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The	
  CLAS	
  Detector	
  
Torus magnet 
6 superconducting coils 

Gas Cherenkov counters 
e/π separation, 256 PMTs 

Time-of-flight counters 
plastic scintillators, 684 photomultipliers 

Drift chambers 
argon/CO2 gas, 35,000 cells 

                target  + 
                start counter 

Electromagnetic calorimeters 
Lead/scintillator, 1296 photomultipliers 



Associated	
  Groups	
  

•  Jlab	
  Physics	
  Analysis	
  Center	
  
– Provide	
  theore?cal	
  support,	
  codes	
  and	
  guidance	
  
to	
  experimental	
  collabora?ons	
  interested	
  in	
  
hadron	
  spectroscopy	
  throughout	
  the	
  world,	
  
especially	
  at	
  JLab:	
  Hall	
  B	
  (CLAS	
  &	
  CLAS12)	
  and	
  D	
  
(GlueX)	
  	
  

•  Light	
  Meson	
  Decay	
  Group,	
  PWA	
  Working	
  
Group,	
  Hadron	
  Spectroscopy	
  Center	
  	
  
– To	
  coordinate	
  collabora?on	
  and	
  exchanges	
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JPAC:	
  mo?va?on	
  

•  A	
  complete	
  understanding	
  of	
  the	
  hadron	
  
spectrum	
  and	
  discovering	
  new	
  resonances	
  

•  For:	
  GlueX,	
  CLAS12,	
  COMPASS,	
  LHCb,	
  BES-­‐
III,VEPP,	
  PANDA,	
  ...	
  	
  

5	
  



JPAC	
  at	
  work	
  	
  
•  Close	
  collabora?on	
  with	
  experimentalists	
  	
  
•  Experimentalist	
  provide	
  events	
  (four-­‐vectors	
  in	
  the	
  detector)	
  

and	
  MC	
  acceptance.	
  Both	
  will	
  be	
  publicly	
  available	
  (as	
  DOE	
  
requires)	
  	
  

•  Theorists	
  provide	
  amplitudes	
  (theorist	
  outside	
  JPAC	
  are	
  
welcomed).	
  Codes	
  available	
  to	
  the	
  community	
  	
  

•  We	
  (theorists	
  and	
  experimentalists)	
  fit	
  theory	
  corrected	
  by	
  
acceptance	
  to	
  the	
  actual	
  data	
  through	
  a	
  likelihood	
  func?on	
  
(four-­‐vectors	
  and	
  par?cle	
  iden?fica?on	
  is	
  the	
  input)	
  	
  

•  ⇒	
  Physics	
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Outline	
  

•  Recent	
  results	
  
– Cross-­‐sec?on	
  

•  γD	
  à	
  pπ-­‐(p)	
  
•  γD	
  à	
  K+Σ*(1385)-­‐(p)	
  
•  γD	
  à	
  K*(892)0Λ(p)	
  
•  γp➝pω➝pπ+π-­‐π0	
  	
  

– Amplitude	
  Analysis	
  	
  
•  ω➝π+π-­‐π0	
  	
  
•  η➝π+π-­‐π0	
  
•  γp→pK+K-­‐	
  

– Dark	
  Photon	
  Search	
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Paul	
  Malone,	
  Carnegie	
  Mellon	
  University	
  
for	
  the	
  CLAS	
  Collabora?on	
  

supported	
  by	
  the	
  DOE	
  Office	
  of	
  Science	
  

Quasi-­‐free	
  Cross	
  Sec?on	
  
Measurements	
  at	
  CLAS:	
  

	
  

γD	
  à	
  pπ-­‐(p)	
  
	
  

γD	
  à	
  K+Σ*(1385)-­‐(p)	
  
	
  

γD	
  à	
  K*(892)0Λ(p)	
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N*	
  Resonance	
  Spectrum	
  (2012)	
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[1,	
  2,	
  3]	
  

×  Predicted	
  N*	
  spectrum	
  
(Caps?ck,	
  Isgur)	
  [1]	
  

×  Quark	
  model	
  

×  PDG	
  [3]	
  changes	
  since	
  2010:	
  
×  4	
  new	
  PDG	
  resonances	
  

(ver?cal	
  bars)	
  
×  2	
  states	
  upgraded	
  to	
  ***:	
  

N(1900)[3/2]+,	
  N(1875)[3/2]-­‐	
  

×  Most	
  searches:	
  
