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Dramatic chiral crossover at about t0 + 1 μs  !  Tc = 154 ± 9 MeV	



•	
  	
  	
  Chiral	
  symmetry	
  is	
  broken	
  

•	
  	
  	
  quarks	
  acquire	
  mass	
  

	
  

	
  

	
  

	
  

	
  

•	
  	
  	
  color	
  con+inement	
  emerges	
  

•	
  	
  	
  copious	
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  hadronic	
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embracing QCD …	
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•	
  	
  	
  Paolo	
  Neruda	
  (paraphrased):	
  
	
  
“	
  Make	
  you	
  choice	
  in	
  life,	
  but	
  then	
  embrace	
  the	
  consequences.	
  ”	
  
	
  
	
  
	
  
	
  	
  	
  !	
  leaves	
  little	
  room	
  for	
  desperation	
  or	
  depression	
  !	
  



Where are these N* resonances ?	
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•	
  	
  	
  …up	
  to	
  a	
  decade	
  ago:	
  
	
  	
  	
  	
  	
  only	
  the	
  lowest	
  few	
  in	
  each	
  band	
  correspond	
  to	
  4*	
  or	
  3*	
  PDG	
  states	
  
	
  
•	
  	
  	
  Vintage	
  explanations:	
  	
  	
  {	
  eg.	
  Anselmino	
  et	
  al.,	
  Rev.	
  Mod.	
  Phys.	
  65	
  (93)	
  1199	
  }	
  
	
  	
  	
  	
  	
  -­‐	
  	
  	
  2	
  quarks	
  in	
  a	
  baryon	
  quasibound	
  in	
  a	
  color	
  isotriplet	
  	
  	
  [diQ+q	
  !	
  isosinglet]	
  
	
  	
  	
  	
  	
  -­‐	
  	
  	
  internal	
  “diQuark”	
  excitations	
  frozen	
  out	
  in	
  spin	
  =0,	
  isospin	
  =0	
  states	
  
	
  	
  	
  	
  	
  	
  	
  	
  !	
  	
  fewer	
  degrees	
  of	
  freedom	
  	
  !	
  	
  fewer	
  states	
  

PDG 

QM  
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•	
  	
  	
  …up	
  to	
  a	
  decade	
  ago:	
  
	
  	
  	
  	
  	
  only	
  the	
  lowest	
  few	
  in	
  each	
  band	
  correspond	
  to	
  4*	
  or	
  3*	
  PDG	
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•	
  	
  	
  Vintage	
  explanations:	
  	
  	
  {	
  eg.	
  Anselmino	
  et	
  al.,	
  Rev.	
  Mod.	
  Phys.	
  65	
  (93)	
  1199	
  }	
  
	
  	
  	
  	
  	
  -­‐	
  	
  	
  2	
  quarks	
  in	
  a	
  baryon	
  quasibound	
  in	
  a	
  color	
  isotriplet	
  	
  	
  [diQ+q	
  !	
  isosinglet]	
  
	
  	
  	
  	
  	
  -­‐	
  	
  	
  internal	
  “diQuark”	
  excitations	
  frozen	
  out	
  in	
  spin	
  =0,	
  isospin	
  =0	
  states	
  
	
  	
  	
  	
  	
  	
  	
  	
  !	
  	
  fewer	
  degrees	
  of	
  freedom	
  	
  !	
  	
  fewer	
  states	
  

PDG 

QM / LQCD 
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N* s that just can’t go away … 	



	
  	
  	
  	
  	
  DSE	
  &	
  LQCD	
  calculations	
  of	
  N*	
  spectrum:	
  

•	
  	
  	
  axial-­‐vector	
  color-­‐triplet	
  q-­‐q	
  correlations	
  are	
  attractive	
  
	
  	
  	
  	
  	
  –	
  	
  	
  	
  diQuarks	
  correlations	
  must	
  exist	
  
	
  	
  	
  	
  	
  –	
  	
  	
  	
  BUT,	
  they	
  are	
  not	
  point-­‐like,	
  	
  eg.	
  r[ud]1	
  ~	
  pion	
  radius	
  	
  {Few	
  Body	
  Sys	
  35	
  (04);	
  PRL97(06)}	
  
	
  	
  	
  	
  	
  !	
  internal	
  diQuark	
  excitations	
  are	
  NOT	
  frozen	
  out	
  
	
  	
  	
  	
  	
  !	
  diQuark	
  correlations	
  are	
  already	
  observed	
  in	
  the	
  LQCD	
  calculations	
  
	
  
	
  	
  	
  	
  	
  LQCD	
  calculations	
  of	
  the	
  Tc	
  phase	
  transition	
  in	
  the	
  ~1	
  μs	
  universe:	
  

•	
  	
  	
  PDG	
  states	
  alone	
  are	
  insuf+icient	
  
•	
  	
  	
  full	
  suite	
  of	
  QM/LQCD	
  states	
  needed	
  
	
  	
  	
  	
  	
  !	
  ~	
  25%	
  baryon	
  pressure	
  increase	
  	
  
	
  	
  	
  	
  	
  	
  needed	
  from	
  as	
  yet	
  unobserved	
  N*s	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  {	
  Bazavov	
  et	
  al.,	
  PRL	
  113	
  (2014)	
  072001	
  }	
  

hadrons predicted by quark model calculations [12]. Such
comparisons have provided evidence for the thermody-
namic importance of additional charmed hadrons in the
vicinity of the QCD crossover [12].
In this Letter, we show that discrepancies between lattice

QCD results and PDG-HRG predictions for strangeness
fluctuations and correlations below the QCD crossover can
be quantitatively explained through the inclusion of addi-
tional, experimentally unobserved strange hadrons. The
thermodynamic presence of these additional strange
hadrons also gets imprinted on the yields of ground-state
strange baryons, resulting in observable consequences for
the chemical freeze-out of strangeness in heavy ion
collision experiments.
Hadron resonance gas models.—The partial pressure of

all open strange hadrons can be separated into mesonic and
baryonic components PS;X

tot ¼ PS;X
M þ PS;X

B ,

PS;X
M=BðT; ~μÞ ¼

T4

2π2
X

i∈X
gi

!
mi

T

"
2

K2ðmi=TÞ

× cosh ðBiμ̂B þQiμ̂Q þ Siμ̂SÞ: ð1Þ

Here, M (B) labels the partial pressure of open strange
mesons (baryons), gi is the degeneracy factor for hadrons
of mass mi, and μ̂q ≡ μq=T, with q ¼ B, Q, S. The sum is
taken over all open strange mesons or baryons listed in the
particle data tables (X ¼ PDG) or a larger set including
additional open strange mesons [23] and baryons [22]
predicted by quark models (X ¼ QM). Throughout this
work, we refer to the HRG model containing these
additional, quark model predicted, experimentally undis-
covered hadrons as the QM-HRG. In Eq. (1), the classical,
Boltzmann approximation has been used, which is known
to be appropriate for all strange hadrons at temperatures
T ≲ Tc [11].
The masses and, more importantly, the number of

additional states are quite similar in the quark model
calculations and the strange hadron spectrum of lattice
QCD [21]. HRG models based on either one, thus, give
very similar results. As the lattice computations of the
strange hadron spectrum have so far been performed with
unphysically heavy up and down quark masses, for
definiteness we have chosen to compare our finite temper-
ature lattice results with the quark model predictions that
generally reproduce the masses of the experimentally
known states rather well.
Figure 1 compares partial pressures of open strange

mesons and baryons calculated within PDG-HRG and
QM-HRG models. The additional strange baryons present
in the QM-HRG lead to a large enhancement of the partial
baryonic pressure relative to that obtained from the PDG-
HRG model. In the mesonic sector, changes are below 5%
even at T ¼ 170 MeV, i.e., above the applicability range of
any HRG [11]. This simply reflects that a large part of the

open strange mesons is accounted for in the PDG-HRG
model, and the additional strange mesons contributing to
the QM-HRG model are too heavy to alter the pressure
significantly.
Strangeness fluctuations and correlations.—We calcu-

late cumulants of strangeness fluctuations and their
correlations with baryon number and electric charge in
(2þ 1)-flavor QCD using the highly improved staggered
quark action [24]. In these calculations the strange quark
mass (ms) is tuned to its physical value and the masses of
degenerate up and down quarks have been fixed to
ml ¼ ms=20. In the continuum limit, the latter corresponds
to a pion mass of about 160 MeV. In the relevant temper-
ature range, 145 MeV ≤ T ≤ 170 MeV, we have analyzed
ð10–16Þ × 103 configurations, separated by 10 time units in
rational hybrid Monte Carlo updates, on lattices of size
6 × 243 and 8 × 323. Some additional calculations on
8 × 323 lattices have been performed with physical light
quarks, ml ¼ ms=27, to confirm that the quark mass
dependence of observables of interest is indeed small.
To analyze the composition of the thermal medium in

terms of the quantum numbers of the effective degrees of
freedom, we consider generalized susceptibilities of the
conserved charges,

χBQS
klm ¼

∂ðkþlþmÞ½PðT; μ̂B; μ̂Q; μ̂SÞ=T4&
∂μ̂kB∂μ̂lQ∂μ̂mS

####
~μ¼0

; ð2Þ

where P denotes the total pressure of the hot medium. For
brevity, we drop the superscript when the corresponding
subscript is zero.
The correlation of net strangeness with net baryon

number fluctuations normalized to the second cumulant
of net strangeness fluctuations, χBS11 =χ

S
2 is a sensitive probe

of the strangeness carrying degrees of freedom [25].
Consistent continuum extrapolations for this ratio have
been obtained with two different staggered fermion dis-
cretization schemes [17,18]. In Fig. 2 (top) we show our
present, refined results obtained for lattices with temporal
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FIG. 1 (color online). Ratios of partial pressures of open strange
hadrons (PS;X

tot ), mesons (PS;X
M ), and baryons (PS;X

B ) calculated in
HRG with particle spectra from the particle data table, X ¼ PDG,
and with additional resonances predicted by the relativistic quark
model, X ¼ QM, respectively (see text).
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•	
  	
  	
  dressings	
  of	
  strongQCD	
  (non-­‐perturbative)	
  
	
  	
  	
  	
  	
  generate	
  a	
  running	
  quark-­‐mass	
  function	
  

	
  	
  	
  	
  	
  !	
  “constituent-­‐like”	
  correlations	
  at	
  low	
  p	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  that	
  generate	
  the	
  N*	
  spectrum	
  

	
  	
  	
  	
  	
  !	
  account	
  for	
  ~98%	
  of	
  the	
  visible	
  mass	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  (Higgs	
  mechanism	
  is	
  the	
  other	
  ~2%)	
  

	
  
•	
  	
  	
  CLAS	
  goals:	
  	
  
	
  	
  	
  	
  	
  –	
  	
  elucidate	
  the	
  structure	
  of	
  
	
  	
  	
  	
  	
  	
  	
  	
  N*	
  states	
  that	
  are	
  observed,	
  
	
  	
  	
  	
  	
  	
  	
  and	
  Hind	
  the	
  ones	
  that	
  aren’t	
  	
  !	
  

	
  	
  	
  –	
  	
  clarify	
  the	
  role	
  of	
  complex	
  correlations:	
  
	
  	
  	
  	
  	
  	
  	
  " meson	
  cloud	
  
	
  	
  	
  	
  	
  	
  	
  " dynamical	
  meson-­‐baryon	
  “molecules”	
  

goals	
  of	
  the	
  N*	
  program	
  with	
  CLAS	
  at	
  Jefferson	
  Lab	
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Appendix A: Dressed quark propagator

The dressed-quark propagator can be written:

S(p) = �i� · p�
V

(p2) + �
S

(p2) (A.1a)

= 1/[i� · pA(p2) +B(p2)] . (A.1b)

It is known that for light-quarks the wave function renor-
malisation and dressed-quark mass:

Z(p2) = 1/A(p2) , M(p2) = B(p2)/A(p2) , (A.2)

respectively, receive strong momentum-dependent cor-
rections at infrared momenta [35, 73–77]: Z(p2) is sup-
pressed and M(p2) enhanced. These features are an ex-
pression of DCSB and, plausibly, of confinement [44]; and
their impact on hadron phenomena has long been empha-
sised [78].

