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  the	
  g14	
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  team	
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  the	
  CLAS	
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  together	
  with	
  the	
  GWU-­‐SAID	
  and	
  Bonn-­‐Gatchina	
  PWA	
  groups)	
  



Unfolding and interpreting the N* spectrum 

H.	

D.	

 ice	



•  only lowest few in each band “seen” with 4★ or 3★ PDG status


   ! need to understand the structure of the states that are observed


       and find the ones that aren’t !



• low energy structure of QCD lies encoded in the excited N* spectrum,


  a complex overlap of resonances with “dressed” vertices
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the	
  physics	
  of	
  “dressed”	
  QCD	
  H.	

D. 	

  ice  	



	
  N*	
  resonance	
  !	
  	
  s-­‐channel	
  pole	
  

γpN*, γnN*	


πN, ππN, KY	



•	
  	
  	
  meson-­‐loop	
  “dressings”	
  of	
  the	
  	
  
Electromagne9c	
  vertex	
  affect	
  the	
  
dynamical	
  proper9es	
  (excita9on	
  
mechanism)	
  and	
  determine	
  Q2	
  
evolu9on,	
  but	
  do	
  not	
  affect	
  the	
  N*	
  
spectral	
  proper9es	
  

•	
  	
  	
  coupled-­‐channel	
  “dressings”	
  of	
  
the	
  strong	
  vertex	
  determine	
  the	
  N*	
  
spectral	
  proper9es	
  (mass/pole	
  
posi9ons,	
  widths)	
  

•	
  	
  	
  dressings	
  are	
  beyond	
  the	
  current	
  sophis9ca9on	
  of	
  LQCD	
  or	
  DSE	
  field	
  theories	
  
!	
  we	
  rely	
  on	
  models,	
  constrained	
  by	
  the	
  spectrum	
  and	
  its	
  couplings	
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data needed to unravel the N* spectrum 

H.	

D.	

 ice	



• 

  

 γ + N ! (Jπ=0–) + N/Λ/Σ


 



    spin states: 

 2 + 2 !     0   +   2     ! 8 spin combinations  




 

                              ! 4 unique (parity)



 


    ! 4 complex amplitudes describe photo-production  ! 8 unknows





New goal:  (Jlab, Bonn, Mainz)


•   measure many polarization observables (of 16)  ! lots of proton data 



•   the electromagnetic interactions do not conserve isospin


                                          


                                                  proton data determine 





    ! both proton and neutron target data needed for the I= ½ amplitudes





•   γ+n data base is very sparse 	


                                 ! γnN* couplings very poorly determined



Aγ p→π +n
 = 2 A p

I=1/2 − 1
3A

I=3/2{ }
Aγ n→π −p

 = 2 A n
I=1/2 + 1

3A
I=3/2{ }

⇔  A
I=3/2
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–	
  Chiang	
  &	
  Tabakin,	
  PR	
  C55,	
  (1997);	
  	
  
	
  	
  	
  AMS,	
  Hoblit,	
  Kamano,	
  Lee,	
  J	
  Phys	
  G38	
  (2011)	
  
	
  



JLab E06-101 (g14 run in Hall-B)

H.	

D. 	

  ice  	



•	
  	
  Dec’2011	
  –to-­‐	
  May’2012	
  
•	
  	
  tagged	
  photons	
  with	
  circular	
  and	
  linear	
  polariza9on	
  on	
  polarized	
  HD,	
  
	
  	
  	
  	
  Eγ :	
  700	
  –	
  2400	
  MeV	
  
	
  
•	
  	
  PRL	
  118	
  (2017)	
  242002:	
  	
  
	
  	
  	
  	
  the	
  beam-­‐target	
  “E”	
  asymmetry	
  in	
  γ  D	
  "	
  π	
  –	
  p(p)	
  
	
  	
  	
  	
  with	
  circularly	
  polarized	
  photons	
  and	
  longitudinally	
  polarized	
  Deuterons,	
  
	
  	
  	
  	
  W:	
  1500	
  –	
  2300	
  MeV	
  

 
E = 1

Pγ PT

σ A −σ P

σ A +σ P

n 
Parallel 

γ	



Anti-­‐par 

p	



π  –	
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g14 … with the last breath of the CLAS(6) detector	

H.	

D.	

 ice	



           A. Sandorfi – NSTAR August, 2017     	





HDice frozen-spin target

H.	

D.	

 ice	



HDice summary in CLAS 

 

  
 • target: ∅ 15 mm × 50 mm • < P(D) > = 25% (ave in g14) 
 • material: solid HD • T1 (1/e relaxation time) ~ years 
 • dilution factors: 1/1 for   !n        
   1/2 for   

!p  •  HDice-I:  NIM A737 (2014) 107 
   •  HDice-II: NIM A815 (2016) 31 
 

 
 

 !
!

