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e Spectroscopy of Baryons.
e SAID for Baryon Spectroscopy.
e TN Elastic Scattering.
— N(1440)1/2*.
e N inElastic Scattering.
— T p->MNp.
— 1t p>KY.
— T>2T .
e Pion Photoproduction.
e Pion Electroproduction.

GF’ 10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 1



10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 2



A bit of History...

ﬁHYSICﬁLL REVIEW VOLUME 91, NUMBER 1 JULY 1, 1953 \

Angular Distribution of Pions Scattered by Hydrogen*
| H. L. Axperson, E. FerM1, R. MagTiv, anp D. E. NacLE
Insiitule for Nuclegr Siudies, University of Chicage, Chicago, Illinois
(Received March 6, 1953) 2 4
The results have heen interpreted in terms of phase shift analysis on the assumption that the scattering is
\mainl}' due to states of isotopic spins § and 1 and angular momenta s5;, # and py.

PHYSICS REPORTS (Review Section of Physics Letters) 96, Kos, 2 & 3 (1983) 71-204. Norh-Holland Publishing Company

BARYON SPECTROSCOPY

Anthony .G, HEY*

Califurnia Inseinare of Technology, Pasudena, Califumia 91125, ULS.A,
aird Physics Deparment, University of Suuthampron, SOV SNH, England

and

Robert L, KELLY*"

Arete Axsoaates. PO Box 380 Encing, California H316t, LIS A,
amd Lawrenee Berkelev Labaraiory, Beekeley, Culifomia S720, LISA,

Reveived 29 Seplomber Dt

In 1952 Fermi and coworkers (Andersen et al. [1952]) discovered the first baryon resonance - the
A(1238). Since then, hundreds of resonances have been identified and nuclear democracy has given way to
fundamental quarks. Baryon spectroscopy is now thirly years old and perhaps approaching a mid-life crisis.
For it 1s inevitable in such a fasi-moving field as high energy particle physics, that experiments have moved
on beyond the resonance region to higher energies and different priorities. Thus it is probably no
exaggeration to say that we now have essentially alf the experimenial data relevant to the low-energy
baryon spectrum, that we are ever likely to obtain. It is therefore timely to review both the accumulated
mass of resonance data, together with the techniques used in its analysis, and also our theoretical
framework for understanding the results. The latter is inevitably based on quarks and, by and large, on a
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Spectroscopy of Baryons

“ltis clear that we still need much more information about the existence
and parameters of many baryon states, especially in the N=2 mass region,
before this question of non-minimal SU(6) x O(3) super-multiplet can be
settled.” Dick Dalitz, 1976.

“The first problem is the notion of a resonance is not well defined. The ideal
case is a narrow resonance far away from the thresholds, superimposed on
slowly varying background. It can be described by a Breit-Wigner formula
and is characterized by a pole in the analytic continuation of the partial wave §
amplitude into the low half of energy plane.” Gerhard Hoehler, 1987.

“Why N*s are important — The first is that nucleons are the stuff of which
our world is made. My second reason is that they are simplest system

in which the quintessentially non-Abelian character of QCD is manifest.
The third reason is that history has taught us that, while relatively simple,
Baryons are sufficiently complex to reveal physics hidden from us in the
mesons.” Nathan Isgur, 2000.
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Baryon Sector at PDG

[J. Beringer et a/[PDG] Phys Rev D 86, 010001 (2012)]

m?DGlz has 112 Baryon Resonances\
(58 4* & 3* of them).

e For example for SU(6) x O(3), it
would be 434 resonances, if all
revealed
three 70— and four 56— multiplets
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\were filled in. /

e There are many more states in the
QCD inspired models than currently
observed.

e A quick check of the PDG Listings
reveals that resonance parameters
of many established states are not
well determined.
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Prolific source of N* & A* baryons

Measure many channels with different
combinations of quantum numbers.

nN>7N, ©nN, ... =)
YN->7N, tnN, ... ‘

Y*N->7N, TnN, ...

pp->ppn’, ppnm, ...
Jv > ppn®, pnm; ...

e Most of PDG info comes from these sources
and PWA is main of them.

¢ N elastic scattering is highly constrained.

e Resonance structure is correlated.

e Two-body final state, fewer amplitudes.

1708 (+/-150)

There are Many Ways to Study N*
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PW.A for non-Strange Baryons < SAID Database

Originally: PWA arose as the technology to
determine amplitude of the reaction via
fitting scattering data which is a non-trivial
mathematical problem

“/» Center for Nuclear Studies

[Solution of ill-posed problem [
— Hadamard, Tikhonov, et al] Data Analysis Center Below 4 GeV
Resonances appeared as a by-product 1V partial-Wave Analyses at GW
[Bound states objects with definite quantum [ See Insinactions |
numbers, mass, lifetime, efc] 31,479 Plon-Nucleon [W = 1320 to 1630 MeV ]
Plon-Plon-Nucleon — 241,214 evts
That is the strategy of the 5,267 Kaon-Nucleon
[ GW/VPI N PWA since 1987 ] Nucleon-Nucleon — 38162
27,265 ~—— Plon Photoproduction
Plon Electroproduction — 113,300
9,086 =—— Kmon Photoproduction
Eta Photoproduction — 6,235
1,030 =—— Eta-Prime Photoproduction
Plon-Deuteron (elastic) — 1,914
6,083 ~—— Plon-Deuteron to Proton+Prolon

For n>2n,we use log-likelihood
while for the rest — least-squares

technologies.
10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 7
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N* and A* States coupled to 7 N

[SAID: http://gwdac.phys.gwu.edu/]

e GW SAID N* program consists of TN>TIN === YN>7TN == Y'N>7IN | Center for Nuclear Studies
As was established by Dick Arndt on 1997. Data Analysis Center

CNS DAC Home

Assuming dominance of 2-hadronic channels
[N elastic & n-p>nn], we parameterize
Y*N->7N in terms of ©tN>7N amplitudes.

(<]

N’ Partial Wave Analyses at GUW
[ See Instructions |
Pion-Nucleon
Pi-Pi-N {under construction)
Kaon-Nucleon
Nucleon-Nucleon

Aap, Aip, Sin
GM! GE! GC

e One of the most convincing ways to study a non-strange baryon bion Elostronroduction
Spectroscopy [a key to our understanding of QCD] is tN PWA. Kaon Photoproduction

Eta Photoproduction

Eta-Prime Photoproduction
Pion-Deuteron {elastic)
Pion-Deuteron to Proton+Proton

Analyses From Other Sites

® Non-strange objects in the PDG Listings come mainly from: | Mainz map - Analyses)

L. . Nijmegen {Nudecn-Mudecn OnLine)
Karlsruhe-Helsinki, Carnegie-Mellon-Berkeley, GW, | Bonn-Gatchina rwa)

& BnGa now. Contact

® The main source of EM couplings is the GW & BnGa analyses) Wwiliam J. Briscoe
Ron L. Workman

Igor I. Strakovsky
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GW N* Program

(o

(e Energy dependent SMO8 and associated SES & SQS )
e W = 1080 - 2000 MeV Q2 = 0 - 6 GeV?
e PWs = 60 [multipoles] [T < 6]

e Prms = 171

ol i i sl 7N + Pion Photo Prod PWAs [no theoretical input] y

—

@8§Norld Electro Prod from JLab CLAS

PWA Problems:
e Additional [18 S] Multipoles

¢ Q2 dependence

Database Problems:

e Most of data are unPolarized
measurements

e There are no 1t°n data and
very few 7-p [no Pol measurements)
That does not allow to
determine n-couplings at Q% > 0

@ 10/6/2013

{

{

Reaction Data v

o

y*p>nOp 55,766 81,284
Y*p>7*n 51,312 80,004
Redundant 14,772 17,375
Total 121,850 | 178,663
YN->zN 25,358 53,458
All Photo* 147,208 | 232,121
aN->zN 31,479 57,157
I e ]
Y*n>np 801
y*n>10n No Data

RRTF Workshop, Darmstadt, Germany, Oct 2013
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IC. %C_l'm&m) forx N>z N & n p>nn

Data Analysis Center [R. Arndt, W. Briscoe, IS, R. Workman, Phys Rev C 74, 045205 (2006)]
(o Energy dependent SPO6/WIO8 and associated SES )
e T = 0 - 2600 MeV [W = 1078 - 2460 MeV]
. @channel Chew-Mandelstam K-matrix parameterization [N, =A, @ nN]
e 3 mapping variables: g?/4r, a[rnp], Eth . N
e PWs = 30 nN {15 [I=1/2] + 15 [I=3/2]} + 4 nN [l < 9] 4
\* Prms = 99 [I=1/2] + 89 [I=3/2]
¢ 1st generation ('57—-'79)
Used by CMB79 and KH84 analyses.
10k t*p each & 1.5k CXS. T p>TP 13,354 27,136 \
17% datais polarized. P> P 11,978 22,632 [0 - 2600 MeV] => 10 data/MeV
e 2nd generation ('80-'06) n-p>7n 3,115 6,068
SAID fits:
13k n*p each, 3k CXS & 0.3k T-p->nn __Tp2nn 257 650 [==) | [550 — 800 MeV] > 1 data/MeV
25% data s polaized ( OR) constraint 2,775 671 27 ' 37 P data
Meson Factories [LAMPF, TRIUMF, & N
PSI] are the main source of new \'(o‘l‘al 31,479 57,157 above 800 MeV > 0.03 data/MeV
measurements.