Numerical solutions of the quark gap equation are now
readily obtained. However, the utility of an algebraic
form for S(p) when calculations require the evaluation of
numerous multidimensional integrals is self-evident. An
e�cacious parametrisation of S(p), which exhibits the
features described above, has been used extensively in
hadron studies [82]. It is expressed via

�̄
S

(x) = 2 m̄F(2(x+ m̄2))

+ F(b1x)F(b3x) [b0 + b2F(✏x)] , (A.3a)

�̄
V

(x) =
1

x+ m̄2

⇥
1� F(2(x+ m̄2))

⇤
, (A.3b)

with x = p2/�2, m̄ = m/�,

F(x) =
1� e�x

x
, (A.4)

0 1 2 3
0

0.1

0.2

0.3

0.4

p / GeV
M
(p
)/
G
eV

FIG. A.1. Solid curve (blue) – quark mass function gener-
ated by the parametrisation of the dressed-quark propagator
specified by Eqs. (A.3)–(A.5); and band (green) – exemplary
range of numerical results obtained by solving the gap equa-
tion with the modern DCSB-improved kernels described and
used in Refs. [16, 79–81].

�̄
S

(x) = ��
S

(p2) and �̄
V

(x) = �2 �
V

(p2). The mass-
scale, � = 0.566GeV, and parameter values

m̄ b0 b1 b2 b3
0.00897 0.131 2.90 0.603 0.185

, (A.5)

associated with Eqs. (A.3) were fixed in a least-squares
fit to light-meson observables [83, 84]. (✏ = 10�4 in Eq.
(A.3a) acts only to decouple the large- and intermediate-
p2 domains.)
The dimensionless u = d current-quark mass

in Eq. (A.5) corresponds to m = 5.08MeV and
the parametrisation yields the following Euclidean
constituent-quark mass, defined as the solution of p2 =
M2(p2): ME

u,d

= 0.33GeV. The ratio ME/m = 65 is
one expression of DCSB in the parametrisation of S(p).
It emphasises the dramatic enhancement of the dressed-
quark mass function at infrared momenta.
The dressed-quark mass function generated by this

parametrisation is depicted in Fig. A.1, wherein it is com-
pared with that computed using the DCSB-improved gap
equation kernel described in Refs. [16, 79] and used sub-
sequently to predict the pion parton distribution ampli-
tudes form factors [80, 81]. Evidently, although simple
and introduced long beforehand, the parametrisation is
a sound representation of contemporary numerical re-
sults. (We note that the numerical solutions depicted in
Fig. A.1 were obtained in the chiral limit, which explains
why the (green) band in falls below the parametrisation
at larger p.)
As with the diquark propagators in Eq. (4), the ex-

pressions in Eq. (A.3) ensure confinement of the dressed
quarks via the violation of reflection positivity (see, e.g.
Ref. [44], Sec. 3).

[ Chen, El-Bennich, Roberts, et al., arXiv:1711.03142 ] 

dressed	
  quark	
  mass	
  :	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  parametrized	
  propagator	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  numerical	
  DSE	
  solutions	
  

p  (GeV/c) 

sQCD	
  emerged	
  	
  
at	
  ~t0	
  +1	
  μs	
  when	
  N*s	
  
+illed	
  the	
  Universe	
  

  M
(p

)  
 (G

eV
/c

) 
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Historical	Markers	

1952:	 First	 glimpse	 of	 the	 Δ(1232)	 in	 πp	 scaQering	 shows	 internal	
structure	of	the	proton.		

1964:	Baryon	resonances	essen>al	in	establishing	the	quark	model	and	
the	color	degrees	of	freedom.	

1989:	Broad	effort	to	address	the	missing	baryon	puzzle.	

2010:	First	successful	aQempt	to	predict	the	nucleon	spectrum	in	LQCD.	

2015:	Understanding	of	the	baryon	spectrum	is	needed	to	quan>fy	the	
transi>on	from	QGP	to	the	confined	phase	in	the	early	universe.	

NSTAR	2017	-		August	21st		2017		-	Annalisa	D’Angelo	–	Hybrid		Baryon	Search	at	CLAS12	 2	

σtot(π	
  +	
  N	
  )	
  
•	
  	
  	
  πN	
  #	
  πN	
  	
  !	
  chief	
  source	
  of	
  pre-­‐2008	
  PDG	
  states	
  

	
  	
  	
  	
  –	
  	
  	
  2	
  complex	
  spin-­‐dependent	
  amplitudes	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  !	
  requires	
  3	
  observables	
  to	
  de+ine	
  the	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  full	
  amplitude,	
  within	
  a	
  phase	
  
	
  	
  	
  	
  	
  –	
  	
  	
  	
  	
  	
  there	
  are	
  only	
  4	
  observables	
  (	
  σ,	
  P,	
  R,	
  A	
  )	
  
	
  	
  	
  	
  	
  –	
  	
  	
  	
  	
  	
  data	
  base:	
  ~40,000	
  pts	
  on	
  σ;	
  ~8300	
  pts	
  on	
  P	
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Historical	Markers	

1952:	 First	 glimpse	 of	 the	 Δ(1232)	 in	 πp	 scaQering	 shows	 internal	
structure	of	the	proton.		

1964:	Baryon	resonances	essen>al	in	establishing	the	quark	model	and	
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transi>on	from	QGP	to	the	confined	phase	in	the	early	universe.	

NSTAR	2017	-		August	21st		2017		-	Annalisa	D’Angelo	–	Hybrid		Baryon	Search	at	CLAS12	 2	

σtot(π	
  +	
  N	
  )	
  
•	
  	
  	
  πN	
  #	
  πN	
  	
  !	
  chief	
  source	
  of	
  pre-­‐2008	
  PDG	
  states	
  

	
  	
  	
  	
  –	
  	
  	
  2	
  complex	
  spin-­‐dependent	
  amplitudes	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  !	
  requires	
  3	
  observables	
  to	
  de+ine	
  the	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  full	
  amplitude,	
  within	
  a	
  phase	
  
	
  	
  	
  	
  	
  –	
  	
  	
  	
  	
  	
  there	
  are	
  only	
  4	
  observables	
  (	
  σ,	
  P,	
  R,	
  A	
  )	
  
	
  	
  	
  	
  	
  –	
  	
  	
  	
  	
  	
  almost	
  no	
  data	
  on	
  R	
  &	
  A	
  (~30	
  pts	
  above	
  the	
  Δ)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  !	
  amplitude	
  is	
  under-­‐determined	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  !	
  very	
  difHicult	
  to	
  isolate	
  weaker	
  states	
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σtot(γ	
  	
  +	
  p)	
  

NP	
  B41(1972)	
  445	
  

•	
  	
  	
  πN	
  #	
  πN	
  	
  !	
  chief	
  source	
  of	
  pre-­‐2008	
  PDG	
  states	
  

	
  	
  	
  	
  –	
  	
  	
  2	
  complex	
  spin-­‐dependent	
  amplitudes	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  !	
  requires	
  3	
  observables	
  to	
  de+ine	
  the	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  full	
  amplitude,	
  within	
  a	
  phase	
  
	
  	
  	
  	
  	
  –	
  	
  	
  	
  	
  	
  there	
  are	
  only	
  4	
  observables	
  (	
  σ,	
  P,	
  R,	
  A	
  )	
  
	
  	
  	
  	
  	
  –	
  	
  	
  	
  	
  	
  almost	
  no	
  data	
  on	
  R	
  &	
  A	
  (~30	
  pts	
  above	
  the	
  Δ)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  !	
  amplitude	
  is	
  under-­‐determined	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  !	
  very	
  difHicult	
  to	
  isolate	
  weaker	
  states	
  
	
  
•	
  	
  	
  γ  N	
  #	
  πN,	
  ηN,	
  KY,	
  …	
  

	
  	
  	
  	
  	
  –	
  	
  	
  4	
  complex	
  amplitudes	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  !	
  requires	
  7	
  (8)	
  observables	
  to	
  de+ine	
  the	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  full	
  amplitude,	
  within	
  a	
  phase	
  
	
  	
  	
  	
  	
  –	
  	
  	
  there	
  are	
  16	
  observables:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  (σ,	
  Σ,	
  T,	
  P,	
  E,	
  G,	
  F,	
  H,	
  Ox’	
  ,Oz’	
  ,	
  Cx’	
  ,	
  Cz’	
  ,	
  Lx’	
  ,	
  Lz’	
  ,	
  Tx’	
  ,	
  Tz’	
  )	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  !	
  possible	
  to	
  over-­‐determine	
  the	
  amplitude	
  	
  	
  	
  

Historical	Markers	

1952:	 First	 glimpse	 of	 the	 Δ(1232)	 in	 πp	 scaQering	 shows	 internal	
structure	of	the	proton.		

1964:	Baryon	resonances	essen>al	in	establishing	the	quark	model	and	
the	color	degrees	of	freedom.	

1989:	Broad	effort	to	address	the	missing	baryon	puzzle.	

2010:	First	successful	aQempt	to	predict	the	nucleon	spectrum	in	LQCD.	

2015:	Understanding	of	the	baryon	spectrum	is	needed	to	quan>fy	the	
transi>on	from	QGP	to	the	confined	phase	in	the	early	universe.	

NSTAR	2017	-		August	21st		2017		-	Annalisa	D’Angelo	–	Hybrid		Baryon	Search	at	CLAS12	 2	

σtot(π	
  +	
  N	
  )	
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  of	
  “everything”	
  in	
  J=0–	
  meson	
  photo-­‐production	
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0- N Pol Obsv table-v9e w plane  

Measurements of “everything” in J 
π  = 0– meson photo-production :   

 [SHKL, J Phys G38 (11) 053001] 
Photon beam Target Recoil Target - Recoil 

 x' y’ z’ x' x' x' y’ y’ y’ z’ z’ z' 

x y z  x y z x y z x y z 

unpolarized    σ0  T   P  Tx’  Lx’  Σ   Tz’  Lz’ 

PL
γ  sin(2φγ )  H  G Ox’  Oz’  Cz’  E  F  –Cx’  

PL
γ  cos(2φγ )  –Σ    –P    –T  –Lz’  Tz’  – σ0  Lx’  –Tx’ 

circular Pc
γ

  F  –E Cx’  Cz’  –Oz’  G  – H  Ox’  
        0- N Pol Obsv table-v9f wPlane 

 
  

 

16 different observables,  
     each appearing twice: 
  
•  single-pol observables can be  
   measured from double-pol asy 
  
•  double-pol observables can be  
   measured from triple-pol asy 
 

 

	
  
•	
  	
  	
  16	
  different	
  observables	
  
•	
  	
  	
  combine	
  asymmetries	
  for	
  
	
  	
  	
  	
  	
  different	
  Hinal	
  states	
  in	
  a	
  
	
  	
  	
  	
  	
  coupled-­‐channel	
  PWA	
  

	
  	
  	
  	
  !	
  identify	
  N*	
  resonances	
  	
  	
  
	
  	
  	
  	
  !	
  extract	
  γ NN*	
  couplings	
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  N*	
  resonance	
  !	
  	
  s-­‐channel	
  pole	
  

πN, ππN, KY	



•	
  	
  	
  	
  coupled-­‐channel	
  “dressings”	
  of	
  
the	
  strong	
  vertex	
  determine	
  the	
  N*	
  
spectral	
  proper;es	
  (mass/pole	
  
posi;ons,	
  widths)	
  

Challenge	
  #2:	
  the	
  dressings	
  of	
  sQCD	
  

•	
  	
  	
  	
  meson-­‐loop	
  “dressings”	
  of	
  the	
  	
  
Electromagne;c	
   vertex	
   affect	
   the	
  
dynamical	
   proper;es	
   (excita;on	
  
mechanism)	
   and	
   determine	
   Q2	
  
evolu;on,	
  but	
  not	
  spectral	
  proper;es	
  

γ  pN*,	
  γ  nN*	
  



Challenge	
  #2:	
  the	
  dressings	
  of	
  sQCD	
  –	
  eg.	
  the	
  P11	
  Roper	
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  N*	
  resonance	
  !	
  	
  s-­‐channel	
  pole	
  

γ  pN*,	
  γ  nN*	
  
πN, ππN, KY	



•	
  	
  	
  	
  coupled-­‐channel	
  “dressings”	
  of	
  
the	
  strong	
  vertex	
  determine	
  the	
  N*	
  
spectral	
  proper;es	
  

•	
  	
  	
  	
  dynamic	
  coupled-­‐channel	
  model	
  
of	
  πN,	
  γ N	
  "	
  πN,	
  πΔ ,	
  ηN,	
  KY	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  [EBAC/AO,	
  PRL	
  104	
  (2010)	
  042302]	
  