HDice Lab!

Hall B!
 

• moved while polarized to Hall B 

  !n
  
!p
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parallel analyses of γ D " π – p (p)

H.	

D. 	

  ice  	



•  Bksub – conventional application of sequential cuts, 


              with empty subtraction





•  KinFit – energy & momentum conservation used in Kinematic 


             fitting to improve accuracy of measured quantities





•  BDT   – “Boosted Decision Trees” used to place simultaneous


              (rather than sequential) requirements








•   Vertex preselection:

 BKsub 

reaction vertex z-position (cm) 

KinFit 
BDT 

   -15           -10             -5              0 
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full cell 
yield 

empty cell 
yield 



•	
  	
  select	
  events	
  for	
  which	
  the	
  proton	
  in	
  Deuterium	
  is	
  a	
  passive	
  “spectator”	
  
	
  	
  	
  	
  !	
  key	
  variable	
  is	
  the	
  momentum	
  of	
  the	
  undetected	
  proton	
  in	
  γ  +n(p)	
  "	
  π	
  –	
  p(p)	
  

	
  	
  	
  	
  !	
  use	
  the	
  data	
  itself	
  to	
  determine	
  the	
  kinema9c	
  region	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  in	
  which	
  the	
  result	
  is	
  stable	
  

	
  	
  	
  	
  	
  	
  	
  	
  |Pmiss|	
  <	
  0.1	
  GeV/c	
  

	
  	
  	
  	
  !	
  applied	
  in	
  all	
  three	
  analyses	
  

	
  

•	
  	
  	
  theory	
  perspecQve:	
  	
  
	
  	
  	
  	
  	
  FSI	
  have	
  negligible	
  effect	
  on	
  E	
  	
  
	
  	
  	
  	
  	
  asymmetry	
  in	
  π	
  –	
  p	
  p	
  final	
  state	
  
	
  	
  	
  	
  	
  !	
  I	
  =	
  1	
  pp	
  final	
  state	
  is	
  orthogonal	
  to	
  the	
  iniQal	
  deuteron	
  wavefuncQon	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (in	
  contrast	
  with	
  π	
  o	
  n	
  p	
  final	
  state,	
  where	
  FSI	
  are	
  essen9ally	
  required)	
  	
  

	
  	
  	
  	
  	
  !	
  	
  more	
  details	
  in	
  talks	
  by	
  	
  Satoshi	
  Nakamura	
  (B3)	
  	
  and	
  	
  Igor	
  Strakovsky	
  (B5)	
  

Restricting Deuteron reactions ���
to create an effective neutron target

H.	

D. 	

  ice  	



-0.8

-0.6

-0.4

-0.2

0
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<E>(Pmiss)_BDT

<E>

|p
miss

|   (GeV/c)
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•	
  	
  	
  effect	
  of	
  deuteron’s	
  D-­‐state	
  is	
  	
  negligible	
  acer	
  |Pmiss|	
  <	
  0.1	
  requirement	
  

Impact of the Deuteron’s D-state ���
on the effective neutron polarization

H.	

D. 	

  ice  	
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Momentum distribution of Deuteron

|f(p)|2 (L=0)

|f(p)|2 (L=2)

•	
  	
  T.-­‐S.	
  H.	
  Lee:	
  	
  	
  impulse	
  calculaQon,	
  
extended	
  to	
  include	
  all	
  relaQvisQc	
  spin	
  
transformaQons	
  of	
  the	
  moving	
  neutron	
  

Nucleon	
  momenta	
  within	
  the	
  deuteron	
  

|<D|np;L=0>|2	
  

|<D|np;L=2>|2	
  

"



0.1	
  

 γ  (np)	
  "	
  π	
  –p	
  (pmiss)	
  	





Combining	
  analyses	
  into	
  the	
  final	
  results	
  H.	

