	
  σ,	
  on	
  average,	
  an	
  
interacdon	
  occurs,	
  so	
  
that	
  the	
  quark	
  loses	
  its	
  
idendty,	
  sharing	
  it	
  with	
  
other	
  partons	
  	
  

Ø  Finally,	
  a	
  cloud	
  of	
  
partons	
  is	
  produced,	
  
which	
  coalesces	
  into	
  
colour-­‐singlet	
  final	
  states	
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meson	
  

meson	
  

meson	
  

meson	
  

Baryon	
  

σ	
  
Confinement	
  is	
  a	
  
dynamical	
  phenomenon!	
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Ø  Dynamical	
  chiral	
  symmetry	
  breaking	
  (DCSB)	
  is	
  	
  
	
  	
  	
  	
  	
  another	
  of	
  QCD's	
  emergent	
  phenomena	
  
Ø  Expressed	
  in	
  hadron	
  wave	
  funcdons	
  not	
  in	
  vacuum	
  condensates	
  
Ø  Contemporary	
  theory	
  argues	
  that	
  it	
  is	
  responsible	
  for	
  more	
  

than	
  98%	
  of	
  the	
  visible	
  mass	
  in	
  the	
  Universe;	
  namely,	
  given	
  that	
  
classical	
  massless-­‐QCD	
  is	
  a	
  conformally	
  invariant	
  theory,	
  then	
  
DCSB	
  is	
  the	
  origin	
  of	
  mass	
  from	
  nothing.	
  	
  	
  

Ø  Dynamical,	
  not	
  spontaneous	
  
–  Add	
  nothing	
  to	
  QCD	
  ,	
  	
  
	
  No	
  Higgs	
  field,	
  nothing!	
  	
  
	
  Effect	
  achieved	
  purely	
  	
  
	
  through	
  quark+gluon	
  	
  
	
  dynamics.	
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Gluons, too,  
have a gap equation 

Ø  Pinch-­‐technique	
  +	
  background	
  field	
  method	
  …	
  reordering	
  of	
  
diagrammadc	
  summadons	
  in	
  the	
  self-­‐energy	
  –	
  Πμν	
  –	
  ensures	
  that	
  
subclusters	
  are	
  individually	
  transverse	
  and	
  gluon-­‐loop	
  and	
  ghost-­‐
loop	
  contribudons	
  are	
  separately	
  transverse	
  

Ø  STIs	
  →	
  WGTIs	
  	
  
Ø  Enables	
  systemadc	
  analysis	
  and	
  evaluadon	
  of	
  truncadons	
  and	
  

straighxorward	
  comparison	
  of	
  results	
  with	
  those	
  of	
  lQCD	
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Non-­‐perturbaive	
  comparison	
  of	
  QCD	
  effecive	
  charges,	
  
A.C.	
  Aguilar,	
  D.	
  Binosi,	
  J.	
  Papavassiliou	
  and	
  	
  
J.	
  Rodriguez-­‐Quintero,	
  Phys.	
  Rev.	
  D80	
  (2009)	
  085018	
  



In QCD: Gluons also 
become massive! Ø Running	
  gluon	
  mass	
  

	
  	
  

Ø Gluons	
  are	
  cannibals	
  
–	
  a	
  pardcle	
  species	
  
whose	
  members	
  
become	
  massive	
  by	
  
eadng	
  each	
  other!	
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22
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Power-­‐law	
  suppressed	
  in	
  
ultraviolet,	
  so	
  invisible	
  in	
  
perturbaion	
  theory	
  

Gluon	
  mass-­‐squared	
  funcdon	
  

Interacion	
  model	
  for	
  the	
  gap	
  equaion,	
  S.-­‐x.Qin,	
  
L.Chang,	
  Y-­‐x.Liu,	
  C.D.Roberts	
  and	
  D.	
  J.	
  Wilson,	
  
arXiv:1108.0603	
  [nucl-­‐th],	
  
Phys.	
  Rev.	
  C	
  84	
  (2011)	
  042202(R)	
  [5	
  pages]	
  	
  	
  

Bridging	
  a	
  gap	
  between	
  coninuum-­‐QCD	
  and	
  ab	
  iniio	
  
predicions	
  of	
  hadron	
  observables,	
  D.	
  Binosi,	
  L.	
  Chang,	
  
J.Papavassiliou,	
  C.D.	
  Roberts,	
  arXiv:1412.4782	
  [nucl-­‐th],	
  
Phys.	
  Le~.	
  B742	
  (2015)	
  183-­‐188	
  

5%	
  	
  



Ø  Gauge	
  boson	
  cannibalism	
  	
  
	
  …	
  a	
  new	
  physics	
  fronder	
  …	
  within	
  the	
  Standard	
  Model	
  

Ø  Asymptodc	
  freedom	
  means	
  	
  
	
  …	
  ultraviolet	
  behaviour	
  of	
  QCD	
  is	
  controllable	
  

Ø  Dynamically	
  generated	
  masses	
  for	
  gluons	
  and	
  quarks	
  means	
  
that	
  QCD	
  dynamically	
  generates	
  its	
  own	
  infrared	
  cutoffs	
  
–  Gluons	
  and	
  quarks	
  with	
  	
  
	
   	
  wavelength	
  λ	
  	
  >	
  2/mass	
  ≈	
  1	
  fm	
  	
  
	
  decouple	
  from	
  the	
  dynamics	
  	
  …	
  Confinement?!	
  

Ø  	
  How	
  does	
  that	
  affect	
  observables?	
  
–  It	
  will	
  have	
  an	
  impact	
  in	
  	
  
	
  any	
  condnuum	
  study	
  

–  Must	
  play	
  a	
  role	
  in	
  gluon	
  saturadon	
  ...	
  	
  
	
  In	
  fact,	
  perhaps	
  it’s	
  a	
  harbinger	
  of	
  gluon	
  saturadon?	
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Longitudinal Axial-Vector  
Ward-Green-Takahashi Identity 

Ø  This	
  class	
  of	
  idenddes	
  have	
  been	
  known	
  for	
  more	
  than	
  60	
  years	
  	
  
Ø  They	
  have	
  been	
  used	
  for	
  19	
  years	
  in	
  order	
  to	
  construct	
  a	
  symmetry-­‐

preserving	
  kernel	
  for	
  the	
  Bethe-­‐Salpeter	
  equadon	
  
Ø  For	
  the	
  last	
  5	
  years	
  we’ve	
  known	
  how	
  to	
  construct	
  a	
  symmetry	
  

preserving	
  kernel	
  given	
  an	
  arbitrary	
  quark-­‐gluon	
  vertex	
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Axial-­‐Vector	
  vertex	
  	
  
Sadsfies	
  an	
  inhomogeneous	
  
Bethe-­‐Salpeter	
  equadon	
  

Quark	
  
propagator	
  
sadsfies	
  a	
  	
  
gap	
  equadon	
  

Kernels	
  of	
  these	
  equaions	
  are	
  completely	
  different	
  
But	
  they	
  must	
  be	
  inimately	
  related	
  

H.J.	
  Munczek,	
  Phys.	
  Rev.	
  D	
  52	
  (1995)	
  4736	
  	
  
A.	
  Bender,	
  C.D.	
  Roberts	
  and	
  L.	
  von	
  Smekal,	
  
Phys.Le~.	
  B	
  380	
  (1996)	
  7	
  	
  

	
  Lei	
  Chang	
  and	
  C.D.	
  Roberts,	
  	
  
	
  Phys.	
  Rev.	
  Le~.	
  103	
  (2009)	
  081601	
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Ø  Longitudinal	
  WGT	
  idendty	
  
expresses	
  properdes	
  of	
  the	
  
divergence	
  of	
  the	
  vertex	
  

Ø  Transverse	
  idenddes	
  relate	
  
to	
  its	
  curl	
  (as	
  Faraday’s	
  law	
  
of	
  inducdon	
  involves	
  an	
  
electric	
  field)	
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Ø  The	
  last	
  two	
  terms	
  in	
  each	
  idendty	
  arise	
  in	
  compudng	
  the	
  momentum	
  
space	
  expression	
  of	
  a	
  nonlocal	
  axial-­‐vector/vector	
  vertex,	
  whose	
  definidon	
  
involves	
  a	
  gauge-­‐field-­‐dependent	
  line	
  integral	
  

Ø  But	
  …	
  pracdcal	
  progress	
  can	
  be	
  made	
  without	
  knowing	
  their	
  precise	
  forms	
  



Ø  Using	
  symmetries	
  alone,	
  it	
  is	
  readily	
  established	
  that	
  DCSB	
  forces	
  
dressed	
  fermions	
  to	
  possess	
  anomalous	
  chromo-­‐	
  and	
  electro-­‐
magnedc	
  moments,	
  which	
  are	
  large	
  on	
  the	
  domain	
  within	
  which	
  
DCSB	
  is	
  effecdve	
  

Ø  This	
  is	
  the	
  “final”	
  word.	
  	