×  Proton	
  targets,	
  non-­‐strange	
  

channels	
  (e.g.	
  πN)	
  
Legend	
  
Black:	
  “Established”	
  (4*,	
  3*)	
  [3]	
  
Blue:	
  Inconclusive	
  (2*,	
  1*)	
  	
  [3]	
  
Red:	
  Unobserved	
  [3]	
  



Searching	
  for	
  N*	
  Resonances	
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Legend	
  
Black:	
  “Established”	
  (4*,	
  3*)	
  [3]	
  
Blue:	
  Inconclusive	
  (2*,	
  1*)	
  [3]	
  
Red:	
  Unobserved	
  [3]	
  

Orange:	
  γN	
  à	
  K*(892)	
  Λ	
  
Violet:	
  γN	
  à	
  KΣ*(1385)	
  [5]	
  

×  “Missing”	
  N*	
  resonances	
  [1]	
  
×  Wide,	
  overlapping	
  
×  Correlated	
  quark-­‐pair?	
  [4]	
  

×  N*	
  decays:	
  KY,	
  K*Y,	
  KY*	
  
×  Couplings	
  sizable	
  vs.	
  Nπ	
  [3]	
  

×  Sparse	
  γn	
  data	
  vs.	
  γp	
  
×  Amplitudes	
  (isospin)	
  

×  No	
  known	
  γn	
  à	
  K*(892)0Λ	
  cross	
  
sec?on	
  measurements	
  

×  LEPS	
  γn	
  à	
  K+Σ*(1385)-­‐	
  data	
  limited	
  
to	
  low-­‐θ	
  [6]	
  

[1,	
  2,	
  3]	
  



•  CLAS	
  g13:	
  Preliminary,	
  high	
  sta?s?cs:	
  ~300	
  million	
  events	
  in	
  ~9000	
  bins:	
  
–  10-­‐	
  &	
  20-­‐MeV-­‐wide	
  bins	
  from	
  0.56	
  <	
  Eγ	
  (GeV)	
  <	
  2.52	
  	
  
–  Significant	
  increase	
  in	
  sta?s?cs:	
  CLAS	
  g10	
  [11]	
  had	
  ~3000	
  bins	
  

•  Compared	
  to	
  CLAS	
  g10	
  [11],	
  SAID	
  CM12	
  [12],	
  BnGa12-­‐1	
  [13]	
  
–  Sta?s?cal	
  uncertain?es	
  only	
  (g10	
  pre-­‐FSI	
  correc?on)	
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γD	
  à	
  pπ-­‐(p)	
  Cross	
  Sec?on	
  

Legend	
  
Black:	
  CLAS	
  g13	
  
Red:	
  CLAS	
  g10	
  [11]	
  
Blue:	
  SAID	
  CM12	
  [12]	
  
Green:	
  BnGa12-­‐1	
  [13]	
  



γD	
  à	
  pπ-­‐(p)	
  Cross	
  Sec?on	
  
–  Overall	
  good	
  matching	
  between	
  g10	
  &	
  g13,	
  need	
  more	
  acceptance	
  studies	
  

–  Data	
  will	
  improve:	
  	
  
–  Understanding	
  of	
  N*	
  couplings	
  to	
  neutron	
  in	
  πN	
  
–  Understanding	
  of	
  resca{ering:	
  working	
  with	
  Igor	
  Strakovsky	
  (GWU)	
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Legend	
  
Black:	
  CLAS	
  g13	
  
Red:	
  CLAS	
  g10	
  [11]	
  
Blue:	
  SAID	
  CM12	
  [12]	
  
Green:	
  BnGa12-­‐1	
  [13]	
  



γD	
  à	
  K+Σ*(1385)-­‐(p)	
  Cross	
  Sec?on	
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•  Data:	
  LEPS	
  [6],	
  Preliminary	
  CLAS	
  g13,	
  Oh	
  et.	
  al	
  model	
  [14]:	
  
–  CLAS	
  g13:	
  ~100000	
  events,	
  no	
  systema?c	
  errors,	
  ~	
  -­‐0.5	
  <	
  cos(θ)	
  <	
  0.75	
  
–  Oh,	
  et.	
  al	
  model:	
  Effec?ve	
  Lagrangians	
  

•  Dominated	
  by	
  t-­‐channel	
  K+	
  and	
  K*+,	
  some	
  N*’s	
  and	
  Δ*’s	
  included	
  	
