CLAS Excited Baryon Program

Michael Dugger*
Arizona State University

*Work at ASU is supported by the U.S. Department of Energy SR U5 vEPaRTHENTOF | Office of
© ENERGY
M. Dugger, NSTAR, October 2022 Science




Outline

* Motivations
 Helicity amplitudes
» Experimental facilities

» Reactions and results

Vasu




Nucleon resonances

* As athree-quark system, the nucleon has a specific
excitation spectrum comprised of nucleon resonances.

* This nucleon resonance spectrum has been found to have
many broad overlapping states, making disentangling the

spectrum difficult. ®
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How well do we know the nucleon
resonance spectrum?

Nucleon resonances are rated using the “star” system:
* Poor evidence of existence

ok Fair evidence of existence
etk Likely evidence of existence, or certain and properties need work
Hookskook

Existence 1s certain and properties well explored




Nucleon—> N

Resonance status for N and A4~

Status as seen in

Status as seen in
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e 6 with **

. 1 with *

Particle J¥  overall Ny Nm Ax XK Np An
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* 4 with *




Resonance status for N and A4~

Status as seen in

Status as seen in
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Resonance status for N and A4~

Status as seen in

Status as seen in
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Resonance status for =

State, J” Predicted masses (MeV)

=+ 1305

=37 1505

=4 1755 1810 1835 2225
e ] 1785 1880 1895 2240
e ] 1900 2345 2350 2385
A 2355

hd 1840 2040 2100 2130
g*it 2045 2065 2115 2165
e i 2045 2165 2230 2230
=17 2180 2240

2285
2305

2150
2170
2240

2300
2330

2230
2210

2320
2340

2345
2230

List of Cascade Baryons predicted by Capstick
and Isgur with mass less than 2.4 GeV/c?

\!/Asu

2380
2385

2275

*

PDG

Overall
Particle J¥ Status
=(1318) 1j2F  +o
(15301 B/2F s
=(1620) *
=(1690) [y Kk
=(1820) 3/2- el
=(1950) Hhk
=(2030) 5/2° ok
=(2120) ®
=(2250) o
=(2370) 3
=(2500) g
State | AK | ¥K =T
=(1530) 100 %
=(1690) | seen | seen | seen
=(1820) | large | small | small
=(1950) | seen | seen? | seen
=(2030) | 20% | 80% | small

[




S0, where are the resonances?

» Masses, widths, and coupling constants
not well known for many resonances
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S0, where are the resonances?

» Masses, widths, and coupling constants
not well known for many resonances

« Many models exist to “predict” the
nucleon resonance spectrum - quark
model, Goldstone-boson exchange,
diquark and collective models, instanton-
induced interactions, flux-tube models,

lattice QCD - BUT...
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S0, where are the resonances?

» Masses, widths, and coupling constants
not well known for many resonances

« Many models exist to “predict” the
nucleon resonance spectrum - quark
model, Goldstone-boson exchange,
diquark and collective models, instanton-
induced interactions, flux-tube models,

lattice QCD - BUT...

« THE BIG PUZZLE: Most models
predict many more resonance states
than have been observed.
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Helicity amplitudes for y + p — p + pseudoscalar

* 8 helicity states: 4 initial, 2 final — 42 =8
» Amplitudes are complex but parity symmetry reduces independent numbers to 8
 Overall phase unobservable — 7 independent numbers

« HOWEVER, not all possible observables are linearly independent and it turns out

that there must be a minimum of 8 observables / experiments

helicity +1 photons (g,):
3 1
2 2
1
A — 2 |: Hl HZ
&, -1
2 H 3 H 4

|

Initial helicity
|:A11 A12 }
A21

A22
(A—ﬂ,—ﬂ - _e(l_”)ﬁAﬂ,ﬂ)

Parity symmetry —

AYIRY [euly

helicity -1 photons (g):

=1 =3

2 2
25{ H, -H
- _71 _Hz Hl

1

13




Spin Helicity
observable representation

0! = T(4) | Hy |+ | Ho|*+ | Hs| 2+ | Hy[?)
nt=73 Re(— H\H{ + H:H3 )
0= -7 Im(H,Hj + HyH})
0= p Im(— H,Hy — H,H})
=G Im(H,H — H,H)
0= H Im{— H,Hy + H,H3)

0" = F 2 H |2 = |Ha) >+ | Hs| = | H,y )
al=r Re(— HH| — HyHy)

0 = 0, Im(— H,H{ + H,Hy)
0= -0, Im(H,H{ — H,H3)
0= —¢, Re(H,H}+ H,HJ)
0= -C, TJ-_’[|HJ|2+|H2|2_|H3|2_|H4|2:'
(0= —T, Re(— H H{ — H,H3)

0% = —-T, Re(— H,H; + H,H3)
=1, Re(H,H} — H HY)

0 =L,  gl=|H+|H 2+ | H = | Hyf?)

/ Differential cross section

Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

14




Spin Helicity
observable representation

0! = T(4) | Hy |+ | Ho|*+ | Hs| 2+ | Hy[?)
nt=3 Rel{— H HY + HyHz | =
0= -7 Im(H,Hj + HyH})
0= p Im(— H,Hy — H,H})
=G Im(H,H — H,H)
0= H Im{— H,Hy + H,H3)

0" = F 2 H |2 = |Ha) >+ | Hs| = | H,y )
al=r Re(— HH| — HyHy)

0 = 0, Im(— H,H{ + H,Hy)
0= -0, Im(H,H{ — H,H3)
0= —¢, Re(H,H}+ H,HJ)
0= -C, TJ-_’[|HJ|2+|H2|2_|H3|2_|H4|2:'
(0= —T, Re(— H H{ — H,H3)

0% = —-T, Re(— H,H; + H,H3)
=1, Re(H,H} — H HY)

0 =L,  gl=|H+|H 2+ | H = | Hyf?)

Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

/ Differential cross section

Beam polarization X

15




Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

Spin Helicity

ohservable representation Differential cross section
0! = T(4) %[|HJ|E+|H2|2+|H3|2+|H4|E:'/

=3 Re(— HiH} + HoHY) o Beam polarization X
0= 7T Im(H\H; + H:H)

0= p Im(— HH; —HEH:;\ Target asymmetry 7T
0= G Im(H H{ - H,H})

(= H Im(— H,H{ + H, H3)

0= F %[|HJ|E_|H2|2+|H3|2_|H4|EJ

= rF Re{— H,H| — H,Hy)

04 = 0, Im{— H,H{ + H,H3)

0= -0, Im(H,H} — H,H?)