  	
  
Ø  Evidence	
  had	
  slowly	
  been	
  accumuladng	
  since	
  1985	
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Ø  Simple	
  vertex	
  in	
  perturbadon	
  theory	
  	
  	
  Γμ=γμ	
  	
  
	
  →	
  12	
  disdnct	
  terms	
  when	
  strong	
  interacdons	
  are	
  turned	
  on	
  

Ø  Amongst	
  them,	
  one	
  with	
  a	
  unique	
  structure;	
  i.e.,	
  an	
  
anomalous	
  magnedc	
  moment	
  term	
  

Ø  Follows,	
  algebraically,	
  that	
  gauge	
  theories	
  coupled	
  to	
  
fermions	
  with	
  a	
  dynamically	
  generated	
  mass	
  MUST	
  possess	
  
an	
  anomalous	
  (chromo/electro)-­‐magnedc	
  moment,	
  whose	
  
magnitude	
  is	
  driven	
  by	
  the	
  strength	
  of	
  DCSB	
  

Dynamically generated AMM 
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Dressed-­‐quark	
  anomalous	
  magneic	
  moments	
  
Lei	
  Chang,	
  Yu-­‐Xin	
  Liu	
  and	
  Craig	
  D.	
  Roberts	
  
arXiv:1009.3458	
  [nucl-­‐th],	
  
Phys.	
  Rev.	
  Le~.	
  106	
  (2011)	
  072001	
  



Modern Γµ(q;k) 

Ø  Describes	
  the	
  best-­‐informed	
  vertex	
  available	
  today	
  
–  Contains	
  all	
  the	
  Ball-­‐Chiu	
  terms	
  
	
  They	
  are	
  the	
  unique	
  kinemadc-­‐singularity-­‐free	
  soludon	
  of	
  the	
  longitudinal	
  
vector	
  WGT	
  idendty	
  

–  And	
  two	
  of	
  the	
  terms	
  cridcal	
  	
  
	
  for	
  expressing	
  the	
  CAMMs	
  	
  

	
  
	
  
	
  
	
  

Ø  The	
  chromo	
  AMM	
  is	
  crucial	
  to	
  explaining	
  	
  the	
  spli�ng	
  between	
  parity	
  
partners,	
  such	
  as	
  a1-­‐ρ	
  mass	
  spli�ng,	
  and	
  connecdng	
  it	
  with	
  DCSB	
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Mesons and Rainbow-Ladder Truncation:  
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Ø  For	
  reasons	
  that	
  are	
  fully	
  understood,	
  Rainbow-­‐
Ladder	
  truncadon	
  provides	
  accurate	
  results	
  (15%	
  
over	
  ≈	
  100	
  observables)	
  for	
  properdes	
  of	
  ground-­‐
states	
  in	
  the	
  π,	
  ρ,	
  K,	
  QbarQ,	
  N,	
  Δ	
  channels	
  

Ø  Equally,	
  however,	
  we	
  know	
  it	
  is	
  cridcally	
  flawed	
  for	
  	
  
Ø  scalar,	
  axial-­‐vector	
  and	
  tensor	
  mesons	
  
Ø  excited	
  states	
  in	
  all	
  channels	
  
Ø  exodc	
  states	
  
Ø  heavy-­‐light	
  systems	
  
Ø  etc.	
  	
  

Ø  Like	
  quenched	
  la�ce-­‐QCD	
  
	
  the	
  Gme	
  for	
  RL	
  analyses	
  is	
  passing	
  

Mesons and Rainbow-Ladder Truncation:  
Requiescat in Pace 
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Top down & Bottom up 

Ø  Bo�om-­‐up	
  scheme	
  –	
  infer	
  interacion	
  
by	
  fi�ng	
  data	
  within	
  a	
  well-­‐defined	
  
truncaion	
  of	
  the	
  ma�er	
  sector	
  DSEs	
  
that	
  are	
  relevant	
  to	
  bound-­‐state	
  
properies.	
  	
  	
  

Ø  Top-­‐down	
  approach	
  –	
  ab	
  inido	
  
computaion	
  of	
  the	
  interacion	
  via	
  
direct	
  analysis	
  of	
  the	
  gauge-­‐sector	
  gap	
  
equaions	
  

Ø  Serendipitous	
  collaboraion,	
  conceived	
  
at	
  one-­‐week	
  ECT*	
  Workshop	
  on	
  DSEs	
  
in	
  Mathemadcs	
  and	
  Physics,	
  has	
  united	
  
these	
  two	
  approaches	
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Bridging	
  a	
  gap	
  between	
  conGnuum-­‐QCD	
  	
  
&	
  ab	
  ini5o	
  predicGons	
  of	
  hadron	
  observables	
  
	
  D.	
  Binosi	
  (Italy),	
  L.	
  Chang	
  (Australia),	
  J.	
  Papavassiliou	
  (Spain),	
  	
  
	
  C.	
  D.	
  Roberts	
  (US),	
  arXiv:1412.4782	
  [nucl-­‐th]	
  ,	
  Phys.	
  Le�.	
  B	
  742	
  (2015)	
  183	
  

	
  
	
  

Top-­‐down	
  result	
  =	
  gauge-­‐sector	
  predic5on	
  

	
  –	
  Interacion	
  predicted	
  by	
  modern	
  analyses	
  of	
  QCD's	
  gauge	
  sector	
  coincides	
  with	
  
that	
  required	
  to	
  describe	
  ground-­‐state	
  observables	
  using	
  the	
  sophisicated	
  ma�er-­‐
sector	
  ANL-­‐PKU	
  DSE	
  truncaion	
  

“Maris-­‐Tandy”	
  interacdon.	
  Developed	
  at	
  ANL	
  &	
  KSU	
  in	
  
1997-­‐1998.	
  	
  More-­‐than	
  600	
  citadons	
  –	
  but	
  quandtadve	
  
disagreement	
  with	
  gauge-­‐sector	
  soludon.	
  

Modern	
  kernels	
  and	
  interacdon,	
  
developed	
  at	
  ANL	
  and	
  Peking	
  U.	
  
One	
  parameter,	
  fi~ed	
  to	
  ground-­‐
state	
  properdes	
  without	
  reference	
  
to	
  gauge-­‐sector	
  studies.	
  	
  	
  
Modern	
  top-­‐down	
  and	
  bo~om-­‐up	
  
results	
  agree	
  within	
  3%	
  !	
  
	
  

Top-­‐down	
  result	
  =	
  gauge-­‐sector	
  predic5on	
  



Top down & Bottom up 

Ø  Bo�om-­‐up	
  scheme	
  –	
  infer	
  interacion	
  
by	
  fi�ng	
  data	
  within	
  a	
  well-­‐defined	
  
truncaion	
  of	
  the	
  ma�er	
  sector	
  DSEs	
  
that	
  are	
  relevant	
  to	
  bound-­‐state	
  
properies.	
  	
  	
  

Ø  Top-­‐down	
  approach	
  –	
  ab	
  inido	
  
computaion	
  of	
  the	
  interacion	
  via	
  
direct	
  analysis	
  of	
  the	
  gauge-­‐sector	
  gap	
  
equaions	
  

Ø  Serendipitous	
  collaboraion,	
  conceived	
  
at	
  one-­‐week	
  ECT*	
  Workshop	
  on	
  DSEs	
  
in	
  Mathemadcs	
  and	
  Physics,	
  has	
  united	
  
these	
  two	
  approaches	
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Bridging	
  a	
  gap	
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  conGnuum-­‐QCD	
  	
  
&	
  ab	
  ini5o	
  predicGons	
  of	
  hadron	
  observables	
  
	
  D.	
  Binosi	
  (Italy),	
  L.	
  Chang	
  (Australia),	
  J.	
  Papavassiliou	
  (Spain),	
  	
  
	
  C.	
  D.	
  Roberts	
  (US),	
  arXiv:1412.4782	
  [nucl-­‐th]	
  ,	
  Phys.	
  Le�.	
  B	
  742	
  (2015)	
  183	
  

	
  
	
  

Top-­‐down	
  result	
  =	
  gauge-­‐sector	
  predic5on	
  

Modern	
  kernels	
  and	
  
interacdon,	
  developed	
  at	
  
ANL	
  and	
  Peking	
  U.	
  

One	
  parameter,	
  fi~ed	
  to	
  
ground-­‐state	
  properdes	
  
without	
  reference	
  to	
  gauge-­‐
sector	
  studies.	
  	
  	
  
Modern	
  top-­‐down	
  and	
  
bo~om-­‐up	
  results	
  agree	
  
within	
  3%	
  !	
  
	
  

	
  –	
  Interacion	
  predicted	
  by	
  modern	
  analyses	
  of	
  QCD's	
  gauge	
  sector	
  coincides	
  with	
  
that	
  required	
  to	
  describe	
  ground-­‐state	
  observables	
  using	
  the	
  sophisicated	
  ma�er-­‐
sector	
  ANL-­‐PKU	
  DSE	
  truncaion	
  



Top down & Bottom up 

Ø  Bo�om-­‐up	
  scheme	
  –	
  infer	
  interacion	
  
by	
  fi�ng	
  data	
  within	
  a	
  well-­‐defined	
  
truncaion	
  of	
  the	
  ma�er	
  sector	
  DSEs	
  
that	
  are	
  relevant	
  to	
  bound-­‐state	
  
properies.	
  	
  	
  

Ø  Top-­‐down	
  approach	
  –	
  ab	
  inido	
  
computaion	
  of	
  the	
  interacion	
  via	
  
direct	
  analysis	
  of	
  the	
  gauge-­‐sector	
  gap	
  
equaions	
  

Ø  Serendipitous	
  collaboraion,	
  conceived	
  
at	
  one-­‐week	
  ECT*	
  Workshop	
  on	
  DSEs	
  
in	
  Mathemadcs	
  and	
  Physics,	
  has	
  united	
  
these	
  two	
  approaches	
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Bridging	
  a	
  gap	
  between	
  conGnuum-­‐QCD	
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  ab	
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Top-­‐down	
  result	
  =	
  gauge-­‐sector	
  predic5on	
  

Modern	
  kernels	
  and	
  
interacdon,	
  developed	
  at	
  
ANL	
  and	
  Peking	
  U.	
  