  

Legend	
  
Black:	
  CLAS	
  g13	
  (preliminary)	
  
Red:	
  LEPS	
  [6]	
  
Blue:	
  Oh,	
  et.	
  al	
  Model	
  [14]	
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γD	
  à	
  K+Σ*(1385)-­‐(p)	
  Cross	
  Sec?on	
  
×  t-­‐channel	
  dominated	
  

×  g13	
  &	
  LEPS	
  close,	
  model	
  significantly	
  lower	
  
×  Disagreement	
  with	
  predic?on:	
  perhaps	
  t-­‐channel	
  modeling	
  

Legend	
  
Black:	
  CLAS	
  g13	
  (preliminary)	
  
Red:	
  LEPS	
  [6]	
  
Blue:	
  Oh,	
  et.	
  al	
  Model	
  [14]	
  



γD	
  à	
  K*(892)0Λ(p)	
  Cross	
  Sec?on	
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×  Data:	
  Preliminary	
  CLAS	
  g13	
  (~17000	
  events,	
  no	
  systema?c	
  errors)	
  

×  S.-­‐H.	
  Kim,	
  et.	
  al	
  model	
  [15]:	
  Effec?ve	
  Lagrangians	
  
×  K0	
  t-­‐channel	
  exchange	
  dominates,	
  N[3/2-­‐](2080)	
  is	
  dominant	
  N*	
  

Legend	
  
Black:	
  CLAS	
  g13	
  
Red:	
  Kim	
  et.	
  al	
  w.	
  N*’s	
  [15]	
  
Blue:	
  Kim	
  et.	
  al	
  w/o	
  N*’s	
  [15]	
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•  t-­‐channel	
  dominated	
  
–  Disagreement	
  with	
  predic?on:	
  perhaps	
  t-­‐channel	
  modeling	
  

–  Possible	
  small	
  K*(892)0Σ0	
  background	
  leakage,	
  need	
  to	
  inves?gate	
  

γD	
  à	
  K*(892)0Λ(p)	
  Cross	
  Sec?on	
  

Legend	
  
Black:	
  CLAS	
  g13	
  
Red:	
  Kim	
  et.	
  al	
  w.	
  N*’s	
  [15]	
  
Blue:	
  Kim	
  et.	
  al	
  w/o	
  N*’s	
  [15]	
  
	
  



γD	
  à	
  K*(892)0Λ(p)	
  vs.	
  γp	
  à	
  K+Λ	
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•  ~Comparison	
  vs.	
  ground	
  state	
  [16]	
  (γD	
  à	
  K0Λ(p)	
  being	
  analyzed):	
  	
  
–  Similar	
  at	
  Mid-­‐θ	
  

–  Resca{ering	
  through	
  πN:	
  ~20%	
  effect	
  on	
  KΛ	
  [17]	
  
–  K*Λ	
  sizable	
  vs.	
  KΛ:	
  N*	
  coupled-­‐channels	
  analyses	
  

Legend	
  
Black:	
  g13	
  γD	
  à	
  K*(892)0Λ(p)	
  
Red:	
  CLAS	
  g11	
  γp	
  à	
  K+Λ	
  [16]	
  



γD	
  à	
  K+Σ*(1385)-­‐(p)	
  vs.	
  γD	
  à	
  K+Σ-­‐(p)	
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•  Scale	
  comparison	
  vs.	
  ground	
  state	
  
–  Similar	
  scale	
  in	
  most	
  regions	
  
–  KΣ*(1385):	
  N*	
  coupled-­‐channels	
  analyses	
  

Legend	
  
Black:	
  g13	
  γD	
  à	
  K+Σ*(1385)-­‐(p)	
  
Red:	
  LEPS	
  γn	
  à	
  K+Σ*(1385)-­‐	
  [6]	
  
Blue:	
  CLAS	
  g10	
  γn	
  à	
  K+Σ-­‐	
  [18]	
  



Summary	
  &	
  Conclusions	
  
•  N*	
  spectrum:	
  Strong	
  force	
  and	
  hadronic	
  structure	
  

–  Role	
  of	
  quark	
  correla?ons:	
  limit	
  N*	
  spectrum	
  
–  Search	
  in	
  KY,	
  K*Y,	
  and	
  KY*	
  channels	
  

•  Preliminary	
  quasi-­‐free	
  cross	
  sec?ons:	
  
