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Outline

1. Background and motivation for N* spectroscopy

2. Results of ANL-Osaka Dynamical Coupled-
Channels (DCC) analysis of TN and yN reactions

» Brief description of ANL-Osaka DCC model
» Results of 6-channel DCC analysis (2006-2009)
» Results of 8-channel DCC analysis (2010-2012) = arXiv: 1305.4351

3. Ongoing projects and future plans with
ANL-Osaka DCC approach

4. Summary



Light-flavor baryon spectroscopy
Physics of broad & overlapping resonances
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v Width: a few hundred MeV.
[ (width/mass) ~ 0.1 -0.2]

v' Resonances are highly overlapping
in energy except A(1232).

v" Width: ~10 keV to ~10 MeV

[ (width/mass) ~ 10 - 104]

v' Each resonance peak is clearly separated.




Light-flavor baryon spectroscopy
Physics of broad & overlapping resonances

Contain
A (1232) ~ 20 N*s & A*s
3 80 [ T [ 1 1
£
@
=
o
L
-
<
=
T
IQ
& L
b 0 I : I : I : I :
1.2 1.4 1.6 1.8 2
Vs [GeV]

R = o(e"e™ — hadrons)/o(e” et — u—ut)

| T T T |
8 .
: Y(1S) L3S h
7 T(25) (35) bb
- T (45)
6 [ E
5 _
4 Ly L ‘ —‘,-,—‘.ku—r,.aim..?u-.‘—p..--h-
S — L L Ay AL B ‘
Pty = o
3
) MIQ A 1 3 ' IO
* MD-1 ARGUS CLEO CUSB DHHM ]
2 | @ Crystal Ball | CLEO 11 DASP LENA —
- | | L | | | | | L | | | -
9.5 10 10.5 11
vy
\/g [(1(_‘\ ]

v Width: a few hundred MeV.
[ (width/mass) ~ 0.1 -0.2]

v' Resonances are highly overlapping
in energy except A(1232).

v' Width: ~10 keV to ~10 MeV
[ (width/mass) ~ 10 - 104]

v' Each resonance peak is clearly separated.




N* states

and PDG *s

Status

Particle J¥ overall TN N Ny No Nw AK YK Np Aw

N 1/2+ Fokk
N (1440) 1/2+ Hkkk  kkkk kKK ook * Kook
N(1520)3/27  swkx somkor  sedokk ook k& Rk
N(1535) 1/27  soior il sl sl w4 %
N(1650) 1/27 sk ok sk *okk sk kEk kk ok
N(1675)5/27  wwier soiosr sk * * " o~
N (1680) 5/2+ ®kk¥  kkkE kRkR F *ok SokE ok
N(1685) 77 %
N(1700)3/27  ##x  swwr sk * * * * -
4\7(1710) l/2+ *kk Kkk KKk *kk T ok
4'\'_(1?20) 3/2+ sokkk  dokkE dEok ok % ¥k k¥ ¥
N (1860)5/2F sk xx . x
N(1875)3/27 sk % ok ok sk kkk ok ok
N(1880)1/27 #x  * * *ok *
N(1895)1/27 s« #* ok wk EH Ok
N (1900) 3/2+ fhk ko Hokok ok Rk kEk Ak K fok
N (1990) ?/2+ ¥k KK %k N
N (2000) 5/2 *% * ok ok ko -
A(1232) 3/2 dkkdk  ckkkk kR F
A(1600) 3/2 N T A 0 * S
A(1620) 1/27  seokox skkx wxk T fEE  kEF
A(L700) 3/27  sowkr wkokx ook h Sk ks
A{ITJU) 1/2 * * i

A(1900) 1/27 = ok *% d % k% %%
A(1905) /2 dokkk  kdokk Kk d Hkk koK
A(1910) 1/2 dkkdk  kdkk k% e % " e
A(1920) 3/2 gk kR % N sk -
A(1930) 5/27 sk wkx
A{194D) 3/27  xx * *k F (seen in Amn)

A(1950) /2 Fokkk  kkkk kKoK 0 T -
A(2000) /2 ok r ok




N* states and PDG *s

Status r
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ok EEK D
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*% ’) T

All of these studies essentially agree on the existence and

(most) properties of the 4-star states. For the 3-star and lower
states, however, even a statement of existence is problematic.

\_

—— Arndt, Briscoe, Strakovsky, Workman PRC 74 045205 (2006)
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N* states and PDG *s
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(most) properties of the 4-star states. For the 3-star and lower
states, however, even a statement of existence is problematic.

—— Arndt, Briscoe, Strakovsky, Workman PRC 74 045205 (2006)
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Need comprehensive analysis of
nN, nN, nnN, KY, wN, ...
channels !!




Hadron spectrum and reaction dynamics

v Various static hadron models have been proposed to calculate
hadron spectrum and form factors.

» Quark models, Bag models, Dyson-Schwinger approaches, Holographic QCD,...
> Excited hadrons are treated as stable particles. = The resulting masses are real.

Constituent quark model



Hadron spectrum and reaction dynamics

v Various static hadron models have been proposed to calculate
hadron spectrum and form factors.

» Quark models, Bag models, Dyson-Schwinger approaches, Holographic QCD,...
> Excited hadrons are treated as stable particles. = The resulting masses are real.

v In reality, excited hadrons are “unstable” and can exist
only as resonance states in hadron reactions. “molecule-like” states
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“Mass” becomes complex !! ] O 0 / O O

- “pole mass”

-
~
___________

core (bare state) + meson cloud
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N /O meson cloud

bare state



Hadron spectrum and reaction dynamics

v Various static hadron models have been proposed to calculate
hadron spectrum and form factors.

» Quark models, Bag models, Dyson-Schwinger approaches, Holographic QCD,...
> Excited hadrons are treated as stable particles. = The resulting masses are real.

v" In reality, excited hadrons are “unstable” and can exist
only as resonance states in hadron reactions.

“Mass” becomes complex !!
- “pole mass”

What is the role of reaction dynamics in interpreting
the hadron spectrum, structures, and dynamical origins ??
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N* spectroscopy with ANL-Osaka Dynamical
Coupled-Channels (DCC) approach

Reaction Data
nN — 7N, nN, nnN, KY, wN...
V(*)N — 7N, nN, nnN, KY, wN...

Objectives and goals:

Through the comprehensive analysis

— of world data of N, yN, N(e,e’) reactions,
=
=

[Analysis Based on Reaction Theory] v" Determine N* spectrum (pole masses)

v Extract N* form factors

Spectrum, structure,..,

(e.g., N-N* e.m. transition form factors)
of N* states

v' Provide reaction mechanism information
necessary for interpreting N* spectrum,

\ .E / structures and dynamical origins

[Hadron Models] [ Lattice QCD ]




N* spectroscopy with ANL-Osaka Dynamical
Coupled-Channels (DCC) approach

Reaction Data Objectives and goals:
nN — =N, nN, nnN, KY, wN... ) .
YON = 7N, N, 7N, KY, oN.. Through the comprehensive analysis

— of world data of N, yN, N(e,e’) reactions,
=
=

[Analysis Based on Reaction Theory] v" Determine N* spectrum (pole masses)

/'/\ v__Extract N* form factors

“Dynamical coupled-channels model of meson production reactions”

@ A. Matsuyama, T. Sato, T.-S.H. Lee Phys. Rep. 439 (2007) 193

.E 7 structures and dynamical origins




Dynamical coupled-channels (DCC) model for

meson production reactions

For details see Matsuyama, Sato, Lee, Phys. Rep. 439,193 (2007)

v Partial wave (LSJ) amplitudes of a = b reaction:

LSJ LSJ = LSJ ‘ LSJ
TS pappi E) = V3D (pappi By + ) f FdqVse " (pa,q: EXGelq: ETS (g, pyi E)
s £l ; 0 b

coupled-channels effect

v Reaction channels:

N
v" Transition Potentials:
T
1—‘]\[*’al—‘]\f",l)
Va,b = Va,b + Za,b + Z E_ M
N* — IMN*
Exchange potentials Z-diagrams bare N* states
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Dynamical coupled-channels (DCC) model for

meson production reactions

For details see Matsuyama, Sato, Lee, Phys. Rep. 439,193 (2007)
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Dynamical coupled-channels (DCC) model for
meson production reactions

For details see Matsuyama, Sato, Lee, Phys. Rep. 439,193 (2007)

v Partial wave (LSJ) amplitudes of a = b reaction:

LSJ LSJ = LSJ LSJ
T pa, ppi ) = VD pa. ppi B+ f ¢*dqVye " (pa, ¢ EXG(q: EXT (g, ppi E)
L] ’ ; 0 k]

coupled-channels effect

v Reaction channels:

-~

Would be possible to relate with hadron states
of the static hadron models (quark models, DSE,

etc.) excluding meson-baryon continuums.
N\

v" Transition Potentials: \

1—‘;r\/*,czl—‘]\[*»b
E — My

a,b,c = (Y

Va,b = Va,b + Za,b + Z
N*
Exchange potentials Z-diagrams bare N* states
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meson production reactions
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Dynamical coupled-channels (DCC) model for
meson production reactions

For details see Matsuyama, Sato, Lee, Phys. Rep. 439,193 (2007)

v Partial wave (LSJ) amplitudes of a = b reaction:

/Physical N*s will be a “mixture” of the two pictures:

JUPEEE baryon meson cloud
meson core
\ IN®) = |MB) IN®) = lgqq) + Im.c.)
v" Transition Potentials: . '
Il g
a >
Va,b = Va,b + Za,b + Z
4 E— My

Exchange potentials Z-diagrams bare N* states




DCC analysis (2006-2009)

A
 NERsC [ veornc®

YN, N, nN, A, pN, oN coupled-channels

Hadronic part calculations were performed.
vaN->nN : Analyzed to construct a hadronic part of the model up to W = 2 GeV
Julia-Diaz, Lee, Matsuyama, Sato, PRC76 065201 (2007)
vaN->nN : Analyzed to construct a hadronic part of the model up to W = 2 GeV
Durand, Julia-Diaz, Lee, Saghai, Sato, PRC78 025204 (2008)
vaN->nrnN . Fully dynamical coupled-channels calculation up to W =2 GeV

Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC79 025206 (2009)

Electromagnetic part

vV y®N->nN : Analyzed to construct a E.M. part of the model up to W =1.6 GeV and Q? = 1.5 GeV?

(photoproduction) Julia-Diaz, Lee, Matsuyama, Sato, Smith, PRC77 045205 (2008)
(electroproduction) Julia-Diaz, Kamano, Lee, Matsuyama, Sato, Suzuki, PRC80 025207 (2009)

v yN=>rnaN . Fully dynamical coupled-channels calculation up to W = 1.5 GeV
Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC80 065203 (2009)

Extraction of N* parameters

v/ Extraction of N* pole positions & new interpretation on the dynamical origin of P11 resonances
Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 065203 (2010)

v Stability and model dependence of P11 resonance poles extracted from pi N = pi N data
Kamano, Nakamura, Lee, Sato, PRC81 065207 (2010)

v Extraction of yN = N* electromagnetic transition form factors
Suzuki, Sato, Lee, PRC79 025205 (2009); PRC82 045206 (2010)



Conseqgquences of reaction dynamics (1/3):
Complex nature of resonance parameters

Extracted from analyzing the p(e,e’n)N data (~ 20,000) from CLAS

Nucleon - 1st D13 e.m. transition form factors

200 | i T
< 150 _
|> e ag g g g

O

m@ 100 _
o 50— —
< 50 - -
<ﬂm A —
0 | B 12 |

| | | | | -150 | | | | |

0 0.5 1 1.5 0 0.5 1 1.5
Q° (GeVic) Q’ (GeVicy
Real part —— Imaginary part ---

Julia-Diaz, Kamano, Lee, Matsuyama, Sato, Suzuki PRC80 025207 (2009)
Suzuki, Sato, Lee, PRC82 045206 (2010)



Conseqgquences of reaction dynamics (1/3):
Complex nature of resonance parameters

Extracted from analyzing the p(e,e’n)N data (~ 20,000) from CLAS

Nucleon - 1st D13 e.m. transition form factors
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Coupling to meson-baryon continuum states 1
makes N* form factors complex !! |
- 5

Fundamental nature of resonant particles

k (decaying states) j

Julia-Diaz, Kamano, Lee, Matsuyama, Sato, Suzuki PRC80 025207 (2009)
Suzuki, Sato, Lee, PRC82 045206 (2010)



Consequences of reaction dynamics (2/3):
Meson cloud effect

N-N* e.m. transition form factor

DY ]
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Re[G,(Q?)] for y N = A (1232) transition
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Julia-Diaz, Lee, Sato, Smith, PRC75 015205 (2007)



Consequences of reaction dynamics (2/3):
Meson cloud effect

N-N* e.m. transition form factor
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Meson cloud
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Julia-Diaz, Lee, Sato, Smith, PRC75 015205 (2007)



Consequences of reaction dynamics (2/3):
Meson cloud effect

N-N* e.m. transition form factor Re[G,(Q2 Most of the available static
M~ 4 hadron models INDEED give
y > 11 7
ﬁ G\ (Q?) close to the “Bare
~ 1
3 m form factor !
N - O MAMI
MESON ® JLAB/CLAS
1 s | CLOUD “ v JLAB/HALL A
: CEFECT JLAB/HALL C

meson cloud

/O -------- Bare

core (bare) 10 1

Q? (GeV?)
Julia-Diaz, Lee, Sato, Smith, PRC75 015205 (2007)




Consequences of reaction dynamics (3/3):
Dynamical origin of nucleon resonances

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 065203 (2010)

(Complex) pole masses and dynamical origin of 1=1/2, JP = 1/2* resonances

Bare N*
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Consequences of reaction dynamics (3/3):
Dynamical origin of nucleon resonances

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 065203 (2010)

(Complex) pole masses and dynamical origin of 1=1/2, JP = 1/2* resonances

7N  wnN nN KBare N*\
0 —o——Fo———T—ee——~——J———J—
A ®
A(1357-76i) 3¢ ON ®

-100 X B(1364-105i)

D) (MeV)

C(1820-2481)
Multi-channel reactions can | X
generate many resonance poles
from a single bare state !!

Eden, Taylor, Phys. Rev. 133 B1575 (1964) oN @ X
| | ! |

For evidences in hadron and nuclear physics, see
e.g., in Morgan and Pennington, PRL59 2818 (1987) 1600 1800 2000

(E) MeV)

D(1999-321i) |




ANL-Osaka DCC analysis

Fully combined analysis of N, yN = nN , nN , KA, KX reactions !! |
(more than 22,000 data of unpolarized & polarized observables to fit)

T ——

2006 - 2009 2010 - 2012

v # of coupled 6 channels 8 channels
channels (YN, =N, nN,7A,pN,6N)  (yN,#N,nN,nA,pN,oN,KA KX)

v mp > N <2 GeV <2.3GeV
Y yp > 7N < 1.6 GeV <2.1GeV
v mp >N <2 GeV <2.1GeV
Y yp > mp ® <2.1GeV
v 7p > KA, K= ., <2.1GeV
v yp D> K*A, KE e <2.1GeV

Kamano, Nakamura, Lee, Sato
arXiv:1305.4351
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previous 6ch DCC-analysis

(fitted to N = =N data only up to

W =2 GeV and F wave)
[PRC76 065201 (2007)]
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Partial wave amplitudes of mN scattering
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v p 2 n°p reaction

DCS
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Definition of N* parameters

Definitions of
v N* masses (spectrum) =» Pole positions of the amplitudes

v" N* 2 MB, yN decay vertices = Residues'? of the pole

N* - b
decay vertex

<p“|T(E)|pb>|E—>EO OEa }’E\OO b + (regular terms)

(—/\ ~ N* pole position ]

Make an analytic continuation to (Im(Ey) <0)
(lower-half) complex energy plane.

Suzuki, Sato, Lee PRC79(2009)025205)




Definition of N* parameters

Definitions of
v N* masses (spectrum) =» Pole positions of the amplitudes

v" N* 2 MB, yN decay vertices = Residues'? of the pole

% [ Ndb

Consistent with the resonance theory based on Gamow vectors

G. Gamow (1928), R. E. Peierls (1959), ...
A brief introduction of Gamov vectors: de la Madrid et al, quant-ph/0201091

(complex) energy eigenvalues = polevalues

transition matrix elements

(residue)'? of the poles




Spectrum of N* resonances

M(GeV)

“N” resonances (I1=1/2)

Kamano, Nakamura, Lee, Sato, arXiv:1305.4351

‘]P(LZI 2J)
1/2+(P11) 3/2+(P13) 5/2+(F15) 712+(F17)
20F 4 + 4
-2Im(Mg) e Re(My)
1.8¢ E 4 & 1 1 H (“width™)
16} H + Hl + E F E 4 { Mg : Resonance pole mass
(complex)
1.4F +
H a H H NOTE:
1.2 + Plot only N*s with
Rinande. ol Re(Mg) < 2 GeV
1/2-(S11) 3/2-(D13) 5/2-(D15) -2Im(Mg) < 0.4 GeV
20k + +
. y

1.8} + 4+ .