D. 	

  ice  	



-1.0

-0.5

0.0

0.5

1.0

Eg14W2220 BDT,BKsub,KinFit

KinFit
BKsub
BDT

E(g14_v2.4) W2220,Eg2152

uncorrelated error

-1 -0.5 0 0.5 1

W = 2220 MeV

KinFit

E

  cosθc.m.
π −

mean & correlated errors

•	
  	
  asymmetries	
  from	
  the	
  three	
  analyses	
  are	
  sta9s9cally	
  consistent	
  
•	
  	
  weighted	
  mean	
  is	
  taken	
  as	
  the	
  best	
  es9mate	
  of	
  the	
  asymmetry	
  
•	
  	
  correlated	
  errors	
  are	
  fibed	
  to	
  the	
  expected	
  χ2	
  	
  {	
  Schmelling,	
  Physica	
  51	
  (95)676	
  }	
  
	
  
	
  
	
  
	
  Advantages	
  
•	
  	
  reduces	
  hidden	
  bias	
  

•	
  	
  acceptance	
  at	
  extreme	
  angles	
  
	
  	
  	
  	
  is	
  different	
  for	
  the	
  3	
  methods;	
  
	
  	
  	
  	
  averaging	
  improves	
  reliability	
  
	
  	
  	
  	
  where	
  PWA	
  interference	
  is	
  large	
  

E 
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The	
  g14	
  beam-­‐target	
  “E”	
  asymmetries	
  for	
  γ  n	
  "	
  π	
  –p	
  H.	

D. 	

  ice  	
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π −

  cosθc.m.
π −

  cosθc.m.
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  cosθc.m.
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  cosθc.m.
π−

  cosθc.m.
π−

  cosθc.m.
π−

BnGa SAID 
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The	
  g14	
  beam-­‐target	
  “E”	
  asymmetries	
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Partial Wave Analyses

H.	

D. 	

  ice  	



SAID  (R. Workman, A. Švarc, I. Strakovsky,  …) 
 

•   sequential, unitary fit to all πN scattering and π-photoproduction data  
 
        - fit                to πN #	
  πN        -  vary K(W) as polynomials in W  

            and πN #	
  ηN                     to fit photo-production 
 

           ! determines all poles       ! no new resonances 
 
 
BnGa  (E. Klempt, V. Nikonov, A. Sarantsev, …) 
 

•   simultaneous, coupled-channel analysis of πN and γN " πN, ππN, KY 
 
            - fit to SAID amplitudes for πN #	
  πN 
            - include new resonances as needed to improve fits for γN channels 

 Tαγ =
Kσγ

 1− cK⎡⎣ ⎤⎦ασσ
∑

1− cK⎡⎣ ⎤⎦
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Status of γn # πN data base

H.	

D.	

 ice	



     ! 4 complex amplitudes describe photo-production  ! 8 unknows



    ! 8 carefully chosen observables (out of 16) for a “mathematical soln”


          - Chiang	
  &	
  Tabakin,	
  PR	
  C55,	
  (1997)	
  
	
  	
  	
  	
  	
  	
  	
  ! in practice, ie. with realistically achievable uncertainties, even more


         - AMS,	
  Hoblit,	
  Kamano,	
  Lee,	
  J	
  Phys	
  G38	
  (2011)	
  




•   γn " π –p Data Base: 

     dσ (2322 pts), Σ (315 pts), T (105 pts), P (75 pts), and now E (263 pts)	
  	
  	
  	
  	
  	
  	
  	
  

	
  	
  	
  	
  	
  	
  	
  (even	
  less	
  for	
  π	
  
0n)



•   insufficient to completely remove ambiguities:


    ! deduced couplings can change with new data; 



    ! attach a higher significance when there is agreement btw very


        different PWA approaches
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PWA: phase motion of a resonance

H.	

D. 	

  ice  	
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Argand plots:
•  counter-clockwise rotating amplitude 
   - characteristic resonance behavior

Argand - typical
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Argand plots:
•  counter-clockwise rotating amplitude 
   - characteristic resonance behavior

Argand - typical

(Breit-Wigner)



W



W



•  expectation for an isolated resonance:



•  amplitude decomposed into  (LπN)IJ(n/p)E/M  partial waves
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•  caveat:


   every resonance produces a loop; but not every loop is a resonance





H.	

D. 	

  ice  	
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H.	

D. 	

  ice  	
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•	
  	
  	
  hγ  = 1  ,  hN  = ½    !	
  	
  A1/2	
  ,	
  	
  A3/2	


	


•      residues	
  from	
  analy9c	
  con9nua9on	
  to	
  a	
  pole	
  in	
  the	
  complex	
  W	
  plane	
  
         	


	


	


•	
  	
  	
  Breit-­‐Wigner	
  parameterizaQon,	
  
	
  
	
  
	
  
	
  

γ nN*	
  couplings	
  !	
  transverse	
  helicity	
  amplitudes	
  H.	

D. 	

  ice  	



 Tαγ =
Kσγ

 1− cK⎡⎣ ⎤⎦ασσ
∑    ⇒    Ahgα (s)

 M 2 − s − i cjgj
2 (s)∑⎡⎣ ⎤⎦

∑
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revisions	
  to	
  γ nN*	
  couplings	
  H.	