–  γD	
  à	
  pπ-­‐(p),	
  γD	
  à	
  K*(892)0Λ(p),	
  &	
  γD	
  à	
  K+Σ*(1385)-­‐(p)	
  	
  
–  N*	
  couplings,	
  greater	
  understanding	
  of	
  interac?ons	
  
–  High-­‐sta?s?cs	
  γD	
  à	
  pπ-­‐(p)	
  data:	
  study	
  resca{ering	
  
–  K*Y	
  &	
  KY*	
  sizable	
  vs.	
  KY:	
  include	
  in	
  coupled-­‐channels	
  analyses	
  

•  These	
  results	
  will	
  be	
  published	
  a�er	
  systema?c	
  studies	
  are	
  
performed,	
  and	
  will	
  contribute	
  to	
  the	
  search	
  for	
  the	
  N*	
  
resonances.	
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23

SAPHIR(2003) {
 Adair→HEL 

 Adair→GJ  

SAPHIR
[1.716-1.848 GeV]

g11a[1.720 GeV]

g11a[1.845 GeV]

↓

↑
13 bins

SAPHIR
[1.848-1.994 GeV]

g11a[1.855 GeV]

g11a[1.985 GeV]

↓

↑
14 bins

SAPHIR
[1.994-2.196 GeV]

g11a[1.995 GeV]

g11a[2.195 GeV]

↓

↑
21 bins

SAPHIR
[2.196-2.340 GeV]

g11a[2.195 GeV]

g11a[2.395 GeV]

↓

↑
20 bins
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FIG. 18: (Color Online) ⇥0
MM� in the Adair frame versus cos ��

c.m.: Comparison of the present CLAS results (blue circles)
with previously published SAPHIR [5] results (open red squares and triangles). SAPHIR extracted results independently in
the Gottfried-Jackson and Helicity frames — both presented here rotated to the Adair frame.

N*	
  states	
  in	
  γp➝pω➝pπ+π-­‐π0	
  ?	
  

M.	
  Williams,	
  et	
  al.	
  (CLAS),	
  	
  Phys.	
  Rev.	
  C80:065209,	
  2009	
  	
  

W=1.7	
  –	
  2.4	
  GeV,	
  ΔW=10	
  MeV	
  bins	
  

• 	
  Very	
  precise	
  cross	
  sec?ons	
  in	
  W,	
  
cosθω.	
  From	
  ω	
  decays	
  =>	
  SDME	
  
ρ000,	
  ρ01-­‐1,	
  ρ010,	
  shown	
  in	
  blue	
  -­‐	
  blue	
  
shades.	
  

(ω	
  data	
  not	
  yet	
  included	
  in	
  
coupled-­‐channel	
  amplitude	
  
analyses,	
  in	
  prepara?on	
  by	
  several	
  
groups.)	
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W (MeV)

2000 2200 2400

 (
ra

d
ia

n
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φ 
∆

-2

-1

0
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(1680)/G
15

F(2190)
17

(1950)/G
15

F

(2190)
17

(1680+2000)]/G
15

2 Pole K-Matrix[F

§ 	
  The	
  data	
  are	
  used	
  as	
  input	
  
to	
  a	
  single	
  channel	
  event-­‐
based,	
  energy	
  independent	
  
par?al	
  wave	
  analysis	
  (the	
  first	
  
ever	
  for	
  baryons).	
  	
  

§ 	
  ω	
  photoproduc?on	
  is	
  
dominated	
  by	
  the	
  well	
  known	
  	
  
F15(1680)	
  and	
  G17(2190),	
  and	
  
the	
  “missing”	
  **	
  F15(2000).	
  

N*	
  states	
  in	
  γp➝pω➝pπ+π-­‐π0	
  

M.	
  Williams,	
  et	
  al.	
  (CLAS)	
  ,	
  
Phys.Rev.	
  C80	
  (2009)	
  065208	
  

F15(2000)/G17(2190)	
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N*	
  states	
  in	
  γp➝pω➝pπ+π-­‐π0	
  
	
  

•  Using	
  JPAC	
  amplitudes	
  to	
  fit	
  ω➝π+π-­‐π0	
  
– Theory:	
  I.	
  Danilkin	
  @JLab,	
  P.	
  Guo	
  @IU	
  
– Experimental	
  support:	
  A.	
  Celentano	
  @INFN,	
  B.	
  