One	
  parameter,	
  fi~ed	
  to	
  
ground-­‐state	
  properdes	
  
without	
  reference	
  to	
  gauge-­‐
sector	
  studies.	
  	
  	
  
Modern	
  top-­‐down	
  and	
  
bo~om-­‐up	
  results	
  agree	
  
within	
  3%	
  !	
  
	
  

	
  –	
  Interacion	
  predicted	
  by	
  modern	
  analyses	
  of	
  QCD's	
  gauge	
  sector	
  coincides	
  with	
  
that	
  required	
  to	
  describe	
  ground-­‐state	
  observables	
  using	
  the	
  sophisicated	
  ma�er-­‐
sector	
  ANL-­‐PKU	
  DSE	
  truncaion	
  

Significant	
  steps	
  toward	
  
parameter-­‐free	
  predicGon	
  

of	
  hadron	
  properGes	
  



DCSB at Sub-Critical Couplings 
Ø  Symmetries	
  demand	
  a	
  dressed	
  quark-­‐gluon	
  vertex,	
  with	
  

transverse	
  terms	
  
Ø  Feedback	
  induced	
  by	
  the	
  dressed	
  quark-­‐gluon	
  vertex	
  

guarantees	
  DCSB	
  in	
  the	
  presence	
  of	
  a	
  gluon	
  mass,	
  	
  
	
  	
  	
  	
  	
  mg	
  ≈	
  500	
  MeV,	
  and	
  a	
  coupling	
  that	
  runs	
  slowly	
  away	
  from	
  	
  
	
  	
  	
  	
  	
  a	
  finite	
  infrared	
  value,	
  α(0)	
  ≈	
  0.9	
  π	
  	
  
Ø  Soluion	
  of	
  gauge	
  sector	
  gap	
  equadons	
  is	
  all	
  that	
  is	
  required	
  	
  	
  
Ø  Some	
  ficddous	
  	
  

	
  effecive	
  propagator,	
  	
  
	
  completely	
  unrelated	
  to	
  	
  

	
  	
  	
  	
   	
  the	
  propagadon	
  of	
  a	
  	
  
	
  standard	
  quantum	
  field,	
  	
  
	
  is	
  enirely	
  unnecessary	
  	
  
	
  in	
  QCD	
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Pion’s Goldberger 
-Treiman relation 

Craig	
  Roberts:	
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Ø  Pion’s	
  Bethe-­‐Salpeter	
  amplitude	
  
	
  Soludon	
  of	
  the	
  Bethe-­‐Salpeter	
  equadon	
  

	
  
	
  
	
  
Ø  Dressed-­‐quark	
  propagator	
  

Ø  Axial-­‐vector	
  Ward-­‐Takahashi	
  idendty	
  entails	
  

Owing	
  to	
  DCSB	
  
&	
  Exact	
  in	
  
Chiral	
  QCD	
  

QCD	
  -­‐	
  TNT	
  -­‐	
  4	
  ...	
  Ilhabela	
  (67p/95)	
  

Miracle:	
  two	
  body	
  problem	
  solved,	
  
almost	
  completely,	
  once	
  solu5on	
  of	
  
one	
  body	
  problem	
  is	
  known	
  

Maris,	
  Roberts	
  and	
  Tandy	
  
nucl-­‐th/9707003,	
  Phys.Le�.	
  B420	
  (1998)	
  267-­‐273	
  	
  

B(k2)	
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Ø  The	
  quark	
  level	
  Goldberger-­‐Treiman	
  reladon	
  shows	
  that	
  DCSB	
  has	
  a	
  
very	
  deep	
  and	
  far	
  reaching	
  impact	
  on	
  physics	
  within	
  the	
  strong	
  
interacdon	
  sector	
  of	
  the	
  Standard	
  Model;	
  viz.,	
  

	
  Goldstone's	
  theorem	
  is	
  fundamentally	
  an	
  expression	
  of	
  equivalence	
  
between	
  the	
  one-­‐body	
  problem	
  and	
  the	
  two-­‐body	
  problem	
  in	
  the	
  
pseudoscalar	
  channel.	
  	
  	
  

Ø  This	
  emphasises	
  that	
  Goldstone's	
  theorem	
  has	
  a	
  pointwise	
  
expression	
  in	
  QCD	
  

Ø  Hence,	
  pion	
  properdes	
  are	
  an	
  almost	
  direct	
  measure	
  of	
  	
  
	
  the	
  dressed-­‐quark	
  mass	
  funcdon.	
  	
  	
  

Ø  Thus,	
  enigmadcally,	
  the	
  properdes	
  of	
  the	
  massless	
  pion	
  	
  
	
  are	
  the	
  cleanest	
  expression	
  of	
  the	
  mechanism	
  that	
  is	
  	
  
	
  responsible	
  for	
  almost	
  all	
  the	
  visible	
  mass	
  in	
  the	
  universe.	
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This	
  algebraic	
  idenity	
  is	
  why	
  QCD’s	
  
pion	
  is	
  massless	
  in	
  the	
  chiral	
  limit	
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Ø  Proton	
  can	
  be	
  viewed	
  as	
  Borromean	
  bound-­‐state,	
  viz.	
  system	
  
consdtuted	
  from	
  three	
  bodies,	
  no	
  two	
  of	
  which	
  can	
  combine	
  to	
  
produce	
  an	
  independent	
  two-­‐body	
  bound-­‐state.	
  	
  	
  

Ø  Naturally,	
  in	
  QCD	
  the	
  complete	
  picture	
  of	
  the	
  proton	
  is	
  more	
  
complicated	
  owing,	
  in	
  large	
  part,	
  to	
  the	
  loss	
  of	
  pardcle	
  number	
  
conservadon	
  in	
  quantum	
  field	
  theory.	
  	
  	
  

Ø  Notwithstanding	
  that,	
  the	
  Borromean	
  analogy	
  provides	
  an	
  
instrucdve	
  perspecdve	
  from	
  which	
  to	
  consider	
  both	
  quantum	
  
mechanical	
  models	
  and	
  condnuum	
  treatments	
  of	
  the	
  nucleon	
  
bound-­‐state	
  problem	
  in	
  QCD.	
  	
  	
  

Ø  Borromean	
  perspecdve	
  poses	
  a	
  crucial	
  quesdon:	
  	
  
	
  Whence	
  binding	
  between	
  the	
  	
  
	
  valence	
  quarks	
  in	
  the	
  proton?	
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Understanding	
  the	
  nucleon	
  as	
  a	
  Borromean	
  bound-­‐state,	
  
J.	
  Segovia,	
  C.D.	
  Roberts,	
  S.M.	
  Schmidt,	
  	
  
arXiv:	
  1506.05112	
  [nucl-­‐th],	
  Phys.	
  Le�.	
  B	
  in	
  press	
  



Strong running  
coupling – αS 

Ø  Bulk	
  of	
  QCD's	
  pardcular	
  features	
  can	
  be	
  traced	
  to	
  evoludon	
  of	
  αS	
  	
  
Ø  Characterisdcs	
  are	
  primarily	
  determined	
  by	
  three-­‐gluon	
  vertex:	
  	
  

–  four-­‐gluon	
  vertex	
  doesn’t	
  contribute	
  dynamically	
  at	
  leading	
  order	
  in	
  
perturbadve	
  analyses	
  of	
  matrix	
  elements;	
  	
  

–  nonperturbadve	
  condnuum	
  analyses	
  of	
  gauge	
  sector	
  indicate	
  that	
  
sadsfactory	
  agreement	
  with	
  lQCD	
  gluon	
  propagator	
  is	
  typically	
  
obtained	
  without	
  reference	
  to	
  dynamical	
  contribudons	
  from	
  four-­‐
gluon	
  vertex	
  

Ø  Three-­‐gluon	
  vertex	
  is	
  therefore	
  the	
  dominant	
  factor	
  in	
  producing	
  
the	
  class	
  of	
  renormalisadon-­‐group-­‐invariant	
  running	
  interacdons	
  
that	
  have	
  provided	
  both	
  successful	
  descripdons	
  of	
  and	
  predicdons	
  
for	
  many	
  hadron	
  observables	
  

Ø  This	
  class	
  of	
  interacdons	
  generates	
  strong	
  a~racdon	
  between	
  two	
  
quarks	
  ⇒	
  dght	
  diquark	
  correladons	
  in	
  analyses	
  of	
  the	
  three	
  
valence-­‐quark	
  sca~ering	
  problem.	
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Understanding	
  the	
  nucleon	
  as	
  a	
  Borromean	
  bound-­‐state,	
  
J.	
  Segovia,	
  C.D.	
  Roberts,	
  S.M.	
  Schmidt,	
  	
  
arXiv:	
  1506.05112	
  [nucl-­‐th],	
  Phys.	
  Le�.	
  B	
  in	
  press	
  



Ø  Any	
  interacdon	
  that	
  is	
  capable	
  of	
  creadng	
  pseudo-­‐Goldstone	
  
modes	
  as	
  bound-­‐states	
  of	
  a	
  light	
  dressed-­‐quark	
  and	
  -­‐
andquark,	
  and	
  reproduce	
  the	
  measured	
  value	
  of	
  their	
  
leptonic	
  decay	
  constant,	
  will	
  necessarily	
  also	
  generate	
  strong	
  
correladons	
  between	
  any	
  two	
  dressed	
  quarks	
  contained	
  
within	
  a	
  nucleon.	
  	