PDG: 4* & 3* states assigned by PDG2012
1.6F H E T T H l: E H 1 AO : ANL-Osaka

= H E = E’ F’ J : Juelich (DCC, fit TN reactions only)

14 = | 1 1T [EPJA49(2013)44, Model A]
12 BG : Bonn-Gatchina (on-shell K-matrix)

[EPJA48(2012)5]




Spectrum of N* resonances

M(GeV)

“N” resonances (I1=1/2)

Kamano, Nakamura, Lee, Sato, arXiv:1305.4351
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20k + +
. y
1.8} + + ]
PDG: 4* & 3* states assigned by PDG2012
1.6F ﬂ H E T H l: E H 1 AO : ANL-Osaka
H = H E = E’ F’ J : Juelich (DCC, fit TN reactions only)
1.4 | [EPJA49(2013)44, Model A]
BG : Bonn-Gatchina (on-shell K-matrix)
1.2¢ [EPJA48(2012)5]




Spectrum of N* resonances

1.4

1.2

Kamano, Nakamura, Lee, Sato, arXiv:1305.4351
“A” resonances (1=3/2)
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1/24(P31) 3/2+(P33) 5/2+(F35) 7/2+(F37)
== =] 1

1/2-(S31) 3/2-(D33) 5/2-(D35)

. PDG AD )

|

i

BG &

-2Im(Mg)
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s Re(Mg)

d My : Resonance pole mass

(complex)

NOTE:

Plot only N*s with
Re(Mg) < 2 GeV
-2Im(MR) < 0.4 GeV

PDG: 4* & 3* states assigned by PDG2012

AO : ANL-Osaka

J : Juelich (DCC, fit TrN reactions only)
[EPJA49(2013)44, Model A]

BG

[EPJA48(2012)5]

: Bonn-Gatchina (on-shell K-matrix)




Spectrum of N* resonances

1.2

Kamano, Nakamura, Lee, Sato, arXiv:1305.4351
“A” resonances (I=3/2)
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. PDG AOQ J BG4

-aaegﬂ

1.4F

T

PDG: 4* & 3* states assigned by PDG2012

AO : ANL-Osaka

J : Juelich (DCC, fit TrN reactions only)
[EPJA49(2013)44, Model A]

BG
[EPJA48(2012)5]

: Bonn-Gatchina (on-shell K-matrix)




Spectrum of N* resonances

M(GeV)

Kamano, Nakamura, Lee, Sato, arXiv:1305.4351

“A” resonances (I=3/2)

‘JP(LZI 2J)
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Residues of N scattering amplitudes at
resonance poles

Im(R)

J” (Re[Mg])

AO @

J W BG

Kamano, Nakamura, Lee, Sato, arXiv:1305.4351

“N” resonances (I=1/2)
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-50 m
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Re(R) [MeV]

“A” resonances (1=3/2)
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LFH_
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Re(R) [MeV]

: TJTN,JTN(W — Mpg) = —

Residue

RnN,irN_ n
W= Mp

Interpreted as square of
“N*N1r coupling constant”
(complex value 1)

RangN = (gN*,er)2

_I =resonances showing good
agreement for pole masses

- - -




Helicity amplitudes of yp -2 N* transition
at resonance poles

Particle J¥ (Lara) ANL-Osaka Bonn-Gatchina [23]
Az Ay Azjo Ayje

(10 ° GeV 1/2) Re Im Re Im Re Im Re Im
N(1482) 1/27(51) - - 159. 24. - - 115.1 14.1
N(1656) 1/27(S51) - - 29. -28. - - 32.6 —5.2
N(1374) 1/27(Py,) - - —49. 10. - - —34.7 27.1
N(1746) 1/27(Py,) - - —24. 83. - - 54.2 —0.6
N(1703) 3/27(Pia) 70. -8 —234. —8. 63.4 1359 110.0 0.0
N(1763) 3/27(Py3) —44. 1. 126. —72. - - - -
N(1500) 3/2—(D43) 03. 11. —38. —2. 131.9 4.6 —21.0 0.0
N(1702) 3/2=(D43) 40. —36. 11. 23. —37. 0.0 3.8 43.8
N(1650) 5/27 (Ihs) 30. —13. 5. —2. 24.6 —8.5 23.1 —6.6
N(1665) 5/27 (Fy5) 38. 2 —53. B. 133.9 —4.7 —11.8 5.5
&{luQQ] 1/27(831) - - 113. —2. - - 51.4 —-8.1
A(1702) 1/27(Sa) - - 35. 3. - - 29.5 51.1
A(1854) 1/2F(Psy) - - —51 0. - - 7.6 14.8
A(1211) 3/2%(Pa3) —257. 12. —129. 34. —250.9 307 —1239 42.6
A(1734) 3/2F(Ps3) 18. 135. 23. 68. —39.6 10.6 —34.1 40.6
A(1592) 3/27 (Daa) —89. -T76. —123. 38 - - -
A(1707) 3/2- [Dﬁ} 32, —121. 20 —56. 120.2  120.2 109.3  130.2
A(1936) 5/27 (D5 34. -9 50 —19. - - -
A(1765) ._1;“2"'[1:},5 0. —18. —1. —8. —50.0 0.0 23.0 -08
A(1872) 7/2%(Fa7) —T6. -2 —61. 10. —95.3 11.7 —71.5 8.8

Kamano, Nakamura, Lee, Sato, arXiv:1305.4351

Good agreement:
1st P33

Qualitative agreement:
1st S11
2" S11
1st P11
15t D13
1st D15
1st S31
1st F37




Helicity amplitudes of yp -2 N* transition
at resonance poles

Particle J¥ (Lara) ANL-Osaka Bonn-Gatchina [23]
Az Ay Azjo Ayje

(10 ° GeV 1/2) Re Im Re Im Re Im Re Im
N(1482) 1/27(511) - - 159. 24, - - 115.1 14.1
N(1656) 1/27(511) - - 29. -28. - - 32.6 —5.2
N(1374) 1/21(Py) - - —49. 10. - - —34.7 27.1
N(1746) 1/27(Py,) - - —24. 83. - - 54.2 —0.6
N(1703) 3/27(Pia) 70. -8 —234. —8. 63.4 1359 110.0 0.0
N(1763) 3/27(Py3) —44, 1. 126. —72. - - - -
N(1500) 3/2—(D43) 93. 11. —38. —2. 131.9 4.6 —21.0 0.0
N(1702) 3/2=(Dy3) 40. —36. 11. 23. —37. 0.0 3.8 43.8
N(1650) 5/27(Ihs) 30. —13. 5. —2. 24.6 —8.5 23.1 —6.6
N(1665) 5/27 (Fy5) 38. 2. —53. B. 133.9 —4.7 —11.8 5.5
A(1592) 1/2-(83) - - 113. —2. - - 51.4 —8.1
A(1702) 1/27(Sa) - - 35. 3. - - 29.5 51.1
A(1854) 1/2F(Psy) - - —51 0. - - 7.6 14.8
A(1211) 3/2+(Py3) —257. 12 —129. 34.  —250.9 39.7  —1239 42.6
A(1734) 3/2F(Ps3) 18 135. 23. 68. —39.6 10.6 —34.1 40.6
A(1592) 3/27 (Daa) —89 -T76. —123. 38 - - - -
A(1707) 3/27(Da3) 32, —121 20.  —56. 120.2  120.2 109.3  130.2
A(1936) 5/27(Dss) 34. -9. 50. —19. - - - -
A(1765) 5/2% (F3s) 0. —18. —1. —8. —50.0 0.0 23.0 -08
A(1872) 7/2%(F37) —T6. -2. —61. 10. —95.3 11.7 —71.5 8.8

Kamano, Nakamura, Lee, Sato, arXiv:1305.4351

Good agreement:
1st P33

Qualitative agreement:
1st S11
2" S11
1st P11
15t D13
1st D15
1st S31
1st F37




Helicity amplitudes of yp -2 N* transition
at resonance poles

Kamano, Nakamura, Lee, Sato, arXiv:1305.4351

Particle J¥ (Lara) ANL-Osaka Bonn-Gatchina [23] Good agreement:
A e . Aq s Ay e
3 1/2 3/2 3/2 1/2 1st P33

(10 GeV ) Re Im Re Im Re Im Re Im
N(1482) 1/27(S11) - - 18 2 - - el L oyaitative agreement:
N (1656) 1/2(S11) . . 29. 928 - . 326 52 qstgqq
N(1374) 124LRn 10 10 i om |
N (1746
N (170 -
vl Extracted resonance coupling constants and
N (1500 .. . .
var:  helicity amplitudes seem much more sensitive
N (165( :
vaesy to the analysis performed than the resonance
amseq  pole masses !!
A(1702)

A(1854) 1/27(P5)) . - —51. 0. _ - 7.6 118
A(1211) 3/2+(Py3) —25T7. 12. —129. 34. —250.9 39.7 —123.9 42.6

A(1734) 3/2F(Ps3) 18. 135. 23. 68. —39.6 10.6 —-34.1 40.6

A(1592) 3/27 (Daa) —89. —T76. —123. — 38, - - - -

A(1707) 3/27(Da3) 32. —121. 20. —56. 120.2 120.2 109.3 130.2

A(1936) 5/27(Dss) 34. -9, 50. —10. ; § - ;

A(1765) 5/2% (F3s) 0. —18. —1. —&. —50.0 0.0 23.0 —9.8
A(1872) 7/2t (Fa7) —76. —2. —6l. 0. -953 117  -715 8.8




Ongoing projects & future plans with
ANL-Osaka DCC approach (1/4)

Further study of N* spectroscopy with the current ANL-Osaka DCC model

> Extraction of N-N* e.m. transition form factors via the analysis of
electroproduction reactions

Extend our early analysis [PRC80(2009)025207] of

p(e,e’T)N data from CLASG6 to higher Q?region: 1.5 - 6.0 (GeV/c)?