There is no discrimination against data

« 3rd generation (07'+)

DRs have been derived ] :
New data may come from

from the first principles.

J-PARC, HADES, EPECUR, etc
10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 12



Fit to 7N Elastic Scattering Data

Reac PI+P PI-P CXS ALL
Data 2978 2611 1027 6616
v FA0O8 1.55 1901 7 1.66
4 SE5 1.24 1.49 1.08 1.31
o KH80 1.86 3.52 2.62 2.63
o CMB 0.94166107124 0-1GeV

4.0
S |
E q
= Reac PI+P PI-P CXS ALL
-~ Data 264 347 56 667
Lo B v .
FA08 3.05 1.59 4.36 2.40
>3 a4 SES 2.16 1.59 1.42 1.80
] o KHS0 3.80 3.73 3.81 3.76
o CMB 10.63 450 2.70 677 2~ 2.6 GeV
0.0 H H H H H 4.0 R 2 ‘
0 T,,,(MeV) 1000 '
Reac PI+P PI-P CXS5 ALL ]
Data 1858 1588 287 3733 o]
v FA08 2.01 1.72 3.20 1.98 ]
a SES 1.65 1.30 1.28 1.47 _g ]
o KHS80 2.47 3.24 2.74 2.82
o CMB 211 2.89 3.63 256 1-2GeV =
; ]
ALL
0.0 H H H H H H H H
2000 T]ab(MEV)' 2600

2000
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New Observables

[R. Arndt, W. Briscoe, IS, R. Workman, Phys Rev C 74, 045205 (2006)]

[ Some Old solutions may be not able to reproduce New measurements ]

\ L

TN scattering data:

do/dQ) {unpolarized)
P {polarnized target or recoil nucleon)
Rand A (polanzed target and recoil measured)

Not Independent: P? + RZ{+ A?) =1 1t+p: 1300 MeV
A ¢
0.5
< 0.0
-05
_l_ﬂ M " 1 " i 1 M M
0 60 120 180
Data; 0 (deg)

ITEP: T*p2>7t'p @ 1300 MeV
[I. Alekseev et al Phys Lett B 351, 585 (1995)]

m: = . L]
KAS4: Karlsruhe-Helsinkifit, 1984 / Polarized measurements is an important
E::;l (I;(‘I;IvBﬁatrrze;;te corrected solution, 1997 pa rt of a hadron program

10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 14



Where is a Resonance ?

[R. Arndt, W. Briscoe, IS, R. Workman, Phys Rev C 74, 045205 (2006)]

| E—————————
1=3/2 1 I . T ™ Here you are...
P“; Sa1 ;I 1 Gy r'
210 Hma—.gm — r‘°t ('« To determine Resonance parameters with SAID: )
TP o ] ™ e Fit data to get T,
i B e Fit T, over narrow W range
~140 1), y - Pole position
o] L 33 ] .
g i ) e Then fit DATA over same W range
o g s HADES g \_ - BW parameters )
: S +D P31+F3s+Fs;

e Main techniques:
e Pole on complex energy plane
e BW fit (data, SES, or global)

e Assertions:

¢ Argand plot, Im(Re)

e Speed plot, Sp(W) = |dT/dW |
e Time-delay, t=dé/dW

e Crossover energy, ReA=0

e etc

o (mb)

e Below W = 1900 MeV,
The highest wave contribution is small.

10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 15



GW DAC Search for N* and A*

We are considering a resonance as a Pole in the complex plane which is not far away from the physical axis.

o Applied directly to the data via BW + Bckgr

e Assume: S 2 SpS5; Sy =1+ 2T,
T = (T./2) / [WR -i(r,/2 + 1./2)]
L =T, + I rR T; = pl (1 - R)
TB = KB(I - lKB)_ KB =a+ b(W - R) + C

eMap ¥?*[Wi.I'] while searching all other PW parameters
Look for significant improvement

e Subjective variables are
e Energy binning
e Strength of constraints
e Which PW to be searched

e Standard PWA

4 ™
e Tends (by construction) to miss narrow Resonances with I" <30 MeV
e Reveals only wide Resonances, but not too wide [I" <500 MeV]

L and possessing not too small BR [BR > 0.04] )

oo ( N
* Modified PWA e Allows to put a resonance by hands with subsequent refitting the data

Then the search will allow to see how reliable/tolerable it is )

\

@ 10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 16



Complex Energy Plane vs BW fits

1=1/2 1=3/2
G, i e G, — -
G!I.'.F p— G:w =
F —a— F PR — - =
15 __=__+ i -
— = F . A—
D“ ———— Daa _—
Dy, = = = ==
—— D, e
P — = ° e
Pu ——— P — R
e — e n e ——
811 — R Sm ——
u; : « PBo6 u; N PBO6
P 3 F15 U P33 §
= m = X | EF
; [ P % ; o I )
r SP06 12 SP06 P ¥
-300 1 n p & G -300 pNP,
1100 W, (MeV) 2500 1100 W.MeV) Gy 2500
. M= ReW
e There are shifts between Pole and BW prms. kI
I'=2*ImW,

Igor Strakovsky 17
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Partial Waves [
Lonol

[R. Arndt, W. Briscoe, IS, R. Workman, Phys Rev C

Overall: the difference between KA’84 and GW’08 is rather small but...
resonances may be essentially different

0.9 S 12

% A(1920)*** @PDG

.1 A(1600)***

plitude

Amplitude
o
to
Am

|
o
o

=" . 1964: 1.2k data below 700 MeV

-?OBO 1430 W l.a?gv) 2130 2480 OI?UBD .1430 Ww ]E?L?SV) 2130 . IZ‘IBO 2012 32k data below 2600 MeV

N(1710)*** N(2100)*
0.9 — \ / 0.8

-0

I I / ImT-T*T 2 0 [unitarity boundary]

There are several SESs which one
can possible to consider as samples
of complete experiments.

Amplitude

: ] Pion PhotoProduction

%3080 30 780 2190 2480 04 L T N
' o I(Mev) ! 4 1080 1430 1780 2130 2480 )
W (MeV) complete experiments

are under the consideration now.

PDG12 [J. Beringer et a/ [PDG] J Phys D 86, 010001 (2012)]
KA84 [R. Koch, Z Phys C 29, 597 (1985)]

10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 18



Courtesy of Donna Arndt, 2010

10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 19



N(1440)"** — What is Known

[J. Beringeret a/[PDG] Phys Rev D 86, 010001 (2012)]

Dick Arndt: This is one of mysterious Resonances”

Two-faced Janus
Roman God of Gates & Doors

- PWA-Pole Ref Re(MeV) —-2xIm(MeV)
BnGal?2 1370 + 4 190+ 7
SAID-SP06 1359 164 15t Riemann sheet
1388 166 2"d Riemann sheet
KH93 1385 164
CMU80 1375+30 180+40
- PWA-BW  Ref Mass(MeV) Width(MeV) BR
BnGal?2 1430 + 8 366 +35 0.62 + 0.03
SAID-SPO6 1485 + 1.2 284 +18 0.787 + 0.016
s KsU92 1462+ 10 391+34 0.69 + 0.03
CMU80 1440+ 30 340+70 0.68 + 0.04
KH79 1410+ 12 135+ 10 0.51 + 0.05
k M= ReW

@ 10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 20



Discovery and First Direct Measurements of N(1440)

Al

PHLiE @IFT (DEAREES]

a \f!'l
- ,

E a ""-., "-:_‘ A
=

o L
2

o o0 i7a] LTai] O
LAE FIHETIL EHEMEY (siy'vp

10/6/2013

NATIONAL LABORATORY

BNL-LHBC:

at 6 GeV/c

M = 1485 Mev BC T T T T T T T T T — GD T T T T T T T T |
|24 1.42 168 + - 1.24 |
} Tp . Tp |
50 B7E COMBINATION. vyuee 50r 1138 EVENTS werre
> - tp—sgte S 0.5 GeV2 . E M gz te—swpS 05 GeV? 7
= 40r 1= 400 || § 1.8 i
] - =4 O *
T ¥
2 2 ]
g .1 18 ]
5 2 1@
O -
1 1 [l 1 1 L 1 1 L - i 1 1 1 1 1 1 1 1 1 ] 1 1
06 14 1.8 22 28 30 34 O 6 .a 1.8 22 26 30 34

M(x¥n) IN Ge¥
M = 1405130 MeV T =100Me

Significance[Ny/\(N,+N,) @

Mix"p) IN Gev
M = 1436120 MeV I' =50.Mc

Significance[N,/\(N,+N,) @

Courtesy of Cole Smith, June 2005

e Both BNL masses are less than M = 1485 MeV determined
originally via tN PWA and by SP06 BW