!	
  “bare”	
  N*	
  excita;on	
  at	
  1763	
  
evolves	
  to	
  doublet	
  of	
  poles	
  at	
  ~1360	
  
! no	
  PWA	
  of	
  a	
  single	
  channel	
  can	
  
be	
  sufficient	
  with	
  such	
  couplings	
  

P11	
  (1440)	
  



Challenge	
  #2:	
  the	
  dressings	
  of	
  sQCD	
  –	
  eg.	
  the	
  P11	
  Roper	
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  N*	
  resonance	
  !	
  	
  s-­‐channel	
  pole	
  

πN, ππN, KY	


P11	
  (1440)	
  

•	
  	
  	
  	
  meson-­‐loop	
  “dressings”	
  of	
  the	
  	
  
Electromagne;c	
   vertex	
   affect	
   the	
  
dynamical	
   proper;es	
   (excita;on	
  
mechanism)	
   and	
   determine	
   Q2	
  
evolu;on,	
  but	
  not	
  spectral	
  proper;es	
  
	
  
•	
   	
   	
   	
   Q2	
   evolu;on	
   demonstrates	
   the	
  
basic	
  character	
  of	
  the	
  second	
  Jπ=1/2+	
  
state	
   of	
   the	
   nucleon	
   as	
   a	
   radial	
  
excita;on	
  of	
  a	
  dressed	
  3q	
  core	
  

[AMS,	
  J.	
  Phys.	
  Conf.	
  424	
  (2013)	
  012001,	
  &	
  ref	
  therein]	
  

[ Chen, El-Bennich, Roberts, et al., arXiv:1711.03142 ] 

γ  pN*,	
  γ  nN*	
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Electromagnetic calorimeter 
Lead/scintillator, 1296 PMTs 

61 backing counters

•• bremsstrahlungbremsstrahlung
photon photon taggertagger

•• EEγγ  = 20-95% of E= 20-95% of E00

•• EEγγ  up to ~5.5 up to ~5.5 GeVGeV

Hall B Photon Hall B Photon TaggerTagger

• Circularly polarized photons from longitudinally polarized electrons

• Linearly polarized photons from brem in oriented diamond crystals

61 Backing

Counters

(→ timing)

•	
  	
  	
  tagged	
  photon	
  beams	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  circular	
  polarization	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  from	
  brem	
  of	
  polarized	
  e–	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  linear	
  polarization	
  from	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  e–	
  brem	
  in	
  diamond	
  
	
  
	
  
	
  
•	
  	
  	
  longitudinally	
  polarized	
  e–	
  beams	
  

                
                         3 sets of nested 
                         Drift Chambers 
                 Ar/CO2, 35,000 cells 



FROST	
  –	
  frozen-­‐spin	
  proton	
  target	
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  • target: Ø 15mm x 50mm �
  • material: C4H9OH -butanol �
  • dilution factor: 10/74 �

  • P(H) = 83% �
  • T1(1/e relaxation time)�
          =  115 d (+ pol) �
          =   65 d (- pol) �

  • repolarize ~ once/week �
Polarization mechanism: �
• polarize electrons at �
  0.4 K and 5 Tesla �

• e  H transfer w µWaves�

• drop temp to 30 mK to �
  increase T1 �

g9a: Strauch et al., PL B750 (2015) 53 

CLAS Collaboration / Physics Letters B 750 (2015) 53–58 55

(
dσ

d"

)
=

(
dσ

d"

)

0
(1 − P z P⊙E) , (1)

where (dσ /d")0 is the unpolarized cross section; P z and P⊙ are 
the target and beam polarizations, respectively. The observable E
is the helicity asymmetry of the cross section,

E = dσ1/2 − dσ3/2

dσ1/2 + dσ3/2
(2)

for aligned, total helicity h = 3/2, and anti-aligned, h = 1/2, pho-
ton and proton spins. These data are fitted using three very dif-
ferent PWA models — BnGa, JüBo, and SAID — from the Bonn–
Gatchina [9], Jülich–Bonn [10], and GWU [11] groups, respectively. 
The resulting consistency of helicity amplitudes for the domi-
nant resonances demonstrates that the PWA results are largely 
driven by the data alone; the modest differences gauge the model-
dependence. This consistency provides an excellent starting point 
to search for new resonances.

Earlier measurements have been reported for the polarization 
observable E in the π0 p channel [12] and some cross-section 
helicity-asymmetry data exists for both the π0 p and π+n chan-
nels [13–15]. Here we report E measurements of unprecedented 
precision covering, for the first time, nearly the entire resonance 
region.

The experiment was performed at the Thomas Jefferson Na-
tional Accelerator Facility (JLab). Longitudinally polarized electrons 
from the CEBAF accelerator with energies of Ee = 1.645 GeV and 
2.478 GeV were incident on the thin radiator of the Hall-B Pho-
ton Tagger [16] and produced circularly polarized tagged photons 
in the energy range between Eγ = 0.35 GeV and 2.37 GeV.

The degree of circular polarization of the photon beam, P⊙ , 
depends on the ratio x = Eγ /Ee and increases from zero to the 
degree of incident electron-beam polarization, Pe , monotonically 
with photon energy [17]

P⊙ = Pe · 4x − x2

4 − 4x + 3x2 . (3)

Measurements of the electron-beam polarization were made rou-
tinely with the Hall-B Møller polarimeter. The average value of the 
electron-beam polarization was found to be Pe = 0.84 ± 0.04. The 
electron-beam helicity was pseudo-randomly flipped between +1
and −1 with a 30 Hz flip rate.

The collimated photon beam irradiated a frozen-spin target 
(FROST) [18] at the center of the CEBAF Large Acceptance Spec-
trometer (CLAS) [19]. Frozen beads of butanol (C4H9OH) inside a 
50 mm long target cup were used as target material. The pro-
tons of the hydrogen atoms in this material were dynamically 
polarized along the photon-beam direction. The degree of polar-
ization was on average P z = 0.82 ± 0.05. The proton polarization 
was routinely changed from being aligned along the beam axis to 
being anti-aligned. Quasi-free photoproduction off the unpolarized, 
bound protons in the butanol target constituted a background. Data 
were taken simultaneously from an additional carbon target down-
stream of the butanol target to allow for the determination of this 
bound-nucleon background. A small unpolarized hydrogen contam-
ination of the carbon target has been corrected for in the analysis.

Final-state π+ mesons were detected in CLAS. The particle 
detectors used in this experiment were a set of plastic scintil-
lation counters close to the target to measure event start times 
(start counter) [20], drift chambers [21] to determine charged-
particle trajectories in the magnetic field within CLAS, and scin-
tillation counters for flight-time measurements [22]. Coincident 
signals from the photon tagger, start-, and time-of-flight coun-
ters constituted the event trigger. Data from this experiment were 
taken in seven groups of runs with various electron-beam energies 

Fig. 1. Example of a reconstructed distribution of the reaction vertex along the beam 
line for events at W ≈ 1.30 GeV and θ lab ≈ 88.5◦ originating in the butanol and 
carbon targets. The shaded areas indicate the z-vertex ranges used in the analysis.

and beam/target polarization orientations. Events with one and 
only one positively charged particle and zero negatively charged 
particles detected in CLAS were considered. The π+ mesons were 
identified by their charge (from the curvature of the particle track) 
and by using the time-of-flight technique. Photoproduced lepton-
pair production in the nuclear targets was a forward peaked back-
ground. This background was strongly suppressed with a fiducial 
cut on the polar angle of the pion, θ lab

π > 14◦ .
The observable E was determined in 900 kinematic bins of W

and cos θ cm
π , where W is the center-of-mass energy and θ cm

π is the 
pion center-of-mass angle with respect to the incident photon mo-
mentum direction. For each bin three missing-mass distributions in 
the γ p → π+ X reaction were accumulated: for events originating 
in the butanol-target with a total helicity of photons and polarized 
protons of h = 3/2, for butanol events with h = 1/2, and for events 
originating in the carbon-target. The production target was identi-
fied by the reconstructed position of the reaction vertex; see Fig. 1. 
The range for butanol-target events, −3 cm to +2 cm, was se-
lected to maximize their yield while minimizing potential contri-
butions from unpolarized events. To determine the bound-nucleon 
background in the butanol data, the carbon-data distribution was 
scaled by a factor α to fit the butanol missing-mass distribution 
up to 1.05 GeV/c2, together with a Gaussian peak. Over all kine-
matic bins, the average value of α is 5. Examples of two angular 
bins at W ≈ 1.63 GeV are shown in Fig. 2. The number of events, 
N B

3/2, N B
1/2, and NC , for a given kinematic bin were then selected 

by the condition |mX − m0| < 2σH , where m0 and σH are the peak 
position and peak width of the neutron in the missing mass distri-
bution taken from the fit. The selection is indicated by the hatched 
region in Fig. 2.

The observable E was finally extracted from the polarized 
yields, N p

3/2 and N p
1/2, of γ⃗ p⃗ → π+n events for total helicities 

h = 3/2 and 1/2, respectively, and the average beam and target 
polarizations,

E = 1

P z P⊙

(
N p

1/2 − N p
3/2

N p
1/2 + N p

3/2

)

. (4)

As the bound nucleons in the butanol target are unpolarized, the 
helicity difference in the event numbers is due only to the po-
larized hydrogen, N p

1/2 − N p
3/2 = N B

1/2 − N B
3/2. The total yield from 

polarized hydrogen was determined from the butanol and carbon 
yields, N p

1/2 + N p
3/2 = (N B

1/2 + N B
3/2 − αNC )κ , where κ = 1.3 is an 

experimentally well determined correction factor. The correction is 
needed as NC not only counts bound-nucleon events but also un-
polarized free-proton events due to the hydrogen contamination of 
the carbon target. This is the largest contribution to κ and it is en-
ergy and scattering-angle independent. A minor contribution to κ
arises as N B and NC contain also carbon-target and butanol-target 

•  target: 15mm Ø x 50mm


•  material: C4H9OH  (butanol)


•  p-dilution: 10/74


•  P(H) = 83%


•  T1 (1/e spin relaxation) = 115 d (+h) 


                              =  65 d (-h)


•  repolarize ~ weekly



FROST: NIM A684 (2012) 27 

  γ p →π +(n)
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events, respectively, due to the limited resolution in the target re-
construction at very forward pion angles. The experimental value 
for E is then given by

E = 1

P z P⊙κ

[
N B

1/2 − N B
3/2

N B
1/2 + N B

3/2 − αNC

]

. (5)

Fig. 2. (Color online.) Examples of butanol missing-mass distributions, γ p → π+ X , 
overlaid with scaled distributions from the carbon-target. The hatched region selects 
the butanol- and carbon-target events which were used in the subsequent analysis. 
The butanol yield at larger missing masses contains multi-pion final-state events off 
the free proton and exceed the carbon yield.

The statistical uncertainty of E is determined from the counting 
statistics of the event yields and from the statistical uncertainty of 
the scale factor α. The relative systematic uncertainty is dominated 
by the uncertainty in the product of the beam and target polariza-
tions, about ±7.5%. The hydrogen contamination contributes with 
±1.5%. Point-to-point uncertainties are due to the background sub-
traction, ±0.03, and, only at the most forward pion angles, due to 
the limited vertex resolution, an additional contribution < 0.015.

The angular distributions, plotted in Fig. 3 as functions of 
cos θ cm

π , display an approximate ‘U’-shaped distribution between 
the required maxima at cos θ cm

π = ±1 and dipping to about −0.5
for energies up to about W = 1.7 GeV. This differs from the E
measurements for π0 p photoproduction from CBELSA-TAPS [12]. 
There, in a broad energy bin covering 960–1100 MeV, one sees a 
zero crossing near 90 degrees. In general, for the π+n final state 
and W < 1.5 GeV, the data are well described [9–11], as Fig. 3
shows, because the analyses are constrained by older MAMI–B
data [15]. However, at most of the higher photon energies, where 
no similar constraints exist, the BnGa, JüBo, and SAID analyses 
show more pronounced angular variations than are seen in the 
data. These qualitative features exist in the MAID [23] results as 
well.