(Hopefully) see how the transition between hadron and
guark-gluon degrees of freedom occurs as Q? increases.

200

-3 -1/2

A,, (107 Gev %)
=
(=

@® Real

T T T

0 0.5 1

Q* (GeVic)

-3 ~1/2.
Ay, (107 Gev %

f

Ll ey oy |

50

e.g.) Nucleon - 15t D13 e.m. transition form factors

A1/2
Lo
0.5 1
Q’ (GeVic)

Julia-Diaz, Kamano, Lee, Matsuyama, Sato, Suzuki
PRC80(2009)025207

B Imaginary

Suzuki, Sato, Lee, PRC82(2010)045206

N-N* e.m. transition
form factor

Expected to be a crucial
source of information on
internal structure of N*s !l



Ongoing projects & future plans with
ANL-Osaka DCC approach (1/4)

Further study of N* spectroscopy with the current ANL-Osaka DCC model

> Extraction of N-N* e.m. transition form factors via the analysis of
electroproduction reactions

Extend our early analysis [PRC80(2009)025207] of
p(e,e’T)N data from CLASG6 to higher Q?region: 1.5 - 6.0 (GeV/c)?

(Hopefully) see how the transition between hadron and

guark-gluon degrees of freedom occurs as Q? increases. N-N* e.m. transition
form factor

Expected to be a crucial
source of information on

» Study of photoproduction reactions off a “neutron” target termal structure of N*s Ii

For I=1/2 N* states, BOTH proton-N* and neutron-N* e.m. transition form factors are

needed for decomposing to isoscalar and isovector form factors.
=» Necessary for neutrino-induced reactions !!

Explore a possible existence of N* states that strongly couple to “neutron”-target

photoproductions.



Ongoing projects & future plans with
ANL-Osaka DCC approach (1/4)
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Ongoing projects & future plans with
ANL-Osaka DCC approach (2/4)

Application to neutrino-induced reactions in GeV-energy region

Precise knowledge of neutrino-nucleon/nucleus
Interactions is necessary for reliable extractions
of neutrino parameters (CP phase, mass hierarchy, etc.)
from the future neutrino-oscillation experiments.

\ I
0344.&8\0 z.o': \ ' . .
(95\ i /e Need to tackle overlapping regions
L N between QE, RES, and DIS regions !
o
> & RES X -
Q 2 region’ ]
o i H _
o 1 / ) / / Collaboration@J-PARC Branch of KEK Theory Center
\ /'/\ / Y. Hayato (ICRR, U. of Tokyo), M. Hirai (Tokyo U. of Sci.)
r// - | H. Kamano (RCNP, Osaka U.), S. Kumano (KEK)
o4 1 2 3 4 5\6 S. Nakamura (YITP, Kyoto U.), K. Saito (Tokyo U. of Sci.)
f V (GeV) CP phase & mass M. Sakuo!a (Okayama U.), T. Sato (Osaka U.)
ok hierarchy studies [=» arXiv:1303.6032]

with atmospheric exp. l




Ongoing projects & future plans with
ANL-Osaka DCC approach (2/4)

Application to neutrino-induced reactions in GeV-energy region

Precise knowledge of neutrino-nucleon/nucleus
Interactions is necessary for reliable extractions
of neutrino parameters (CP phase, mass hierarchy, etc.)
from the future neutrino-oscillation experiments.

Y

First application of 8ch DCC model to neutrino-nucleon \
reactions in N* region (forward angle limit)

CC v-proton / CC v-neutron CC v-neutron / CC v-proton
10 E T T T T T T T T E 10 E T T T T T T T
1
S5 e 0.1¢
001L / ! 001 !
SN/ o -
0.001 [ 1 . II 1 . 1 . 1 . : 0.001 [ [ 1 i. I': . 1 .
) 12 14 16 18 2 ' 12 14 16 18 2
W (GeV) W (GeV)

\ Kamano, Nakamura, Lee, Sato, PRD86(2012)0975y




Ongoing projects & future plans with
ANL-Osaka DCC approach (3/4)

Extending 2006-2009 2010-2012
DCC analysis (arXiv:1305.4351)
v # of coupled 6 channels 8 channels
channels (yN,7TN,nN,TA,pN,oN) (6¢ch + KA, K%)
v mp~> TN <2 GeV < 2.3 GeV
v yp 2 1N <1.6 GeV <2.1GeV
v mp =2 np <2 GeV <2.1GeV
v yp 2 np —_ <2.1GeV
v mp =2 KA, KX — <2.1GeV
v yp 2 KA, KX — <2.1GeV



Ongoing projects & future plans with
ANL-Osaka DCC approach (3/4)

Extending 2006-2009 2010-2012 2013-
DCC analysis (arXiv:1305.4351)
v # of coupled 6 channels 8 channels 9 channels
channels (yN,7TN,nN,TA,pN,oN) (6¢ch + KA, K%) (8ch + wN)
v mp~> TN <2 GeV < 2.3 GeV < 2.5 GeV
v yp 2 1N <1.6 GeV <2.1GeV < 2.3 GeV
v mp =2 np <2 GeV <2.1GeV < 2.3 GeV
v yp 2 np —_ <2.1GeV < 2.3 GeV
v mp =2 KA, KX — < 2.1 GeV < 2.3 GeV
v yp 2 KA, KX — <2.1GeV < 2.3 GeV
i/ mp > wn — — <23GeV |
v yp > wp — — <2.3GeV i
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Ongoing projects & future plans with
ANL-Osaka DCC approach (3/4)
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Ongoing projects & future plans with
ANL-Osaka DCC approach (3/4)

After the 9-channel analysis, next task is to include mrrN data !!
» TN has the largest cross section in TN and yN reactions above W = 1.6 GeV.
(Precise data of TN -> 11N will be available from J-PARC [K. Hicks et al., J-PARC P45])

» Most N*s decay dominantly to TrmrN. o
Ambiguity over N* 2 1rmrN

decay processes can be
N->1N F37 amp. m+p > T+Im+n eliminated by
03 br—T T 71— S0 T T
L 1
02 N L (a) T - § s " (b the TN - N data !!
0.1 . 24T & ¢
- E ‘o 10 - r

0 ] °H L ® T
-0.1 I g > -_
ool L 1 Y] 0 — 1 ] S S

“ 1200 1400 1600 1800 2000 2200 1.2 14 16 18 2 02 04 06 08 1

W (MeV) W (GeV) M@t (GeV)
T T T T T 20 T T T T

0.5 r I‘m ) I I ] g [ (c)l T T ] 8ch DCC
04 Im (T) ] 2 151 ] (arXiv:1305.3451)
03 . +§ 10 F - . .
02 CH N A 1 Refit F37 amp keeping
ol 3 5r ) S\ bare N* > 1A off

5 S © B 1

0712‘00‘ 2001600 18‘00‘20‘00‘2;00 i RESERTy 116' 1.8 :

W (MeV) M(r'n) (GeV) Kamano arXiv:1305.6678




Ongoing projects & future plans with
ANL-Osaka DCC approach (3/4)

After the 9-channel analysis, next task is to include mrrN data !!