  	
  

Ø  This	
  asserdon	
  is	
  based	
  on	
  an	
  accumulated	
  body	
  of	
  evidence	
  
gathered	
  in	
  two	
  decades	
  of	
  studying	
  two-­‐	
  and	
  three-­‐body	
  
bound-­‐state	
  problems	
  in	
  hadron	
  physics	
  

Ø No	
  realisdc	
  counter	
  examples	
  are	
  known.	
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Ø  Existence	
  of	
  dght	
  diquark	
  correladons	
  simplifies	
  analyses	
  of	
  baryon	
  
bound	
  states	
  …	
  reduces	
  task	
  to	
  solving	
  Poincaré	
  covariant	
  Faddeev	
  
equadon	
  

Ø  Three	
  gluon	
  vertex	
  …	
  not	
  explicitly	
  part	
  of	
  bound-­‐state	
  kernel	
  
Ø  Instead,	
  one	
  uses	
  fact	
  that	
  phase-­‐space	
  factors	
  enhance	
  2-­‐body	
  

interacdons	
  over	
  n≥3-­‐body	
  interacdons	
  &	
  exploits	
  dominant	
  role	
  
played	
  by	
  diquark	
  correladons	
  in	
  the	
  2-­‐body	
  subsystems	
  

Ø  The	
  dominant	
  effect	
  of	
  non-­‐Abelian	
  muld-­‐gluon	
  verdces	
  is	
  
expressed	
  in	
  the	
  formadon	
  of	
  diquark	
  correladons	
  	
  

Ø  Baryon	
  is	
  then	
  a	
  compound	
  system	
  whose	
  observable	
  properdes	
  
and	
  interacdons	
  are	
  primarily	
  determined	
  by	
  the	
  quark+diquark	
  
structure	
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Ø  Both	
  scalar-­‐isoscalar	
  and	
  pseudovector-­‐isotriplet	
  diquark	
  
correladons	
  feature	
  within	
  a	
  nucleon.	
  	
  

Ø  Any	
  study	
  that	
  neglects	
  pseudovector	
  diquarks	
  is	
  unrealisdc	
  
because	
  no	
  self-­‐consistent	
  soludon	
  of	
  the	
  Faddeev	
  equadon	
  
can	
  produce	
  a	
  nucleon	
  constructed	
  solely	
  from	
  a	
  scalar	
  diquark	
  

Ø  The	
  reladve	
  probability	
  of	
  scalar	
  versus	
  pseudovector	
  diquarks	
  
in	
  a	
  nucleon	
  is	
  a	
  dynamical	
  statement.	
  	
  	
  
–  Realisdc	
  computadons	
  predict	
  a	
  scalar	
  diquark	
  strength	
  of	
  

approximately	
  60%	
  
–  This	
  predicdon	
  can	
  be	
  tested	
  by	
  contemporary	
  experiments.	
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Ø  A	
  nucleon	
  (and	
  kindred	
  baryons)	
  described	
  by	
  the	
  	
  
	
  	
  	
  	
  	
  Poincaré-­‐covariant	
  Faddeev	
  equadon	
  is	
  a	
  Borromean	
  bound-­‐state,	
  
	
  	
  	
  	
  	
  the	
  binding	
  within	
  which	
  has	
  two	
  contribudons:	
  

–  One	
  part	
  is	
  expressed	
  in	
  the	
  formadon	
  of	
  dght	
  diquark	
  correladons,	
  
originadng	
  in	
  non-­‐Abelian	
  nature	
  of	
  QCD	
  

–  That	
  is	
  augmented,	
  by	
  a~racdon	
  generated	
  by	
  the	
  quark	
  exchange	
  
depicted	
  in	
  the	
  shaded	
  area	
  

–  This	
  exchange	
  ensures	
  that	
  diquark	
  correladons	
  within	
  the	
  nucleon	
  are	
  
fully	
  dynamical:	
  no	
  quark	
  holds	
  a	
  special	
  place	
  because	
  each	
  one	
  
pardcipates	
  in	
  all	
  diquarks	
  to	
  the	
  fullest	
  extent	
  allowed	
  by	
  its	
  quantum	
  
numbers.	
  	
  

–  The	
  condnual	
  rearrangement	
  of	
  the	
  quarks	
  guarantees,	
  inter	
  alia,	
  that	
  
the	
  nucleon's	
  dressed-­‐quark	
  wave	
  funcdon	
  complies	
  with	
  Pauli	
  stadsdcs.	
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Ø  Dynamically	
  generated	
  correladons	
  
Ø  Two	
  pardcle	
  sub-­‐cluster	
  is	
  not	
  frozen	
  

–  There	
  is	
  a	
  predicted	
  probability	
  for	
  each	
  given	
  cluster	
  
within	
  a	
  given	
  JP	
  baryon	
  

–  Nucleon:	
  1+/0+	
  ≈	
  60%	
  
	
   	
  Other	
  clusters	
  are	
  negligible	
  in	
  J+	
  states	
  

Ø  Faddeev	
  equadon	
  baryon	
  spectrum	
  must	
  have	
  significant	
  
overlap	
  with	
  that	
  of	
  the	
  three-­‐consdtuent	
  quark	
  model	
  and	
  
no	
  reladon	
  to	
  the	
  Lichtenberg-­‐Tassie	
  quark+diquark	
  model	
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Ø  Eight	
  terms	
  in	
  Faddeev	
  amplitude	
  
Ø  Plot	
  the	
  dominant	
  scalar-­‐diquark	
  

component:	
  S1(|p|,	
  cos	
  θ)	
  

Ø  Strong	
  variadon	
  with	
  both	
  arguments	
  
Ø  Peaks	
  at	
  	
  

	
  |p|≈	
  mN/6,	
  cos	
  θ	
  ≈	
  +1	
  
	
  	
  	
  	
  	
  	
  	
  ⇒	
  kq	
  ≈	
  P/2,	
  kqq	
  ≈	
  P/2	
  
	
  i.e.,	
  natural	
  rel-­‐momentum	
  =	
  0	
  
	
  cos	
  θ	
  =	
  -­‐1,	
  maximum	
  at	
  |p|=	
  0,	
  
	
  	
  	
  	
  	
  	
  	
  ⇒	
  kq	
  ≈	
  P/3,	
  kqq	
  ≈	
  (2/3)P	
  
	
  Support	
  concentrated	
  in	
  	
  
	
  forward	
  direcdon:	
  	
  
	
   	
  cos	
  θ	
  >0	
  ;	
  i.e.	
  k	
  ∥	
  P	
  

Ø  Simple	
  interacdons	
  and	
  truncadons	
  fail	
  
to	
  capture	
  sophisdcated	
  profile	
  of	
  
nucleon’s	
  Faddeev	
  wave	
  funcdon	
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Nucleon Form Factors 
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Survey	
  of	
  nucleon	
  electromagneic	
  form	
  factors	
  
I.C.	
  Cloët	
  et	
  al,	
  arXiv:0812.0416	
  [nucl-­‐th],	
  	
  
Few	
  Body	
  Syst.	
  46	
  (2009)	
  pp.	
  1-­‐36	
  

Unificaion	
  of	
  meson	
  
and	
  nucleon	
  form	
  
factors.	
  
	
  
Very	
  good	
  
descripion.	
  
	
  
Quark’s	
  momentum-­‐
dependent	
  
anomalous	
  magneic	
  
moment	
  has	
  
observable	
  impact	
  &	
  
materially	
  improves	
  
agreement	
  in	
  all	
  
cases.	
  



Visible Impacts  
of DCSB 
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Ø  Apparently	
  small	
  changes	
  in	
  M(p)	
  
within	
  the	
  domain	
  1<p(GeV)<3	
  
	
  have	
  striking	
  effect	
  on	
  the	
  proton’s	
  
electric	
  form	
  factor	
  

Ø  The	
  possible	
  existence	
  and	
  locadon	
  of	
  
the	
  zero	
  is	
  determined	
  by	
  behaviour	
  
of	
  Q2F2p(Q2),	
  proton’s	
  Pauli	
  form	
  
factor	
  

Ø  Like	
  the	
  pion’s	
  PDA,	
  Q2F2p(Q2)	
  
measures	
  the	
  rate	
  at	
  which	
  dressed-­‐
quarks	
  become	
  parton-­‐like:	
  
ü  F2p=0	
  for	
  bare	
  quark-­‐partons	
  
ü  Therefore,	
  GE

p	
  can’t	
  be	
  zero	
  on	
  
the	
  bare-­‐parton	
  domain	
  

I.C.	
  Cloët,	
  C.D.	
  Roberts,	
  A.W.	
  Thomas:	
  Revealing	
  dressed-­‐quarks	
  via	
  
the	
  proton's	
  charge	
  distribudon,	
  	
  
arXiv:1304.0855	
  [nucl-­‐th],	
  Phys.	
  Rev.	
  Le~.	
  111	
  (2013)	
  101803	
  



Visible Impacts  
of DCSB 
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I.C.	
  Cloët,	
  C.D.	
  Roberts,	
  A.W.	
  Thomas:	
  Revealing	
  dressed-­‐quarks	
  via	
  
the	
  proton's	
  charge	
  distribudon,	
  	
  
arXiv:1304.0855	
  [nucl-­‐th],	
  Phys.	
  Rev.	
  Le~.	
  111	
  (2013)	
  101803	
  



Electric Charge 
Ø  Proton:	
  if	
  one	
  accelerates	
  the	
  

rate	
  at	
  which	
  the	
  dressed-­‐quark	
  
sheds	
  its	
  cloud	
  of	
  gluons	
  to	
  
become	
  a	
  parton,	
  then	
  zero	
  in	
  
Gep	
  is	
  pushed	
  to	
  larger	
  Q2	
  

Ø  Opposite	
  for	
  neutron!	
  