D. 	

  ice  	



An
1/2	
   (10–3	
  GeV–1/2)	
   An

3/2	
   (10–3	
  GeV–1/2)	
  

g14	
  PRL	
  118	
  [1]	
   previous	
  [2,3]	
   g14	
  PRL	
  118	
  [1]	
   previous	
  [2,3]	
  

SAID	
  

N(1720)3/2+	
   -­‐9	
  ±2	
   -­‐21	
  ±4	
   +19	
  ±	
  2	
   -­‐38	
  ±7	
  

N(2190)7/2–	
   -­‐6	
  ±9	
   -­‐-­‐-­‐	
   	
  -­‐28	
  ±10	
   -­‐-­‐-­‐	
  

BnGa	
  

N(1720)3/2+	
   -­‐(28	
  +40/-­‐15)	
   -­‐80	
  ±50	
   ±(103	
  ±35)	
   -­‐140	
  ±65	
  

N(2190)7/2–	
   +30	
  ±7	
   -­‐15	
  ±12	
   -­‐23	
  ±	
  8	
   	
  	
  -­‐33	
  ±20	
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[1]	
  CLAS/g14:	
  Phys.	
  Rev.	
  Leb.	
  118	
  (2017)	
  	
  
[2]	
  SAID:	
  Phys.	
  Rev.	
  C85	
  (2012)	
  025201	
  
[3]	
  BnGa:	
  Eur.	
  Phys.	
  J.	
  A	
  49	
  (2013)	
  67	
  

"	
  ρN	
  



SensiFviFes	
  to	
  new	
  data	
  H.	

D. 	

  ice  	
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FIG. 11. (Color online) Selected cross section data for γn → π−p vs. W : CLAS g13 (black open circles), CLAS g10 [8] (red
open pluses), SLAC [23] (blue open triangles), DESY [24] (violet open squares), MAMI-B [25] (cyan open down-triangles), and
Frascati [26] (pink open stars); π−p → γn data: BNL [27] (green open diamonds), LBL [28] (orange closed diamonds), and
LAMPF [29] (gray closed circles); fits: SAID MA27 (blue solid lines), SAID PR15 [30] (red dot-dashed lines), BG2014-02 [4]
(green dashed lines), and MAID2007 [31](which terminates at W = 2 GeV or Eγ = 1.65 GeV) (violet dotted lines). The y-axes
are log scale. Only angle-dependent uncertainties are shown for all data. The total normalization uncertainties for the CLAS
g13 data are about 3.4%.

ment, reported in 50- and 100-MeV-wide beam energy
bins. The g13 data are in excellent agreement with these
measurements, as the g10 data have normalization un-
certainties of ∼6% to ∼10% that are not shown in the
figures.
The SAID PR15 [30], Bonn-Gatchina BG2014-02 [4],

and MAID2007 [31] curves shown in these figures did
not include the new CLAS g13 data in their fits, and
the MAID2007 fit does not include the CLAS g10 mea-
surements either. The data in these previous fits, and in
the new SAID MA27 fit that includes the g13 data, are
discussed in Section X.

VIII. FINAL STATE INTERACTIONS

The γn → π−p cross sections were extracted on a free
neutron from the deuteron data in the quasi-free kine-
matic region of the γd → π−pp reaction, which has a fast

knocked-out proton p1 and a slow proton spectator p2,
assumed not to be involved in the pion production pro-
cess. In this quasi-free region, the reaction mechanism
corresponds to the “dominant” Impulse Approximation
(IA) diagram in Fig. 12(a) with the slow proton p2 emerg-
ing from the deuteron vertex. Here, the differential cross
section on the deuteron can be related to that on the neu-
tron target in a well understood way (see, e.g., Eq. (22)
of Ref. [32] and references therein). Fig. 12(a) illustrates
this “dominant” IA diagram, as well as the “suppressed”
IA diagram with the protons interchanged. This approxi-
mation, with the additional assumption that the neutron
is at rest in the deuteron, allows for the identification of
the quasi-free cross section dσ

dΩ on the deuteron with that
on the neutron, where dΩ is the solid angle of the outgo-
ing pion in the γn rest frame. The γn cross section can
be calculated as

dσ

dΩ
(γn) = R(Eγ , θ

c.m.
π )−1 dσ

dΩ
(γd), (5)

•	
  	
  new	
  σ(π-­‐p)	
  data	
  from	
  CLAS/g13	
  
	
  	
  	
  	
  -­‐	
  D(γ,	
  π-­‐p)p	
  with	
  FSI	
  correcQon	
  
	
  	
  	
  	
  -­‐	
  8424	
  kinemaQc	
  bins	
  
	
  

	
  	
  	
  	
  !	
  	