» TN has the largest cross section in TN and yN reactions above W = 1.6 GeV.
(Precise data of TN -> 11N will be available from J-PARC [K. Hicks et al., J-PARC P45])

» Most N*s decay dominantly to TrmrN. o
Ambiguity over N* 2 1rmrN

decay processes can be

TN->1N F37 amp. T+p D +Im+n eliminated by
0.3 6T T 71— S0 T T
02 N L (a) T 8 s " (b the TN - TN data !!
0.1 | 24T !
N & o 10 f
0 ] °H L ® T
01} =
0 | | -8 0 A | |

I R IR R
0 1200 1400 1600 1800 2000

02 2200 12 14 16 18 2 02 04 06 08 1
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05 : : : ; ‘ T T 7T
L i L (C) e 8ch DCC
04|~ Im (T) - ] (arXiv:1305.3451)
03

|
) (mb/GeV)
1

—
[=]

T T
1

02 A 1 Refit F37 amp keeping
- ! "N\ ] bare N* > A off

do/dM(n 1
19

0.1

0
[ L ! 1 12 14 16 138
1200 1400 %6?&6\};‘00 2000 2200 M(r*n) (GeV) Kamano arXiv:1305.6678

Before the combined analysis including rmN data,
need further improvement/tune of the analysis code.




Ongoing projects & future plans with
ANL-Osaka DCC approach (4/4)

Y* spectroscopy via DCC analysis of kaon-induced reactions

> Nucleon target

v Simplest reaction processes
to study Y* resonances. ‘
v Extensive data would become |
available from J-PARC after

the extension of Hadron Hall.
4/

I - -

v' Directly accessible to A(1405)
region below KN threshold.

v Expected to be a crucial
source of information on
YN and YY interactions )

+ ... + ... #
(Noumi et al., J-PARC E31)




Ongoing projects & future plans with
ANL-Osaka DCC approach (4/4)

Y* spectroscopy via DCC analysis of kaon-induced reactions

> Nucleon target

v Simplest reaction processes
to study Y* resonances.

\
/:K J:‘ =M { v Extensive data would become
N, Z,A, ... 100 : : : : : : :

K m, K £ s A(1405)
S~ P -7 © shold.
— Y
Sial

1 0N

| I\EQT
% nS /
+ 0 . I . I . I . I . I 2 - s
W (GeV)

(Noumi et al., J-PARC E31)




Summary

v Performed a fully combined analysis of pion- and photon-induced

TN, NN, KA, KZ production reactions with the ANL-Osaka Dynamical
Coupled-Channels approach.

v" Revealed the role of nontrivial multichannel reaction dynamics in
understanding the nature of N* resonances.

v" The extracted N* parameters (pole masses, residues,...) are compared
with other multi-channel analyses:
» Extracted resonance masses agree well for almost all the 15t excited states in
each partial wave, while sizable differences are found for several higher excited states.
» Compared with pole masses, residues (“coupling constants”) are more sensitive
to the analysis performed.

v Further applications and extensions of the ANL-Osaka DCC model
are in progress.

v" N* spectroscopy is an ideal laboratory for studying “resonance”,
a universal phenomena over a wide range of areas of physics !!

e.g.) YITP workshop on “Resonances and non-Hermitian systems in qguantum mechanics” (Dec., 2012)
http://hatano-lab.iis.u-tokyo.ac.jp/hatano/NonHermite/Top.html
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Resonance poles of N partial wave
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Conventions for coupling constants

v" a - B reaction amplitude at resonance pole position M, is expressed as

Fro (W — M )___FE:E’__F...
pa k7= W - Mp

v' The residue is then interpreted as the product of “coupling constants” of
N*-B and N*-a:
Rg o = 88.N* X 8a,N*-

v If one tries to get the coupling constants from the residues, the constants can be
determined up to a sign. We fix the sign ambiguity by choosing the phase of
the pi N scattering residue as

- < arg|Ryn N < 7.

This corresponds to taking the real part of TNN* coupling constants

always positive: Re(g_N*mN) > 0.

With thIS. convention, the relqtlve signs of Renan = (gnn)? SN* 1N
all coupling constants are uniquely fixed. Alm Alm

Re : Re




Phenomenological prescriptions of constructing
conserved-current matrix elements

As commonly done in practical calculations in nuclear and particle physics,
currently we take a phenomenological prescription to construct conserved
current matrix elements [T. Sato, T.-S. H. Lee, PRC60 055201 (2001)]:

J”—>J”——q'J H

n-dq
JH : Full e.m. current matrix elements obtained by solving DCC equations
q,u . photon momentum pH - an arbitrary four vector

v" A similar prescription is applied, e.g., in Kamalov and Yang, PRL83, 4494 (1999).

v" There are also other prescriptions that enable practical calculations satisfying
current conservation or WT identity:

» Gross and Riska, PRC36, 1928 (1987)
» Ohta, PRC40, 1335 (1989)

» Haberzettl, Nakayama, and Krewald, PRC74, 045202 (2006).




Database used for the analysis

v" 1N - 1N Partial wave amp. (SAID EIS) v" 1N 2 nN, KA, KZ observables

Partial Wave Partial Wave do /dQ P B Sum
S1y 65%2 Saq 65%2 T p—1np 294 B - 204
Piq 652 Py 61x2

Pi3 6132 Py 65%2 T p—+ KA 544 262 43 849
Dz 612 Day 59%2 x p— KOxP 160 70 - 230
Dy 61%2 Dy 10%2 tp s KHY+ 552 312 7 71
Fiy 48 %2 Fay 43x2

Fir 32x2 Fy 44%2 Sum 1550 644 50 2244
G” 42x2 G37 32x2

Glo 28 %2 Gag 32x2

ng 34x2 Hg,g 31x2

Sum 094 944 1938

v yN = 1N, nN, KA, KX observables

do /dS 5 T P E G H 0, O, C, C, Sum

~p — 70p 4381 1128 380 580 140 125 49 7 7 -  — 6806

p = THn 2315 747 678 222 231 86 128 - -  —  — 4407

vp = 1p 3221 235 50 - - - - - - - — 3506 | 22 348 d t - t
Total 22, ata points

vp— K+A 800 8 66 85 - - - 66 66 79 79 2107

Ap — K+50 758 62 -~ 169 - - - - - 40 40 1069

wp — KOS+ 220 15 - 36 - - - - - - - 271

Sum 11695 2273 1174 1881 371 211 177 73 73 119 119 18166




N* resonances from analyses with

the old 6¢ch and current 8ch models

8ch DCC analysis
[arXiv:1305.4351]

6ch DCC analysis

[PRL104(2010)042302]
Mg }
St (1540. 191)
(1642, 41) {
Py (1357, 76) :
|
(1820, 248) |
Flfi 1
Dy (1521, 58)
D,s (1654, 77) l
Fis (1674, 53) |
S31 (1563, 95) |
Py, :
Ps; (1211. 50) ‘
D53 (1604, 106)
Fs (1738, 110) !
(1928. 165) |
Fv (1858, 100)

J¥(Laras) Mp
N-baryons
1/2-(S11) (1482, 98)
(1656, 85)
1/2%(Pyy) (1374, 76)
(1746, 177)
3/2+(Pys) (1703, 70)
(1763, 159)
3/2(Dy3) (1501, 39)
(1702, 141)*
5/27 (D) (1650, 75)
5/2+ (Fis (1665, 49)
A-baryons

1/27(Sa1) (1502, 68)
(1702, 193)"
1/2%(Pa) (1854, 184)
/27 (Pas) (1211, 51)
(1734, 176)
3/2~(Da3) (1592, 122)
(1707, 170)
5/2~ (Das) (1936, 105)
/27 (F3s) (1765, 94)
7/2% (Far) (1872, 103)




M- P 2 nn reaction
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NOTE:
It is known that there is an inconsistency on the normalization of
the m-p - nn data between different experiments.