Vernarsky	
  @CMU	
  

•  Ongoing	
  collabora?on	
  between	
  JPAC	
  and	
  
CLAS	
  
–  Ini?al	
  test	
  channels	
  for	
  2	
  &	
  3	
  body	
  interac?on	
  
amplitudes	
  

•  η	
  to	
  3π,	
  ω	
  to	
  3π,	
  pK+K-­‐	
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2	
  Body	
  Amplitudes	
  

•  Isobar	
  Approxima?on	
  
•  -­‐>	
  violates	
  unitarity	
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3	
  Body	
  Amplitudes	
  

•  Including	
  with	
  Isobar	
  Approxima?on	
  
•  Resca{ering	
  effects	
  	
  

– Khuri-­‐Treiman	
  equa?ons	
  	
  

•  Amplitudes	
  from	
  dispersive	
  integrals	
  	
  
– Restora?on	
  of	
  unitarity	
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η➝π+π-­‐π0	
  
Dalitz	
  decay	
  analysis	
  

•  Theory:	
  P.	
  Guo	
  @IU	
  
•  Experimental	
  support:	
  D.	
  Scho{	
  @GW,	
  M.	
  
Kunkel	
  @ODU,	
  LMD	
  Group	
  

htemp
Entries  133040
Mean   0.5902
RMS    0.06868

mm_P_fit
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htemp
Entries  133040
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  (GeV)	
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IniOal	
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  using:	
  
2-­‐body	
  decay	
  amplitudes	
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Plans	
  
•  Take	
  the	
  results	
  of	
  the	
  2-­‐body	
  and	
  3-­‐

body	
  fits	
  to	
  es?mate	
  the	
  3-­‐body	
  
contribu?on	
  

•  The	
  3-­‐body	
  amplitude	
  includes	
  
the	
  2-­‐body,	
  so	
  by	
  comparing	
  the	
  
2	
  sets	
  of	
  fits,	
  one	
  can	
  extract	
  
the	
  3-­‐body	
  contribu?on	
  

•  Inves?gate	
  possible	
  background	
  
minimiza?on	
  

•  Look	
  at	
  sidebands	
  of	
  the	
  η	
  
•  Event	
  weights	
  

•  Analyze	
  g11	
  data	
  to	
  compare	
  to	
  g12	
  
results	
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γp→pK+K-­‐	
  

•  Theory:	
  M.	
  Shi	
  @JLab,	
  V.	
  Mathieu	
  @IU,	
  C.	
  
Ramirez	
  @JLab,	
  R.	
  Workman	
  @GW,	
  A.	
  
Szczepaniak	
  @IU	
  

•  Experimental	
  support:	
  D.	
  Scho{,	
  PWA	
  
Working	
  Group	
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Summary	
  

•  Amplitude	
  analysis	
  can	
  be	
  performed	
  in	
  many	
  
ways.	
  JPAC	
  is	
  trying	
  a	
  different	
  approach.	
  

•  Stay	
  tuned!	
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Dark	
  Photon	
  Search	
  

•  The	
  following	
  work	
  is	
  done	
  primarily	
  by	
  the	
  
ODU	
  group	
  at	
  CLAS:	
  
– M.	
  Kunkel	
  and	
  M.	
  Amaryan	
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Summary	
  

•  Recent	
  results	
  
– Cross-­‐sec?on	
  

•  γD	
  à	
  pπ-­‐(p)	
  
•  γD	
  à	
  K+Σ*(1385)-­‐(p)	
  
•  γD	
  à	
  K*(892)0Λ(p)	
  

–  Are	
  expec?ng	
  final	
  results	
  
soon	
  

•  γp➝pω➝pπ+π-­‐π0	
  	
  

– Amplitude	
  Analysis	
  	
  
•  ω➝π+π-­‐π0	
  	
  
•  η➝π+π-­‐π0	
  

•  γp→pK+K-­‐	
  
–  Collabora?on	
  between	
  
JPAC	
  and	
  CLAS	
  is	
  
ramping	
  up	
  and	
  will	
  
bring	
  results	
  soon	
  

– Dark	
  Photon	
  Search	
  
•  Search	
  for	
  dark	
  
photons	
  possible	
  at	
  
CLAS	
  using	
  the	
  high	
  
sta?s?cs	
  data	
  set.	
  

–  Be{er	
  limits	
  on	
  
parameter	
  space.	
  