Given the relative lack of polarization data at the highest en-
ergies, it is not surprising that a much better fit to these new E
measurements is achieved once they are included in the database. 
These improved analyses maintain nevertheless good descriptions 
of the previous data. In principle, a fit may be achieved through 
small amplitude changes that produce large changes in the po-
larization observables, through a substantial modification of the 
assumed resonance and background contributions, or through the 
addition of new resonances. Having the BnGa, JüBo and SAID anal-
yses together we are able to compare results with a minimal set of 
resonances (SAID) to the larger sets required in the BnGa and JüBo 
analyses.

To show the impact of the new E data, Table 1 shows the he-
licity couplings of selected low-mass nucleon resonances before 
and after including the data in the three analyses. The baseline 
SAID and JüBo fits were done with the same updated database to 
have a common point of comparison. The SAID and BnGa analy-
ses compare changes in the Breit–Wigner resonance photo-decay 
parameters, while the JüBo results determine photo-couplings at 

Fig. 3. (Color online.) Double polarization observable E in the γ⃗ p⃗ → π+n reaction as a function of cos θcm
π for three selected bins of the center-of-mass energy W . Systematic 

uncertainties are indicated as shaded bands. The curves in the upper panels are predictions based on the SAID ST14 [11] and JüBo14 [10] analyses as well as predictions 
from BnGa11E [9]. The curves in the lower panels are results from updated analyses including the present E data.
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HDice summary in CLAS 

HDiceHDice: Frozen-spin Target 

  

 • target: ! 15 mm " 50 mm • P(H) = 60%  or P(D) = 30% 

 • material: solid HD • T1 (1/e relaxation time) 

 • dilution factors: 1/2 for 
  
!
p       ~ years 

   1/1  for   
!
n  • no repolarization needed 

 

 

 

 
 

Polarization mechanism: 

 • polarize impurities (10–3) 
   of H2 and D2 at 0.010 K 
   and 15 Tesla 

 • spin exchange w HD 
   H2 # HD $ D2 

 • wait for H2 and D2 to 
   decay to inert ground st 
   (~ 3 months) 

HDice	
  –	
  frozen-­‐spin	
  target	
  for	
  neutrons	
  

Full cell 
Empty cell 

Full cell 
Empty cell 

•  target: 15mm Ø x 50mm


•  material: solid HD


•  p-dilution: 1/2; n-dilution: 1/1 


•  P(H) = 60% or P(D) = 30%


•  T1 (1/e spin relaxation) ~ years



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

 γ n →π−p
g14: Ho et al., PRL 118 (2017) 242002 

W = 1.600 – 1.640GeV 
cos(θπ) = -0.60 



0- N Pol Obsv table-v9e w plane  

Measurements of “everything” in J 
π  = 0– meson photo-production :   

 [SHKL, J Phys G38 (11) 053001] 
Photon beam Target Recoil Target - Recoil 

 x' y’ z’ x' x' x' y’ y’ y’ z’ z’ z' 

x y z  x y z x y z x y z 

unpolarized    σ0  T   P  Tx’  Lx’  Σ   Tz’  Lz’ 

PL
γ  sin(2φγ )  H  G Ox’  Oz’  Cz’  E  F  –Cx’  

PL
γ  cos(2φγ )  –Σ    –P    –T  –Lz’  Tz’  – σ0  Lx’  –Tx’ 

circular Pc
γ

  F  –E Cx’  Cz’  –Oz’  G  – H  Ox’  
        0- N Pol Obsv table-v9f wPlane 

 
  

 

16 different observables,  
     each appearing twice: 
  
•  single-pol observables can be  
   measured from double-pol asy 
  
•  double-pol observables can be  
   measured from triple-pol asy 
 

 

Σ	
  (γ   p	
  #π0n)	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CLAS-­‐g8b:	
  PRC88	
  (2013)	
  065203	
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 PL
γ

ϕ
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TABLE I. Gaussian parameters of the fit to the ratios of the results
for ! using the moment method to ! determined by the ϕ-bin method
on an E-counter by E-counter basis.

Center-of-mass angles Center σ

Forward 0.9978(3) 0.0043(4)
Backward 1.003(2) 0.015(2)

coming from the average value (parallel and perpendicular
orientations) determined by the ϕ-bin method, we can safely
say that the systematic uncertainty of the moment method
due to polarization is nearly identical to the systematics one
obtains when simply averaging the beam asymmetry from
each polarization orientation. Thus, the fractional uncertainty
of each polarization systematic uncertainty (each estimated
as 4%) is added in quadrature to obtain an estimate of the
systematic uncertainty in the beam asymmetry of 6%.

IX. RESULTS

The CLAS beam asymmetries obtained here for γ⃗p →
pπ0 (700 data points represented as filled circles) are com-
pared in Figs. 8 and 9 with previous data from Bonn [12,13]
(open circles), Yerevan [14–19] (open triangle), GRAAL [20]
(open squares), CEA [21] (filled squares), DNPL [22,23]
(crosses), and LEPS [24] (asterisks). The results for the
reaction γp → nπ+ CLAS beam asymmetries (386 data
points shown as filled circles) are compared in Fig. 10 to
previous data from GRAAL [25] (open squares), Yerevan [26]
(open triangles), CEA [21] (filled squares), and DNPL [23]
(crosses). Only those world data that are within ±3 MeV of the
CLAS photon energies Eγ are shown. In addition to the data,
phenomenological curves are included in the above mentioned
figures and will be discussed further below.

For the CLAS π0 data obtained here, the Yerevan results
agree well except for a few points at Eγ =1265, 1301, and

FIG. 8. (Color online) Beam asymmetry ! for γ⃗p → π0p at Eγ = 1102–1444 MeV versus pion center-of-mass production angle. Photon
energy is indicated by E, while the center-of-mass total energy is indicated by W . Red solid (blue dash-dotted) lines correspond to the
SAID DU13 (CM12 [27]) solution. Green dashed (black short-dashed) lines give the MAID07 [28] (BG2011-02 BnGa [29]) predictions.
Experimental data are from the current (filled circles), Bonn [12,13] (open circles), Yerevan [14–19] (open triangle), GRAAL [20] (open
square), CEA [21] (filled square), DNPL [22,23] (cross), and LEPS [24] (asterisk). Plotted uncertainties are statistical. The plotted points from
previously published experimental data [30] are those data points within 3 MeV of the photon energy indicated on each panel.

065203-8

p	
  



0- N Pol Obsv table-v9e w plane  

Measurements of “everything” in J 
π  = 0– meson photo-production :   

 [SHKL, J Phys G38 (11) 053001] 
Photon beam Target Recoil Target - Recoil 

 x' y’ z’ x' x' x' y’ y’ y’ z’ z’ z' 

x y z  x y z x y z x y z 

unpolarized    σ0  T   P  Tx’  Lx’  Σ   Tz’  Lz’ 

PL
γ  sin(2φγ )  H  G Ox’  Oz’  Cz’  E  F  –Cx’  

PL
γ  cos(2φγ )  –Σ    –P    –T  –Lz’  Tz’  – σ0  Lx’  –Tx’ 

circular Pc
γ

  F  –E Cx’  Cz’  –Oz’  G  – H  Ox’  
        0- N Pol Obsv table-v9f wPlane 
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Figure 27: Polarization observable E (cont.)
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Figure 27: Polarization observable E. The data points are the results of this analysis showing only statistical uncer-
tainties. The curves show results from SAID (SP09) [9] (solid), MAID [8] (dashed), and the preliminary SAID (G914)

(dotted). The gray band indicates the size of the systematic uncertainties.
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FIG. 10. (Color online) P! vs. cos θ c.m.
K in bins of

√
s. Results from the two-track analysis are represented by closed red circles, those of

the three-track analysis by open blue triangles. All error bars represent statistical uncertainties only. Horizontal and vertical axis scales are
common for all plots. Physical limits on P! are indicated by dashed horizontal lines.

Several notable structures are present in the P! data
over the

√
s range from 1.7 to 2.6 GeV. In the forward

direction for
√

s > 1.9 GeV, where the reaction is known
to be dominated by t channel, the recoil polarization is
relatively featureless with respect to

√
s. As one looks farther

back in production angle, t-channel mechanisms become
less dominant and undulations in P! can be seen. As an
example, at backward angles, a region of large positive !
polarization is quite obvious at

√
s ≈ 2.0 GeV. As one looks

forward to intermediate angles, the structure remains, but its

magnitude is decreased. Several other bumps are noticeable in
P! at intermediate angles, including those at

√
s ≈ 2.15 GeV

and ≈2.3 GeV. We note that for
√

s > 2.1 GeV and very for-
ward angles, the recoil polarization remains between −0.5 and
−1.0, indicating a large amount of out-of-production-plane
polarization.

C. Model comparison

For first-order interpretation of features in the data, we
compare the average dσ/dcos θ c.m.

K and P! data [as prescribed
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FIG. 11. (Color online) P! vs. cos θ c.m.
K in bins of

√
s. Results from the two-track analysis are represented by closed red circles, those of

the three-track analysis by open blue triangles. All error bars represent statistical uncertainties only. Horizontal and vertical axis scales are
common for all plots. Physical limits on P! are indicated by dashed horizontal lines.

by Eq. (14)] to the predictions of several contemporary models
of K+ photoproduction. Figures 14–16 show the data and
predictions of these models vs.

√
s in bins of cos θ c.m.

K .
The Kaon-MAID model [21] is an isobar model that

treats nonresonant contributions to the channel as t-channel
exchanges of K+, K∗(892), and K1(1270) mesons. Though the
Kaon-MAID model is versatile, the predictions shown here are
from a model fit only to SAPHIR data. Resonant contributions
to the channel are attributed to the established N (1650)S11,
N (1710)P11, and N (1720)P13 states, as well as a N (1900)D13
“missing” resonance state necessitated by the enhancement

of the differential cross section at
√

s ≈ 1900 GeV. As
this model was fit to data of a somewhat limited energy
range, predictions are only available below

√
s = 2200 MeV.

Because it was tuned to the previous SAPHIR data, scale
agreement between the Kaon-MAID model and the present
data cannot be expected. However, conclusions can be drawn
from comparisons of specific features of the data and the
model.

The second model for comparison is the Regge-Plus-
Resonance (RPR) model [22] developed by the group at
the University of Ghent. This model treats nonresonant
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bers. The largest improvement was observed introducing a sec-
ond P13 state. The fit optimized at 1885 ± 25 MeV mass and
180±30 MeV width, with improvement of χ2 for the reactions
with two-body final states, "χ2

2b = 1540 where χ2
2b is defined

as the (normalized) sum of the χ2 contributions of all two-body
reactions, including their weights (see Eq. (15) in [37]). Adding
a S11 {or D15} state instead, improved the description by 950
{970} units. Replacing the P13 by a P11 state resulted in a much

Table 1
The four strongest resonant contributions (in decreasing importance) to the re-
actions included in this analysis. Resonances contributing less than 1% to a
reaction are not listed. The contributions are determined for the energy range
where data (see text) exist. Note that the ordering of the states is sometimes
not well defined: it is, e.g., different for solution 1 (chosen here) and solution 2
discussed below. In some reactions, t - and u-channel exchanges provide a sig-
nificant contribution to the cross section, too

Reaction Resonances

γp → Nπ "(1232)P33 N(1520)D13 N(1680)F15 N(1535)S11
γp → pη N(1535)S11 N(1720)P13 N(2070)D15 N(1650)S11
γp → pπ0π0 "(1700)D33 N(1520)D13 N(1680)F15
γp → pπ0η "(1940)D33 "(1920)P33 N(2200)P13 "(1700)D33
γp → ΛK+ S11-wave N(1720)P13 N(1900)P13 N(1840)P11
γp → ΣK S11-wave N(1900)P13 N(1840)P11
π−p → nπ0π0 N(1440)P11 N(1520)D13 S11-wave

smaller improvement, "χ2
2b = 205, probably due to the fact

that the fit included already a P11 resonance in this mass re-
gion. A F15 state produced a marginal change in χ2

2b as well;
introducing F17 and G17 did not improve the fit. A resonance
with P33 quantum numbers state provided a better description
of the Σ0K+ channel and gave some additional freedom to the
fit of the ΛK+ reaction. However, the change in χ2

2b was again
smaller by a factor 2 than the one found for a P13 state.

Fig. 2 demonstrates the gain in fit quality when a P13 state
is introduced. The figure shows differential cross section and
the beam asymmetry for γp → ΛK+ and γp → Σ0K+ in the
region of N(1900)P13. In particular the Σ0K+ differential dis-
tributions are not reasonably described without introduction of
a new resonance. The agreement in these figures can be im-
proved by giving a higher weight to this particular data but on
the expense of problems showing up at other places.