  	
  Paul	
  MaKone’s	
  talk	
  (A2)	
  
	
  
	
  
	
  
	
  

	
  
Legend	
  
$	
  	
  CLAS/g13	
  	
  -­‐	
  arXiv1706.01963	
  
✜	
  	
  CLAS/g10	
  –	
  PRC	
  86	
  (2012)	
  015206	
  
%	
  	
  BNL	
  –	
  PRC	
  70	
  (2004)	
  035204	
  
Δ	
  	
  	
  SLAC	
  –	
  NP	
  B75	
  (1974)	
  125	
  



Convergence	
  of	
  γ nN*	
  couplings	
  with	
  new	
  data	
  H.	

D. 	

  ice  	



(10–3	
  GeV–1/2)	
   Last	
  published	
   +	
  CLAS/g14	
  (E)	
   +	
  CLAS/g13	
  (σ)	
   +	
  CLAS/g13	
  (σ)	
  

+	
  CLAS/g14	
  (E)	
  

SAID[SN11]	
  [1]	
   SAID[FT01]	
  [2]	
   SAID[MA27]	
  [3]	
   SAID[TS21]	
  	
  [4]	
  

An
1/2	
  

N(1720)3/2+	
   -­‐21	
  ±4	
   	
  -­‐9	
  ±2	
   -­‐16	
  ±	
  6	
   -­‐15	
  ±5	
  

N(2190)7/2–	
   -­‐	
  -­‐	
   	
  -­‐6	
  ±9	
   	
  	
   -­‐16	
  ±5	
  

An
3/2	
  

N(1720)3/2+	
   -­‐38	
  ±7	
   +19	
  ±2	
   +17	
  ±5	
   	
  	
  13	
  ±4	
  

N(2190)7/2–	
   -­‐	
  -­‐	
   	
  	
  -­‐28	
  ±10	
   	
  -­‐35	
  ±5	
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[1]	
  	
  SAID:	
  Phys.	
  Rev.	
  C85	
  (2012)	
  025201	
  
[2]	
  CLAS/g14	
  (E):	
  Phys.	
  Rev.	
  Leb.	
  118	
  (2017)	
  	
  
[3]	
  	
  CLAS/g13	
  (σ)	
  	
  -­‐	
  arXiv1706.01963	
  
[4]	
  	
  R.L.	
  Workman	
  and	
  A.	
  Švarc	
  (priv.	
  comm.)	
  

 A. Švarc (P3)	





H.	

D. 	

  ice  	
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  !	
  PDG	
  ****	
  

N(1900)3/2+	
  	
  !	
  PDG	
  ****	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (but	
  weakly	
  coupled	
  to	
  πN)	
  

N(2040)3/2+	
  	
  !	
  PDG	
  *	
  	
  ???	
  	
  	
  (PRL	
  118)	
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H.	

D. 	

  ice  	

 PWA:	
  I	
  =	
  1/2	
  (N*)	
  P-­‐waves	
  

BnGa: 

N(1720)3/2+	
  	
  !	
  PDG	
  ****	
  

N(1900)3/2+	
  	
  !	
  PDG	
  ****	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (but	
  weakly	
  coupled	
  to	
  πN)	
  

•	
  	
  new	
  BnGa	
  PWA	
  (submized	
  to	
  PRC):	
  

	
  	
  	
  	
  #	
  highest	
  3/2+	
  at	
  W=1975	
  MeV	
  

	
  	
  	
  	
  !	
  possible	
  N(1975)3/2+	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  An
1/2	
  =	
  -­‐26	
  ±13	
  ,	
  	
  	
  An

3/2	
  =	
  -­‐77	
  ±15	
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H.	

D. 	

  ice  	

 PWA:	
  I	
  =	
  1/2	
  (N*)	
  S-­‐waves	
  

N(1535)1/2-­‐	
  
	
  (PDG	
  ****)	
  

N(1650)1/2-­‐	
  
	
  (PDG	
  ****)	
  

N(1895)1/2-­‐	
  
	
  (PDG	
  **)	
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•	
  	
  new	
  BnGa	
  PWA	
  (submized	
  -­‐PRC):	
  

	
  	
  	
  	
  #	
  highest	
  ½–	
  at	
  W=1895	
  MeV	
  

	
  	
  	
  	
  !	
  required	
  N(1895)1/2–	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  An
1/2	
  =	
  -­‐15	
  ±10	
  	
  



H.	