The data used in our analysis are carefully selected according to
the discussion by Durand et al. PRC78 025204.
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p 2 KOPA reaction
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" p 2 K*Z* reaction
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DCS
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m- p 2 K°Z0 reaction
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vy p 2 nVp reaction (1/3)
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vy p 2 nVp reaction (2/3)
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+—t— — ‘ — — i —t— -1t ‘ T T — —— iBa —
f\ﬁ\/\/é\m/\/a\ W0 /’X{\ﬁ /V\gﬁ /\(ﬁff'\[ﬂ
L | | | | | - e I
1200 MeV 1209 MeV 1219 MeV 1227 MeV 1232 MeV 1240 MeV 1247 MeV 1656 MeV 1673 MeV 1696 MeV 1708 M¥

T t t t t t t t L =T t
[1255Mev  [1262Mev [1270MeV  [1277Mev [1284Mev  [1292Mev  [1313MeV '1756 Me¥ 11768 Me

- A s - e
1335 MsV 1349 MeV 1366 MeV 1384 MeV | 1402 MeV 1416 MeV 1426 MeV 1771 MeV 1787 MeV 11802 MeV 11816 MeV 11819 MeV 1s31 MeV 1836 MeV

‘ : E™ m m ‘ ‘ ‘
/"\/"\/’ﬁz \J W0 /.\‘g"\ /‘\'d\ [ % %
1433 MeV 1449 MeV T1as9 MeV 1465 MeV 1483 MeV 11497 MsV 1504 MeV 1845 MeV 1853 MeV 1858 MeV 1872 MeV 1885 MeV 1898 MeV 1903 MeV

+ + + + + + + T + + T + + + 1 '1 1 1 e 1 1 1 1
/ \ / % 1f ™\ ﬁ/—a\/\/&\[&\ , T z% I;I% iIIHI Eii
r - (AN} L t +

1513 MeV| 1524 MeV| 1528 MeV| 1544 MeV 1559 MeV| 1573 MeV| 1580 MeV| 1910 MeV 1919 MeV 1935 MeV| 1951 MeV| 967 MeV 1982 MeV
0 90 0 90 0 90 0 90 0 90 0 90 0 90 180 o 90 0 90 0 90 0 90 0 90 0 90 0 9% 180
0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 6 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)



Y

—
1179 MeV 11186 MeV ]
3 \_/}‘r\

\/‘S

T
1201 MeV

11204 MeV

=

11217 MeV

)

11220 MeV

11236 MeV

ol

£ L3
3 Tt

| |
L T T T L T
1240 MeV 11262 MeV 11276 MeV 11292 MeV 11307 MeV 11313 MeV E 11338 MeV ]
- i
-
1349 MeV 11369 MeV 11398 MeV 11481 MeV 513 MeV 11543 MeV ' 1573 MeV
| )
E ii 3
g1/ i1 ]
’ ’ | ’ ’ | ’ : | ’
T T T T
11688 MeV 1716 Me V| E 1743 MeV | E 1770 MeV.

N\
i

x
1 : 1 % III E & = 1
1873 M?V 1898 M?V 1922 M?V 19 M?V
0 90 0 90 0 90 0 90 180
0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.)
H, s
i/t ] ¥ ]
2q18 MeV ZQG4 MeV 21‘09 MeV I

0 90 0 90 0 90 180

0 (deg.) 6 (deg) 6 (deg)

T 7 T 7 T 7 UL T 7

1232MeV  |1543 MeV |1716Mev  [1822Mev  |1873[MeV
Iz 3
i L/ ¢
| ¥ I+ ] ]
1922 MeV 1970 MeV 2018 MeV 2064 MeV 2109 MeV 0 9% 0 9% 180

’%\/’\%\/\ﬁ/% e R

! | ! ! | ! ! | ! ! | ! | !
0 90 0 90 0 90 0 920 0 90 180 G

0 (deg.) 0 (deg.) 0 (deg.) 6 (deg.) 0 (deg.)

p 2 P p reaction (3/3)

1

T T T T T T T
1186 MeV 1201 MeV 1217 MeV 1240 MeV 11247 MeV 1262 MeV 1277 MeV
A0 &m\%\&xww L
-
1292 MeV 1313 MeV 1349 MeV 1449 MeV | 1481 MeV 1573 MeV. 1632 MeV
R B %\g%&] i :
Bl 3 &
] s Ao B s B e B — —— :
1688 MeV 1743 MeV 796 MeV ﬁ ] ¥
; 9 4 ) :
3 I [ 3 %
£ T
E 22MeV MeV 1922 MeV 970 MeV
‘ 90 0 90 0 90 0 90 180
0 (deg.) 6 (deg.) 6 (deg.) 6 (deg.)

0 90 0 90 0 90 180
6 (deg.) 0 (deg.) 6 (deg.)
1822MgV  |1873MeV 192% MgV 1970 MeV|[2018 MgV 72064 MeV
90 0 90 0 90 0 90 0 90 0 90 0 90 180
0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.)
— T 7 T 7 UL T T LI T 7 1
20 H209 MeV 225 MeV H240 MeV -H255 MeV -H270 MeV -H284 MeV -H299 MeV -
i < \/ 1 ]
‘ — ‘ -+
6 H313 MeV -H328 MeV -H342 MeV -H356 MeV -H376 MeV -H390 MeV -H403 MeV -
<@ 0 vvi\@/vvw
6 + + + =+ + =+ -
i 1 1 1 1 1 t
2 H416 MeV -H430 MeV -H443 MeV -H456 MeV -H468 MeV -H481 MeV -H494 MeV =
3 r px3 1
«wm oF EE = 3 ,W{W, EE + S -
2+ + + + + =+ -
} } } | | | |
2 H506Mev 11519 MeV {1531 MeV 0o 9% 0 90 0 90 0 90 180
0 (deg) 6 (deg.) 6 (deg.) 6 (deg.)
<@ 0 F - -+ E
T VAT A hat E
! | ! ! | ! ! | ! a
0 90 0 90 0 90 180
0 (deg.) 0 (deg.) 6 (deg.)



do/dQ2 (ub/sr)

do/dQ (ub/s)  do/dQ (ub/sr)  do/dQ (ublsr)  do/dQ (ublsr)

do/dQ (ub/sr)

>

do/dQ (bsr) do/dQ (ub/sr)
(=] (=} (=] 5

do/dQ (pb/sr)
N

Y P =2 W nreaction (1/3)
DCS >

J T 7 L T T — T 7 — T 7 T 7 1 T T —T—
1104 MeV 1112 MeV 1121 MeV 1129 MeV 1137 MeV 1145 MeV 1162 MeV

|
i
7

‘ ‘ ‘ ‘ ‘ 131MeV  [1140MeV  [1149MeV  [11S7MeV  [1165MeV  [UT3MeV 1178 MeV
) ! T T T -1 L L L L L L L
| - 1 = €1 | | | 4 4 4 x 4 4
W0
78 MeV 1194 MeV 1209 MeV 1225 MeV 1240 MeV 1255 MeV 1270 MeV 1182 MeV 1186MeV  [1190MeV  [1194MeV  [1201 MeV 129MeV  [1218MeV
T T T T T T T T T T T T T T T T T T T T T -1 - - - - - - - -
1284 MeV 1299 MeV 1313 MeV 1323 MeV 1337MevV 1351 Mev 1364 MeV ‘ ‘ /,_\ f,.i\ /—4\ ﬁ /—\
’ | ’ ’ | ’ ’ | ’
T T T

o L L 1225 M?V 1232 M?V 1240 M?V 1247 MeV 1255 M?V 1262 M?V 1270 M?V
T T T -1

|
1392 MeV 1405 MeV 1418 MeV 1432MeV 1445 MeV 1458 MeV f%&\ f""\ = ]*\E [\ /‘-\ /{%&
k ik ik s k ik | . ] = | ] ]
; | ; ; | ; ; | ;
T T T

- L, L 1277 MeV 1284 MeV ’1292M$V ’1313M¢‘=V ’1335M‘ev 1349 MeV ’1362M$V
T T T 1

1470MeV 1483 MeV 1491 MeV 1497MeV  |1508MeV 1513 MeV 1521 MeV ﬁ_\ m %\ - Toxs /‘*}‘\ /‘ﬂg%\
\x = 1 I h n 0

Il Il Il Il Il Il

T T T T T T

1383 MeV 1403 MeV 1416 Mev T1430 MeV 1449 Mev 1468 MeV 11474 MeV
1528 McV 1533 MeV 1537 MeV 1543 MeV 1558 MeV 1575 MeV 1588 MeV ‘ A /L—It,;%\ = X iy | Bl ‘
i T T i T T T ] 1 1 o /%— v~ |
| ) L. | N M I 7\\1\1 .
— — — — — e T 1481 MeV 1504 MeV 1513 MeV 1520 MeV 1543 MeV 1572 MeV 1594 MeV
-1
1603 MeV 1617 MeV 1646 MeV 1674 MeV 1702 MeV 1730 MeV 1756 MeV I—r ‘ —— —T —— —
- 4 . —+4 —+4 —+4 —+4 - =
- " . % | f LR LAY
-fx/\—jx’k-/X/‘ 2 L~ | o * ¥ * %
K2
! ! | N /x"\ LN | | | ) |
—— —— T T — ‘ ; = 1603 MeV 1688 MeV 1716 Me 1770 Me 1822 MeV
1783 MeV 1809 MeV 1835 MeV 1860 MeV 1885 MeV 1910 MeV 1934 MeV At ‘ — — ++—— .
N I 1 N i i 4 4 % % z 0 90 180
) F 3y 432 £ 8 (deg)
- - = - - T o ] [AN] =3 g
L K3 | | |
w ‘ ‘ ‘ ‘ 1 1873 MeV 1898 MeV 1947 MeV 1994 MeV 2041 MeV
1959 MeV 1982 MeV 2006 MeV 2029 MeV 2052 MeV 2075 MeV 2097 MeV 1 I I I . ‘ .
- + —+ - - + + - 0 90 0 90 0 90 0 90 0 90 0 9 180

/X/‘\ /X’\ /\_’\ 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.)
! | ! ! ! ! ! ! ! 1

90 0 90 0o 9% 0 9% 0 90 0 %0 0 9% 180
6 (deg.) 0 (deg.) 6 (deg.) 6 (deg.) 6 (deg.) 6 (deg.) 0 (deg.)