In a final step, the P13 was introduced as 3-pole 8-channel
K-matrix with πN , ηN , "(1232)π (P - and F -waves), Nσ ,
D13(1520)π (S-wave), KΛ, and KΣ channels. A satisfactory
description of the Cx and Cz distributions was obtained for
both, the ΛK+ (see Fig. 1(b)) and the Σ0K+ channel (not
shown). The inclusion of the N(1900)P13 resonance was es-
sential to achieve a good quality of the fit, not only for the new
Cx,Cz but also for other data. The χ2/NF for the differential

(a) (b)

Fig. 1. Double polarization observables Cx (black circle) and Cz (open circle) for γp → ΛK+ [13]. The solid (Cx ) and dashed (Cz) curves are our result obtained
without (a) and with the N(1900)P13 state (b) included in the fit.
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FIG. 6. The energy dependence of the target asymmetry, T , for the reaction γ⃗p → K"⃗. The curves have the same definition as in Fig. 5.

of the Bonn-Gatchina partial wave analysis [29] of
data from all channels, including the new data reported
here.

For a comparison of the calculations with the data,
calculations from each of the groups were supplied on a fine
grid in W and cos θ⋆

K . Each CLAS data point represents a
weighted average of the observable in a finite bin of W and
cos θ⋆

K . A weighted average of the calculations that took into

account the distribution of measured events within the bin
was evaluated. The bands observed in the plots represents
the standard deviation of calculations within the kaon angular
range labeled in the sub-plots.

It is clear from the plots that there is a great deal of structure
in the W and cos θ⋆

K dependence of each of the observables. For
the two calculations that represent predictions (ANL-Osaka
and Bonn-Gatchina-2014), the fits generally appear to match
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FIG. 7. The energy dependence of the beam-recoil double asymmetry, Ox , for the reaction γ⃗p → K"⃗. The curves have the same definition
as in Fig. 5.
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FIG. 8. The energy dependence of the beam-recoil double asymmetry, Oz, for the reaction γ⃗p → K!⃗. The curves have the same definition
as in Fig. 5.

the data reasonably well at forward angles over most of the
energy range, and for W < 1.8 GeV at backward angles over
most of the angular range. These ranges in {W, cos θ⋆

K} space
are where the data sets from LEPS and GRAAL were used in
the previous theoretical fits. Away from the regions that overlap
with the previous data, however, these predictions do not do
well in matching the data. The refit of the Bonn-Gatchina
solution does indicate a good agreement over the whole

kinematic region for the K-! channel, and fair agreement
for the K-" channel.

For the Bonn-Gatchina refit, the resonance set in the
BG2014-02 solution was used, and data from all two-body final
states were fitted. In doing this, the couplings to three-body
final states were held fixed, while all other parameters were
allowed to vary. This resulted in a reasonable description of
all data, and was used as a baseline for further studies. The
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FIG. 9. The energy dependence of the beam asymmetry, ", for the reaction γ⃗p → K"⃗0. The curves have the same definition as in Fig. 5.
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of any experiment. A determination of the four complex F i
amplitudes obviously requires the measurement of at least
seven different observables as functions of W and θ, and
one phase remains undetermined. A more detailed study
shows that such a model-independent amplitude analysis
requires the measurement of at least eight carefully chosen
observables of sufficient statistical accuracy [38,39].
Recently, the CLAS collaboration reported precise data

on the process γp → KþΛ. The differential cross section
dσ=dΩ and the Λ recoil polarization P were given in [40],
the polarization transfer from circular photon polarization
to the Λ hyperon Cx and Cz in [41], and the beam
asymmetry Σ, the target asymmetry T, and the polarization
transfer from linear photon polarization to the Λ hyperon
Ox, Oz in [42]. While these represent eight measured
observables, data using a polarized target are still required
to meet the requirements for fully reconstructing the
photoproduction amplitudes at each value of W and θ.
Alternatively, the angular dependence can be exploited,
and the multipoles can be fitted directly. This reduces the
number of observables and the statistical precision of the
data that are required to get a fit [43].
In this paper, we determine the multipoles driving the

process γp → KþΛ in 20 MeV wide slices of KþΛ
invariant mass. The formalism used to determine multi-
poles from data is described in [44] where a first attempt
was made to determine multipoles in slices of invariant
mass. The observables are related to the F i amplitudes;
here we give one example. The recoil polarization P is
given by

PI ¼ sinðθÞIm½ð2F &
2 þ F &

3 þ cosðθÞF &
4ÞF 1

þ F &
2ðcosðθÞF 3 þ F 4Þ þ sin2ðθÞF &

3F 4'; with

I ¼ Re½F 1F &
1 þ F 2F &

2 − 2 cosðθÞF 2F &
1 þ

sin2ðθÞ
2

× ðF 3F &
3 þ F 4F &

4 þ 2F 4F &
1 þ 2F 3F &

2

þ 2 cosðθÞF 4F &
3Þ': ð1Þ

Once the F i functions are known, they can be expanded
into associated Legendre functions PLðcos θÞ and their
derivatives P0

Lðcos θÞ with orbital angular momenta L
between the Kþ and Λ. We have, e.g.,

F 2ðW;cosθÞ¼
X∞

L¼1

½ðLþ1ÞMLþþLML−'P0
LðcosθÞ: ð2Þ

EL( and ML( are electric and magnetic multipoles driving
final states with defined orbital angular momentum L
between meson and baryon and a total spin and parity
JP ¼ ðL( 1=2Þ(. Similar relations hold for the other three
F i functions [44].
The number of multipoles increases considerably

when higher orbital angular momenta are admitted, and

extremely precise data are required. Even then, for each
slice in energy and angle one phase remains undetermined.
Hence one has to suppose that the phase of one multipole
amplitude is known that one might take from an energy-
dependent fit. Clearly, this introduces some model depend-
ence into the analysis.
Alternatively, the Legendre expansion of F i functions

(2) can be inserted into the expressions for the polarization
observables (1). In principle, this is an infinite series that
needs to be determined. However, one can either truncate
the power series at a given L, or one can take the high-L
multipoles from a model. We use the high-L multipoles
from a variety of solutions of the Bonn-Gatchina (BNGA)
fits [30].
Figure 1 shows data on γp → KþΛ for one mass bin and

with three fit curves. The data on Cx, Cz, given in wider
mass bins, are mapped onto 20 MeV bins and are used in
addition. The red (dotted) curves in Fig. 1 show the result of
a single-energy fit to the data. With the given accuracy of
the data, we found that only a small number of multipoles,
E0þ, M1−, E1þ, M1þ, can be determined without imposing
additional constraints (like a penalty function that forces
the fit not to deviate too much from a predefined solution).
The fit determines the real and imaginary parts of these
four photoproduction multipoles for one single mass bin.
These four multipoles varied freely in the fit, with no
constraint. They excite resonances with the quantum
numbers JP ¼ 1=2þ, 1=2−, and 3=2þ. Three further multi-
poles, E2−,M2−, E2þ driving excitations to JP ¼ 3=2− and
5=2−, were constrained to the energy-dependent BNGA fit
by a penalty function that forces the fit not to deviate too
much from the predefined solution. The higher mutipoles
(up to L < 9) were fixed to the energy-dependent BNGA
fit. These multipoles also provide the overall phase.
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FIG. 1. Example of a fit to the data for the mass range from
1950 to 1970 MeV. dσ=dΩ: [40], P [40], Σ, T, Ox, Oz [42]. The
(red) dotted curve corresponds to the fit used to determine the
multipoles of Fig. 2, the (black) solid curves to fits using Lþ P
for low-L partial wave and BNGA for high-L, and the (green)
dashed curves to the BNGA fit.
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Figure 1 shows two more fits: the solid curves represent
the Lþ P fit (described below), the dashed curves the
energy-dependent BNGA fit. The results of the BNGA fits
are shown in Table I. In the fits, different BNGA starting
fits were used that resulted from different fit hypotheses.
In particular, high-mass resonances with spin parities
JP ¼ 1=2#;…; 7=2# were added to the fit hypothesis.
The spread of the results was used to derive the errors
given in Table I.
Figure 2 shows the multipoles as functions of the mass.

The statistical errors are determined by a scan of the χ2

dependence of the single-energy fit on one of the multi-
poles while the other multipoles vary freely. The χ2 of this
fit includes the statistical and systematic errors of the data.
The systematic errors for the real part are given at the top of
the subfigures, those for the imaginary part on the bottom.
The systematic errors are determined by using different
energy-dependent BNGA fits, used to constrain the multi-
poles E2−, M2−, E2þ and to determine the higher partial
waves. The different energy-dependent BNGA fits include,
one by one, additional high-mass resonances (with weak
evidence for their existence) in each partial wave. At small
masses, there are visible differences between the Lþ P fit
and the BNGA fit. These can be traced to the lack of
polarization data at low energies in the backward region.
First, we notice that all fitted multipoles show strong

variations as functions of the mass. It therefore seems

obvious that there are strong resonant contributions.
Indeed, a first simple fit with Breit-Wigner amplitudes
plus a polynomial background shows that resonant con-
tributions are necessary for all four multipoles to achieve a
good fit.
In this paper, we use a Laurent (more precisely Mittag-

Leffler [45]) method [46–52], called the Lþ P method, to
separate the singularities and the regular parts. The back-
ground is represented by analytic functions with well-
defined cuts. The method was described by Ciulli and
Fischer in [53] and extensively used in the KH description
of πN scattering [10] (details are described by Pietarinen in
[54,55]). The method is (almost) model independent. No
dynamical assumptions are made except that the scattering
amplitude is an analytic function in the complex energy
plane with singularities due to poles and thresholds.
The transition amplitude of the Lþ P model is para-

metrized as

TaðWÞ ¼
XNpole

j¼1

gaj
Wj −W

þ
X3

i¼1

XKa

ki¼0

caki

!
αai −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xai −W

p

αai þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xai −W

p
#ki

;

ð3Þ

where a is a channel index, Wj are pole positions in the
complex W (energy) plane, and gaj are residues for πN →
KΛ transitions. The xai define the branch points, c

a
ki
, and αai

TABLE I. Properties of nucleon resonances from the Particle Data Group (PDG) estimates [14], the BNGA PWA fit, and Lþ P fits.
Masses and widths are given in MeV, the normalized inelastic pole residues 2gaðπN → KΛÞ=Γa are numbers.

JP ¼ 1=2− JP ¼ 1=2þ JP ¼ 3=2þ

PDG BNGA MCLþ P PDG BNGA MCLþ P PDG BNGA Lþ P
M1 1640–1670 1658# 10 1660# 5 1670–1770 1690# 15 1697# 23 & & & & & & & & &
Γ1 100–170 102# 8 59# 16 90–380 155# 25 84# 34 & & & & & & & & &
jRes1ðπN → KΛÞj 0.26# 0.10 0.10# 0.10 & & & 0.16# 0.05 0.12þ0.24

−0.12 & & & & & & & & &
Θ1 & & & ð110# 20Þ0 ð95# 33Þ0 & & & −ð160# 25Þ0 −ð119# 83Þ0 & & & & & & & & &
M2 & & & 1895# 15 1906# 17 & & & 1860# 40 1875# 11 1900–1940 1945# 35 1912# 30
Γ2 & & & 132# 30 100# 10 & & & 230# 50 33# 9 130–300 135þ70

−30 166# 30
jRes2ðπN → KΛÞj & & & 0.09# 0.03 0.06# 0.02 & & & 0.05# 0.02 0.30# 0.10 & & & 0.03# 0.02 & & &
Θ2 & & & ð8# 30Þ0 ð87# 27Þ0 & & & ð27# 30Þ0 ð82# 9Þ0 & & & ð90# 40Þ0 & & &
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FIG. 2. Real (red triangles) and imaginary (blue dots) part of the E0þ,M1−, E1þ, andM1þ multipoles for the reaction γp → KþΛ. The
systematic errors are given at the top (real part) and bottom (imaginary part) of the subfigures. E0þ excites the partial wave JP ¼ 1=2−,
M1−: JP ¼ 1=2þ, E1þ and M1þ, JP ¼ 3=2þ. The solid curve shows the Lþ P fit, the dashed curve the energy-dependent BNGA fit.