D. 	

  ice  	

 PWA:	
  I	
  =	
  1/2	
  (N*)	
  S-­‐waves	
  

N(1535)1/2-­‐	
  
	
  (PDG	
  ****)	
  

N(1650)1/2-­‐	
  
	
  (PDG	
  ****)	
  

N(1895)1/2-­‐	
  
	
  (PDG	
  **)	
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•	
  	
  similar	
  phase	
  moaon	
  in	
  	
  

	
  	
  	
  	
  SAID	
  fits	
  to	
  γN	
  #	
  πN,	
  

	
  	
  	
  	
  but	
  not	
  seen	
  in	
  πN	
  #	
  πN	
  

!	
  not	
  able	
  to	
  confirm	
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•	
  	
  new	
  BnGa	
  PWA	
  (submized	
  -­‐PRC):	
  

	
  	
  	
  	
  #	
  highest	
  ½–	
  at	
  W=1895	
  MeV	
  

	
  	
  	
  	
  !	
  required	
  N(1895)1/2–	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  An
1/2	
  =	
  -­‐15	
  ±10	
  	
  



γ nN*	
  vs	
  γ pN*	
  couplings	
  H.	

D. 	

  ice  	



(10–3	
  GeV–1/2)	
   An
1/2	
   Ap

1/2	
   An
3/2	
   Ap

3/2	
  

SAID	
  

N(1720)3/2+	
   -­‐15	
  ±5	
  [4]	
   	
  95	
  ±2	
  [6]	
   	
  	
  	
  13	
  ±	
  4	
  [4]	
   -­‐48	
  ±2	
  [6]	
  

N(1895)1/2–	
   -­‐-­‐-­‐-­‐	
   -­‐-­‐-­‐-­‐	
  

N(1975)3/2+	
   -­‐-­‐-­‐-­‐	
   -­‐-­‐-­‐-­‐	
   -­‐-­‐-­‐-­‐	
   -­‐-­‐-­‐-­‐	
  

N(2190)7/2–	
   -­‐16	
  ±5	
  [4]	
   -­‐	
  -­‐	
   	
  -­‐35	
  ±5	
  [4]	
   -­‐	
  -­‐	
  

BnGa	
  

N(1720)3/2+	
   -­‐(28	
  +40/-­‐15)	
  [3]	
   	
  110	
  ±45	
  [5]	
   ±(103	
  ±35)	
  [3]	
   	
  150	
  ±30	
  [5]	
  

N(1895)1/2–	
   	
  	
  -­‐15	
  ±10	
  [3]	
   -­‐11	
  ±6	
  [5]	
  

N(1975)3/2+	
   	
  	
  -­‐26	
  ±13	
  [3]	
   	
  	
  	
  -­‐77	
  ±15	
  [3]	
  

N(2190)7/2–	
   +30	
  ±7	
  [1]	
   -­‐65	
  ±8	
  [5]	
   	
  	
  -­‐23	
  ±	
  8	
  [1]	
   	
  +35	
  ±17	
  [5]	
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Couplings	
  can	
  only	
  be	
  as	
  certain	
  as	
  the	
  mulFpoles	
  
!	
  could	
  be	
  impacted	
  by	
  data	
  on	
  new	
  observable	
  

H.	

D. 	

  ice  	
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!	
  	
  	
  Haiyun	
  Lu’s	
  talk	
  (A2)	
  

E06-­‐101	
  (g14	
  run	
  with	
  CLAS	
  –	
  2012)	
  

•	
  	
  linearly-­‐polarized	
  photons	
  on	
  HD	
  	
  
•	
  	
  Eγ :	
  1600	
  –	
  2200	
  MeV	
  
•	
  	
  γ n	
  (p)	
  #	
  π	
  

–p	
  (p)	
  	
  

   
G = 1

Pγ PT

σ +π /4,+z −σ −π /4,+z

σ +π /4,+z +σ −π /4,+z

SAID[TS21]: fit	
  to	
  new	
  E,	
  dσ 
W= 2020 ±40 MeV 

n γ	



p	



π  –	



φ	


+ π/4	



- π/4	


+ z	



G	
  



Summary	
  H.	

D. 	
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•	
  	
  	
  Beam-­‐Target	
  helicity	
  asymmetries	
  (E)	
  for	
  γ n	
  "	
  π	
  –p	
  just	
  out	
  in	
  PRL	
  
	
  	
  	
  	
  	
  -­‐	
  1st	
  data	
  on	
  this	
  observable	
  and	
  spans	
  the	
  full	
  N*	
  energy	
  range	
  
	
  
•	
  	
  	
  significant	
  addi9on	
  to	
  the	
  sparse	
  γ n	
  data	
  base	
  
	
  	
  	
  	
  	
  !	
  inclusion	
  in	
  PWA	
  have	
  resulted	
  in	
  significant	
  changes	
  to	
  I	
  =	
  ½	
  mul9poles	
  

	
  	