RRTF Workshop, Darmstadt, Germany, Oct 2013
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Complex Energy Plane for P, ,

* BW: W, = 1485.0+ 1.2 MeV

® 15t Riemann sheet ® 06 I' = 248 18 MeV
o o
Pole 1: Wp = 1359-i82 MeV g 04f Branch-points:
g 02} ° A thr [W = 1350 - i50 MeV]
< 50 . NN thr [W = 1487 - i0 MeV]
0 7tA Branch Cut is two-body and
has 2 Riemann sheets
%; -50
= e Sheet 1 is the sheet reached most directly
= —100 the real axis
e Sheet 2 is behind the A Branch Cut
e There is a shift
~150 - - -
between Pole 1250 1300 1350 1400 1450 150C
positions at two W (MeV)
sheets, due to a P
non-zero jump o 06( P R N(1440) is a Resonance which
'-d - . . .
on the mA-cut 304 sw manifests itself via 2 Poles at
g 02| 2 different Riemann sheets
M= ReW, | oo (with respect to the A cut)
T=2*ImW, 0 o P L
—~ _50 e Due to nearby A Branch Point,
= both poles are not far from physical region
=
. = —-100 e Simple BW is not adequate to such
® 2nd Riemann sheet | truct
Pole 2: W, =1388-i83 MeV a complex structure .
[2 Poles & 2 Branch-Points tA & nN]

50 " L L 1 N L " L N L n h 1 N N L L 1 L L N L

1250 1300 1350 1400 1450 150C
W_(MeV)

RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 22
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Two Pole Observation

PHYSICAL REVIEW D VOLUME 32, NUMBER 5 1 SEPTEM.

Pion-nucleon partial-wave analysis to 1100 MeV

Richard A. Arndt, John M. Ford,* and L. David Roper
Depariment of Physics, Virginta Polytechnic Institute and State University, Blacksburg, Virginia
(Received 24 Januvary 1983) .

070

< 7<\ " SAID PWA:
o ] 1
o2 ] [R. Arndt et al
L k‘@é: - Chinese Phys C 33, 1063 (2009)]
2 1600 . )
E ] : * Pole 1: W, = 1359-i82 MeV
~200. : Pole 2: W, =1388-i83 MeV
1300 1500 o —_ P
ReW (Mev) I Pole 1: W =1359—-i100 MeV
070 — : _—~ Pole2: W=1410— i80 MeV
< M

-Q25

Juelich Model:

[M. Doering et al Nucl Phys A829, 17(' (2009)]

ImW {MeV)

Pole 1: W = 1387—i73 MeV
Pole 2: W = 1387—i71 MeV

NG

1300 1600

a0
ReW (MeV)

JLab ANL-Osaka (EBAC) Model:

[R.E. Cutkosky & S. Wang, Phys Rev D 42, 235 (1990)]

Pole 1: W =1370-i114 MeV

Pole 2: W = 1360-i120 MeV Bole 1: W = 1357- i76 MeV
ges 1= : € Pole 2: W = 1364—i105 MeV

[H. Kamano et al PhysRev C 81, 0652C7 (2010)]

10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 lgor Strakovsky 23



Direct Measurements of N(1440): Hadronic Probes

SATURNE II:

[H.P. Morsch and P. Zupranski,
Phys Rev C 61, 024002 (2000)]

CELSIUS-WASA:
[T. Skorodko et al Eur PhysJ A 61, 168 (2009)]

30000 —

25000 |-

20000 | x+p
- E.=4.2 GeV
15000 - ©.,=0.8°

counts

10000

s000 |-

do/dM,,.. [mb/(MeV/¢)]
S o i
do/dM, . [mb/(MeV/¢)]

.......

04 0 .
1100 1200 1300 1400 1;00 1100 1200 1300 1400 1;00 - ® o (Gev)
M [MeV/c] M, ., [MeV/cT]

M=1360 e T= 150830 Mev
I'= 150 MeV i .

[S. Hirenzaki et al. Phys. Rev. C 53, 277 (1996)]

M=1430 MeV
I'= 300 MeV

SATURNE II:
[G.D. Alkhasov et al Phys Rev C 78, 025205 (2008)]

Difficulties in N(1440) description
do not allow to make a conclusive treatment.

o All Masses in Direct Measurements are smaller
than BW and close to GW ntN Pole positions.

RRTF Workshop, Darmstadt, Germany, Oct 2013 lgor Strakovsky 24
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Direct Measurements of N(1440): EM Probes

Relative contributions of various singularities may be different in different processes

~, 900 F
> 800 b y d BESI: JLab-RSS:
E‘ 700 — i |i Ll”ﬂ ﬁﬂ : [M. Ablikim et al (BES Collaboration) [F.R. Wesselmann et al
S 3 iH{HH1 by | ﬁ Phys Rev Lett 97, 062001 (2006)] Phys Rev Lett 98, 132003 (2007)]
S Y |
§ 500 {Hi b Virtual Photon Asymmetries: F(
m 4{'0:_ +H}+ _,I_‘.-_,-’Ll"Lﬂ"l_l!\:\--_,.l 1 E'sing Q E—E'cosﬂ
E ard y ' A = _ A
300 —ﬁiﬂ} m_q‘,n_..m'” """" "-«_IL_+ A1=(E_E.)((E—Ec°59)/‘|— cose AJ.] 2 9f kA' E’sinfcos ¢ L
200 £ ;,.f"” "ﬂf 1 —
071314 16 18 2 12 o6
2 BT
Mpn-(Gerc ) -
0.4 [
o, [ L
= 800 | 02 [
% ook bt ﬂ*ﬁ PWA: JP=1/2* S
= a0l ++|J H+ # | H* Hﬂ, M=1358+ 6+16 MeV o
S wﬁ ! H}* M*MH{“‘H | I'= 179+26+50 MeV —os b
B 500 F w W | 1 r
v F ity 1 —0.4 [
LE 400 Hﬁ .-er"'ru-r h m-“n'-::, _ i
300;'#**” _I,.ﬂ-‘-""_"'” '"“-Ilh 06 e
200 | ; 1 .1 12 13 14 15 18 1.7 18 19 2
E W (GeV)
100 |/ |
o L i M= 1338+10 MeV M=1346x 5 MeV

I's 6526 MeV TI'= 71135 MeV

i M= ReW N
4 18 1 22 " | | ® Evidence for two poles ?

2 — 9%
ME F(GeVic) ['=2*Imw,
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N(1440) Puzzle for Jlab CLAS12

Most of analyses of are based on its BW parameterization, which assumes that the Res
is related to an isolated Pole

e However, the latest GW PWA for the elastic N scattering gives evidence that N(1440)
corresponds to a more complicated case of several nearby singularities in the amplitude

e Then, the BW description is only an efficient one for N(1440), which could be different in
different processes

e Some inelastic data indirectly support this point:
they give the N(1440) BW mass and width essentially different from the PDG BW values

f w: é“ 60 [
L 60F L 50} e The analysis of the recent CLAS
"gB Ty ntg Py Single and Double ©t* Electro Prod data
S nf S wl [W =1.15-1.69 GeV, Q?=17-4.5 GeV?]
4.:‘5 of WS 20 allows to extract helicities for
20f 10 y"p=>N(1440)P,, transition
40 ok [17: I1.G. Aznauryan et al Phys Rev C 80, 055203 (2009)
£0 10 i 2m: V. Mokeev, PC 2010]
Light front models: 200 — .|| " '2 ' ; ' "‘ e Model predictions allow to conclude that N(1440) is
— lAznauven first radial excitation of 3g ground state
------ §. Capstick Qz (Gevz) a a8
—— hybrid P,(1440)

Since  -dependences for contributions of different singularities may be different, the set of

several singularities might provide the BW mass and width depending on the

e This problem can be studied in future measurements with JLab CLAS12
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»PDC