PRL 119, 062004 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

11 AUGUST 2017

062004-3

•	
  	
  Bonn-­‐Gatchina	
  +	
  Zagreb	
  PWA:	
  

	
  	
  	
  	
  -­‐	
  	
  	
  CLAS	
  γ	
  p	
  #	
  K+Λ	
  used	
  to	
  +ix	
  L=0,1	
  multipoles	
  

	
  	
  	
  	
  -­‐	
  	
  	
  used	
  in	
  a	
  coupled-­‐channel	
  search	
  for	
  poles	
  

	
  	
  !	
  reveals	
  new	
  N*s	
  that	
  couple	
  strongly	
  to	
  K	
  Λ	
  	
  
	
  	
  	
  	
  	
  	
  	
  (but	
  weakly	
  to	
  πN;	
  	
  not	
  evident	
  in	
  πN	
  #	
  πN)	
  

σ	

 Σ	

 T	



P	

 Ox	

 Oz	



[	
  PRL	
  119	
  (2017)	
  062004	
  ]	
  	
  
	



N(1895)1/2–	
   N(1860)1/2+	
  
N(1945)3/2+	
  



Con+irmation	
  of	
  1-­‐star	
  Δ(2200)7/2–	
  in	
  coupled-­‐channel	
  PWA	
  

                Sandorfi -  HEP’18 – Jan, 2018     	



360 A.V. Anisovich et al. / Physics Letters B 766 (2017) 357–361

Fig. 3. The increase in pseudo-χ2 of the fit to a large body of pion- and photo-
produced reactions when the mass of "(1950)7/2+ (solid points) or "(2200)7/2−

(open circles) is scanned. The scale on the left (right) abscissa refers to the 7/2+

(7/2−) partial wave. The curves are to guide the eye.

body reactions – the change in log likelihood multiplied by 2. This 
number is referred to as pseudo-χ2. Since the absolute value of 
the log-likelihood function is meaningless, we give only changes of 
the pseudo-χ2.

With these data included, we performed mass scans in the 
J P = 7/2+ and J P = 7/2− partial waves. In the mass scans, the 
J P = 7/2+ and J P = 7/2− partial waves were not described by 
K -matrix poles but represented by multichannel Breit–Wigner am-
plitudes, hence the optimal parameters for mass and width can dif-
fer. Fig. 3 (top) shows the change of the resulting pseudo-χ2 as a 
function of the imposed mass of the J P = 7/2+ or the J P = 7/2−

resonance. The total pseudo-χ2 has clear minima at a mass of 
1917 MeV for J P = 7/2+ and 2176 MeV for J P = 7/2− . When 
the masses are detuned from the best values, the widths of the 
resonances become wide.

Fig. 3 also shows a breakdown of the total pseudo-χ2 into 
contributions from specific reactions. Clear minima are observed 
in γ p → π0 p, π+ n, K %, π0π0 p, and even in π0ηp (due to 
"(1232)η). The minima are found at 1913, 1917, 1922, 1904, 
1942 MeV, respectively at 2186, 2155, 2193, 2115, 2200 MeV, 
consistent with the overall minima at 1917 and 2176 MeV. It is 
remarkable that the same minima which are found for "∗ decays 
into π N are as well seen in the other allowed decay channels.

In spite of the small "(2200)7/2− → π N coupling, the largest 
evidence stems from photoproduction of single pions. There are 
two reasons: first, the highly constraining polarization data and 
their statistical power define the angular-momentum decomposi-
tion very well. Second, the sequential decays in 2π0 photoproduc-
tion allow for a large flexibility in describing the data; hence the 
statistical significance of those data is reduced.

Table 3
(Breit–Wigner) mass, width (in MeV) and π N decay branching ratio BR = 'π /'tot
of "(2200)7/2− . Ref. [46] reports the pole position, no uncertainty is given.

Mass Width BR Ref.

2280 ± 80 400 ± 150 9 ± 2% [42]
2115 ± 60 400 ± 100 5 ± 2% [43]
2200 ± 80 450 ± 100 6 ± 2% [44]
2280 ± 40 400 ± 50 [45]
2157 477 [46]
2176 ± 40 210 ± 70 3.5 ± 1.5% this work

The scans (Fig. 3) demonstrate clearly that the masses of 
"(1950)7/2+ and "(2200)7/2− are different. The difference in 
squared masses of the two resonances is (1.06 ± 0.17) GeV2, in 
excellent agreement with the slope of the leading Regge trajectory 
for "∗ ’s of (1.08 ± 0.01) GeV2.

To search for a mass-degenerate parity partner of "(1950)7/2+ , 
we did a series of fits trying to impose a "(1950)7/2− with a 
mass restricted in the range 1920 to 1980 MeV in addition to 
"(2200)7/2− . In all fits, both helicity amplitudes converged to 
zero: there is no mass-degenerate parity partner of "(1950)7/2+

in the data.
Evidence for the "(2200)7/2− resonance has been reported be-

fore, see Table 3. The Review of Particle Properties lists it as a one-
star resonance, the evidence was considered as poor. "(2200)7/2−

is not seen in the elastic π N scattering analysis of the GWU group 
[41]; in the recent Bonn–GWU–Jülich analysis it is included in the 
fits but the authors state that they cannot claim much evidence ei-
ther [46].

Finally, we discuss the helicity couplings. The "(1950)7/2+

resonance can be excited by the E3+ and M3+ multipoles, 
"(2200)7/2− by the E4− and M4− multipoles. The multipoles are 
related to the helicity amplitudes by [47]

A1/2
3+ = −1

2
{5E3+ + 3M3+}; A3/2

3+ = 1
2

√
15{E3+ − M3+}

A1/2
4− = −1

2
{4E4− − 6M4−}; A3/2

4− = −1
2

√
24{E4− + M4−}

from which we deduce

"(1950)7/2+ E3+ = −(1.5 ± 1.5)10−3 GeV−1/2

M3+ = (47.1 ± 1.8)10−3 GeV−1/2

"(2200)7/2− E4− = −(7.1 ± 4.5)10−3 GeV−1/2

M4− = (15.3 ± 4.2)10−3 GeV−1/2

In quark models, "(1950)7/2+ has a leading (L, S) configuration 
(L = 2, S = 3/2). When it is excited, the spin of one of the three 
quarks of the proton has to flip. This requires a magnetic multi-
pole. Indeed, the electric multipole E3+ is much smaller than the 
magnetic multipole M3+ . This observation can be compared with 
the small E1+/M1+ ratio of "(1232)3/2+: the photo-excitation of 
"(1232)3/2+ requires a spin flip as well. The leading (L, S) config-
uration of "(2200)7/2− is likely (L = 3, S = 1/2) [48]. No spin flip 
is required and both, electric and magnetic multipoles, may con-
tribute (not necessarily at the same strength). Within the errors, 
data are consistent with this conjecture.

Summarizing, we have reported strong evidence for the
"(2200)7/2− resonance from a coupled-channel analysis of a large 
data base. Mass, width, and decay branching ratios are determined. 
The observed mass strongly favors quark models and AdS/QCD and 
is in conflict with models in which chiral symmetry is restored 
in the high-mass spectrum of meson and baryon resonances. The 
analysis is based on the BnGa approach exploiting the energy-
dependence of the photoproduction amplitudes. There is the hope 
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Δ(2200)7/2–	
  	
  

Δ(1950)7/2+	
  	
  

•	
  	
  	
  well	
  established	
  Δ(1950)	
  7/2+	
  [PDG	
  ****]	
  
	
  	
  	
  	
  	
  missing	
  a	
  parity-­‐partner	
  

	
  	
  	
  	
  	
  !	
  possible	
  weak	
  Δ(2200)	
  7/2–	
  [PDG	
  *]	
  ?	
  

•	
  	
  	
  Bonn-­‐Gatchina	
  coupled-­‐channel	
  PWA	
  of	
  
	
  	
  	
  	
  	
  CLAS	
  and	
  CBELSA/TAPS	
  data	
  from	
  many	
  channels	
  
	
  	
  	
  	
  	
  [	
  Phys	
  Lett	
  B766	
  (2017)	
  357	
  ]	
  

	
  	
  	
  	
  !	
  requires	
  Δ(2176)	
  7/2–	
  	
  
	
  	
  	
  	
  	
  %	
  	
  small	
  πN	
  branch	
  !	
  very	
  weak	
  in	
  πN	
  scattering	
  
	
  	
  	
  	
  	
  %	
  	
  	
  but	
  re+lected	
  in	
  the	
  γN"	
  πN	
  “E”	
  asymmetries	
  

•	
  	
  	
  no	
  evidence	
  of	
  mass-­‐degenerate	
  partners	
  
	
  	
  	
  	
  	
  near	
  1950	
  (arguing	
  against	
  Chiral	
  restoration)	
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•   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



! CLAS run  periods g10 (       ), 


                          g13 (       ), 


                          g14 (       )
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16 different observables,  
     each appearing twice: 
  
•  single-pol observables can be  
   measured from double-pol asy 
  
•  double-pol observables can be  
   measured from triple-pol asy 
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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)
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Deuteron reactions ���
restricted to create an effective neutron target



•	
  	
  select	
  events	
  for	
  which	
  the	
  proton	
  in	
  Deuterium	
  is	
  a	
  passive	
  “spectator”	
  
	
  	
  	
  	
  !	
  key	
  variable	
  is	
  its	
  momentum,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  eg.	
  equivalently,	
  the	
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  of	
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  +n(p)	
  "	
  π	
  –	
  p(p)	
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  use	
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  to	
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  the	
  kinematic	
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  in	
  which	
  a	
  measured	
  observable	
  is	
  stable	
  

•	
  	
  	
  eg.	
  the	
  beam-­‐target	
  helicity	
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  “E”	
  :	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  [	
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  (2017)	
  242002	
  ]	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  |Pmiss|	
  <	
  0.1	
  GeV/c	
  





•	
  	
  	
  with	
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  requirements,	
  	
  
	
  	
  	
  	
  	
  the	
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  no	
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  stable	
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  is	
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16 different observables,  
     each appearing twice: 
  
•  single-pol observables can be  
   measured from double-pol asy 
  
•  double-pol observables can be  
   measured from triple-pol asy 
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  to	
  πN)	
  

•	
  	
  new	
  BnGa	
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N(	
  W	
  )	
  Jπ	
   PDG’08	
   PDG’17	
   +	
  recent	
   γ	
  N	
   πN	
   KY	
  
N(1710)1/2+ ★ ★ ★ ★ ★ ★ ★ ✓✓✓✓ ✓✓✓✓ ✓✓✓✓ 

N(1860)1/2+ ✚ ✔ ✓ ✓ ✓ 

N(1860)5/2+ ★ ★ ✓✓ 

N(1875)3/2– ★ ★ ★ ✓✓✓ ✓ ✓✓✓ 

N(1880)1/2+  ★ ★ ✓ ✓ ✓ 

N(1895)1/2–  ★ ★ ✚ ✔ ✓✓ ✓ ✓✓ 

N(1900)3/2+ ★ ★  ★ ★ ★ ✚ ✔ ✓✓✓ ✓✓ ✓✓✓ 

N(1975)3/2+ ✚ ✔ ✓ ✓ 

N(2040)3/2+ ★  ✓ 

N(2060)5/2–  ★ ★ ✓✓ ✓✓ ✓✓ 

N(2100)1/2+ ★ ★ ✚ ✔ ✓ ✓ 

N(2120)3/2–  ★ ★ ✓✓ ✓✓ ✓ 

N(2300)1/2+  ★ ★ ✓✓ 

N(2570)5/2–  ★ ★ ✓✓ 

Δ(1940)3/2– ★   ★ ★ ✓✓ ✓ 

Δ(2200)7/2– ★   ★ ✚ ✔ ✓ ✓ 
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CROSS SECTIONS AND BEAM ASYMMETRIES FOR . . . PHYSICAL REVIEW C 77, 015208 (2008)

The !(1232) state is a relatively isolated isospin 3
2

resonance and is quite accessible in π0 electroproduction from
proton targets. In the mass region above the !(1232), there is
a cluster of three nucleon resonances, the N (1440), N (1520),
and N (1535) in the mass range around 1.5 GeV, and at least
nine N∗ and !∗ states in a mass range from 1.62 to 1.72 GeV,
many of them with large branching ratios into the Nπ
hadronic final state. Single pion electroproduction is highly
sensitive to many of these states. To disentangle the different
states through their isospin and spin-parity assignments,
more detailed experimental information is needed than is
available from the pπ0 final state alone. In particular, most
of the states with masses up to 1.7 GeV have isospin 1

2 and
couple more strongly to the nπ+ final state than to pπ0. A
detailed mapping of this channel is crucial for a successful
analysis of the mass range above the !(1232). Such an
analysis requires complete information on the center-of-mass
angle distribution to separate the contributing partial waves.
The first measurement of exclusive π+ electroproduction
from protons at low Q2 in the resonance region and with
complete angular coverage has become available only recently
[14]. Previous measurements [15] were very limited in angle
coverage and statistical accuracy. Moreover, measurements of
polarization observables are very important. Their sensitivity
to interferences of resonant and nonresonant amplitudes can
enhance the contributions of smaller resonances. For the
exclusive nπ+ final state, beam polarization asymmetries have
only been measured in the lower mass and Q2 region [16], and
double polarization observables are available only in limited
kinematics [17].