¢

o
0



Y P 2w nreaction (2/3)

P

— T ' — T ' — T ' L — U
£}
=
11162 MeV 1186 MeV 1201 MeV 11217 MeV 11232 Mev 1247 MeV 1262 MeV
B e e e AL ST
\'}fzy\\lzy\\;f{zy\\}ﬁé/\ :
11277 MeV 1292 MeV 1362 MeV 1383 MeV 1403 MeV 1430 MeV 1449 MeV
+ T + + T + + T + + T + + T + + T + + T +
11468 MeV  |1481 MeV 1513MeV  [1543MeV _ [1573MeV __ |1603 MeV 1632 MeV
r 3 r 3 r Ii r ¥ T i k2
| L £ 12 ) [ty
11660 MeV A\ 1716 MeV v
3
L L X1 kX
T
I;II\I I;f \‘ ; 1 1
90 0 %0 0 9%
1894 2041 MeV.
% r 0 (deg.) 0 (deg.) 0 (deg.)
i\
Il Il Il
0 90 0 90 0 9 180
0 (deg.) 0 (deg.) 0 (deg.)

180/

T T T T y T T ! T
o] | ] |/ Mg || e [Pl [
B0 - -
1137 MoV 1154 MoV Tun Mev T1187 MeV T1201 MoV 1204 MeV 1220 MeV
'1 I 1 i 1 1 T T T T T T
f%{x /% = *x | ﬁ m\ f/fg\ /fn@i\ f!’\\
=0
1232 MV 1236 MoV 1247 MoV 1252 MsV 1262 MV 1272 MgV 1277 MeV
-1 31 T T T T L L
1295 MgV 11319 MgV 1342 MoV 11365 MgV 11388 MgV 1409 MgV Th430 MgV ]
= + T + + T + + T + + T + + T + + T + + T +
114499 MeV  [1467MeV  [1481MeV  [1486MeV; | 1507 MeV. 1513 MeV 1526 Me
=0 \ﬁ\,\qﬁ\ \ﬁ—x\ﬁx
| ¥ I ] ] ]
A ——— | N R L
1543 Mg 1573 MeV o, [1603MeV  |1632MeV  |1660MeV 1716 MgV 1770 MgV
x
=0 i WA=
3
L3 L3 |
i \ —
B0 - .
& | ¥ z FE?A/\] .
§1§22 MeV 1873 MeV 1898 MeV 1947 Me : :
-1
0 90 0 9 160 9 180 90 0 %0 0 90 0 9% 130
0 (deg) 0 (deg) 0 (deg) 0 (deg)) 0 (deg) 0 (deg)) 0 (deg.)
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Y P 2 m nreaction (3/3)

T T T T T
hioamev  Jizmev  Juzimev Juizomev  Jimrmev Jiwsmev Juiemev
S T Sy N A S Q\Uj{,
I 1 ]
H178 MeV h1oamev  Ji20oMev  1225Mev  J1240Mev 1255Mev  J1270Mev
= \/\Aj/\/{\ﬁ{/ - ,X}?“.)f
I ]
1284 MeV  [1299 MoV 1313 MeV [1323Mev  [1337Mev 1351 MeV 1364 MeV
-y ——\%rff“"\:/r-"'\,—fr"'x;ﬁ“’x:ﬂ""fxzf"‘i

Il Il

T U T T T T UL T 1 T 1 T
1378 MeV ~ [1392MeV | }405 MeV [1418Mev | }432 MoV [1445Mev  [1458 MeV
F === 1 x= xx=" Ixt I [ x=™= T i 1

; | ; ; \ ; ; | ; ; | ; ! | !

T T T T
haromev  Jisssmev Juasemov Jisosmev  isaimev Jisssmev 0 o (z‘e) )
7\_;&- \—r\—(_\"_’ 8

T === T - T P T P T === T ===== |
i T T T T | T | 1
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180

I L — T ' — T ' — T ' L — T '
1232 MV [1240) 1481 Miv [1513MeV ~ [1543MeV  [1573MeV 1603 MeV
0 \9—\ K3 I E
-1 ——t— —t— —1 ———
11632 MeV | 1660 M 1674 M M
© v\/ ! ¢ 1
0 iy
N A 7
T T I T T
o ‘ I ‘ E V/(L{\'\j
1860 n}fv : 934 I 1982 I qus I 052 2097 MeV
-1 . " " " . " . " . " .
0 90 0 90 0 90 0 90 0 90 0 90 0 90
0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.)
1 T T T T T T
11217 MeV 11240 MeV 1416 MeV 11450 MeV R/ﬁ?{\ﬁ/\
I ‘ I ;1‘ ‘ I ‘ 1481 MgV 1513 MgV 1543 MoV
'1 E | | T T
1573 MeV 1603 MgV 1632 MeV 1660 MgV 1674 MeV 11730 MgV 1756 MeV
'1 T T T T T T
I 1 I 85 MeV|
o0 . . } I . .
1783 MeV 1835 MgV 1860 McV I
-1
0 % 0 90 0 90 0 90 0 90
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do/dQ (ub/sr)  do/dQ (ub/st)  do/dQ (ub/st)  do/dQ (ub/st)  do/dQ (ub/sr)

do/dQ (ub/sr)

Y P 2 np reaction (1/2)

DC

1488 MeV 1490 MeV 1493 MeV 1496 MeV 1498 MeV 1501 MeV 1504 MeV
T
. | ma———
[ Renemenit 5 | i
: : : : : \ :
1506 MeV 1509 MeV 1511 MeV 1514 MeV 1516 MeV 1519 MeV 1524 MeV
: \ : : : : :

1527 MeV 1532 MgV 1537 MeV 1542 MeV 1547 MeV 1552 MeV 1557 MeV
Wfé&raﬁé T T | P =1 =
: : \ : : : \

1562 MeV 1566 MeV 1571 MeV 1576 MeV 1581 MeV 1586 MeV 1590 MeV
L = =4 4 =t - 1 |
: : : : : : :
1595 MeV 1600 MeV 1604 MeV 1609 MeV 1614 MeV 1618 MeV 1623 MeV
};d t" = t’é e ﬂ’ ﬁ jﬂ =
: : : \ : : :
1629 MeV 1634 MeV 1640 MeV 1646 MeV 1651 MeV 1658 MeV 1664 MeV
N -l = el ‘ ‘ . ‘
0 90 0 90 0 90 0 90 0 90 0 90 0 90 180
0 (deg.) 0 (deg) 6 (deg.) 6 (deg.) 6 (deg) 0 (deg) 6 (deg.)

n

do/dQ (pb/sr)  do/dQ (pb/st)  do/dQ (pb/sr)  do/dQ (ub/sr)  do/dQ (pb/sr)

do/dQ (pb/sr)

1671 MeV 1679 MeV 1688 MeV 1696 MeV 1704 MeV 1711 MeV 1719 MeV
06| + + + + + + .
0 : : : : : : :
1726 MeV 1734 MeV 1741 MeV 1748 MeV 1755 MeV 1759 MeV 1765 MeV
06 - + + + + + + .
0 : : : : : : :
1769 MeV 1775 MeV 1779 MeV 1783 MeV 1788 MeV 1792 MeV 1797 MeV
06| + + + + + + .
0 : : : : : : :
1801 MeV 1806 MeV 1810 MeV 1815 MeV 1822 MeV 1830 MeV 1835 MeV
06 - + + + + + + .
0 : 7’-\. : f‘.\ : | —
1840 MeV 1850 MeV 1860 MeV 1870 MeV 1885 MeV 1910 MeV 1934 MeV
06| + T+ + + + + .
1959 MeV 1982 MeV 2006 MeV 2029 MeV 2052 MeV 2075 MeV 2097 MeV
06 - + + + + + + .
0 90 0 90 0 90 0 90 0 90 0 90 0 90 180
0 (deg)) 9 (deg) 0 (deg) 9 (deg) 0 (deg) 9 (deg) 0 (deg)



Y P 2 np reaction (2/2)