Status of Non-strange Resonances

part icle dota group
J. Beringer et al (PDG) Phys Rev D 86, 010001 (2012) e More than half of states have poor evidence.
e Most of states need more work to do.
. . Stat 5 — .
GW SAID Contribution ™™ 2% 1=1/2 | ¢ Most of QCD models predict more states than observed.
Status ..
Particle J %ﬂ\mﬁr YN Ny No Nw AK TK Np Arn | ® Where are missing resonances?
N 1/27 sess \ ] ]
N(1440) 1/2F  waes  shes  #3ne - . aee | 153/2 Status as seen in — E
N{1520) 3727  #s#s  *ksk  **%s  *¥% Ek  FEE Status 5
N(1535) 1/27 w4+  #4%%  #%%% #5++ =+ * Particle J¥ overall N N Nnp No Nw AK TR Np Arw ";
N{1650) 1/27  #s#s  ##sk  **% e #F x| ¥ w4 ooo0y aot F ]
N(LIETS) B2 #s#s  #43+  *3x  * * ¥ xEx (1232) 3/ + R 5
: + A(1600) 3/2 ¥Ek  EEE EE o * —— o
N(1680)5/27 wxxx  #xxx *xkx  * % IR A(1620) 1727 #s#s  ##5% %% r *EE HEE ®
. -'.'? g E £3 &
i:i?ﬁﬁ; 3 J;r-;;_— : * ‘e %s . e x|l s e A(LTO0) 3/27  #w#s  *¥#x  *xd= b R— =
& FEE + .
R b B i 1 . ;
N(1T20)3/2F  sexs . I ** =+ *% % | #%  *# =
Nilﬁﬁﬂg 5;24. :: ::** = ™ o : . A(1905) 5/2F  #e4s  #eer tre= d e F "y
N18T3) 3/27 == - w4 | kEE wE - A(1910) 1/2F  xexs xxmx s e * * b .
N({1880) 1f2+ *% * % * A(1920) 3:"2-'- *HE FEF | FF | *E* ** é
N{1895)1/2— += *¥ *% ¥ ¥ A(1930) 527  #ex  =x= =
N(1900) 3/2F  ssx =% xex = s wwe s ox 4s | D(1940)3/27 w4 = ** (seen in Ax) <
N(1990) T/27 #= = = * A(1950) T/2F  seks  4e2s 4ees wkk | £ kEk 0
N(2000)5/2% #= = s s S A(2000) 5/27  *= *+ %
N(2040) 3/2+ + A(2150) 1/27  + .=
N{2060)5/27  *= =% *% * *% A2200)T/2— = ;
N(2100)1/2% « A(2300) 9/2F  *s =« g
N(@150)3/27 w=  +x  ax " o = |A(2350)5/2 » N
N(2190) T/27  #s%x  #+3+  *#% 26N =% * A(2390) T/25 = 22 A* Bnéa Addl tlonal 'Ei H'
N(2220)9/2F  sexs  xres 1] **** A(2400) 9/27 #+ s yALLL n States - =5
N(2250)9/27  werx [ wwwx 5 *** A(2420) 11/2F wexs wxes 3 #kk T+ o §
J"ﬁ'{‘zﬁﬂuj 11;2_ FEE 7 * % -ﬁ{‘ZTE‘D] 13!12— T o |_ E
N(2700) 13/2F ** 3 * A(2950) 15/2F =% 7
5 *
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SoPDGY Status of Non-strange Resonances

particle dote group

Twenty Years Ago — Rosenfeld Tables

s
L. Montanet et a/ (PDG) Phys Rev D 50, 1173 (1994) 7
1=1/2 1=3/2 )4

y
Status as seen in Status as seen in
. Owverall j j Overall
Particle Ly ystatus Noe  Nnp AN IR Ar Np Ny Particle  Lypopstatus N Nnp AN IR Ax Np Ny
i;ﬁ:j]n] 21 A A(1232) Py #xas #ktr I o sk
1 kRkE tekk  # ek *k ACLRO0T Pa
N{IRZO) Iy #fs wkkE wkkd  hdkd ek .»;‘;Elﬁ?ﬂ% ,_;fij :::* :::* ur :::* :*** ::*
N(LSID] - Sip ks BRAE * * ok A(1700) f:-'“ I + 4 b + FEE ok .
N{LGBO) Spp Ak HkkE Fkk  Fk wkk ok # e i
N{LATE) Ihs 4+ FEkE * FEkE Fo ko A(1750) }?‘ﬂ * * !
r A(1900) Sy wws ko d * * *k *
N{LGBO) Fis 4 ok wkkd  hdkd ek
N(IT00) Dyy 4+ N . . . N . A(L05) Fas e Fok ok i * F H Fok
NTIO) Py #+# ke Hk * *4 * ok A(LOI0) Py wras ok € * * * *
N(IT20) Ppy 4 whdk ik * # o o AL920) Pyy 44 o n * ok *
N{1900) Pz o+ i " A(L930) Dy wes Aok * .
N(1990) Fy; o+ * * * # * A(1940) Dy # * F
N{2000) Fis o+ +# * #* " " * A(LAR0) Fay e kbt O * wkkE ok ok o of
N(2080) Dy #+ ok * * * A(2000)  Fys ## r o
N(2090) 517+ * A[ZIG0) Sy 4 b
N(Z100) Py o+ * A2200] Gar o+ i
N(ZLI0) iy #dka T # * * * A(2300]  Hayy  #+ o+ d
N(22001 Dys  #* # # A2350)  Lhs o+ d
N(2220) Hyg  #%++ FhkE  F 22 N* A(2300) Fyr o# * ¢
N(2250) (g ##as FRE H 11 **** A2400) Clyg  +4 . 22 A*
N(2600) Tyqq  #®# o . A(2420)  Hyqq wwss ST 7 Fdkk *
N(2700) Kiia #s - 3 ARTE0] Fyps 4 + rn
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. ITE@for 72- [I.G. Aﬁseev ea arXiv: 120/533] G‘Z: 72- / %MA

e Precise cross section measurements:
do/dQ — 0.5% statistical precision and 1 MeV momentum step

TP TP:

T Pp2>KOA: Ogeac

15 % statistical precision and the same mom step

B
o EPECUR o Previous [available in Hoehler s time]:
Tx=834-092 MeV + 25deg or
8= 48-117deg + 2 MeV
B4
~.
f=)
£ _ _
g T P2TP
~~
b .2
o
Wiog KABS
+2/dp=6090/495 36394/495
0 : i
800 850 900 350 1000
2.0 T ]
1.8 -
e ]
318 ] Tp2Tp
§ 1.4 :
N ! Wi0B KABA
“ y2/dp=4748/528 2387/528
1.2 ] 11980,/528
1.0 !
800 950 1000
— GUAWO0R (the
KH-KAB4 EPECUR data are out of the fit
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= Gridnevl2

EPECUR data af€in the fit Mo norm

1.6

=
[av]

de/dQ{mb/sr)
o

0.4

800

1
850

do/dQ{mb/sr)

112 5 deg
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10

o (mb)

0.1

0.01

| IIIIIII-h-I L 1111

E_ _ _ I - . oo T ;
— TT p->nJT TE+% - I g h_ - e
| ﬂ TE p-iﬂn . :— e -
3 b E
— T p->K'A -
B L] _
[ 1 PR NS KRN NS N N PN R R R
1 1.1 12 13 14 15 16 1.7 1.8 19 2 2.1

sqrt(s) (GeV)

i@f
?

Courtesy of Vitaly Shklyar, Spring 2013
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Coupled Channel Fit for S,, & D, ;: nn BRS

[R. Arndt, W. Briscoe, IS, R. Workman, A. Gridnev, Phys Rev C 72, 045202 (2005)]

e
0.6 A
g . 05 K Im \\Q'\‘-_V i
3 .. .. g < N
Z 03 ° L|m|’ge§:|.e:nergy range I_|m|ts E oz b 1_'1’\e S 1
g possibilities to determine & : o)
o
oo resonance parameters < il N ]
05 ]f)lThr T ——— —04 In‘Thr )
1450 1500 1550 1600 165C 1450 1500 1550 1600 165C
W (MeV) W (MeV)
u.'r T T
: S11 =N
04 + u.1 T - - —
E Dy m_oom2m
a, AN Im v 0.0
E E
< =
-02 r ﬁ.
Re 5—0.1 =
~0.5 T’r,n"l‘hr L
1450 1500 15650 1600 165C
W (MeV) I'l'hr
I A T 02450 1500 1550 1600 165C
. 14
S L W (MeV)
05 - e e
v Im |
=]
=
E 03 i ] _ _
[=%
g
L - I Re
0.1 r T o RN 7
O T T e 1m0 s D,;[Mainz (y, n)]: l"n/l"=0.0008:|:0.0001

100
Px (MeV/c)

No E913/914 BNL thr data
— Added E913/914 BNL thr data [G. Penner and U. Mosel, Phys Rev C 66, 055211 (2002)

[S. Prakhov et al Phys Rev C 72, 015203 (2005)] L. Tiator et af Phys Rev C 60, 035210 (1999)]

D,;[Giessen, multi-ch]: l"n/l"= 0.0023+0.0004
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wp>nn Puzzle

[R. Arndt, W. Briscoe, IS, R. Workman, Phys Rev C 74, 045205 (2006)]
e Several groups evaluated t-p—=>mnn data

¢ FEL75)
© BRI 78)

0. 40 — T T
W = 1601 MeV sorra o ] — Cutkosky et al Phys Rev D 20, 2804 (1979)

e P g "7 71 —Koch & Pietarinen, Nucl Phys A336, 331 (1980)

I _ 9 ECTSI O | — Wighman et al Phys Rev D 38, 3365 (1988)
E | W=1572 Mev | — Clajus & Nefkens, TN News Lett 7, 76 (1992)
-g i % ok # — Arndt et al Phys Rev C 74, 045205 (2006)
G %‘H%H_’%ﬁd—f—
% I { T I
T | l 9., (deqg) 'M‘D
ol e [Debenham et al, Phys Rev D 12, 2545 (1975)]