0= —C, Re(H.H{+ H HY)

0= -C, 3 H |+ | Ho| = | Ha| = | Hy )

0f = -T, Re(— H\H{ — H,H3)

0B = —T, Re(— H,H; + H,H3)

=1, Re(H,H} — H HY)

0% =1, 2= |H[+|H+|H — | H)

16




Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

representation / Differential cross section
| Hy |+ | Ho|*+ | Hs| 2+ | Hy[?)

Beam polarization X

Target asymmetry T

Recoil polarization P

Spin Helicity

observahle

Q! = I(4g)

nt=3 Rel{— H HY + HyHz | =
0= -7 Im(H\Hj + H3H})
0Z=p Ijli{—HJH;—HEH:;\
=G Im(H,H — H,H)

0= H Im{— H,Hy + H,H3)

0" = F 2 H |2 = |Ha) >+ | Hs| = | H,y )
al=r Re(— HH| — HyHy)

0 = 0, Im(— H,H{ + H,Hy)
0= -0, Im(H,H{ — H,H3)
0= —C, Re(H,H} + H HY)

(0 = —f:Tz TJ-_’[|HJ|2+|H2|2_|H3|2_|H4|2:'
(0= —T, Re(— H H{ — H,H3)

0% =T, Re(— H,H; + H,H3)
=1, Re(H,H} — H HY)

0% =1, 2= |H[+|H+|H — | H)

17




Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

a

A A

A

a

A

a

A

Polarized

+ Transverse target

Longitudinal target

photons

Spin Helicity

observable representation

Q! = I(#) T Hy 2+ | Ha >+ | Ha|*+ | Hy )

nt=3 Rel{— H HY + HyHz | =

0= -7 Im(H,Hy + HyHy)

0Z=p Ijli{—HJH;—HEH:;\
0 = G lm(H, H} — HyH?) \
0= H Im{— H,Hy + H,H3)

0" = F 2 H |2 = |Ha) >+ | Hs| = | H,y )

al=r Re(— HH| — HyHy)

0 = 0, Im(— H,H{ + H,Hy)

0= -0, Im(H,H{ — H,H3)

0= —C, Re(H,H} + H HY)

0= -C, TJ-_’[|HJ|2+|H2|2_|H3|2_|H4|2:'

(0= —T, Re(— H H{ — H,H3)

0% = —-T, Re(— H,H; + H,H3)

=1, Re(H,H} — H HY)

0° =1, o= |H[+|H+ |5~ | Hy

/ Differential cross section

Beam polarization X
Target asymmetry T
Recoil polarization P

Double polarization observables

18




Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

A A

a

A

/ Differential cross section

Beam polarization X

a

A

a

A

Polarized

+ Transverse target

Longitudinal target

photons

Spin Helicity

observable representation

Q! = I(4g) 2+ | Ho|*+ | Hs| 2+ | Hy[2)

nt=3 Rel{— H HY + HyHz | =

0= -7 Im(H, H; + HyHy)

0Z=p Ijli{—HJH;—HEH:;\
0 = G lm(H, H} — HyH?) \
0= H Im{— H,Hy + H,H3)

0" = F 2 H |2 = |Ha) >+ | Hs| = | H,y )

0l=F Re(— HH| — H,H;)

0 = 0, Im(— H,H{ + H,Hy)

0= -0, Im(H,H{ — H,H3)

0= —¢, Re(H,H}+ H,HJ)

0= -C, TJ-_’[|HJ|2+|H2|2_|H3|2_|H4|2:'

(0= —T, Re(— H H{ — H,H3)

0% = —-T, Re(— H,H; + H,H3)

=1, Re(H,H} — H HY)

0% =1, gl=|H+|H+|H |5

Target asymmetry T
Recoil polarization P

Double polarization observables

* Need at least 4 of the double

observables from at least 2 groups for a

“complete experiment”

19




Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

A A

a

A

a

A

a

A

Polarized

+ Transverse target

Longitudinal target

photons

Spin Helicity
observable representation / Differential cross section
OV = T(6) 7 Hi| P | Ho*+ [ Ha|*+ | Hy )
0'=x Re(— HyH{ + H:HY) = Beam polarization X
ni'= _71 Imi(H H; + HyHy)
0= p Imﬁ—HJH;—HaH:;\ Target asymmetry T
(= Imi(H H{— H,H;) \ _ ) )
0f = /i Im(— H,H + H, HZ) Recoil polarization P
0" =F 3 H | = | Ho |+ | Hs | = | Hy )
0'l'=F Re(— H,Hy—HHy) [ Double polarization observables
ai = 6, (= H,HY 4+ H,HY) * Need at least 4 of the double
0" = -0, lm(H, H{ ~ HyHf) observables from at least 2 groups for a
18 = -, Re(H,H{+ H H3) ¢ . 9
. ; complete experiment

(2= —C,  HH+Hf | Hol =) P P

[ = _ { — * 1-'.| .
»=-T, Rel = H,Hy = HyH;) « 'p, " n, and 5 p will be nearly
%= -T, Rel— HHy + HyH3 )
0F =1, Re(H,H} — H,H}) complete
0% =L,  gl=|H+|H 2+ | H | Hyf

20




Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

A A

a

A

/ Differential cross section

Beam polarization X

N N *‘\
Im{—H,H; — H,Hy) Target asymmetry T

a

A

a

A

Polarized

+ Transverse target

Longitudinal target

photons

Recoil polarization P

y Double polarization observables

* Need at least 4 of the double
observables from at least 2 groups for a
“complete experiment”

« n’p, m* n, and 7 p will be nearly
complete

Spin Helicity

observable representation

Q! = I(#) T Hy 2+ | Ha >+ | Ha|*+ | Hy )
nt=3 Rel{— H HY + HyHz | =
0= -7 Im(H,Hy + HyHy)
n'?=p

0 = G lm(H, H} — HyH?) \
0= H Im{— H,Hy + H,H3)

0" = F 2 H |2 = |Ha) >+ | Hs| = | H,y )
al=r Re(— H,H - HHy) [
0" = 0, Im{— H,H{ + H,H3)
0= -0, Im(H H — H,HY)

%= -, Re(H,H{+ H HY)

0= -C, (| Hy |2+ | Ho| 2= | Ha| 2= | Hy|?)
1 = —T, Rel— H H{ - H.H3)
= —T, Re(— H H; + H,H3)
=1, Re(H,H} — H HY)

0° =1, o= |H[+|H+ |5~ | Hy

* K* A will be complete!