Ø  Explained	
  by	
  presence	
  of	
  

diquark	
  correladons	
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J.	
  Segovia,	
  I.C.	
  Cloët,	
  C.D.	
  Roberts,	
  S.M.	
  Schmidt:	
  	
  
Nucleon	
  and	
  Δ	
  Elasic	
  and	
  Transiion	
  Form	
  Factors,	
  	
  
arXiv:1408.2919	
  [nucl-­‐th],	
  	
  Few	
  Body	
  Syst.	
  55	
  (2014)	
  1185	
  [on-­‐line]	
  

Ø  These	
  features	
  entail	
  that	
  at	
  
x≈	
  5	
  the	
  electric	
  form	
  factor	
  
of	
  the	
  neutral	
  neutron	
  will	
  
become	
  larger	
  than	
  that	
  of	
  
the	
  unit-­‐charge	
  proton!	
  

Ø  JLab12	
  will	
  probe	
  this	
  
predicdon	
  

Leads	
  to	
  Predicion	
  neutron:proton	
  
GEn(Q2)	
  >	
  GEp(Q2)	
  	
  at	
  Q2	
  >	
  4GeV2	
  

QCD	
  -­‐	
  TNT	
  -­‐	
  4	
  ...	
  Ilhabela	
  (67p/95)	
  



 
QCD	
  -­‐	
  TNT	
  -­‐	
  4	
  ...	
  Ilhabela	
  (67p/95)	
  

Craig	
  Roberts:	
  DCSB	
  and	
  Borromean	
  Bound-­‐States	
  

52	
  



Visible Impacts  
of diqarks 
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Understanding	
  the	
  nucleon	
  as	
  a	
  Borromean	
  bound-­‐state,	
  
J.	
  Segovia,	
  C.D.	
  Roberts,	
  S.M.	
  Schmidt,	
  	
  
arXiv:	
  1506.05112	
  [nucl-­‐th],	
  Phys.	
  Le�.	
  B	
  in	
  press	
  

u-­‐quark	
  orbital	
  	
  
angular	
  momentum	
  is	
  
criical	
  to	
  explain	
  data	
  



Diquark correlations 
Ø  u-­‐quark	
  =	
  solid	
  
Ø  d-­‐quark	
  =	
  dashed	
  
Ø  Plainly,	
  	
  

–  axial-­‐vector	
  diquark	
  is	
  
crucial	
  to	
  agreement	
  
with	
  data	
  

–  scalar	
  diquark	
  alone	
  
cannot	
  describe	
  data	
  

–  F1d	
  possesses	
  a	
  zero	
  
because	
  a	
  zero	
  is	
  
present	
  in	
  each	
  of	
  its	
  
separated	
  
contribudons.	
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Complete	
  0+	
  &	
  1+	
  0+	
  only	
  

1+	
  only	
  

Understanding	
  the	
  nucleon	
  as	
  a	
  Borromean	
  bound-­‐state,	
  
J.	
  Segovia,	
  C.D.	
  Roberts,	
  S.M.	
  Schmidt,	
  	
  
arXiv:	
  1506.05112	
  [nucl-­‐th],	
  Phys.	
  Le�.	
  B	
  in	
  press	
  

Locadon	
  of	
  the	
  predicted	
  zero	
  depends	
  on	
  the	
  strength	
  of	
  interference	
  
with	
  the	
  scalar	
  diquark	
  part	
  of	
  the	
  proton.	
  



Ø  Poincaré	
  covariance	
  demands	
  presence	
  of	
  dressed-­‐quark	
  orbital	
  
angular	
  momentum	
  in	
  the	
  nucleon	
  

Ø  αS	
  expressed,	
  e.g.	
  in	
  momentum-­‐dependence	
  of	
  dressed-­‐quark	
  
mass;	
  and	
  existence	
  of	
  strong,	
  electromagnedcally-­‐acdve	
  0+	
  and	
  1+	
  
qq-­‐correladons	
  in	
  nucleon	
  ⇒	
  big	
  differences	
  between	
  properdes	
  
associated	
  with	
  doubly-­‐	
  and	
  singly-­‐represented	
  valence-­‐quarks	
  

Ø  Clear	
  evidence	
  that	
  measured	
  behaviour	
  of	
  nucleon	
  form	
  factors	
  is	
  
primarily	
  determined	
  by	
  presence	
  of	
  strong	
  diquark	
  correladons	
  

Ø  Inclusion	
  of	
  a	
  “meson	
  cloud”	
  improves	
  quandtadve	
  agreement	
  with	
  
data	
  on	
  small-­‐Q2	
  domain;	
  but	
  it	
  does	
  not	
  qualitadvely	
  affect	
  other	
  
salient	
  features	
  of	
  the	
  form	
  factors	
  

Ø  Planned	
  experiments	
  are	
  capable	
  of	
  validadng	
  this	
  picture	
  of	
  
nucleon	
  and	
  placing	
  dght	
  constraints,	
  e.g.	
  on	
  rate	
  at	
  which	
  dressed-­‐
quarks	
  transform	
  into	
  partons,	
  and	
  reladve	
  probability	
  of	
  finding	
  
scalar	
  and	
  pseudovector	
  diquarks	
  within	
  the	
  nucleon.	
  

Borromean proton 
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Understanding	
  the	
  nucleon	
  as	
  a	
  Borromean	
  bound-­‐state,	
  
J.	
  Segovia,	
  C.D.	
  Roberts,	
  S.M.	
  Schmidt,	
  	
  
arXiv:	
  1506.05112	
  [nucl-­‐th],	
  Phys.	
  Le�.	
  B	
  in	
  press	
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Ø  Predicdon	
  and	
  measurement	
  of	
  ground-­‐state	
  elasdc	
  form	
  factors	
  is	
  

insufficient	
  to	
  chart	
  the	
  infrared	
  behaviour	
  of	
  the	
  strong	
  interacdon	
  
Ø  There	
  are	
  numerous	
  nucleon	
  →	
  resonance	
  transidon	
  form	
  factors.	
  	
  The	
  

challenge	
  of	
  mapping	
  their	
  Q2-­‐dependence	
  provides	
  many	
  new	
  ways	
  to	
  
probe	
  the	
  infrared	
  behaviour	
  of	
  the	
  strong	
  interacdon	
  

Ø  Completed	
  unified	
  study	
  of	
  nucleon,	
  Δ	
  &	
  N(1440)	
  ½+	
  elasdc	
  and	
  transidon	
  
form	
  factors:	
  
–  Idendcal	
  propagators	
  and	
  verdces	
  are	
  sufficient	
  to	
  describe	
  all	
  

properdes	
  
–  Establishes	
  conclusively	
  that	
  experiments	
  are	
  sensidve	
  to	
  the	
  

momentum	
  dependence	
  of	
  the	
  running	
  couplings	
  and	
  masses	
  in	
  the	
  
strong	
  interacdon	
  sector	
  of	
  the	
  Standard	
  Model	
  

–  Highlights	
  that	
  key	
  to	
  describing	
  hadron	
  properdes	
  is	
  use	
  of	
  the	
  full	
  
machinery	
  of	
  reladvisdc	
  quantum	
  field	
  theory	
  so	
  that,	
  e.g.,	
  a	
  
veracious	
  expression	
  of	
  DCSB	
  is	
  guaranteed	
  in	
  bound-­‐state	
  problem.	
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Ø  Jones-­‐Scadron	
  convendon	
  –	
  

simplest	
  direct	
  link	
  to	
  helicity	
  
conservadon	
  in	
  pQCD	
  	
  	
  

Ø  Single	
  set	
  of	
  inputs	
  …	
  	
  
–  dressed-­‐quark	
  mass	
  

funcdon	
  (same	
  as	
  that	
  
which	
  predicted	
  pion	
  
valence-­‐quark	
  PDF)	
  

–  diquark	
  amplitudes	
  ,	
  
masses,	
  propagators	
  

–  same	
  current	
  operator	
  for	
  
elasdc	
  and	
  transidon	
  form	
  
factors	
  

Ø  PredicGon	
  N→Δ	
  transiGon	
  is	
  
indisGnguishable	
  from	
  data	
  on	
  

	
  Q2>0.7	
  GeV2	
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J.	
  Segovia,	
  I.C.	
  Cloët,	
  C.D.	
  Roberts,	
  S.M.	
  Schmidt:	
  	
  
Nucleon	
  and	
  Δ	
  Elasic	
  and	
  Transiion	
  Form	
  Factors,	
  	
  
arXiv:1408.2919	
  [nucl-­‐th],	
  	
  Few	
  Body	
  Syst.	
  55	
  (2014)	
  pp.	
  1185-­‐1222	
  
[on-­‐line]	
  

Image,	
  	
  
courtesy	
  of	
  Victor	
  Mokeev	
  

π	
  cloud	
   Dressed-­‐quark	
  core	
  

contact	
  

realisGc	
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Ø  Precisely	
  same	
  framework	
  as	
  employed	
  for	
  nucleon	
  and	
  Δ;	
  viz.	
  