0.0 .  deg) 0 =160 deg o ors o

¢
e AN
[Brown et al, Nucl Phys B153, 89 (1979)] i b s
[Feltesse et al, Nucl Phys B93, 242 (1975)] \ |
0 mm was the 7 GeV proton synchrotron
0.00 operating in the Rutherford Appleton

550,70 T e [ Me¥) " Laboratory in UK between 1964 and 1978

* Most of Nimrod data do not satisfy requirements
[systematics (10% or more), momentum err (up o 50 MeV/c), and so on]

e For that reason, SAID is not able to use them in tp>np, n°, & nn PWAs

10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 32



wPDG wp>nn Puzzle

[R. Arndt, W Briscoe, IS, R. Workman, Phys Rev C 74, 045205 (2006)]

N(1535) 1/2_ 1UF) = L(3™) Status: ¥k k%

F(N*)/Teotal

DOCUMENT 1D TECN  COMMENT

ARNDT 06 DPWA N — =N, N
GREEN 9 DPWA =N — o N, niN
MANLEY 92 IPWA N — aN& Nrrm
CUTKOSKY B0 IPWA oN — =N
79

=i

HOEHLER IPWA N — =N

1JP) = H(3™) Staus: kR kx ¥k

N(1650) 12~

(V) M F(N1) i
VALUE (%) DOCUMENT 1D TECN  COMMENT VALUE (%) DOCUMENT 1D TECN COMMENT
50 to 90 (== 70) OUR ESTIMATE 5 to 15 OUR ESTIMATE

18 +4 ANISOVICH 128 DPWA Multichannel

+ 4 AMNISOVICH 123 DPWA Multichannel
= .ﬁRNDT 06 DPWA N — =N, i
S DPWA 7N — =N, N

1.0+0.5 PENMER 02c DPWA Multichannel
6 +1 VRANA 00 DPWA Multichannel

65 +10

61 + 4 HOEHLER e Why there is a difference between two %~

e There is no room for nn in SAID PWA
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TN — KY Puzzle

e The evaluation for reactions with KY, n’N, ®N, and ¢N, final states

. NirAre¢
are not possible now because of small databases. The 7GeV proton synd-ron
o — K- Curves:
025} P Jiilich DCC
model, 2012
02

=) =y
= Eoi1s
© ©
01 i ﬁ ;
oosf f L
0 17‘00 1500 19|00 Z?}hﬁoe V] 2£00 22‘00 23"00 01700 1800 1900 20(;0[Mevi100 2200 2300
Courtesy of Kanzo Nakayama, GW EIC Workshop, April 2012
rf v+ * 1 r~ t tr [ ‘v v ‘v [ ‘v r T [ T T T [ T T T [ T T T 08 ,
— 0y'0 |
0251+ %% H% TC p % K 2 4 07 n+p 9 K+Z+
02
)
E. o015
o}
01
005
O1 7I00 18I00 19‘0() 2600 2 IIOO 22I00 23I()() 01 7I00 18‘00 1 960 20I00 2 lbO 22‘00 23b0
8/21/2012 z[MeV]
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do/dQ[mbisr] do/dQ[mbisr]

MEMM& CW = 1650-1670 MeV "W = 1670-1690 MeV
R 0.1 I

The 7GeV profon syndhotron 0.15- Argonne°

NATIONAL LABORATORY

0.1}
0.05

0.05}

A& ANLTS
ERALTE Y ERALTE
| T T T T - oE*. v e B
1 06 -02 02 06 1 41 06 02 02 06 1
P P
2-W = 1650-1670 MeV 2-W = 1670-1690 MeV
1.5
£
0.5
0F :
-0.5F 5F
A AF
1.5 "RAL78 , 450 =RAL78 )
_IIIIIIIIIIIIIIlIIIIIIIII -IIII|IIII|IIIIIIIIIIIIII
A1 6 02 02 06 1 1 06 02 02 06 1

Courtesy of Eberhard Klempt, PWA7 Workshop, Sept 2013
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TN —> KA Amplitudes

e WIGEV) | pb et L WIGEV)

TR I R T 46 1.7 18 19 2 24 AT iR e 2 24
: T= 0.025¢
0.020 'T ﬂ.l]15;— 17 T ﬂ.l]Z;
0 I]1E 0.01 - 0.015¢
i 0.005F T 0.0%
0F 0f [ 0.005
0.01 0.005F T 0F \
D020 -ﬂ.l]'l;— ﬂ.l]l]ﬁE
) -.|....|....|...|... am _ﬂu"lﬁ:.l....l....l... M _0'01:_.|....|....|....|... G...
16 1.7 18 13 2 24 SIS 17 18 19 2 24 16 17 18 19 2 24

e Points with error bars: SES of Shresta and Manley. Curves: BnGa2011.

e Shresta and Manley start from a model-dependant fit and select the solution of the
SES which is closest to the energy-dependent fit.

e They first freeze the S, wave, then S,, and P ,, to the energy dependent solution.

Courtesy of Eberhard Klempt, PWA7 Workshop, Sept 2013
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T>LT {

-

.

Our knowledge of ntA, pN, and other quasi-two-body N
channels comes mainly from Isobar-model analyses of
the tN->mnntN data.

RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 37




Previous 7w /N— 7 TN Measurements

e 241,214 Bubble Chamber events for tN>mtntN
have been analyzed in Isobar-model PWA at

W =1320 to 1930 MeV.

[D.M. Manley, R. Arndt, Y. Goradia, V. Teplitz,
Phys Rev D 30, 904 (1984)] j

| B A e P P (R o |

¥

i

il

(Recent post-Bubble Chamber measurementm
® 349,611 events for m p>n’n’n from

@ CB@BNL at W =1213 to 1527 MeV.
[S. Prakhov et al Phys Rev C 69, 045202 (2004)]

® 20,000 events for wp->mr7*n from
@TRIUMF CHAOS@TRIUMF at W = 1257 to
1302 MeV. [M. Kermani et al PRC 58, 3431 (98)]
* 40,000 events for T p>m n'n from ITEP at

W =2060 MeV.
k [I. Alekseev et al Phys At Nucl 61, 174 (19W
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T N— /N in Isobar Model

[D.M. Manley, R. Arndt, Y. Goradia, V. Teplitz, Phys Rev D 30, 904 (1984)]

1=1/2 e tN->7twN is the dominant inelastic reaction in TN
| scattering above 1300 MeV,|c,,., ~“o(ntmtN)
) N(1535)
é ol e Drawbacks — analysis of 3-body final states is
b complicated (many partial waves are involved).
J /] ..

For 1=1/2, n-p>nnis

an essential inelastic component. The total amplitude for a
L =1 . [ 1 i .
e ST AT Ry RN given c.:harge channel can
W (GeV) be written a:c, a coherent
40 r ¥ r - sum over all isobars and
1=3/2 Kpartial waves. )
0 HADES
-g Total
— | e Many of the 3- and 4-star resonances have large decay
© branching ratios to nntN channels.
0. . .
¢ There remains a strong need for detailed new

measurements in all charge channels!
rI.;I 1.8 .5 - 1& LT 1.9 1.9 2.0
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2>z 2/ in Isobar Model at low Energies

[V. Kozhevnikov & S. Sherman, Phys Atom Nucl 71, 1860 (2008)]

e Unfortunately, it is hard to merge nN->ntN and nN—)rmN]

1.2 n>2n PWA databases to make a joint PWA.
N 0.04
0.004 _
(e The largest inelastic )
0.02 . (.4 — cross section in P,
0.002 — is in excellent
| B agreement

0 0 —02 L \_ With SAID-SP06. )

0.008 0.008 - —
L | HADES

0.004 0.004 -

03 04 0.5 P(MeV/c)

e A complete analysis of yN->nnN ideally would require
fitting all data obtained with both pion and photon
beams.
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ANL-OSAKA (EBAC ) Dynamical Coupled-

Channels Study of wN— xN Reactions

[H. Kamano, et al Phys Rev C 79, 025206 (2009)]

o (mb)

W b ——— This approach may work
I5f . ' *
= 0 i
E 10k |
£ 1| CEEC - O /%vo\
st 2F T nN,xrN VaNarN ,,—_N MB VMB, i
ol Y

13 14 16 18 2 42 \1.4 16 1.8 2 v /w
W (GeV) Difficult part is that CB@BNL Data

require acceptance corrections Tanza TinpoN 42
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Resonance — Np Branching Ratios

- GiBUU12 | UrQMDO09 |  KSU12 m BnGal2 | CLAS12 | PDGI12

N(1520)3/2-

N(1720)3/2* 87 73
A(1620)1/2- 29 5
A(1905)5/2* 87 80

Partial courtesy of Piotr Salabura, Sept 2013
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20.9(7)
1.4(5)
26(2)

<6

21(4) 10(3) 12.7(4.3) 20(5) D13

87(5) 0(13)  47.52L 77.5(7.5) P13

25(6) C209) 37(12D> 16(9) ¢34

86(3) 42(8) >60 F35

CLAS12: V. Mokeev et al, Phys Rev C 86, 035203 (2012); V. Mokeev, PC
BnGal2: A.V, Anisovich et al, Eur PhysJ A 48, 15 (2012)

GiBUU12: J. Weil et al, Eur PhysJ A 48, 111 (2012); J. Weil, PC

KSU92:  D.M. Manley and E.M. Saleski, Phys Rev D 45, 055203 (1992)
KSU12: M. Shrestha and D.M. Manley, Phys Rev D 86, 055203 (2012)
PDG12: ). Beringer et al [RPP] Phys Rev D 86, 010001 (2012)
UrQMDO09: K. Schmidt et al, Phys Rev C 79, 4002 (2009)




CLAS N* candidate at 1720 MeTV in pr*a ?