21




S0, finding missing resonances
requires lots of different
observables.

Cross sections are not enough!

\!/Asu
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» Reactions and results
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Experimental facilities:

* The Thomas Jefferson National Accelerator Facility
(Jefferson Laboratory = JLab).

* Continuous Electron Beam Accelerator Facility (CEBAF)

* Racetrack design

* Energies up to 6 GeV
(prior to upgrade)

24




Lest we forget:

* CLAS was
very good for
detecting
charged
particles

* CLAShada
rather large

acceptance

\!/Asu

Drift

Chambers

Time—of—flight
Counters

Cherenkov

Counters

Electromagnetic
Counters




Bremsstrahlung photon tagger
(also deceased)

‘ » Jefferson Lab Hall B
bremsstrahlung
photon tagger had:

+ E,=20-95% of E,
E ryriey Rl e e E upto~5.5GeV
> 3 Counters O Y
(- energy)
-4 61 backin{g‘]J itunfrf} i e '\\
— timing ~ o e N A \:
-6 I | | I I | | | l I l

26




Bremsstrahlung photon tagger
(also deceased)

1
'2 % "\\'\ “'::'\‘. 1\
T Focal Plane, N - Hog o SNy ™y f,u-FuII energy (Eq)
— 384 Front 3 & : -.;* ~. Electrons
> 30 Counters 5 b oL Y \.\
( — energy) b T R \"\
= - ‘.\‘ :\o \\
o 61 backing counters “ " y o \\. ‘-.. :: ~[0.20) -\\
ORI =
(= timing) “ S iy :
5 - j - bE b b o)
-6 I | | | | | | | | I |
- -1 0 1 2 3 4 5 6 7 8 9 10 11
X [m]

Jefferson Lab Hall B
bremsstrahlung
photon tagger had:
E,=20-95% of E,
. Ey up to ~5.5 GeV
e Circular polarized
photons with

longitudinally
polarized electrons
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Bremsstrahlung photon tagger
(also deceased)

~ ': "' a /
~ -
~ ] iy >
T Focal Plane, 7 . _—Full-energy (Eq)
= 384 Front T4 Ty Electrons
= .3 Counters . N ~
( — energy) " b
5 \ ~ -
b -~ ~
-4 : ~
61 backing counters b o7 R R,y
ORI “ sy ~
{ — timing) i ] i 2
-6 I | | I | | l I l
- -1 0 1 2 4 5 6 7 8 9 10 11
X [m]

Jefferson Lab Hall B
bremsstrahlung
photon tagger had:
E,=20-95% of E,
. Ey up to ~5.5 GeV
e Circular polarized
photons with

longitudinally
polarized electrons

* Oriented diamond
crystal for linearly
polarized photons
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Circular beam polarization

428504 57
(o =7 (o= 1 1.2 1.4 1.6 1.8 2 22 2.4
Photon enaergy (prompt photon) [GaV]
Circular polarization from 100% polarized electron beam
10D . I . r . 1 - I - I - - - r_J___d_._
o
——
_——
'. -j _ —_—
o =Soircec g -
o ."I. o
c - e F
o '
.g e I g S R R
~ <o EBAD_ o AP
= s | = -
o =
o B | - e ]
o L
—
L W%
S 2
Q - el
S r 2
o — =
& 4k —k
= = P .
el }/ e 2
¥ 4—-4k+3k
r
—r— 1 SR S P [N S R R — S —T—
=

[ =
| k.3 LI o_5 F. % .7 .= L1 I .k

k=E/E,
\IJ H. Olsen and L.C. Maximon, Phys. Rev. 114, 887 (1959)

e Circular photon beam
from longitudinally-
polarized electrons

* Incident electron
beam polarization

> 85%
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Linearly polarized photons

Data for: PERP 1 3GeV

Enhancmgem
2
I
.=

500 Calculahon —
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S00

| RPN 5 'é'iéiiiééii&ﬁ"Eéﬁééﬁ&ﬁdiHﬁi&ééié _____________

P 7 4500 VO Sl b tﬁ;;k.'ag;t'“;éah _____________________________________________

AR S S T P——

L e S N T I ——

7| SRS SRS 1V SN V51 W) SRS——— —
]

e bt i N Ty L1l
1hoo 1 5l]|] 2l][ll] 25["] 3|]Dl] 3300 <H00 4a00
Photon Eneryy (MeV)

* Coherent bremsstrahlung from
50-u oriented diamond

* Two linear polarization states
(vertical & horizontal)

*Analytical QED coherent
bremsstrahlung calculation fit to
actual spectrum
(Livingston/Glasgow)

* Vertical 1.3 GeV edge shown




FROST target

The FroST target and its components:
A:Primary heat exchanger

B: 1 K heat shield

C: Holding coil

D: 20 K heat shield

E: Outer vacuum can (Rohacell extension)
F: CH2 target

G: Carbon target

H: Butanol target
]:Target insert

K: Mixing chamber

L: Microwave waveguide
M: Kapton coldseal

Performance Specs:
Base Temp: 28 mK w/o beam, 30 mK with

Polarization: +82%, -90%

('« Butanol composition: C,HOH
* C and O are even-even nuclei — No
polarization of the bound nucleons

~N

J

Fdn 7 K M
Cooling Power: 800 pW @ 50 mK, 10 mW @ 100 mK, and 60 mW @ 300 mK

1/e Relaxation Time: 2800 hours (+Pol), 1600 hours (-Pol) * Carbon target used to

Roughly 1% polarization loss per day.