–  dressed-­‐quark	
  mass	
  funcdon	
  
–  diquark	
  amplitudes	
  ,	
  masses,	
  propagators	
  
–  same	
  current	
  operator	
  for	
  elasdc	
  and	
  transidon	
  form	
  factors	
  

	
  

Ø  MRoper	
  QQQ	
  =	
  1.73	
  GeV	
  …	
  amplitudes	
  typically	
  possess	
  a	
  zero	
  	
  
	
   	
  ⇒	
  lightest	
  excitadon	
  of	
  the	
  nucleon	
  is	
  radial	
  excitadon	
  
	
  N.B.	
  Argonne-­‐Osaka	
  Mcloud-­‐removed	
  =	
  1.76	
  GeV	
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Dominant	
  0+	
  amplitude	
  
∝	
  C	
  I	
  τ2	
  

Dominant	
  1+	
  amplitude	
  
∝	
  Cγ5γμ	
  τ+,0	
  

Compleing	
  the	
  picture	
  of	
  the	
  Roper	
  resonance,	
  Jorge	
  Segovia,	
  
Bruno	
  El-­‐Bennich,	
  Eduardo	
  Rojas,	
  Ian	
  C.	
  Cloët,	
  Craig	
  D.	
  Roberts,	
  	
  
Shu-­‐Sheng	
  Xu	
  and	
  Hong-­‐Shi	
  Zong,	
  arXiv:1504.04386	
  [nucl-­‐th]	
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Dominant	
  0+	
  amplitude	
  
∝	
  C	
  I	
  τ2	
  

Dominant	
  1+	
  amplitude	
  
∝	
  Cγ5γμ	
  τ+,0	
  

Meson-­‐baryon	
  final-­‐state	
  interacions	
  
reduce	
  core	
  mass	
  by	
  20%	
  

Compleing	
  the	
  picture	
  of	
  the	
  Roper	
  resonance,	
  Jorge	
  Segovia,	
  
Bruno	
  El-­‐Bennich,	
  Eduardo	
  Rojas,	
  Ian	
  C.	
  Cloët,	
  Craig	
  D.	
  Roberts,	
  	
  
Shu-­‐Sheng	
  Xu	
  and	
  Hong-­‐Shi	
  Zong,	
  arXiv:1504.04386	
  [nucl-­‐th]	
  



 
Ø  Diquark	
  content:	
   	
  Nucleon	
  	
  vs	
  	
  Roper	
  

–  “Image”-­‐nucleon	
  =	
  orthogonal	
  soludon	
  of	
  Faddeev	
  equadon	
  at	
  the	
  
Roper	
  mass,	
  with	
  eigenvalue	
  	
  λ>1	
  	
  

Ø  	
  Roper	
  &	
  Nucleon	
  have	
  same	
  diquark	
  content	
  
–  Completely	
  different	
  to	
  predicdon	
  of	
  	
  contact-­‐interacdon,	
  wherein	
  

PJ=0≃0	
  
–  With	
  richer	
  kernel,	
  orthogonality	
  of	
  ground	
  and	
  excited	
  states	
  is	
  

achieved	
  differently	
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Nucleon	
   Roper	
   Image-­‐Nucleon	
  

PJ=0x0	
   62%	
   62%	
   30%	
  

PJ=0x1&1x1	
   38%	
   38%	
   70%	
  

Compleing	
  the	
  picture	
  of	
  the	
  Roper	
  resonance,	
  Jorge	
  Segovia,	
  
Bruno	
  El-­‐Bennich,	
  Eduardo	
  Rojas,	
  Ian	
  C.	
  Cloët,	
  Craig	
  D.	
  Roberts,	
  	
  
Shu-­‐Sheng	
  Xu	
  and	
  Hong-­‐Shi	
  Zong,	
  arXiv:1504.04386	
  [nucl-­‐th]	
  



 

Ø  Rado	
  of	
  charge	
  radii	
  for	
  the	
  	
  
quark+diquark	
  core	
  of	
  the	
  
Roper	
  compared	
  with	
  that	
  of	
  
the	
  nucleon	
  =	
  1.8	
  

Ø  Harmonic	
  Oscillator	
  result	
  
(L=0):	
  rn=1/rn=0	
  =	
  1.53	
  

Ø  Significant	
  angular	
  momentum	
  
and	
  spin-­‐orbit	
  repulsion	
  	
  
introduced	
  via	
  reladvity,	
  which	
  
increases	
  size	
  of	
  core,	
  for	
  
nucleon	
  and	
  Roper	
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Compleing	
  the	
  picture	
  of	
  the	
  Roper	
  resonance,	
  Jorge	
  Segovia,	
  
Bruno	
  El-­‐Bennich,	
  Eduardo	
  Rojas,	
  Ian	
  C.	
  Cloët,	
  Craig	
  D.	
  Roberts,	
  	
  
Shu-­‐Sheng	
  Xu	
  and	
  Hong-­‐Shi	
  Zong,	
  arXiv:1504.04386	
  [nucl-­‐th]	
  

Radial	
  excitadon	
  …	
  
longer	
  tail	
  …	
  colour	
  
must	
  be	
  screened	
  …	
  
greater	
  need	
  for	
  a	
  
meson-­‐baryon	
  cloud!	
  



 Ø  Predicted	
  transidon	
  form	
  factors	
  
–  Excellent	
  agreement	
  with	
  data	
  on	
  x>2	
  (3)	
  
–  Like	
  γN	
  →	
  Δ,	
  room	
  for	
  meson	
  cloud	
  on	
  x<2	
  …	
  appears	
  likely	
  that	
  cloud	
  

•  Is	
  a	
  negadve	
  contribudon	
  that	
  depletes	
  strength	
  on	
  0<x<2	
  
•  Has	
  nothing	
  to	
  do	
  with	
  existence	
  of	
  zero;	
  but	
  is	
  influendal	
  in	
  shiring	
  the	
  
zero	
  in	
  F2*	
  from	
  x=¼	
  to	
  x=1	
  

•  Is	
  irrelevant	
  on	
  x>2	
  (3)	
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DSE	
  Contact	
  
DSE	
  Realisdc	
  	
  
Inferred	
  meson-­‐cloud	
  contribudon	
  
Andcipated	
  complete	
  result	
  

M.	
  Dugger	
  et	
  al.,	
  Phys.	
  Rev.	
  C79,	
  065206	
  (2009).	
  
I.	
  Aznauryan	
  et	
  al.,	
  Phys.	
  Rev.	
  C80,	
  055203	
  (2009).	
  
I.	
  G.	
  Aznauryan	
  et	
  al.,	
  arXiv:1108.1125	
  [nucl-­‐ex].	
  
V.	
  I.	
  Mokeev	
  et	
  al.,	
  Phys.	
  Rev.	
  C86	
  (2012)	
  035203	
  

Core	
  dominance	
   Core	
  dominance	
  

Compleing	
  the	
  picture	
  of	
  the	
  Roper	
  resonance,	
  Jorge	
  Segovia	
  et	
  al.,,	
  
arXiv:1504.04386	
  [nucl-­‐th]	
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Ø  Conformal	
  anomaly	
  ...	
  gluons	
  and	
  quarks	
  acquire	
  momentum-­‐dependent	
  
masses,	
  values	
  are	
  large	
  in	
  the	
  infrared	
  mg	
  ∝	
  500	
  MeV	
  &	
  Mq	
  ∝	
  350	
  MeV	
  	
  

	
  …	
  underlies	
  DCSB	
  and	
  has	
  numerous	
  observable	
  consequences	
  
Ø  In	
  a	
  Universe	
  with	
  light	
  quarks,	
  confinement	
  is	
  a	
  dynamical	
  phenomenon	
  …	
  

no	
  linear	
  potenials,	
  no	
  tower	
  of	
  linear,	
  nonintersecing	
  “Regge”	
  trajectories	
  
Ø  Top-­‐down	
  and	
  bo~om-­‐up	
  DSE	
  analyses	
  agree	
  on	
  RGI	
  interacdon	
  in	
  

coninuum-­‐QCD	
  ⇒	
  parameter-­‐free	
  predicion	
  of	
  hadron	
  properies	
  
Ø  Not	
  many	
  good	
  reasons	
  ler	
  which	
  jusdfy	
  using	
  rainbow-­‐ladder	
  truncadon	
  	
  

	
  …	
  pointwise	
  forms	
  of	
  interacdon	
  and	
  propagators	
  are	
  simply	
  wrong	
  
Ø  Diquarks	
  are	
  a	
  reality	
  …	
  there	
  existence	
  does	
  not	
  alter	
  the	
  number	
  of	
  

baryon	
  states	
  in	
  any	
  obvious	
  way	
  
Ø  DSE	
  quark	
  core	
  has	
  same	
  level	
  ordering	
  as	
  experiment	
  and	
  ongoing	
  work	
  

with	
  ANL-­‐Osaka	
  collaboradon	
  suggests	
  	
  
	
  meson	
  cloud	
  does	
  not	
  alter	
  level	
  ordering	
  in	
  baryon	
  spectrum	
  

Ø  Nucleon	
  →	
  Nucleon	
  …	
  Nucleon	
  →	
  Δ	
  ...	
  Nucleon	
  →	
  Roper	
  …	
  understood	
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Regge Trajectories? 
Ø  Mardnus	
  Veltmann,	
  “Facts	
  and	
  Mysteries	
  in	
  Elementary	
  Pardcle	
  Physics”	
  (World	
  Sciendfic,	
  

Singapore,	
  2003):	
  	
  
	
  In	
  ime	
  the	
  Regge	
  trajectories	
  thus	
  became	
  the	
  cradle	
  of	
  string	
  theory.	
  	
  Nowadays	
  the	
  
Regge	
  trajectories	
  have	
  largely	
  disappeared,	
  not	
  in	
  the	
  least	
  because	
  these	
  higher	
  spin	
  
bound	
  states	
  are	
  hard	
  to	
  find	
  experimentally.	
  	