Courtesy of Victor Mokeev, Sept 2013

80

g integr. mcbn

&0

40

20

0
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no 3/2*(1720)

— full

Pion Photoproduction

OThomas Jefferson National Accelerator Facility

Pion Electroproduction

c IV
......... no 3/2+ 8
=
Sas | 0'=0.65 GeV*
b
, 20 |
R3O 00l calculation
Background 15
10 |
5 |
| | | | 07\\..\\\.\\..\\\.\\\\.\..\\\..
s e g s 1.9 ) 2.1 1.4 1.5 1.6 1.7 1.8 1.9 2 2.]
W(GeV) W(GeV)
[M. Ripani et al, Phys.Rev.Lett. 91, 022002 (2003)]
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Origin of the structure at W~1.7 GeV/ for the first time

OThomas Jefferson National Accelerator Facility

observed in the CLAS NIt data

e P,5(1720) state with hadronic decays fit to
the CLAS data 2.94<y?/dp<3.15

LR

GV

i-

W=1.71 GeV, Q*=0.65 GeV*

-

i
:

15 F

:

. 1.5 0.1  $39%3 0.6853 09793
M Ftot BR(TIA) BR(pp) & cka, oV K e, G £ P tinehs, GV
(GeV) (MeV) (%) (%) E % i » E *

P,5(1720) 1.728+ 133:19 66126 1611 3 ® $ » b .3 » .
CLAS 0.005 ;A §E— "

P,5(1720) | 1.70-1.75 | 150-400 comp. 70-85 )

PDG with 0.
1
[}
Courtesy of Victor Mokeev, Sept 2013 .
]

e 3/2*(1725) candidate state, M T, BR(rA) BR(pp)
hadronic parameters of others (GeV) (MeV) (%) (%)
N*’s are within PDG uncertainties 3/2+(1725) 1.725+ 806.0 48+10 7.7+2.2
2.78<y%/dp<2.9 0.004

P,3(1720) 1.747+ 161431 comp. with 60-100
0.004 0.

Precise data on nA & pp hadronic decays of P,5(1720) is critical in order to understand origin of the
structure at W~1.7 GeV in Nzt electroproduction cross sections. This information can be obtained in

G
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the studies of tN— =N reactions at J-PARC and HADES...
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Single Pion Photoproduction

e An accurate evaluation of the EM couplings N*(A*)>yN from meson
photoproduction data remains a paramount task in hadron physics.

e Only with good data on both the proton and neutron targets, one can hope

to disentangle the isoscalar & isovector EM couplings of various N& A”
resonances, K.M. Watson, Phys Rev 95, 228 (1954); R.L. Walker, Phys Rev 182, 1729 (1969)

as well as the isospin properties of non-resonant background amplitudes.

e The lack of the yn>mp & yn>nn data does not allow us to be as confident
about the determination of neutron couplings relative to those of the*
protfon.

e The radiative decay width of neutral baryons may be extracted from
n~ & n° photoproduction off the neutron, which involves a bound neutron
target and needs the use of model-dependent nuclear (FSI) corrections.
A.B. Migdal, JETP 1, 2 (1955); K.M. Watson, Phys Rev 95, 228 (1954)

-
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Where We Are Now

e Some of the N* baryons [N(1675)D,5, for instance] have stronger EM
coupling to the neutron than to the proton but parameters are very

in.
uncertain PDG12: N(1675)5/2 ->py, helicity-1/2 ampl, A1/ +0.019103(b
Redi®%€l N(1675)5/2->ny , helicity-1/2 ampl, A1/2\<0.043+0.012

N(1675) 5/2~ | 107) = 33 statuse 55 % @
SAID13 N(1675)5/2 ->py , helicity-3/2 amp], A3/@

N(1675)5/2-->ny , helicity-3/2 ampl, A3/22g0.05810.00

e PDG estimates for the A;,, & A;,, decay amplitudes of the N(1720)P,
state are consistent with zero, while the recent SAID determination gives
small but non-vanishing values.

W PDC" SAID13
I N(1720) 3/2+ I 1(UP) = L(3+) status: kkk @ N(1720)3/2*->py, heli'ci'ty-1/2 ampl, A1/27=0.01 to 0. . 0.095+0.00
N(1720)3/2*->py , helicity-3/2 ampl, A3/ 2"<0.048+0.0(

e Other unresolved issues relate to the second P,;, N(1710)P,,, that are
not seen in the recent #N PWA, contrary to other PWAs used by the PD612.

N(1710) 1/2+ I(UP) = L(A+) Status: * *k [The latest GWU analysis (ARNDT 06) finds no evidence for this ]
resonance. PG

R. Arndt, Ya. Azimov, M. Polyakov, IS, R. Workman, Phys Rev C 69, 035208 (2004) => N(1680) 1/2
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Complete Experiment in Pion Photo Production

Linear

Polarized ]
Beam SN
0 ,"

—_— N> N

C|Irc'UIa(; Nucleon Recoil
Polarize Polarization
Beam

There are several TN SESs which one
can possible to consider as samples
of complete experiments.

Pion PhotoProduction
Longitudinally Polarized Nucleon Target complete experiments
Transverse Polarized Nucleon Target are under the consideration now.

@ 10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 48



Direct Amplitude Reconstruction
in Pion Photo Production

Spih: 1 % 9 % O e |n particle physics, helifity is the
projection of the spin § onto the
heliCiTieS: 2 X 2 X 2 / 2 = direction of momentum, p :
parity conservation 4 h=J-p=L-p+85-p=5-

"=y

171

Therefore, there are @ independent invariant amplitudes

grder to determine the pion photo production amplitude, one has to carry out
(A ) independent measurements at fixed [ (W, t) or (Ey, 0)

VOLUME 54, NUMBER 3 SEPTEMBER 1996

Ambiguities in the partial-wave analysis of pseudoscalar-meson photoproduction

This extra observable is necessary to eliminate a sign ambiguity.

Greg Keaton and Ron Workman
Department of Physics, Virgimia Polytechnic Institute and State University, Blacksburg, Virgimia 24061
(Received 19 April 1996)
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for Pion Photoproduction

Center for Nuclear Studies
S S [W. Chen et a/,Phys Rev C 86, 015206 (2012)]

:
é
§

(.....\

Energy dependent GB12 and associated SES Born [no free parameters to fit]
E = 145 - 2700 MeV [W = 1080 - 2460 MeV
PWs = 60 [E & M multipoles] nN-PWA [no theoretical input]
Prms = 210
Constraint: M = (Born + A)(1+iT_,) + BT + (C+iDYIMT \-1T n12) 300 ——r—s
Reaction Data (Dpol) x2 200 |
Yp>7 14,612 (3 %) | 32,449 \ i
n 23,122 data
Yp>7Nn 8,510 (5 %) 16,520 31: i
100
o p > 3,058 (0 %) 6,396 -
yn>7n 364 (0 %) 1,201
Total 26,554 56,566 0 '
e 1st generation — (‘60—90)
10k data [85% bremsstrahlung data.] 200 |
30% data is polarized. =
[limited coverage, broad energy binning.] 3,422 data !‘3
e 2nd generation — ('90-'10) -> SAID fits. ® oo L
25k data [60% tagged data.] e
30% data is polarized. o —
Dearth of neutron data. Much less known, 15v/° o Lz s ."'."';.]
¢ 3rd generation — ('10+) 140 340 540 740

New data will come from JLab, CB@MAMI-C, Photon energy [MeV]
SPring-8, CB-ELSA, MAX-lab, & LNS. :
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Center for Nuclear Studies
S S
Data Analysis Center

£U13:

Recent SAID Progress in Pion

N

included recent CLAS t°p & T'N X [M. Dugger et al, arXiv:1308.4028[nucl-ex]

o

M = (Born + ag)(1 +iT ) + aT, + higher terms

GB12/GZ12: included recent CLAS ©~p do/dQ  [W. Chen et al, Phys Rev C 86, 015206 (2012)] j
cM12: CM parameterization for T, [R. Workman et al, Phys Rev C 86, 015202 (2012)]
SN11/SK11: included recent GRAALt p & nn X
LEPS 7% do/dQ2  [R. Workman et al, Phys Rev C 85, 025201 (2012)]
M = (Born + A)(1 +iT_,) + BT + (C + iD)(ImT_, - | T, |?)
SP09: included recent CLAS 1t*n dO'/dQ [M. Dugger et al, Phys Rev C 79, 065206 (2009)]

J

Energy %*/Npata
Limit (MeV)

@ 10/6/20

DU13 2700 2.23 27,2 e The overall SAID y2 has remained
GB12 2700 2.09 26,179 stable against the growing database,
cM12 2700 2.01 25,814 which has increased

by a factor of 2 since 1995.
SN11 2700 2.08 25,553
SP09 2700 2.05 24,912 e Most of this increase coming from
FAO6 3000 2.18 25,524 photon-tagging facilities.
SMO02 2000 2.01 17,571
SM95 2000 2.37 13,415

13
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Proton Multipoles from DUV13 g CM12

[R. Workman et a/, Phys Rev C 86, 015202 (2012); M. Dugger et a/, arXiv:1308.4028 [nucl-ex]

e Overall: the difference between MAIDO7 or BnGa and SAID DU13 is rather small but...
Resonances may be essentially different.