The symmetric constituent quark model (CQM) allows
one to make predictions for the systematics of the excited
N∗ and !∗ spectrum, as well as for the internal structure
of these states. Although the resonance spectrum up to a
mass of 1.7 GeV is reasonably well explored, the internal
structure of most states above the !(1232) has been studied
only very crudely. For example, the lowest nucleonlike state
is the N (1440) with JP = 1

2
+

. Model predictions for this
state disagree widely on its transition form factors, and
precise experimental information is currently available only
from single pion photoproduction [18,19], and in the range
Q2 < 0.65 GeV2 from recent single pion [14] and double
pion electroproduction [20]. The analyses of these data [21,22]
made use of differential cross sections as well as of polarized
electron beam asymmetries. The latter were found to be
highly sensitive to the amplitudes of the very broad N (1440)
state through interference of the resonant and nonresonant
amplitudes. They revealed transition form factors that show
a very strong Q2 dependence for the transverse(magnetic)
amplitude and a large coupling to longitudinal photons. Such
a behavior is not understood within nonrelativistic CQMs
[23,24] or the hybrid model [25] and indicates possible large
contributions from vector mesons [26] or relativistic effects
[27]. To further explore this behavior, measurements at higher
Q2 are necessary, where models make distinctly different
predictions.

The transition to the N (1520) state with JP = 3
2

−
is

predicted within the CQM [27–29] to rapidly change the

helicity structure of the γNN∗ vertex from the total helicity
λγN = 3

2 dominance at the real photon point to λγN = 1
2

dominance at short distances (i.e., high Q2). Quark models
predict a similar behavior for the N (1680) JP = 5

2
+

state.
Earlier analyses of older data found indications for such a
behavior [2,30], but a precise mapping over a large Q2 range
has not been accomplished. Apart from the !(1232), the
N (1535) is the only state for which the transverse transition
form factor has been measured in a large range of Q2

[2,31–33]. This state has a large branching ratio to both the
pη and the Nπ channels. Measurement of this state in the nπ
channel is important to obtain information on the longitudinal
photocoupling amplitude that is difficult to access in the pη
channel. Moreover, it will allow us to test for meson cloud
effects in the resonance transition, which may be different for
the two channels.

II. KINEMATICS

We report on measurements of differential cross sections
and polarized electron beam asymmetries with the CEBAF
Large Acceptance Spectrometer (CLAS) at Jefferson Lab
using a polarized continuous electron beam of 5.754 GeV
incident on a liquid-hydrogen target. The kinematics of single
pion electroproduction is displayed in Fig. 1. In the one-photon
exchange approximation, the electron kinematics is described
by two Lorentz invariants: Q2, characterizing the virtuality of
the exchanged photon, and ν, the transferred energy.

Q2 ≡ −(ki − kf )2 = 4EiEf sin2 θe

2
(1)

ν ≡ pi · pγ

Mp

= Ei − Ef , (2)

where ki and kf are the initial and final four momenta of the
electron and pγ and pi are the virtual photon and target four
momenta. Ei and Ef are the initial and final electron energies
in the laboratory frame, θe is the electron scattering angle, and
Mp is the proton mass. Another related quantity is the invariant
mass of the hadronic final state W that can be expressed as:

W 2 ≡ (pγ + pi)2 = M2
p + 2Mpν − Q2. (3)

In this measurement the scattered electron and the outgoing
π+ are detected, whereas the final state neutron is unobserved.
Because the four-momentum of the incident electron and of the
target proton are known, the four-momentum of the missing

FIG. 1. Kinematics of single π+ electroproduction.
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  depend	
  on	
  Q2	
  =	
  –(ke	
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  !	
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  responses	
  to	
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  in	
  Q2	
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  in	
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  CLAS	
  data	
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  eg.	
  PRC	
  77	
  (2008)015208	
  ~	
  35,000	
  data	
  pts	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  PRC	
  91	
  (2015)	
  045203	
  ~	
  37,000	
  data	
  pts	
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Aznauryan	
  &	
  Burkert,	
  Prog	
  Part	
  Nucl	
  Phys	
  67	
  (2012)1	
  

I.G. Aznauryan, V.D. Burkert / Progress in Particle and Nuclear Physics 67 (2012) 1–54 25

Fig. 16. The results of the JLab group [138] for the Legendre moments of the Eep ! en⇡+ structure functions in comparison with experimental data [14]
at Q 2 = 2.44 GeV2. Other notations are as in Fig. 14.

Fig. 17. The results of the JLab group [138] for the Legendre moments of the Eep ! en⇡+ structure functions in comparison with experimental data [14]
at Q 2 = 3.48 GeV2. Other notations are as in Fig. 14.

The enhancement in DT+L
0 and the dip in DTT

0 in the � mass region are related mainly to the M3/2
1+ amplitude of the

� ⇤p ! �(1232)P33 transition:

DT+L
0 ⇡ 8

9
|q|
K

|M3/2
1+ |2, DTT

0 ⇡ �2
3

|q|
K

|M3/2
1+ |2. (99)

0 

σ t
ot
/4
π	
  
	
  	
  (
μb
)	
  

Q2	
  =	
  2.4	
  GeV2	
  

1.25 1.50 1.75 

24 I.G. Aznauryan, V.D. Burkert / Progress in Particle and Nuclear Physics 67 (2012) 1–54

Fig. 14. The results of the JLab group [138] for the Legendre moments of the Eep ! ep⇡0 structure functions in comparison with experimental data [9] at
Q 2 = 0.4 GeV2. The solid (dashed) curves correspond to the results obtained using the DR (UIM) approach.

Fig. 15. The results of the JLab group [138] for the Legendre moments of the Eep ! en⇡+ structure functions in comparison with experimental data [13]
at Q 2 = 0.4 GeV2. Other notations are as in Fig. 14.

The dips in the Legendre moment DT+L
2 are caused by the �(1232)P33 resonance and by the interference of the

N(1520)D13 and N(1535)S11. They are determined by the following contributions to DT
2:

DT
2 = � |q|

K
⇥|M1+|2 + 4Re(A0+A⇤

2�)
⇤
. (98)
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  from	
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Hadronic final 
state	



Covered W range 
(GeV)	



Covered Q2 range 
(GeV2/c2)	


C	



Measured 
observables	



π+n	

 1.1-1.38	


1.1-1.55	


1.1-1.7	


1.6-2.0	



 0.16-0.36	


 0.3-0.6	


 1.7-4.5	


 1.8-4.5	



 dσ/Ω	


 dσ/Ω	


 dσ/Ω, Ab	



  dσ/Ω	



π0p	


	



1.1-1.38	


1.1-1.68	


1.1-1.39	



 0.16-0.36	


 0.4-1.8	


 3.0-6.0	



 dσ/Ω	


 dσ/Ω, Ab,At,Abt	


 dσ/Ω	



ηp	

 1.5-2.3	

  0.2-3.1	

  dσ/Ω	



K+Λ	

 thresh-2.6	

  1.40-3.90	


 0.70-5.40	



 dσ/Ω	


 P0, P’	



K+Σ0	

 thresh-2.6	

  1.40-3.90	


 0.70-5.40���
 	



 dσ/Ω	


 P’	


	



π+π-p	


	



1.3-1.6	


1.4-2.1	


1.4-2.0	



 0.2-0.6	


 0.5-1.5	


 2.0-5.0	



Nine 1-fold 
differential cross 
sections	



From	
  V.	
  Mokeev,	
  NSTAR’2017	
  

Observables	
  
•	
  cross	
  sec;on	
  
angular	
  distribu;ons	
  
	
  
•	
  Longitudinal	
  
Beam,Target,	
  and	
  
Beam-­‐Target	
  asy	
  
	
  
•	
  recoil	
  and	
  transfer	
  
polariza;on	
  asy	
  
	
  
!	
  nearly	
  full	
  phase	
  
space	
  coverage	
  for	
  
final	
  hadron	
  channel	
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FIG. III.6 Transverse [upper panel] and longitudinal [lower]
Roper resonance electrocoupling helicity amplitudes. Leg-
end: circles [blue] – analysis of single-pion final states (Az-
nauryan et al., 2009, 2008); triangles [green] – analysis of
ep ! e0⇡+⇡�p0 (Mokeev et al., 2012, 2016); square [black]
– CLAS Collaboration result at the photoproduction point
(Dugger et al., 2009) and triangle [black] – global average of
this value (Patrignani et al., 2016).

– decreases steadily toward zero with increasing
Q2 after reaching its maximum value.

• Longitudinal helicity amplitude, S
1/2(Q

2):

– maximal near the real photon point;

– decreases slowly as Q2 increases toward
1GeV2;

– decreases more quickly on Q2 & 1GeV2.

• N⇡ and p⇡+⇡� final states in electroproduction:
The non-resonant contributions to these two final
states are markedly dissimilar and hence very dif-
ferent analysis procedures are required to isolate
the resonant contributions. Notwithstanding this,
the results for the resonant contributions agree on
the domain of overlap, i.e. Q2 2 [0.25, 1.5]GeV2.

IV. DYNAMICAL COUPLED CHANNELS
CALCULATIONS

As highlighted in Sec. III, the last twenty years have
seen an explosion in the amount of available data on res-
onance photo- and electroproduction, e.g. the reactions
�(⇤)N ! ⇡N and �(⇤)N ! ⇡⇡N , which are particularly
relevant to discussions of the Roper resonance. As the
data accumulated, so grew an appreciation of the need
for a sound theoretical analysis which unified all its reli-
able elements. At the beginning of 2006, this culminated
with establishment of the Excited Baryon Analysis Cen-
ter [EBAC] at JLab (Kamano and Lee, 2012; Lee, 2007,
2013), whose primary goals were: to perform a dynami-
cal coupled-channels [DCC] analysis of the world’s data
on meson production reactions from the nucleon in order
to determine the meson-baryon partial-wave amplitudes;
and identify and characterise all nucleon resonances that
contribute to these reactions.
In contrast to the familiar and commonly used par-

tial wave analyses, which are model-independent to some
extent, but also, therefore, limited in the amount of
information they can provide about resonance struc-
ture, modern DCC analyses are formulated via a Hamil-
tonian approach to multichannel reactions (Julia-Diaz
et al., 2007a; Kamano et al., 2010, 2013; Rönchen et al.,
2013; Suzuki et al., 2010). The Hamiltonian expresses
model assumptions, e.g. statements about the masses of
bare/undressed baryons [in the sense of particle versus
quasi-particle] and the dominant meson-baryon reaction
channels that transform the bare baryon into the ob-
served quasi-particle. Naturally, such assumptions can
be wrong. Equally: the models are flexible; they can
be falsified and thereby improved, given the vast amount
of existing data; and, used judiciously, they can be pro-
vide a critical bridge between data and QCD-connected
approaches to the computation of baryon properties.
The EBAC approach,5 for instance, describes meson-

baryon (MB) reactions involving the following channels:
⇡N , ⌘N and ⇡⇡N , the last of which has ⇡�, ⇢N and
�N resonant components. The excitation of the internal
structure of a given initial-state baryon (B) by a me-
son (M) to produce a bare nucleon resonance, N̄⇤, is
implemented by an interaction vertex, �MB! ¯N⇤ . Impor-
tantly, the Hamiltonian also contains energy-independent
meson-exchange terms, vMB,M 0B0 , deduced from widely-
used meson-exchange models of ⇡N and NN scattering.
In such an approach, the features of a given partial

wave amplitude may be connected with dressing of the
bare resonances included in the Hamiltonian (N̄⇤), in
which case the resulting N⇤ states are considered to be

5 The EBAC projected terminated in 2012, but the e↵ort is con-
tinuing as part of the Argonne-Osaka collaboration, from which
it initially grew (Matsuyama et al., 2007; Sato and Lee, 1996).