  At	
  the	
  peak	
  of	
  the	
  Regge	
  fashion	
  (around	
  
1970)	
  theoreical	
  physics	
  produced	
  many	
  papers	
  containing	
  families	
  of	
  Regge	
  trajectories,	
  
with	
  the	
  various	
  (hypotheically	
  straight)	
  lines	
  based	
  on	
  one	
  or	
  two	
  points	
  only!	
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Phys.Rev.	
  D	
  62	
  (2000)	
  016006	
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  pages]	
  

1993:	
  "for	
  elucidaing	
  the	
  quantum	
  structure	
  
of	
  electroweak	
  interacions	
  in	
  physics"	
  

Systemadcs	
  of	
  radial	
  and	
  angular-­‐momentum	
  Regge	
  trajectories	
  of	
  light	
  non-­‐strange	
  qqbar-­‐
states“	
  P.	
  Masjuan,	
  E.	
  Ruiz	
  Arriola,	
  W.	
  Broniowski.	
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  [hep-­‐ph]	
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We show that all current meson 

Regge trajectory models are ruled 

out by data 



Regge Trajectories? 

Ø  Regge	
  trajectories	
  are	
  a	
  property	
  of	
  quantum	
  mechanical	
  models	
  
Ø  The	
  curvature	
  of	
  the	
  trajectories	
  depends	
  on	
  the	
  

a)  potendal	
  used	
  	
  
b)  form	
  of	
  dynamics,	
  e.g.	
  

•  Schrödinger	
  equadon:	
  r2/3	
  ⇒	
  	
  M2	
  ∝	
  J,n	
  	
  for	
  large	
  M	
  
•  Instant-­‐form	
  with	
  reladvisdc	
  kinedc	
  energy:	
  	
  
	
   	
  linear	
  potendal	
  	
  ⇒	
  	
  M2	
  ∝	
  J,n	
  

•  Point-­‐form:	
  harmonic-­‐oscillator	
  potendal	
  	
  ⇒	
  	
  M2	
  ∝	
  J,n	
  
Ø  All	
  models	
  predict	
  infinitely	
  many	
  trajectories.	
  
Ø  No	
  known	
  mechanism	
  for	
  this	
  pa~ern	
  of	
  masses	
  in	
  reladvisdc	
  

quantum	
  field	
  theory	
  …	
  pardcle	
  number	
  nonconservadon	
  makes	
  
potendal-­‐model	
  picture	
  unrealisdc	
  

Ø  Having	
  one	
  isolated	
  Regge	
  trajectory	
  or	
  a	
  few	
  approximately-­‐linear	
  
Regge	
  trajectories	
  ≡	
  half-­‐pregnant	
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Empirically:  
Regge Trajectories 

Ø  Regge	
  trajectories	
  are	
  a	
  property	
  of	
  quantum	
  mechanical	
  models	
  
Ø  The	
  curvature	
  of	
  the	
  trajectories	
  depends	
  on	
  	
  

a)  the	
  potendal	
  used	
  	
  
b)  and	
  the	
  form	
  of	
  dynamics,	
  e.g.	
  

•  Instant-­‐form	
  with	
  reladvisdc	
  kinedc	
  energy:	
  	
  
	
   	
  linear	
  potendal	
  	
  ⇒	
  	
  M2	
  ∝	
  J	
  

•  Point-­‐form:	
  harmonic-­‐oscillator	
  potendal	
  	
  ⇒	
  	
  M2	
  ∝	
  J	
  
Ø  All	
  models	
  predict	
  infinitely	
  many	
  trajectories.	
  
Ø  No	
  known	
  mechanism	
  for	
  this	
  pa~ern	
  of	
  masses	
  in	
  reladvisdc	
  

quantum	
  field	
  theory	
  
Ø  Having	
  one	
  isolated	
  Regge	
  trajectory	
  or	
  a	
  small	
  collecdon	
  of	
  

approximately-­‐linear	
  Regge	
  trajectories	
  ≡	
  half-­‐pregnant	
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If	
  all	
  points	
  take	
  the	
  same	
  value,	
  
then	
  M2	
  ∝	
  J,n	
  …	
  Method	
  1	
  

If	
  all	
  points	
  take	
  the	
  same	
  value,	
  
then	
  M2	
  ∝	
  J,n	
  …	
  Method	
  2	
  

“Systemadcs	
  of	
  radial	
  and	
  angular-­‐momentum	
  Regge	
  
trajectories	
  of	
  light	
  non-­‐strange	
  qqbar-­‐states,”	
  Masjuan,	
  	
  
Ruiz	
  Arriola,	
  Broniowski.	
  arXiv:1305.3493	
  [hep-­‐ph]	
  	
  



Empirically: Regge Trajectories 

Ø  Regge	
  trajectories	
  are	
  a	
  property	
  of	
  quantum	
  mechanical	
  models	
  
Ø  The	
  curvature	
  of	
  the	
  trajectories	
  depends	
  on	
  	
  

a)  the	
  potendal	
  used	
  	
  
b)  and	
  the	
  form	
  of	
  dynamics,	
  e.g.	
  

•  Instant-­‐form	
  with	
  reladvisdc	
  kinedc	
  energy:	
  	
  
	
   	
  linear	
  potendal	
  	
  ⇒	
  	
  M2	
  ∝	
  J	
  

•  Point-­‐form:	
  harmonic-­‐oscillator	
  potendal	
  	
  ⇒	
  	
  M2	
  ∝	
  J	
  
Ø  All	
  models	
  predict	
  infinitely	
  many	
  trajectories.	
  
Ø  No	
  known	
  mechanism	
  for	
  this	
  pa~ern	
  of	
  masses	
  in	
  reladvisdc	
  

quantum	
  field	
  theory	
  
Ø  Having	
  one	
  isolated	
  Regge	
  trajectory	
  or	
  a	
  small	
  collecdon	
  of	
  

approximately-­‐linear	
  Regge	
  trajectories	
  ≡	
  half-­‐pregnant	
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If	
  all	
  points	
  take	
  the	
  same	
  value,	
  
then	
  M2	
  ∝	
  J,n	
  …	
  Method	
  1	
  

If	
  all	
  points	
  take	
  the	
  same	
  value,	
  
then	
  M2	
  ∝	
  J,n	
  …	
  Method	
  2	
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Universal  
Conventions 

	
  

Ø  Wikipedia:	
  	
  (h~p://en.wikipedia.org/wiki/QCD_vacuum)	
  
	
  “The	
  QCD	
  vacuum	
  is	
  the	
  vacuum	
  state	
  of	
  quantum	
  
chromodynamics	
  (QCD).	
  It	
  is	
  an	
  example	
  of	
  a	
  non-­‐
perturbaive	
  vacuum	
  state,	
  characterized	
  by	
  many	
  non-­‐
vanishing	
  condensates	
  such	
  as	
  the	
  gluon	
  condensate	
  or	
  the	
  
quark	
  condensate.	
  These	
  condensates	
  characterize	
  the	
  
normal	
  phase	
  or	
  the	
  confined	
  phase	
  of	
  quark	
  ma�er.”	
  

	
  

QCD	
  -­‐	
  TNT	
  -­‐	
  4	
  ...	
  Ilhabela	
  (67p/95)	
  

Craig	
  Roberts:	
  DCSB	
  and	
  Borromean	
  Bound-­‐States	
  

75	
  



“Orthodox Vacuum” 

Ø  Vacuum	
  =	
  “frothing	
  sea”	
  	
  
Ø  Hadrons	
  =	
  bubbles	
  in	
  that	
  “sea”,	
  	
  
	
  containing	
  nothing	
  but	
  quarks	
  &	
  gluons	
  
	
  interacdng	
  perturbadvely,	
  unless	
  they’re	
  	
  
	
  near	
  the	
  bubble’s	
  boundary,	
  whereat	
  they	
  feel	
  they’re	
  
trapped!	
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However, just like gluons and quarks, and 
for the same reasons: 
Condensates are confined within hadrons.  
There are no vacuum condensates. 
  

Historically,	
  DCSB	
  has	
  
come	
  to	
  be	
  associated	
  
with	
  the	
  presumed	
  
existence	
  of	
  spaceime-­‐
independent	
  condensates	
  
that	
  permeate	
  the	
  
Universe.	
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GMOR Relation 

Ø  Valuable	
  to	
  highlight	
  the	
  precise	
  form	
  of	
  the	
  Gell-­‐Mann–
Oakes–Renner	
  (GMOR)	
  reladon:	
  Eq.	
  (3.4)	
  in	
  
Phys.Rev.	
  175	
  (1968)	
  2195	
  

	
  	
  
	
  	
  
o mπ	
  is	
  the	
  pion’s	
  mass	
  	
  
o  Hχsb	
  is	
  that	
  part	
  of	
  the	
  hadronic	
  Hamiltonian	
  density	
  which	
  
explicitly	
  breaks	
  chiral	
  symmetry.	
  

Ø  The	
  operator	
  expectadon	
  value	
  in	
  this	
  equadon	
  is	
  evaluated	
  
between	
  pion	
  states.	
  