\;!Asu

contribution of butanol

represent bound nucleon
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HD-ICE target

D polarization during gl14/E06-101

~ P(D) (%)
S 3 o

o
o
|

[ rotation

v Down Sweep
4 Up Sweep
- 304
pseudo I
quench | 1T 20
104
0f
beam I
teeri [
s Is eering “a0d
ad . r : el ; i
—-20
1-304
50 60
days since 12/1/11

NG L
T field

A.M. Sandorfi

32




Outline

* Motivations
 Helicity amplitudes
» Experimental facilities

* Reactions and results

Vasu




\!/Asu

Pion photoproduction




Isospin combinations for
reactions involving z? and z*

« Differing isospin compositions for N* and 4" for the z¥ p and 7™ n final states

 The 7% p and n* n final states can help distinguish between the 4 and N*

7r++n:\/mv=%,]3 :%>+\/2/3‘1:%,]3 :%>

\!/Asu
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* Using both proton and neutron targets allows decomposition of
iso-singlet and iso-vector photo-couplings C?, C!

Example:
VPN

\!/Asu

Isospin photo-couplings

COyiC"

C'®yiC"

YN—DTT:
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Observable: o G13
Reaction: yn — p @

* First-ever determination of the
excited neutron multipoles for:
N(1440)1/27, N(1535)1/2-,
N(1650)1/2-, and N(1720)3/27

do/dC (ub/sr)

do/dQ (pub/sr)

107'E

o Fh s C
Py
L'_-.._ :
by L
i 1
| \ |

:I v b b L L | |:I | | (| 111 | 111 111
14 16 18 2 22 2. 14 16 18 2 2.
W (GeV) W (GeV)

T
2.4

.!gﬁe-;songi.ab
P.T. Mattione, et al., (CLAS Collaboration), Phys. Rev. C 96, 035204 (2017)




Configuration:

* Linear photon polarization

Observable: 2

Reactions: yp —palandyp - nn*

* No target polarization

(Experiments:
* g8b — proton reactions
* g13 — neutron reactions

* No recoil polarization \_
Photon Target Recoil Target + Recoil
- - - - z' y z z' z! z' z'
- T y z - — - T z T z
unpolarized o0 0 T 0 0 P 0 Ty <Ly T, L.
linear pol. -x H ({(-P) -G Op (T} Oy | (-Lys) (T} (-Lge) (-Ta)
circular pol. 0 F 0 —-E |-Cy 0 —C. 0 0 0 0
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2foryp—pa

G8b

i
—

0 : RED: SAID fit

6=123° [ §=130°
1820 1920 2020 2120 1820 1820 2020 2120

[ §=139° 1 9=148°

1820 1920 2020 2120 1820 1920 2020 2120
W (MeV)

ARIZONA STATI
M. Dugger, et al., (CLAS Collaboration), Phys. Rev. C88, 065203 (2013) “NIVIRSITY




G8b

2foryp—-nat

RED: SAID fit

6=110° '?Eiii;“ *;BiiZ;n 6=130°

1820 1920 2020 2120 1820 1920 2020 2120

[ §=139° 1 6=148°

1820 1920 2020 2120 1820 1920 2020 2120
W (MeV)

e Data for both reactions more than doubled the world

database ESU

ARIZONA STATI
M. Dugger, et al., (CLAS Collaboration), Phys. Rev. C88, 065203 (2013) “NIVIRSITY




G8b

2foryp—-nat

RED: SAID fit

8=110° '?Eiii;“ *;BiiZ;n 6=130°

1820 1920 2020 2120 1820 1920 2020 2120

| §=139° 1 o=148°
-1 18l20 19l20 20'20 2120 18l80 19I20 BOIBO 2120
W (MeV)
* Largest change from fits to prior 2 data for pions found in
resonance couplings of 4(1700)3/2- and 4(1905)5/2* BSu
ARIZONA STATI
M. Dugger, et al., (CLAS Collaboration), Phys. Rev. C88, 065203 (2013) “NIVIRSITY




Configuration:
* Linear photon polarization

Observable: G

Reactions: yp —paland yp - na*

* Longitudinal target polarization
* No recoil polarization

r
Experiment:

\

* g9b: FROST

~

_/

Photon Target J Recoil Target + Recoil
- - — $ z' y 2 z' z! z! z!
- T Yy z - — — T z T z
unpolarized ap 0 T 0 ] P 0 T L+ T, L.+
linear pol. > H (P} |-G Op  (-T) O, | (-Lar) (To) (Lpe) (-Ta)
circularpol. 0 F 0 —-E |-Cy 0 —C.| 0 0 0 0
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G (¥P—nOp)

G foryp — pa’

| G9b: FROST |

m T r T T T 1 T 1 1571
W — 2075125 MeV-T/ = 212¢

HV = 1545112 MeVH

" 00aE+30 Mo\~
= 223535 Me\

rlad

SAID:

14 0 -
cos Gn

Solid black lines
Bonn-Gatchina: Dotted lines of various colors

UNIVERSITY




—y

(G (¥p—m*n)

Gforyp—nant

| G9b: FROST |

L 1040+20 Mo
W = 1940" %] Me

W = 198072 Me

L TR . o |
= 202073 MeVA

=T teat i lonE o
W= 207573 Me

AL B | B L= S
W= 213073 MeVTW = 21852 Me

| P N . |
- = 2245132 Me\H

—_— L N
1}
_—W=1860+§g MeW

e
NS N E T |
-W = 1575712 Me\H

I....I....T 4
R BTN
W = 160513 Me\H

Bonn-Gatchina analysis (dotted) sees important contribution from
N(2190)7/2- and 4(2200)7/2-




Observables: T and F

Configuration:

* Circular photon polarization

Reaction: yp - nxn*

* Transverse target polarization

* Unpolarized photon (by adding circular beams)

* No recoil polarization

a )
Experiment:
* g9b: FROST
\ _/

Photon Target Recoil Target + Recoil
— T Yy z — — — T z T z
unpolarized g o || o 0 P 0 T, Ly To L.
linear pol. - H ({(-P) -G Oy (-T) O | (-Lat) (Ta) (-Lg) (-Tye)
—> circularpol. 0 Fl o -E |-Ccy 0 -C.| 0 0 0 0
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Tforyp—nat

1AL E,=675,W=1465MeV | E, =725 W=1437 MeV [ E, =775, W = 1528 MoV
s CLAS13
0.5 S % h‘;_,\_b‘ SAID12
0 = S E: N —saip13 (NEw)
Fas 3‘; MAIDO7
-0.50 b - e —BnGa12
- Preliminary | Preliminary | Preliminary ng g:;
1.E,=825,W=1558 MeV | E =875 W=1588MeV | E =925 W=1617MeV | _ oy 7o)
DNPL (79)
0.5 o
c% R %,;;\ o TOKY (82)
&‘ Sy =~ BONN (96)
-0.5" W et
4t Preliminary | Preliminary [ Preliminary
1-E, =975, W= 1646 MeV [ E,=1025, W =1674 MeV| E, = 1075, W = 1702 MeV
0.5} 3 3
UM\ . A
r{] T -f--
050 B/
4= Preliminary | Preliminary [ Preliminary
NS T AT T R e A U T e a0 0 2 'd.'as"dkiéi.'s‘"]
CcOos o .