S TExxx .y | somameee |7 E ey _)&‘_ /J-I\ /I\
1496 MeV 1508 MeV 1519 MeV 1447 MeV 1549 MeV 1560 MeV 157 Mev
Il Il Il Il Il Il Il
: s % 2 SO S
| —3 | — | A T~
1572 MeV 1574 MeV 1585 MeV 1620 MeV 1622 MeV 1626 MeV 1627 MeV
: - : : : : :
3 . %
1628 MeV 1655 MeV 1656 MeV 1685 MeV 1686 MeV 1689 MeV 1691 MeV
e, T K2 3 x
I“ x.
1719 MeV 1742 MeV 1743 MeV 1744 MeV 1745 MeV 1754 MeV 1783 MeV
= 3 K3 T 3 3 I=
1796 MeV 1797 MeV 1811 MeV 1837 MeV 1844 MeV 1845 MeV 1863 MeV
T T
T 0 9% 0 90 0 90 0 90 0 90 180
Lk
‘%, /\- t‘fz{% 0 (deg.) 0 (deg.) 0 (deg) 0 (deg.) 0 (deg.)
1885 MeV 1909 MeV
: :
0 90 0 90 180
0 (deg.) 0 (deg)

e " IIIJT;—\I_I»‘H—\I)}*‘I‘\I‘I/‘“‘\I%G_E/II‘*‘
| (102 Mev 1505 MgV 1522 MgV 1537 MgV 1555 MgV 1578 MgV 1600 MeV
‘ ‘ ‘ 0 9 0 90 0 90 0 90
1 1 ©(deg) 0 (deg.) 0 (deg) 0 (deg)
e &/I'P‘\ K/ﬁ
1630 MgV 1719 MgV
0 90 90 180
0 (deg.) 0 (deg.) 0 (deg.)

180,



do/dQ (ublst)  do/dQ (ublsr)  do/dQ (ublst)  do/dd (ub/s)  do/dQ (ubisr)

do/dQ (ub/sr)

do/dQ (ub/sr)

vy p 2 K* A reaction (1/2)
>

La— L— L — L L B L —
1625 MeV 1635 MeV 1645 MeV 1655 MeV 1665 MeV 1675 MeV 1685 MeV
05 + + + + + + .
0 x%xi\}\}\ —— —
1695 MeV 1705 MeV 1715 MeV 1%5 MeV 1735 MeV 1745 MeV 1755 MeV
ot %\&\XKK 7
0 —+— —t— —t— —t— —t— —t— —t—
1765 MeV 1775 MeV 1785 MeV 1795 MeV 1805 MeV 1815 MeV 1825 MeV
) K\%\ | \&K\ I 7
of—— e T o
1835 MeV 1845 MeV 1855 MeV 1865 MeV 1875 MeV 1885 MeV 1895 MeV
051 + + + + + + .
0 1 1 1 1 1 1 1
1905 MeV 1915 MeV 1925 MeV 1935 MeV 1945 MeV 1965 MeV 1975 MeV
05 + + + + + + .
[ [}
of—— e b
1985 MeV 1995 MeV 2005 MeV 2015 MeV 2025 MeV 2035 MeV 2055 MeV
05 + + + + + + .
&7\& St Tt = %%—E‘»
n
T — T L —
90 0 90 180
05 _2065 MeV __2075 MeV __2085 MeV __2095 MeV __2105 MeV 0 (deg.) 6 (deg.)
L . e
0 90 0 90 0 90 0 90 0 90 180
0 (deg) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.)

-1

-1

BERELE s i 22 T i S
(LsoMev | [1676 MV 172MeV | [1728MgV  |1754 MgV [1781MeV  [1808 MgV
T T T T T T T K 4
4 4 4 - 4 4
/n'i?l\ E— /I'i?,\,\)/ﬁ‘yb\ ﬁt‘\
1833 MgV 1859 MgV 1883 MgV 1906 MgV 1947 MgV 1994 MgV 2041 MgV
M T 0 9 0 90 0 % 0 90 0 90 180
}‘X_gﬁ%}\ ?(-’\ 0 (deg) 0 (deg) 6 (deg)) 6 (deg.) 0 (deg)
2086 MgV |2109MeV
0 90 0 9% 180
0 (deg.) 0 (deg.)
1 T T T T T T T
1625 MeV 1635MeV  [1645MeV  |1649MeV  [1655 MeV 1660 MeV _ [1665 MeV
| | &W SRR
— | -
1675 MeV 1685MeV  [1695MeV  |1705MeV  [1715MeV 1725MeV_ [1735MeV |
o : ot —
1743 MeV 1796MeV  [1848MeV___ |1898 MeV. ey |
®
4 * 3
] ] ] ] ey ]
‘ ‘ ‘ ‘ 1947 MV 1994 MeV 2041 MgV
‘ 0 9% 0 90 0 90 0 90 0 90 0 90 180
\f\ 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg) 0 (deg)

(2086 Mev

0 9% 180
6 (deg.)



T

vy p 2 K* A reaction (2/2)

Hom
-1

T
1649 MeV 1

T
676MeV |1

T T
702MeV  [1728 MeV
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T
1754 Mev

T
1781MevV |18

Nt e

e 7 ]

T
1833 MeV 1859 MeV § |

N |

1

1906 MeVi

N/

T

0

I—'OW
.1 . "

0 (deg )

Ox’

0 (deg)

90
0 (deg.)

90
0 (deg.)

180

90
6 (deg.)

0 920 0
0 (deg.)

90 180

0 (deg.)

1 T T
. { ! I I I 1
0 I
i I 175
. 1649 M§V 1676 M;V 1702 M§V 1728 M§V 1754 MgV 1781 MgV 1808 MgV
90 0 90 0 90 180
A 60 (deg.) 0 (deg) 0 (deg.)
&0
3 M§V 1859 M;V I 1383 M§V 1906 MV ¢
0 9 9 180
6 (deg.) 0 (deg) 0 (deg ) 6 (deg.)
T L T L T L T UL T L T UL
1649 Mev 1676 MeV 1702 MeV 1728 MeV 1754 MeV 1781 MeV 1808 MeV
8o }
k3 E {
1 1 1, 1 I}T : — 1 : }T : 11 ~ L
1833 McV 1859 McV 1883 MeV 1906 McV. 0o 9% 0 2 0 9 180
- Il { 0 (deg.) 0 (deg.) 6 (deg.)
3o I )
L) E 3
_ I | | I
0 90 0 90 0 90 0 90 180
6 (deg.) 6 (deg.) 0 (deg.) 6 (deg.)

Cx’

T T T T T T T T T T T
1678 MeV  [1733MeV  |1787MeV  [1838MeV  |1889MeV  |1939MeV 1987 MeV
3 o
© I w\ﬂ\/v
— — | | AL AV RNV
-1 w — i Ei Caet #I 33 ‘E £X Tyl & :
2035 MeV 2081 MeV 0 90 0 0 90 0 90 0 90 180
I r 1 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.)
%0 \4{1{1_/
1 s . .
0 90 0 90 180
0 (deg.) 0 (deg.)
7
T T
i z
" & £ 5 Ty x5
Not + 4 \&# 1 \& 4 5 T 5+ \ 4
SR | | , ,
1678 MoaVIN_ [1733 MeWIN_|1787 MgVTR_|1838 Mg 1889 MoV I\ [1939 MoV T\ |1987 MgV
‘ ‘ 0 9% 0 9% 0 90 0 90 0 9% 180
-5 553 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.)
N 3 4+ -
o
i i
72035 M I I EE |
4 (2035 MV \ 2081 MgV
0 90 0 90 180
0 (deg.) 0 (deg.)



do/dQ (ub/sr)

do/dQ (ub/sr)
e

vy p 2 K°Z* reaction

T I T T I T T I T T I T T I T T I T T I T
1716 MeV 1770 MeV 1796 MeV 1822 MeV 1873 MeV 1898 MeV 1922 MeV
0.1F + + + + + + s
I 13 i 3 1 3F 5 . m ]
7 ﬁ 3 \/IIX!/
0 e — ——t ——t : : ——t Ll
1970 MeV 1994 MeV 2018 MeV 2064 MeV 2086 MeV 2109 MeV 0 90 180
n 4 4 A4 A4 A4 i 0 (deg.)
0 1 | T 1 | I:': 1 | 1 | 1 | Ty 1 | 1
0 90 0 90 0 90 0 90 0 90 0 90 180
0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.)
1 T I T T I T T i T
T_3 i *
. 177.0 M?V . 192.2 M?V . . 20|64 MeV 174.3 M?V . 184I8 M?V . . 19|47 MeV
0 90 0 90 0 90 180 0 90 0 90 0 90 180

0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.) 0 (deg.)
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