18 —————————————————— B R T 8
[ Sll i
18 | Ay, = 128.4+4.0 [66, 105210] Ig+ Ay, = 5611 [-61,-61+8],
s \\ Ayp= 5530 [33, 33#7] 8 ]
GoF N 15 | ~ 5 :
B L Eﬂ: =
'E'ﬁ. —_— ; IE' 2 . \\ i .E‘n
@ 3F o I [ _L—I—— N =0
. [ —_— N T
N e B e T Lk i I - N PR L L
-z L . o 1 -1 e | 1080 1440 1800 2160
1080 1440 1800 210 1080 1440 1800 21 1080 0 W (MeV)
(MeV) W (MeV) W (MeV
o] T T reaaaan e e oy [N & B L e e e (R L L L 2 T T
R -4 [ ,f"f- T o} ]
g 8r P g
S et S - 0
E . /’, §
Rl N EOp ]
N7 oo § P33 = ¥ BWfor N SPOS 1
| = 4 3 i v or 7
24 B e A 2:)13 [66, 5|2¢5] _I: ] s A,=-139£2[-140,-13144] @ L .
—28 | | _ 1 —_—— 1 B —— = = _
1080 1440 1800 2160 Tos0 1440 1800 2160 1080 A;j;= —262143 [-265, —25445] 39 1440 (MeV)laDo 2180
W (MeV) W (MeV) W (Mev)
(o Significant changes have occurred at high energies.
SAID DU13
e Comparisons to earlier SAID fits and fit from the Mainz & BnGa SAID %Mlz
groups show that the new DU13 & CM12 solutions is much BMnAG:aDl; MAIDO7: D. Drechsel et al, Eur Phys J A 34, 69 (2007)
more satisfactory at higher energies. BnGa: A. Anisovich et al, Eur Phys J A 48, 15 (2012)

10/6/2013 RRTF Workshop, Darmstadt, Germany, Oct 2013 Igor Strakovsky 52



o[D,bM] {ub)

a[D,pE] (ub)

CLAS 2 Data Impact for Proton S = 0 & I = % Couplings

—_
[

L

1300

0
1100 1500 1700 1900 2100

[M. Dugger et a/, arXiv:1308.4028 [nucl-ex]

e The largest change is found for the A(1700)3/2~ and A(1905)5/2* states,

for which the various analyses disagree significantly in terms of photo-
decay amplitudes.

o[F,pE] (ub)

1.0

W (MeV)
e Solution Ayy2 Azjz
(GeV/2 x 107 (GeV/2 x 1073
T CM12 105+ 5 02+ 4
‘ pU13 132+ 5 108+ 5
°s T BnGa 160420 165420
S - MDO7 226 210
0000 1300 15"(30(Me1‘7;00 1900 2100 PDCI12 10415 85422
CM12 19+ 2 —38+ 4
DU13 20+ 2 —49+ 5
26 BnGa 25+ 5 —50+ 4
d MDO7 18 —28
wadi®ll | PDG12 26:4+11 —45+20
Relativized Quark Model: SAID DU12
S. Capstick, Phys Rev D 46, 2864 (1992) SAID CM12
MAIDO7
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1100 1300 1500 1700
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1.0 v .

1900

2100

05 -

0.0
1100 1300 1500 1700
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yu>7 p Experiment

e The existing yn>n-p database contains mainly differential cross sections
of which are from polarized measurements.)

e Many of these are old bremsstrahlung measurements with limited angular
(6 = 40 - 1400) coverage and large energy binning (E, = 100 - 200 MeV.)
In several cases, the systematic uncertainties have not been given.

e At lower energies (E, < 700 MeV,) there are data sets for the inverse -
T phOTOpr‘OdUCTiOH reaction: m p->yn. eg, CB@BNL: A. Shafi, et al, PRC70, 035204 (2004) ﬁ
This process is free from complications associated with a deuteron target.

e However, the disadvantage of using ©-p>yn is the large background because of the
5 to 500 times larger cross section for n-p> n°n >yyn.
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&y "World Neutral and Charged PionPR Data

Center for Nuclear Studies
Data Analysis Conter : http://gwdac.phys.gwu.edu/]

Future exp activity will fill empty spots specifically for n-target.

T/

* HADES

(ncnv}I

differential cross sections

@ f which are from polarized

o The existing yn>n"p data contains ‘
measurements.)
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TSIana[;/c/eﬂ;b/ﬂ = YA DT Y

[V. Tarasov, A. Kudryavtsev, W. Briscoe, H. Gao, & IS, Phys Rev C 84, 035203 (2011)]

¢ FSI plays a critical role in the state-of-the-art analysis of yn>nN data.
e For yn>np the effect: 5% - 60%. It depends on (E,0).

)
@

©
/’

Fermi motion of nucleons
included.

Ré\aﬁ

Input: SAID yN->zN, TN >mN, NN >NN
amplitudes for 3 leading terms.
DWEF: Bonn Potential.

)

= (do/dQu,)/(do"[d0,) E== %2 (m) = B2 (70
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) MAMI-B for yn->r p around the A

MAINZER MIKROTRON [W.J. Briscoe et al, Phys Rev C 86, 065207 (2012)]
e MAMI-B data for yn>n-p (including FSI corrections) and /\2
previous hadronic data for t-p->ny appear to agree well. }g\
30 : .
20} * A SAID-PE12
- SAID-SN11
10¢ T 1 1 MAIDO7
E = E = 313 MeV E = 325 MeV 1 E = 337 MeV
a0 ——— 4 : 4 + : 4
~ .
QEHWMW
o'10} s ]
3 = 349 MeV E = 361 MeV E = 373 MeV 1 E = 385 MeV
20 ' : : - - '
c
T
%10-
= 307 MeV E = 409 MeV E = 420 MeV | E = 432 Mev
an i i I A
e , 60 120 180 60 120 180
8 (dep)
10 :
3 Data:

= 444 MeV . . e — MAMI-B for yn>7p
0 60 120 180 60 120 180 | A— CB@BNL for T-p->ny
A. Shafi, et al, Phys Rev C 70, 035204 (2004) £

o — TRIUMF, CERN, LBL, LAMPF for ©~p->ny » 5
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Neutron Multipoles from SAID GB12 L SN11

[W. Chen et a/, Phys Rev C 86, 015206 (2012); R. Workman et a/, Phys Rev C 85, 025201 (2012)]]

e Overall: the difference between MAID07 with BnGa13 and SAID GB12 is rather small but...

Resonances may be essentially different.

5 T T 2 [ 2 . .
0 tms,, I\"I R
7 ' g °
s —5 3 8 0
3:45—10 g_g
= L
B 15 - Zso | Ay = 484 [54 43212 |
& 1 °n BW for tNSP06 | 2—4 | ﬁ
-20 —L=—  A,;=-58t 6[-51-93+11] R
... Ayp=—40+10[ 9 25+20] w o L _ . . | DU /A ,
1080 1530 198 243U 1080 1530 1980 243( 1080 1530 1980 2431 1080 1530 1980 2430
W (MeV) W (MeV) W (MeV) W (MeV)
I ] 2 T T 05 T T 05 — T
= ] L _- ReF =L B - ImF
= —_ B —_~—— ,'/ —_ ,/
~_17F == F 00 Kl N g /
T8 -2 F 1® e 8 01r — =7 7
S rd =
D13 \ .g;—().ﬁ \\,___,”/’ . o
Ay,= —4616[ —77 —49+ 8] \ 18 [\ - Fis
A/, =—11515 [-154-113+12] \" T _10f NS > A= 2614 28 3416]
[ b Ay, = —2912 [-38-4419] 1
1 1 ]|} ImD[a F j 0 7 | T
o 1 —0. s N PP B L P
1080 1530 1980 245 Toso 1530 1980 243 080 1530 1980 24 1080 1530 1080 2430
W (MeV) W (MeV) W (MeV) v (MeV)
. g . . SAID GB12
[} .
Significant changes have occurred at high energies SAID SN11
) ) i ) MAIDO7
e Comparisons to earlier SAID and fit from the Mal.nz BnGal3 MAIDO7: D. Drechsel, et al, Eur Phys J A 34, 69 (2007)
and BnGa groups show that the new GB12 solution

is much more satisfactory at higher energies.