[ E, = 1575, W = 1958 MeV|

L E,=1625 W = 1982 MeV

[ E, = 1675, W= 2006 MeV

-

VAR
_Preliminary

A
YN
- Preliminary

Mo o
NS
- Preliminary

[ E, =1725, W = 2029 MeV|

L E, =1775 W=2052 M‘a\l

WY

[ E, =1825 W=2074 MeV

s

AV

- Preliminary

\V/

- Preliminary _

r E, = 1875, W = 2097 MeV|

E, = 1925 W=2119 MeV |

E, = 1975, W = 2141 MeV

At
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o

. Preliminary

A A
T

. Preliminary

_Jr”‘%i‘

+
Preliminary

ER (2 O X X KR

Lo b bbb
08060402 0 02040608

g b b g b e D by Ly L
080604020 02040608
cos(d_, )

s CLAS13
SAID12

— SAID13 (HGW)
MAIDO7

—BnGai12

G9b: FROST

& 4L E,=1125,W=1720 MeV] E, = 1175, W=1756 MeV| E,=1225 W = 1783 MeV/|
P ANAY A
0 A P e
ISTAN S
0.5 =l =
ac_Preliminary | _Preliminary . _Preliminary

1F E, = 1275, W = 1809 MeV/|

F E, =1325, W = 1835 MeV

IR

F E,=1375, W = 1860 MeV

AW A

r v N

I Y L

. . Preliminary

1 E, = 1425, W = 1385 MeV|

P A

E E =1475 W = 1910 MeV

AWl

F E, = 1525, W = 1934 MeV

/AT A\

o YN

AF

VYN

VX

Preliminary | Preliminary | Preliminary
BEREH T T T e T e T e e e g 'd.‘s; g‘.'s“‘]
cos(b,_

* Early stage results

previous data

« CLAS13
SAID12

—saip13 (New)
MAIDO7

—BnGa12

CLAS results agree well with

ARIZONA STATI
LINIVERSITY




Fforyp —na=xt

1L E, =675, W=1465MeV | E, =725 W= 1497 MeV | E, =775, W = 1528 MeV
0.5 T R S . « CLAS13
0 ‘ 3
] SAID12
-0.5F F
4 Preliminary |+ Preliminary | Preliminary | —SAID13
1L E, =825, W=1558 MeV [ E, =875 W=1588 MeV | E, =925 W= 1617 MeV
MAIDO7
NN
0 n - - —BnGa12
-0.5F
4. Preliminary Preliminary [ Preliminary
1L E =075 W= 1646 MeV | E, =1025 W=1674 MeV| E, =1075 W = 1702 MeV
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6 : <7 Sl
- o o
-0.5 Lo
4 Preliminary Prelummary P Prelnmlnary
ERE E a.‘zn.‘&a.‘on.‘s AR s T e e Y e T
cos(f__)
FE, = 1575, W = 1958 MeV. E, = 1625, W = 1982 MeV[ E, = 1675, W = 2006 MeV|
0.5¢ a2 -t il ® CLAS13
LS NN AN
> . A A SAID12
0.5 P o
= _— - —
4 Preliminary [ Preliminary | Preliminary SAID13
1L E, = 1725, W = 2029 MeV" E, = 1775, W = 2052 MaV| E, = 1825, W = 2074 MeV
q— MAIDO7
0.5 ) / A
-'-7! -0-71 —BnGa12
0 " o 2 A o == 7 S
4
0.5 F
4-  Preliminary © Preliminary | Preliminary
1 E, = 1875, W = 2097 MeV|- E, = 1925, W=2110 MeV| E, = 1975 W = 2141 MeV
05) LAY /\/)C/l N
-
0 ’ =
¥ e N 4 S AW i A
0.5 e - E
s reliminary eliminary | relimina
N PR 0 00 R R e - 'n".«."d.‘e;g g IJ
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G9b: FROST

L JLE, = 1125 W = 1720 MeV[. E, = 1175, W = 1756 MeV|. E, = 1225, W = 1783 MeV

0.5 - o # CLAS13
i -
0 /._\—-4_4?2 N F ﬁ'—
SAID12
0.5 - B 3 +/-‘
4-—Preliminary = Preliminary _ F‘rehmlnary | s
1F E, = 1275, W = 1809 MeV- E, = 1325, W = 1835 MaV [ E, 1375, W = 1860 MeV|
MAIDO7
0.5F b L =
o= g&:ﬁ_ LA

0
Mk{/\y o
reliminary reliminary | eliminary

1t E, = 1425, W = 1885 Mer E 1475 W=1910 MaV E E =1525 W= 1934 Ma\i‘

ey

i
0.50 b i~
AaF eliminary | relummary F relnmlnary
RN 2 R R e RN R B R aznz.ae(ae 3
cos(B

* Early stage results
<— « Predictions get worse
at higher energies

ARIZONA STATI
LINIVERSITY




Configuration:

Observable: E

Reactions: yp - na*,pa’and yn—pm

* Circular photon polarization
* Longitudinal Target polarization
* No recoil polarization

Experiments:

e g9a: FROST — proton reactions
\' g14: HDICE — neutron reaction)s

~

Photon Target J Recoil Target + Recoil
- - — $ z' y 2 z' z! z! z!
- T Yy z - — — T z T z
unpolarized ap 0 T 0 ] P 0 T L+ T, L.+
linear pol. > H (P} -G Op  (-T) O, | (-Lar) (To) (Lpe) (-Ta)
—> circularpol. 0 F o [|-E||l-Ccy 0o -—c.| 0 0 0 0
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W=[1.74, 1.78] GeV

i
PRELIMINARY

4 05 0 05
coses™

" W=[1.82, 1.86] GeV
PRELIMINARY

—1 05 ] U5
cosfi™
15 . . .
1 W=[1.9, 1.94] GeV
05} PRELIMINARY

L 1 L L L L B
0.5

—] ——— g [IJ“In
cos@s™
1.5p T T T
= £ W=[1.98, 2.02] GeV 3
oo PRELIMINARY |
L O — e e E