Ø Un-­‐approximated	
  form	
  of	
  the	
  GMOR	
  reladon	
  doesn’t	
  make	
  
any	
  reference	
  to	
  a	
  vacuum	
  condensate	
  
	
   QCD	
  -­‐	
  TNT	
  -­‐	
  4	
  ...	
  Ilhabela	
  (67p/95)	
  

Craig	
  Roberts:	
  DCSB	
  and	
  Borromean	
  Bound-­‐States	
  

82	
  

Expanding	
  the	
  concept	
  of	
  in-­‐hadron	
  condensates	
  
Lei	
  Chang,	
  Craig	
  D.	
  Roberts	
  and	
  Peter	
  C.	
  Tandy	
  
arXiv:1109.2903	
  [nucl-­‐th],	
  Phys.	
  Rev.	
  C85	
  (2012)	
  012201(R)	
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Gell-Mann Oakes Renner Relation 

Ø  Demonstrated	
  algebraically	
  that	
  	
  the	
  so-­‐called	
  Gell-­‐Mann	
  –	
  
Oakes	
  –	
  Renner	
  reladon	
  is	
  the	
  following	
  statement	
  	
  

	
  Namely,	
  the	
  mass	
  of	
  the	
  pion	
  is	
  completely	
  determined	
  by	
  the	
  
pion’s	
  scalar	
  form	
  factor	
  at	
  zero	
  momentum	
  transfer	
  Q2	
  =	
  0.	
  	
  
	
  viz.,	
  by	
  the	
  pion’s	
  scalar	
  charge	
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Hadron  
Charges 

Ø Matrix	
  elements	
  associated	
  with	
  hadron	
  form	
  factors	
  
Ø Scalar	
  charge	
  of	
  a	
  hadron	
  is	
  an	
  intrinsic	
  property	
  of	
  
that	
  hadron	
  …	
  no	
  more	
  a	
  property	
  of	
  the	
  vacuum	
  
than	
  the	
  hadron’s	
  electric	
  charge,	
  axial	
  charge,	
  
tensor	
  charge,	
  etc.	
  …	
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“Orthodox Vacuum” 

Ø  Vacuum	
  =	
  “frothing	
  sea”	
  	
  
Ø  Hadrons	
  =	
  bubbles	
  in	
  that	
  “sea”,	
  	
  
	
  containing	
  nothing	
  but	
  quarks	
  &	
  gluons	
  
	
  interacdng	
  perturbadvely,	
  unless	
  they’re	
  	
  
	
  near	
  the	
  bubble’s	
  boundary,	
  whereat	
  they	
  feel	
  they’re	
  
trapped!	
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 Ø  Vacuum	
  =	
  perturbadve	
  hadronic	
  fluctuadons	
  
	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  but	
  no	
  nonperturbadve	
  condensates	
  	
  

Ø  Hadrons	
  =	
  complex,	
  interacdng	
  systems	
  
	
  within	
  which	
  perturbadve	
  behaviour	
  is	
  	
  
	
  restricted	
  to	
  just	
  2%	
  of	
  the	
  interior	
  

QCD	
  -­‐	
  TNT	
  -­‐	
  4	
  ...	
  Ilhabela	
  (67p/95)	
  

Craig	
  Roberts:	
  DCSB	
  and	
  Borromean	
  Bound-­‐States	
  

88	
  

u
	
  
	
  

u
	
  
	
  

u
	
  
	
  

d
	
  
	
   u

	
  
	
  

u
	
  
	
  

d
	
  
	
  

d
	
  
	
  

u
	
  
	
  



 
 

	
  
	
  “EMPTY	
  space	
  may	
  really	
  be	
  empty.	
  Though	
  quantum	
  theory	
  suggests	
  that	
  a	
  
vacuum	
  should	
  be	
  fizzing	
  with	
  paricle	
  acivity,	
  it	
  turns	
  out	
  that	
  this	
  paradoxical	
  
picture	
  of	
  nothingness	
  may	
  not	
  be	
  needed.	
  A	
  calmer	
  view	
  of	
  the	
  vacuum	
  would	
  
also	
  help	
  resolve	
  a	
  nagging	
  inconsistency	
  with	
  dark	
  energy,	
  the	
  elusive	
  force	
  
thought	
  to	
  be	
  speeding	
  up	
  the	
  expansion	
  of	
  the	
  universe.”	
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“Void	
  that	
  is	
  truly	
  empty	
  	
  
solves	
  dark	
  energy	
  puzzle”	
  
Rachel	
  Courtland,	
  New	
  Sciendst	
  4th	
  Sept.	
  2010	
  

Cosmological	
  Constant:	
  	
  
ü Pu_ng	
  QCD	
  condensates	
  back	
  into	
  hadrons	
  reduces	
  the	
  	
  	
  	
  	
  
	
  	
  	
  	
  mismatch	
  between	
  experiment	
  and	
  theory	
  by	
  a	
  factor	
  of	
  1046	
  
ü Possibly	
  by	
  far	
  more,	
  if	
  technicolour-­‐like	
  theories	
  are	
  the	
  correct	
  	
  
	
  	
  	
  	
  paradigm	
  for	
  extending	
  the	
  Standard	
  Model	
  
	
  

experiment*10
3

8 46
2
0

4

≅
Λ

=Ω − H
G QCD
NscondensateQCD π

Paradigm shift: 
In-Hadron Condensates 

“The	
  biggest	
  
embarrassment	
  in	
  

theoreical	
  physics.”	
  



Ø  Numerical	
  simuladons	
  of	
  la�ce-­‐regularised	
  
QCD	
  (lQCD)	
  that	
  use	
  stadc	
  (infinitely	
  heavy)	
  
sources	
  to	
  represent	
  the	
  proton's	
  valence-­‐
quarks	
  produce	
  a	
  ``Y-­‐juncdon''	
  flux-­‐tube	
  picture	
  
of	
  nucleon	
  structure	
  	
  

Ø  This	
  might	
  be	
  viewed	
  as	
  originadng	
  in	
  the	
  
three-­‐gluon	
  vertex	
  which	
  signals	
  the	
  non-­‐
Abelian	
  character	
  of	
  QCD	
  and	
  is	
  the	
  source	
  of	
  
asymptodc	
  freedom	
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Ø  Such	
  nodons	
  would	
  suggest	
  an	
  existendal	
  role	
  for	
  the	
  dressed	
  three-­‐
gluon	
  vertex	
  in	
  nucleon	
  structure	
  if	
  they	
  were	
  equally	
  valid	
  in	
  real-­‐
world	
  QCD	
  wherein	
  light	
  dynamical	
  quarks	
  are	
  ubiquitous.	
  	
  	
  

Ø  However,	
  as	
  we	
  have	
  seen,	
  they	
  are	
  not;	
  and	
  so	
  a	
  different	
  
explanaion	
  of	
  binding	
  within	
  the	
  nucleon	
  must	
  be	
  found	
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Bethe-Salpeter  
amplitudes 

Ø  Bethe-­‐Salpeter	
  amplitudes	
  are	
  couplings	
  in	
  Faddeev	
  Equadon	
  

	
  
Ø Magnitudes	
  for	
  diquarks	
  follow	
  precisely	
  the	
  meson	
  pa~ern	
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arXiv:1204.2553	
  [nucl-­‐th],	
  	
  Spectrum	
  of	
  hadrons	
  with	
  
strangeness,	
  Chen	
  Chen,	
  L.	
  Chang,	
  C.D.	
  Roberts,	
  
Shaolong	
  Wan	
  and	
  D.J.	
  Wilson	
  

Owing	
  to	
  DCSB,	
  FE	
  couplings	
  in	
  ½-­‐	
  channels	
  
are	
  25-­‐Gmes	
  weaker	
  than	
  in	
  ½+	
  !	
  



Spectrum of Hadrons 
with Strangeness 

Ø  Solved	
  all	
  Faddeev	
  equadons,	
  obtained	
  masses	
  and	
  eigenvectors	
  of	
  
the	
  octet	
  and	
  decuplet	
  baryons.	
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  Roberts,	
  
Shaolong	
  Wan	
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  Wilson	
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(1/2)+	
  

(1/2)-­‐	
  



Spectrum of Hadrons 
with Strangeness 

Ø  Solved	
  all	
  Faddeev	
  equadons,	
  obtained	
  masses	
  and	
  eigenvectors	
  of	
  
the	
  octet	
  and	
  decuplet	
  baryons.	
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  Spectrum	
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  Chen	
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  Wilson	
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Ø  This	
  level	
  ordering	
  has	
  long	
  been	
  a	
  
problem	
  in	
  CQMs	
  with	
  linear	
  or	
  HO	
  
confinement	
  potendals	
  

Ø  Correct	
  ordering	
  owes	
  to	
  DCSB	
  
Ø  Posiive	
  parity	
  diquarks	
  have	
  

Faddeev	
  equaion	
  couplings	
  25-­‐
imes	
  greater	
  than	
  negaive	
  parity	
  
diquarks	
  

Ø  Explains	
  why	
  approaches	
  within	
  
which	
  DCSB	
  cannot	
  be	
  realised	
  
(CQMs)	
  or	
  simuladons	
  whose	
  
parameters	
  suppress	
  DCSB	
  will	
  both	
  
have	
  difficulty	
  reproducing	
  
experimental	
  ordering	
  



 Ø  Argonne	
  Osaka	
  DCC	
  model:	
  
Preliminary	
  a~empt	
  to	
  idendfy	
  
quark-­‐core	
  mass	
  by	
  isoladng	
  and	
  
removing	
  meson-­‐cloud	
  contribudon	
  

Ø  Semi-­‐quandtadve	
  agreement:	
  
Cloud-­‐subtracted	
  masses	
  	
  
	
  ≈	
  DSE	
  dressed-­‐quark	
  core	
  masses	
  

Ø  Level	
  ordering	
  is	
  pardcularly	
  
interesdng:	
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