  	
  	
  	
  !	
  improved	
  determina9on	
  of	
  helicity	
  amplitudes	
  (γ nN*	
  couplings),	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  with	
  SAID	
  and	
  BnGa	
  agreement	
  for	
  An

1/2	
  [N(1720)3/2+]	
  	
  and	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  An

3/2	
  [N(2190)7/2–]	
  	
  

	
  	
  	
  	
  	
  !	
  poten9al	
  signals	
  in	
  BnGa	
  PWA	
  from	
  PDG*	
  and	
  PDG**	
  resonances	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
•	
  	
  	
  next	
  observables	
  in	
  the	
  g14	
  pipeline:	
  	
  
	
  	
  	
  	
  	
  -­‐	
  beam	
  asymmetry	
  Σ	
  and	
  beam-­‐target	
  asymmetry	
  G	
  for	
  γ n	
  "	
  π	
  –p	
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Extras	
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clean deuteron target

H.	

D.	

 ice	



full cell 
yield 

empty cell 
yield 

•  sources of neutrons: D in HD and the target cell


•  evaporate and pump away HD: residual backgrounds are small



   ! after empty cell subtraction, all neutrons are polarizable
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missingzerotot1squared
Entries  27398
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φp-φπ = 180 ±20	


(coplanarity)	



φp-φπ = 180 ±20	


(coplanarity)	



	


       AND	


	


|Pmiss| < 0.1	



Bksub analysis



MM2	
  

π	
  –	
  p	
  
π	
  π	
  p	
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KinFit analysis
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3.2. KINEMATIC FIT FOR �(N)! ⇡�P

After the momentum and photon-energy corrections, the same pull distribution as in Fig. 3.8

is plotted again in Fig. 3.14. The figure shows that the mean of the pull distribution changed

from 0.3079 to -0.01356, and the standard deviation from 1.043 to 1.007, which makes the pull

distribution very close to the standard gaussian distribution. It should be noted that since the g14

experiment uses di↵erent targets and di↵erent torus currents, the momentum and photon-energy

corrections were performed for 4 di↵erent groups of run periods: silver-1&2, silver-3&4, silver-5,

and gold-2.

3.2.2 Background Suppression after Confidence Level Cut

Figure 3.15: Selecting the reaction �(n)! ⇡�p from gold-2a data using kinematic fitting. Top left:
Confidence level (cut at 5%). top right: missing mass, bottom left: missing momentum, bottom right:
coplanarity. For all plots the blue region shows good events that pass the CL cut at 5%, the red region
indicates background events that are removed by the cut.

Candidates for the reaction �(n)! ⇡�p were fitted with a confidence level cut at 5%, which

65

•	
  	
  Kinema9c	
  Firng	
  carried	
  out	
  on	
  	
  
	
  	
  	
  	
  candidates	
  for	
  γ  +(n)	
  "	
  π	
  –	
  p	
  

	
  	
  	
  !	
  target	
  assumed	
  to	
  have	
  the	
  neutron	
  mass,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  but	
  unknown	
  momentum	
  

	
  	
  	
  !	
  amounts	
  to	
  a	
  1C	
  fit	
  
	
  
•	
  	
  2π	
  &	
  reac9ons	
  on	
  target	
  cell	
  nucleons	
  fail	
  	
  
	
  	
  	
  	
  with	
  Confidence	
  Level	
  <	
  0.05	
  

•	
  	
  accept	
  events	
  with	
  Confidence	
  Level	
  >	
  0.05	
  

•	
  	
  apply	
  |Pmiss|	
  <	
  0.1	
  GeV/c	
  to	
  accepted	
  events	
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BDT analysis

H.	
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6 

Brief Intro. of BDT  
A DECISION TREE 

SIGNAL NODES 

BACKGROUND NODES 

•BDT= A forest of distinctly-constructed 
decision trees 
•Tree construction requires TRAINING 

data for both BG and Signal event types 
ÆDifferent analysis task results in 
different BDT algorithm 
ÆAutomate  algorithm:  “learning”  from  
the training data only, no need for human 
instructions 
_________________________________ 
HUMAN TASKS: 
•Provide training data with a good set of 

input variables (training data are usually 
MC data where identity (bg or signal) of 
each event is known) 
•Check for overtraining: is the BDT 
performance good only for the training 
data, or general for similar data?  
•What is the BDT efficiencies in 
separating signal and bg events? 