1
05

E foryp —pa®

RELIMINARY

W=[1.78, 1.82] GeV E

0 05
cosei™

W=[1.86, 1.9] GeV

PRELIMINARY

1
0 05
cose™

" W=[1.94, 1.98] GeV

PRELIMINARY

" W=[2.02, 2.08] GeV
PRELIMINARY

* Sample of results taken
from analysis note

 Blue lines: SAID

* Magenta lines: MAID
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\Selecfed results of FROST Experiment Yp— n'n

W = 1.650 GeV W =1920 GeV W = 2.170 GeV
1 " L] L] 1 | | | | L] | | L]
\-.5 W =1.640 - 1.660 GeV W =1.900 - 1.940 GeV §2_140 - 2200 GeV Y, o
05 — — SAID ST14 s \ ©
*\ — — Juelich14 /s 'I E)h
v — — BnGalik . | \ } =
W 0 e e L S e e e e e e ey e e m
=
05 'Y -
\"“Eiinﬁ ff—lr:'- . \ =
| |
_ W =1.640 - 1.660 GeV o
05 H —— SAID ST14E pardy
— Juelich14E —fe
_ 4E ©
=
g
+

® FROST experiment produced 900 data points of the double-polarization observable E
in m* photoproduction with circularly polarized beam on longitudinally polarized protons
for W = 1240 - 2260 MeV.

e Significant improvements of the description of the data in SAID, Jilich, and BnGa
partial-wave analyses after fitting.

e New evidence found in this data for a A(2200)7/2- resonance (BnGa analysis).

S. Strauch et al. (CLAS Collaboration), Phys. Lett. B 750, 53 (2015) and A.V. Anisovich et al., arXiv:1503.05774.



e 15t double-polarized 1t data
PRL 118 (2017] 242002

Pmu”u'

A

‘g14 beam-target helicity asymmetries for yn > np
and N* states excited from the neutron

N*

ynN*

Bl
clasy

e F&M interaction is not isospin symmetric
 ynN*and ypN* couplings are different
& probes of dynamics in N* excitation

eg. SAID Partial Wave Analysis (PWA):
hd /2 IN(2190)7/2-] 5 -16 %5 (102 GeV1/2)
A, 3f2 [N{2190)7/2 ] -3515 (10—3 GeV12)

= -=.|:||A 25, 41”. |_ 14 — ST T
----- SAID[CMAZ] LAS (g4
|:‘( W = 1500 M P’[\'w-mnméu "\\w'ﬂs'enméu | = T Anti-par
: *L.,_ﬁ,;)'ﬂ‘ \;&/f U T g T g v \J
n] g [' o I e 1] Wy 1 s
e “| 4 il 2 [' ; :j i l*{ i
E uv 1 r|rlT \ JMFQ\ I . ?(\q [‘?’3& ]I'l:
: _J \ _l\,,e | J h“ %:‘, ]
uvL (ST LA A i iil (e n gy YA W= 2220 MeV w shEk ii AT
as —'-\\]T IS [!\J ,"!‘: H '[ T-'::l'l ]
L \ v 1] AT AU A‘ el iy
10f I\‘.,:,M“l . ?{h..\ﬁi.!. Il\;‘?é\f}“ . “.i .;i J TI'I . ."/‘ 1
0 ws:s‘rr‘ﬂ.i “ 'ﬂ:'m:e as Lal Em:a‘ 5 L GDs:ecrmﬂ.E msa: 'ﬂ:'co:ezr':j
e very little previous spin- 10f.
dependent y n data exists 0s

e for invariant masses (W)
over 1800 MeV, predictions
from previous Partial Wave
Analyses (PWA) fail badly

E 0.0

-0.5

 7n data probes N* states

.geffégon Lab

-1-0....IIIIII

2 PWA >

-0.10 besons
-0.2

-0.05 ...

pre g14 PWA
0.00 W

f;:c;n-mm% 'ﬁ

SAID PWA
including g14

N(2190)7/2-

Im[G1 '}nM] (n‘;F)

-0.1

0

Re[G17nM] (mF)

Thomas Jefferson National Accelerator Facility

@



“Isospin filters”

* The np, wp and K7/ systems have 1sospin %2 and limit one-
step excited states of the proton to be 1sospin Y2. The final
states np, wp, and K*/ act as isospin filters to the resonance
spectrum.

+
70 : :
| \
P33 1232) 1.4 .'II I.II
a0 D 5015200 ] | \
[
1.2 IIIl
s0 t /
1.0t
/ S0l
E % 08t/
= = /
L L
© 30 Il'll 0.6
20 II 1 0.4 S 1650)
10 N S,,(1850) 1 0.2 D0 15240) \ F <l 16800
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() ===
200 400 600 500 1000 1200 1400
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.
=9
T

- W =1700 MeV
- E,=1071 MeV

W =1715 MeV
E, = 1098 MeV

W= 1729 MeV
E, = 1125 MeV

- W= 1744 MeV
- E,=1152 MeV

W = 1758 MeV
E, =1179 MeV

W =1773 MeV
E, = 1206 MeV

- W=1787 MeV W =1801 MeV W =1815 MeV
r E),‘=12|33 MgV E,‘=1260 MeV E,=12§7 _MgV_
05 0 05 05 0 05 05 0 05
cosA__

* Fit to Julich Bonn model (black line) with presence of N(1900)3/2-

- W =1829 MeV
- E,=1314 MeV

- W=1870 MeV
. E,=1395 MeV

W = 1843 MeV
E, = 1341 MeV

W = 1883 MeV
E, = 1422 MeV

W = 1856 MeV
E, = 1368 MeV

W = 1897 MeV
E, = 1449 MeV

E W =1910 MeV W =1923 MeV W =1936 MeV

[ E, =1476 MeV E, = 1502 MeV E, = 1529 MeV

05 0 05 05 0 05 05 0 0.5
cosf; .,

(solid) and without (dashed)

C W= 1949 MeV
4~ E,=1556 MeV

W = 1962 MeV
E, = 1583 MeV

W = 1974 MeV
E, = 1609 MeV

L W=1987 MeV
.1~ E,=1636 MeV

W =2000 MeV
E, = 1663 MeV

W =2012 MeV
E, = 1689 MeV

- W=2031 MeV

W = 2055 MeV

W = 2079 MeV

- E,‘= 1729 Mgv Ef‘= 17|82 MeV E, = 1836 MeV
05 0 05 05 0 05 0.5 0 05
cosf .,

* The inclusion of the N(1900)3/2+ was found to be important by

Bonn-Gatchina for K41 and K2 photoproduction

ARIZONA STATI

P. Collins, ef al., (CLAS Collaboration), Phys. Lett. B 771, 213-221 (2017j/NVISIT




ZfOl‘i]' [ng ]

Yp—onp

3 MeV, E =1462 MeV|W = 1930 MeV, E = 1516 MeV

* Fit to Bonn-Gatchina model

.—%i%_gﬂ_ .