 T
αγ * =  Ahgα (s)

 M 2 − s − i cjgj
2 (s)∑⎡⎣ ⎤⎦

∑

Q2	
  evolution	
  of	
  photo	
  #	
  electro-­‐couplings	
  
probe	
  the	
  N*	
  excitation	
  mechanisms	
  

γ *	
  
e

e'	
  

V.	
  Burkert	
  &	
  C.	
  Roberts,	
  arXiv:1710.02549	
  

real	
  photon	
  point	
  

•	
  	
  different	
  electro-­‐production	
  
	
  	
  	
  	
  channels	
  

•	
  	
  different	
  analysis	
  approaches	
  

#	
  consistent	
  γ *NN★	
  couplings	
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Roper	-	1st	nucleon	radial	excitaEon?	

è 	The	1st	radial	excitaKon	of	the	q3	
core	emerges	as	the	probe	penetrates	
the	MB	cloud 

è	Non-quark	contribuKons	are	
significant	at	Q2	<	2.0	GeV2.		

DSE:		J.	Segovia,	C.D.	Roberts	et	al.,	PRC94	(2016)	042201		
 LF	RQM:	I.	Aznauryan,	V.B.	arXiv:1603.06692	

	“Nature”	of	the	Roper	–	its	core	is	
the	1st	radial	excitaEon	of	the	
nucleon.	

eg.	
  	
  	
  N(1440)1/2+,	
  the	
  	
  “Roper”	
  resonance	
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V.	
  Burkert,	
  NSTAR’2017	
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	N(1535)1/2-	–	Parity	partner	of	the	nucleon 

 LF	RQM:	I.	Aznauryan,	V.B.	arXiv:1603.06692	

LC	SR:	I.	Anikin,	V.	Braun,	N.	Offen,		
PRD92	(2015)	014018			

è LF	RQM	describes	data	at	Q2	
>	1.5	GeV2	

è 	LC	SR	with	direct	link	to	
sQCD		describe	transiKon	at	Q2	
>	1.5	GeV2		

è Non-quark	contribuKons	are	
significant	at	Q2	<	1.5	GeV2	

è 	N(1535)1/2-	is	consistent	
with	the	1st	orbital	excitaEon	
of	the	nucleon.	

•	
  	
  	
  	
  consistent	
  couplings	
  extracted	
  from	
  
	
  	
  	
  	
  	
  	
  different	
  decay	
  channels	
  (again)	
  
	
  
•	
  	
  	
  	
  non-­‐quark	
  contributions	
  are	
  	
  
	
  	
  	
  	
  	
  	
  signi+icant	
  for	
  Q2	
  <	
  1	
  GeV2	
  
	
  
•	
  	
  	
  	
  LF	
  RQM	
  describes	
  data	
  for	
  Q2	
  >	
  1.5	
  GeV2	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  [I.	
  Aznauryan	
  &	
  V.	
  Burkert,	
  arXiv:1603.06692]	
  
	
  
	
  
# N(1535)1/2+	
  is	
  consistent	
  with	
  	
  
	
  	
  	
  	
  	
  	
  the	
  1st	
  orbital	
  excitation	
  of	
  the	
  nucleon	
  

V.	
  Burkert,	
  NSTAR’2017	
  

eg.	
  	
  	
  N(1535)1/2–	
  	
  ,	
  the	
  parity	
  partner	
  of	
  the	
  nucleon	
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N+(1675)5/2-	helicity	amplitudes	

8/20/17 V. Burkert INT Workshop N* 
Spectrum and Structure 

22 

On	proton	target	the	q3	transverse	amplitudes	are	suppressed		due	to	a	selecKon	rule.		
	=>	Expect	MB	contribuEons	to	dominate	at	all	Q2		

⇒ 	Meson-baryon	contribuKons	significant	at	all	Q2.		
⇒ 	State	is	NOT	a	MB	resonance.	
⇒ 	CQM	predicts	large	amplitudes	on	neutrons	–	seen	in	data.	

K.	Park	et	al.;	PR	C91	(2015)	045203	
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V.	
  Burkert,	
  NSTAR’2017	
  

eg.	
  	
  	
  N(1675)5/2–	
  	
  ,	
  a	
  cloud-­‐dominated	
  resonance	
  	
  

K.	
  Park	
  et	
  al,	
  PRC	
  91	
  (2015)	
  045203	
  

•	
  	
  	
  γ	
  pN*	
  (Q2	
  =0)	
  >>	
  RQM	
  
	
  	
  	
  	
  	
  !	
  RQM	
  is	
  suppressed	
  by	
  selection	
  rules,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  if	
  only	
  a	
  single	
  quark	
  is	
  excited	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  [	
  Moorhouse,	
  Phys	
  Rev	
  Lett	
  16	
  (1966)	
  772	
  ]	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  [	
  Burkert	
  et	
  al,	
  Phys	
  Rev	
  C67	
  (2003)	
  035204	
  ]	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (	
  NOT	
  a	
  meson-­‐Baryon	
  molecule	
  )	
  
	
  
	
  
•	
  	
  	
  	
  BUT,	
  non-­‐quark	
  (meson-­‐baryon	
  cloud)	
  	
  	
  
	
  	
  	
  	
  	
  	
  contributions	
  are	
  signi+icant	
  for	
  all	
  Q2	
  
	
  

(π+n)	
  



γ  *N	
  #	
  N*	
  reveals	
  a	
  running	
  quark-­‐mass	
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Appendix A: Dressed quark propagator

The dressed-quark propagator can be written:

S(p) = �i� · p�
V

(p2) + �
S

(p2) (A.1a)

= 1/[i� · pA(p2) +B(p2)] . (A.1b)

It is known that for light-quarks the wave function renor-
malisation and dressed-quark mass:

Z(p2) = 1/A(p2) , M(p2) = B(p2)/A(p2) , (A.2)

respectively, receive strong momentum-dependent cor-
rections at infrared momenta [35, 73–77]: Z(p2) is sup-
pressed and M(p2) enhanced. These features are an ex-
pression of DCSB and, plausibly, of confinement [44]; and
their impact on hadron phenomena has long been empha-
sised [78].

Numerical solutions of the quark gap equation are now
readily obtained. However, the utility of an algebraic
form for S(p) when calculations require the evaluation of
numerous multidimensional integrals is self-evident. An
e�cacious parametrisation of S(p), which exhibits the
features described above, has been used extensively in
hadron studies [82]. It is expressed via

�̄
S

(x) = 2 m̄F(2(x+ m̄2))

+ F(b1x)F(b3x) [b0 + b2F(✏x)] , (A.3a)

�̄
V

(x) =
1

x+ m̄2

⇥
1� F(2(x+ m̄2))

⇤
, (A.3b)

with x = p2/�2, m̄ = m/�,

F(x) =
1� e�x

x
, (A.4)

0 1 2 3
0

0.1

0.2

0.3

0.4

/

M
(p
)/
Ge
V

FIG. A.1. Solid curve (blue) – quark mass function gener-
ated by the parametrisation of the dressed-quark propagator
specified by Eqs. (A.3)–(A.5); and band (green) – exemplary
range of numerical results obtained by solving the gap equa-
tion with the modern DCSB-improved kernels described and
used in Refs. [16, 79–81].

�̄
S

(x) = ��
S

(p2) and �̄
V

(x) = �2 �
V

(p2). The mass-
scale, � = 0.566GeV, and parameter values

m̄ b0 b1 b2 b3
0.00897 0.131 2.90 0.603 0.185

, (A.5)

associated with Eqs. (A.3) were fixed in a least-squares
fit to light-meson observables [83, 84]. (✏ = 10�4 in Eq.
(A.3a) acts only to decouple the large- and intermediate-
p2 domains.)
The dimensionless u = d current-quark mass

in Eq. (A.5) corresponds to m = 5.08MeV and
the parametrisation yields the following Euclidean
constituent-quark mass, defined as the solution of p2 =
M2(p2): ME

u,d

= 0.33GeV. The ratio ME/m = 65 is
one expression of DCSB in the parametrisation of S(p).
It emphasises the dramatic enhancement of the dressed-
quark mass function at infrared momenta.
The dressed-quark mass function generated by this

parametrisation is depicted in Fig. A.1, wherein it is com-
pared with that computed using the DCSB-improved gap
equation kernel described in Refs. [16, 79] and used sub-
sequently to predict the pion parton distribution ampli-
tudes form factors [80, 81]. Evidently, although simple
and introduced long beforehand, the parametrisation is
a sound representation of contemporary numerical re-
sults. (We note that the numerical solutions depicted in
Fig. A.1 were obtained in the chiral limit, which explains
why the (green) band in falls below the parametrisation
at larger p.)
As with the diquark propagators in Eq. (4), the ex-

pressions in Eq. (A.3) ensure confinement of the dressed
quarks via the violation of reflection positivity (see, e.g.
Ref. [44], Sec. 3).

•	
  	
  	
  	
  	
  CLAS	
  GM(N	
  "	
  Δ)	
  	
  	
  (normalized	
  to	
  dipole)	
  
	
  
	
  	
  	
  	
  	
  	
  “frozen”	
  momentum-­‐independent	
  Mq	
  
	
  	
  	
  	
  	
  	
  	
  [Wilson	
  et	
  al.,	
  Phys	
  Rev	
  C85	
  (2012)025205]	
  
	
  	
  	
  	
  	
  	
  	
  	
  !	
  Mq~	
  300	
  MeV,	
  dynamically	
  generated	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  by	
  contact	
  interactions	
  btw	
  current	
  quarks	
  
	
  
	
  	
  	
  	
  	
  	
  	
  dressed	
  quark	
  mass-­‐function	
  Mq(pq)	
  
	
  	
  	
  	
  	
  	
  	
  [Roberts,	
  J.	
  Phys.	
  Conf.	
  706	
  (2016)	
  022003]	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  [Segovia	
  et	
  al.,	
  Few	
  Body	
  Phys	
  55	
  (2014)	
  1185]	
  

N	
  "	
  Δ(1232)	
  

γ  *N	
  #	
  N*	
  transitions	
  are	
  sensitive	
  
to	
  long-­‐range	
  QCD	
  and	
  probe	
  the	
  
running	
  quark	
  mass	
  function	
  

p  (GeV) 

V.	
  Mokeev	
  	





Summary	
  

                Sandorfi -  HEP’18 – Jan, 2018     	



•	
  	
  	
  LQCD	
  has	
  con+irmed	
  Quark	
  Model	
  predictions	
  for	
  large	
  numbers	
  of	
  N*	
  states	
  

	
  	
  	
  	
  	
  !	
  no	
  reduction	
  in	
  the	
  effective	
  degrees	
  of	
  freedom	
  within	
  the	
  Nucleon	
  
	
  	
  	
  	
  	
  !	
  full	
  LQCD/QM	
  range	
  of	
  states	
  required	
  to	
  provide	
  the	
  baryon	
  pressure	
  at	
  Tc	
  
	
  
•	
  	
  	
  polarization	
  in	
  photo-­‐production	
  reactions	
  can	
  over-­‐determine	
  the	
  amplitude	
  

	
  	
  	
  	
  !	
  extensive	
  data	
  on	
  large	
  numbers	
  of	
  polarization	
  observables	
  and	
  +inal	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  states	
  have	
  been	
  collected	
  and	
  are	
  in	
  various	
  stages	
  of	
  analysis	
  
	
  	
  	
  	
  !	
  coupled-­‐channel	
  PWA	
  have	
  been	
  essential	
  in	
  disentangling	
  the	
  N*	
  spectrum	
  
	
  	
  	
  	
  !	
  large	
  numbers	
  of	
  new	
  candidate	
  states	
  have	
  been	
  identi+ied	
  
	
  
•	
  	
  	
  Q2	
  dependence	
  of	
  electro-­‐production	
  couplings	
  provide	
  insights	
  to	
  the	
  role	
  of	
  
	
  	
  	
  	
  	
  the	
  meson	
  cloud	
  and	
  of	
  the	
  N*	
  excitation	
  mechanism	
  

	
  	
  	
  	
  !	
  large	
  data	
  sets	
  have	
  been	
  collected	
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