10/6/2013

BnGal3: A. Anisovich et al, Eur PhysJ A 49, 67 (2013)
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CLAS Data Impact for Neutron S =0« I = % Couplings

[W. Chen et a/, Phys Rev C 86, 015206 (2012)]

e BnGal3 and SAID GB12 used the same (almost) data to fit them
while BnGal3 has several new Ad Hoc resonances.

Hesonance N SAID ndy o | Hesonance N SAID ndy o ndy o
N(1538)1/2- Wg=1547 MeV  —5846 | N(1520)3/2~ Wpe=1515 MeV  —4646 —115+5 | GB12
6 g '=188 MeV —60£3 | g5 1y .. [=104MeV —47T£2 12542 | SN11
11 [opn/T=036  —03+11 13 o /T=0.63 —404+48  —113+12 | BhGal3
— 46127 5040 130411
N{1650)1/2~ Wgr=1635 MeV N(1675)5/2- Wgr=1674 MeV
3 r=115 MeV 2645 3551 p, T=147MeV 4242 G042
e 11 [ /T=1.00 25420 15 T,y /T'=0.39 —60+£7  —BSX10
—15221 —43+12  _58+13
N(144011/2F Wg=1485 MeV 4844 | N({1680)5/2% Wg=1680 MaV
6 P '=284 MeV 45415 —— =128 MeV - 2
11 - F — —
[ /T=0.79 43412 15 [ /T=0.70 3416 —4449
4010 29410 / /laaisr

e New GB12 nA,,, & nA;/, couplings shown sometimes a significant /
deviation from our previous SAID determination (SN11) and PDG12
average values, e.g., for N(1650)1/2-, N(1675)5/2-, and N(1680)5/2*

e Fresh BnGal3 has some difference vs. GB12, PDG12, and the
relativized quark model, e.g., for N(1650)1/2-,N(1650)1/2-,and
N(1680)5/2*. BnGa1l3: A. Anisovich et al, EPJA 49, 67 (2013)

E i ) S. Capstick, Phys Rev D 46, 2864 (1992).
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»PDC

Status of Non-strange Resonances

part icle dota group
J. Beringer et al (PDG) Phys Rev D 86, 010001 (2012) e More than half of states have poor evidence.
e Most of states need more work to do.
. . Stat 5 — .
GW SAID Contribution ™™ 2% 1=1/2 | ¢ Most of QCD models predict more states than observed.
Status ..
Particle J %ﬂ\mﬁr YN Ny No Nw AK TK Np Arn | ® Where are missing resonances?
N 1/27 sess \ ] ]
N(1440) 1/2F  waes  shes  #3ne - . aee | 153/2 Status as seen in — E
N{1520) 3727  #s#s  *ksk  **%s  *¥% Ek  FEE Status 5
N(1535) 1/27 w4+  #4%%  #%%% #5++ =+ * Particle J¥ overall N N Nnp No Nw AK TR Np Arw ";
N{1650) 1/27  #s#s  ##sk  **% e #F x| ¥ w4 ooo0y aot F ]
N(LIETS) B2 #s#s  #43+  *3x  * * ¥ xEx (1232) 3/ + R 5
: + A(1600) 3/2 ¥Ek  EEE EE o * —— o
N(1680)5/27 wxxx  #xxx *xkx  * % IR A(1620) 1727 #s#s  ##5% %% r *EE HEE ®
. -'.'? g E £3 &
i:i?ﬁﬁ; 3 J;r-;;_— : * ‘e %s . e x|l s e A(LTO0) 3/27  #w#s  *¥#x  *xd= b R— =
& FEE + .
R b B i 1 . ;
N(1T20)3/2F  sexs . I ** =+ *% % | #%  *# =
Nilﬁﬁﬂg 5;24. :: ::** = ™ o : . A(1905) 5/2F  #e4s  #eer tre= d e F "y
N18T3) 3/27 == - w4 | kEE wE - A(1910) 1/2F  xexs xxmx s e * * b .
N({1880) 1f2+ *% * % * A(1920) 3:"2-'- *HE FEF | FF | *E* ** é
N{1895)1/2— += *¥ *% ¥ ¥ A(1930) 527  #ex  =x= =
N(1900) 3/2F  ssx =% xex = s wwe s ox 4s | D(1940)3/27 w4 = ** (seen in Ax) <
N(1990) T/27 #= = = * A(1950) T/2F  seks  4e2s 4ees wkk | £ kEk 0
N(2000)5/2% #= = s s S A(2000) 5/27  *= *+ %
N(2040) 3/2+ + A(2150) 1/27  + .=
N{2060)5/27  *= =% *% * *% A2200)T/2— = ;
N(2100)1/2% « A(2300) 9/2F  *s =« g
N(@150)3/27 w=  +x  ax " o = |A(2350)5/2 » N
N(2190) T/27  #s%x  #+3+  *#% 26N =% * A(2390) T/25 = 22 A* Bnéa Addl tlonal 'Ei H'
N(2220)9/2F  sexs  xres 1] **** A(2400) 9/27 #+ s yALLL n States - =5
N(2250)9/27  werx [ wwwx 5 *** A(2420) 11/2F wexs wxes 3 #kk T+ o §
J"ﬁ'{‘zﬁﬂuj 11;2_ FEE 7 * % -ﬁ{‘ZTE‘D] 13!12— T o |_ E
N(2700) 13/2F ** 3 * A(2950) 15/2F =% 7
5 *
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GW N* Program

(o

(e Energy dependent SMO8 and associated SES & SQS )
e W = 1080 - 2000 MeV Q2 = 0 - 6 GeV?
e PWs = 60 [multipoles] [T < 6]

e Prms = 171

ol i i sl 7N + Pion Photo Prod PWAs [no theoretical input] y

—

@8§Norld Electro Prod from JLab CLAS

PWA Problems:
e Additional [18 S] Multipoles

¢ Q2 dependence

Database Problems:

e Most of data are unPolarized
measurements

e There are no 1t°n data and
very few 7-p [no Pol measurements)
That does not allow to
determine n-couplings at Q% > 0

@ 10/6/2013

{

{

Reaction Data v

40000

N\

o

y*p>nOp 55,766 81,284
Y*p>7*n 51,312 80,004
Redundant 14,772 17,375
Total 178,663
YN->nN 25,358 53,458
All Photo* 147,208 | 232,121
7N->7N 31,479 57,157
[y | o] eome)
Y*n>np 801
y*n>10n No Data
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Helicity Amplitudes.:S7(1535)

20— =3 LC SR
e\ CLAS 2007 - 100 || N
oo b\ , U - "7 lcam
O Pada\ CLAS 2(82 Analysis of pn L e
L g0k % previous results S. . =0 > 80 CLAS pn
Rl %} _ gl S 7= < g0t ® CLAS n+
f‘.‘P 60 - ' 1 < * HallC pn
= | T 5N
— . . 4“ _.. .
< 40t . Branching ratios L
< i _ Bar = Bny = 0.45 20
' 0
R —— - ) 0 2 4 6
0 ] 2 3 Q™ (GeV7) Courtesy of Kijun Park, QCD2010 @ Montpillier France June -July, 2010
S 20 Y S o200
‘Ej 10 “n J 1“‘
= o0 ' S
"‘F"‘n L.nl-‘ll]'
> Ay, (Q?) from NTT
20 and pn are 200
-30 consistent -30 [
-40 |- | » First extraction of -40
0 1 2 3., 4, S 2) amplitude. 0 1 2 3
Q° (GeV?) 1/2(Q ) p Q: (Ger .
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Constituent Quark Model Predictions

[E. Santopinto and M. Giannini, Phys Rev C 86, 065202 (2012)]

Agp P33(1232) (10° Gev™?)

A,p P33(1232) (107 Gev')

S, P33(1232) (107 Gev''?

10/6/2013

A(1232)3/2*

0 (GeV®)
+ e} hCOM
%‘ Maid07 &
Azrnl9 *
‘.z x ‘I
0 1 2 3 4 5
O° (GeV?)
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Timelike y* N => A form factors and A Dalitz decay

[G. Ramalho and M.T. Pena, Phys Rev D 85, 113014 (2012)]
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Inverse Pion Electroproduction (IPE)

e IPE is the only process which allows the determination of EM nucleon & pion
formfactors in the intervals

[0<k2<4M2=3.53GeV2 0<k2<4mn=0.OSGeV2]

which are kinematically unattainable from e*e initial states.

-

\_

IPE t-p>e*e n measurements will significantly complement the current\

electroproduction y*N->nN study for the evolution of baryon properties
with increasing momentum transfer by investigation of the case for the
time-like virtual photon. )
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Do you have any
guestions to the
speaker?
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