(blue lines) indicates presence
of N(1895)1/2-, N(2100)1/2",

: ‘W =1955 MeV, E_= 1569 MeV|W = 1981 MeV E =1623] MeV N(212O)3/2- and Strong presence

of N(1900)1/2-

ARIZONA STATI
P. Collins, ef al., (CLAS Collaboration), Phys. Lett. B 771, 213-221 (2017j/NVISIT




A X

2 for @

[ ] W = 1744 MeV W = 1758 MeV W=1773 MeV W =1787 MeV W = 1801 MeV
0.5 E, = 1152 MeV E, = 1179 MeV E, = 1206 MeV E, =1233 MeV E, = 1260 MeV
05, T G
P? g il i
-0.5
o
W=1815MeV | W=18209MeV | W=1843MeV | W=1856 MeV | W=1870 MeV
& E,=128TMeV | E,=1314MeV | E,=1341MeV | E ,=1368 MeV | E, =1395MeV
n 1]
0.5
W= 1883 MeV W = 1897 MeV W= 1910 MeV W =1923 MeV W = 1936 MeV
0.5 E, = 1422 MeV E, = 1449 MeV E, = 1476 MeV E, = 1502 MeV E, = 1529 MeV
0F,
-0.5
W = 1949 MeV W = 1962 MeV W = 1987 MeV W = 2000 MeV
E, = 1556 MeV E, = 1583 MaV E, = 1609 MeV E, = 1636 MeV E, = 1663 MaV

0.5

W = 2012 MeV
E, = 1689 MeV

W = 2073 MeV
— R f' = 1822 MeV

W = 2025 MeV
E, =1716 MeV

W =2085 MeV
E, = 1849 MeV

E, = 1743 MeV E,=1769 MeV

' ;

TW = 2037 MeV TW = 2049 MeV

W=2097MeV | 0.5 0 05
+E, = 1876 MeV

W =2061 MeV
E, = 1796 MeV

cos(fgm)

ARIZONA STATI
UNIVERSITY

0 05

05 0 05

cos(6z )

P.Collins. et al.. (CLAS Collaboration). Phys. Lett. B 773. 112-120 (2017)
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2 for @

—_—
YP—po
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Beam asymmetries foryn — K™ 2~

G13

= TR

—0.5-

_ E,=[2,2.05] GeV

lr'l-'
- -
2 <
o
N -r*"is ; 158 g

—[].5:* o I
_1 E=[1.9,1.95] GeV _ E,=[1.95, 2] GeV =
4 05 0 0.5 -1 05 0 0.5 :
COS QET '
Red: Full solution (Bonn-Gatchina)

Black: Contribution of N(1720)3/2" removed
Green: Contribution of N(1720)3/2" and 4(1900)1/2- removed

N. Zachariou. et al.. (CLLAS Collaboration), Phys. Lett. B 827, 136985 (2022)




Observable: 7, F, Pand H

Reaction: yp — pw

Configuration:

* Circular photon polarization

* Transverse target polarization
* Unpolarized photon (by adding circular beams)

* No recoil polarization a ™
Experiment:
* g9b: FROST
\_ _J
Photon Target Recoil Target + Recoil
- |le ¢ 2| - - = " " " :
—> | unpolarized o0 0 T 0 0 P 0 Ty Ly T, L.
—> | linearpol. % H{-P) —G | Oy (T) O | (-Lo) (Ta) (-Lg) (-Tu)
9 circular pol. ] r ] o — ] — s ] ] ] ]
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Target Asymmetry T inyp — pw (CLAS g9b)

E=1250MeV | E-1350MeV | E=1450MeV . E = 1550 MeV
f""'{"’:}" }uﬁ_wz E,,
E-1650MeV | E=1750MeV | E=1850MeV [ E,=1950 MeV
Ui 2V S N 10, = .
3 :T 3")—_‘_{ : @#— w
E=250MeV | E=2150MeV | E=280MeV | E=2350MeV
N NES V=N NG

m,;;/ BRI Wﬂ_ﬁh AR
g_‘.l.‘-'—'—'———l PR TR T -IIuJ.a-nI'-l—'II -
[ E=2450MeV | E=2550MeV | E=2650MeV | E=2750 MeV

B P Ve W
105005 05005 05005 050051
(1]
CcoSs Gc.m.

Polarized Cross Section

do .
—— —og{1— 0,2 cos2¢
g ~ 00 { I .
+ Ay (=0 Hsin2¢ + 65 F)
— Ny (=T + 0/ Pcos29)
— Nz (—0/Gsin2¢ + 6¢ E)}
Target's
polarization
direction
Y
g
VARP w DNy
'.__., 7 e ',-",
/ Wh — P/,-«'f
Jf.f' / * . '
/ Recoil P

P. Roy et al. [CLAS Collaboration], Phys. Rev. C 97, no. 5, 055202 (2018)

P. Roy, Z. Akbar, V. Credé et al.

Published on 4 May 2018



.y

F, P and H for o

-0.5

1250 [1795] MeV

Lt
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e

-0.5
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-1
0.5

-0.5

2150 [2216] MeV

2250 [2258] MeV
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0¢ E E
. .
) E 2450 [2340] MeV E 2550[2379]MeV [ 2650 [2418] MeV
=1 R e L ——— T T
-1 05 0 05 05 0 05 0.5 0 05
(6]
(o0 13 @c_m_