Dao	
  Ho	
  (2015)	
  	
  

•	
  	
  mulQvariate	
  Boosted	
  Decision	
  Trees	
  

	
  	
  	
  	
  !	
  views	
  the	
  data	
  in	
  a	
  higher	
  dimension	
  

	
  	
  	
  	
  !	
  creates	
  a	
  forest	
  of	
  if-­‐then-­‐else	
  logical	
  tests	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  on	
  all	
  kinemaQc	
  variables	
  simultaneously	
  

•	
  	
  algorithm	
  categorizes	
  events	
  as	
  either	
  	
  
	
  	
  	
  	
  signal	
  or	
  background	
  

	
  	
  	
  	
  -­‐	
  signal	
  trained	
  on	
  γ  D	
  "	
  π	
  –	
  p(p)	
  from	
  CLAS	
  MC	
  	
  	
  	
  	
  

	
  	
  	
  	
  -­‐	
  background	
  trained	
  on	
  empty-­‐cell	
  data	
  

•	
  	
  apply	
  |Pmiss|	
  <	
  0.1	
  GeV/c	
  to	
  signal	
  events	
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•	
  	
  select	
  events	
  for	
  which	
  the	
  proton	
  in	
  Deuterium	
  is	
  a	
  passive	
  “spectator”	
  
	
  	
  	
  	
  !	
  key	
  variable	
  is	
  the	
  momentum	
  of	
  the	
  undetected	
  proton	
  in	
  γ  +n(p)	
  "	
  π	
  –	
  p(p)	
  

Restricting Deuteron reactions ���
to create an effective neutron target

H.	

D. 	

  ice  	
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Figure A.2: Reconstructed missing momentum from the gold-2 data set (black) compared with Monte
Carlo simulations for quasi-free �n ! ⇡�p (green) and flux-scaled data from the empty-a runs (magenta).
The sum of the latter two is plotted in red.

imply any theoretical relevance.

We assume that the dependence of the extracted asymmetry on the missing momentum is a

global phenomenon, i.e. largely independent of energy and angle. To verify whether this assump-

tion is valid, we select smaller subsets of the data using the BDT method. First, we divide the data

into two energy ranges, W < 1900 MeV and W � 1900 MeV, to study whether the dependence

appears significantly di↵erent for these subsets. We also repeat the study for a smaller angular

range (cos ✓cm
⇡� � 0.0); we did not consider the case of cos ✓cm

⇡� < 0.0 because of low statistics

and because the E aymmetry changes sign more often in the backward direction. The plots of

combined E vs. |~pmiss| for the 3 subsets in Figure A.5 look consistent with Figure A.4. The distri-

butions become flat for |~pmiss| . 70� 100 MeV/c. From these plots, a missing momentum cut of

|~pmiss| . 70 MeV/c might appear the best choice, removing practically any missing-momentum

dependence; however, the statistics is drastically reduced compared to our choice of |~pmiss| < 100

MeV/c. The Monte Carlo data, plotted as green curve in Fig. A.2, describe the (quasi-free) Fermi

momentum of proton and neutron inside the deuteron. The mean for this distribution (Hulthen

potential [5]) is
p
hp2i = 93.4 MeV/c, slightly below the chosen cut value of |~pmiss| < 100 MeV/c,

which preserves statistics without “diluting” the E measurement.1

1The means for the Bonn [7] and Paris [6] potentials are 95.1 MeV/c and 94.4 MeV/c, both below our cut value.

137

data



empty cell


Monte Carlo

 empty + MC



|P(miss)|   (GeV/c)



0.1

 0.2

0

 0.3

  0.4



"



this analysis

"



a commonly used threshold





E(π –p)	
  vs	
  |Pmiss|	
  
H.	

D. 	
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           A. Sandorfi – NSTAR August, 2017     	



E 

E 

|Pmiss| ≤ 300 MeV/c 

|Pmiss| ≤ 100 MeV/c 

|Pmiss| ≤ 200 MeV/c 

|Pmiss| ≤ 100 MeV/c 

|Pmiss| ≤ 150 MeV/c 

|Pmiss| ≤ 100 MeV/c 

|Pmiss| ≤   75 MeV/c 

|Pmiss| ≤ 100 MeV/c 



SAID:	
  g13	
  (σ)	
  +	
  g14(E)	
  PWA	
  fits	
  H.	

D. 	

  ice  	
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Eγ	
  =	
  1890	
  MeV;	
  W	
  =	
  2105	
  MeV	
  

$	
  	
  	
  	
  	
  CLAS/g13	
  σ	
  

––	
  SAID	
  fit	
  with	
  CLAS[g13	
  (σ)]	
  

––	
  SAID	
  fits	
  with	
  CLAS[g13	
  (σ)	
  +	
  g14	
  (E)]	
  



PWA:	
  I	
  =	
  3/2	
  (Δ*)	
  par9al	
  waves	
  H.	

D. 	

  ice  	
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