=l
1

1250 [1795] MeV

|

F 1350 [1847] MeV |

1450 [1897] MeV E

1550 [1946] MeV |

1650 [1993] MeV |

1750 [2040] MeV

1850 [2085] MeV

1950 [2130] MeV

! 1250 [1795] MeV F 1350 [1847] MeV | 1450 [1897] MeV | 1550 [1946] MeV [ 1650 [1993] MeV F 1750 [2040] MeV | 1850 [2085] MeV | 1950 [2130] MeV

= : N i : 4+

NGRS Sas e E R R =2 S R A
05 0 05 0.5 0 05 -05 0 05 -0.5 (::0;5@:-'“.-0.5 0 05 05 0 05 05 0 05 05 0 05 1

e Red: Wei

* Blue : Bon-Gatchina, where dashed = old

* Indicates notable contributions from

N(1875)3/2-, N(2120)3/2- and N(1880)1/2*

P. ROy, et al., (CLAS Collaboration), Phys Rev. Lett. 122, 162301 (2019) FLORIDA STATE UNIVERSTT




Configuration:

Observable: E
Reactions: yp —-po,pypand yn — K+ 2*

* Circular photon polarization
* Longitudinal Target polarization
* No recoil polarization

4 _ )
Experiment:

* g9b: FROST
gl4: HD-ICFj

\

Photon Target J Recoil Target + Recoil
— — — $ z' y z z! z' z'
— X Yy z — — — z X z
unpolarized ap 0 T 0 ] P 0 L+ T, L.+
linear pol. —-X H (P} -G Op  (-T) O, (T.) (-Lg) (-Ta)
- circular pol. 0 F 0 —E)| -CL 0 -, 0 0 0
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Polarization Observable E

Helicity Asymmetry in ¥ p — pw (CLAS g9a)

- 1.10<E <120GeV |

AN

120<E <1.30GeV [

1.30<E <140GeV [

1.40 <E, <1.50 GeV

. i P | *M
DT e e
A -{ H*t; o H
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o

1.60<E <1.70 GeV [

|

1.70<E <1.80 GeV 3

| Pt

_ *—i_\%_i.-i——x\

+ f

| 200<E <2.10GeV [

i

05 0 05

1 05 0 05

1 05 0 05

cos(8ty )

Z. Akbar et al. [CLAS Collaboration], Phys. Rev. C 96, no. 6, 065209 (2017)

1

05 0 05 1

BnGa (coupled-channels) PWA

@ Dominant P exchange
@ Complex 3/2" wave

Q N(1720)

Q W=~19GeV
@ N(1895)1/27 (new state)
@ N(1680), N(2000)5/27
@ 7/2wave > 2.1 GeV

e CLAS-g9a

m CBELSA/TAPS
Phys. Lett. B 750, 453 (2015)

Z. Akbar, P. Roy, V. Credé et al. Published on 28 December 2017
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Eforyn— KX

E 1.1<E,<1.3 GeV
[W=1.795 GeV

E 1.3<E,<1.5 GeV
T W=1.880 GeV
[ N I

[ 1.6<E,<1.7 GeV
FW=1.965 GeV

1 1.7<E,<1.9 GeV
— W=2.060 GeV

[ 1.9<E,<2.1 GeV
FW=2.150 GeV

I 2.1<E,<2.3 GeV
F w=2.230 Gev

N. Zachariou, ef al., (CLAS Collaboration), Phys. Lett. B 808, 135662 (2020) '

1 -1 0.5 COOBEP 0.5 1

[G14: HD-ICE }

| Red: Bonn-Gatchina prior to fit
/1 Blue: Full fit including “missing” D,
' Black: Full fit without D,

UNIVERSITY




Self-analyzing reaction K* Y (hyperon)

» The weak decay of the hyperon allows the extraction of the
hyperon polarization by looking at the decay distribution of the
baryon in the hyperon center of mass system:

I(cos@) =1 (1+aP, cosb)

where [ is the decay distribution of the baryon, a 1s the weak decay
asymmetry (o = 0.642 and a5, = -5 a,), and Py 1s the hyperon
polarization.

| * We can obtain recoil polarization information without a recoil
polarimeter and the reaction is said to be “self-analyzing”

65
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Observables: 2, 7, O, O,
Reaction: yp — K'A, K2

Configuration: %Xperiments: )
* Linear photon polarization * g8b — proton reactions
* Recoil polarization self analyzed\' gl3 — neutron reactions)

* No target polarization

Photon J Target Recoil J Target + Recoil
— — — — z' y 2 z' z! z! z!
| — T Yy z - — — T z T z
unpolarized oy 0 T 0 { P 0 T L+ T, L.+

=>» linearpol. |- || H (P) —-c¢ | 0p (T) 0. | (Ly) (Ta) (Lg) (-Ta)
circular pol. 0 F 0 —-E |-Cu, 0 —C. i 0 0 0
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Target, T

Beam Asymmetry, X

2, Tforyp — K4

F -0.75 <cos B, <-0.55 [ -0.55<cos 6 <-035 035<cos B <-0.15 t -0.15<cos 6 <0.05

F 0.05 < cos B, <025 P 0.25 <cos 8, <045 0.45 <cos B, <0.65

I 0.65<cos 6, <0.85

W (GeV)

F -0.35 <cos 0, < 0.

F 0.45<cos B, <0.65

1
21 22 17 18 19

W (GeV)

C.A. Paterson, et al., (CLAS Collaboration), Phys. Rev. C 93, 065201 (2016) &=

21 22 17 18 19 2 21 22

| G8b |

Blue lines
represent fits to
Bonn-Gatchina
model

Other lines
represent various
predictions

1 University
of Glasgow

f_ ...




0., O, foryp— K4 3

F -0.75 < cos 8, <-0.55

P -0.55<cos® <035 [ -035<cos® <-0.15 [ -0.15<cos 6, <0.05

* Blue lines
represent fits to

Beam-Recoil, O_,

F0.65 < cos 6, <0.85

Bonn-Gatchina
model

1 1 I 1 I I 1T I
22 1.7 18 19 2 21 22

* Other lines
represent various

W (GeV)

-0.75 < cos B, <-0.5 i F

-0.55 < cos BK <-035 [ -0.35<cos BK <-0.15 -0.15 < cos BK <0.05

predictions

Beam-Recoil, O_

0.65 < cos B, < 0.85

F 045 < cos B, <0.65

1 University
of Glasgow

W (GeV)
C.A. Paterson, et al., (CLAS Collaboration), Phys. Rev. C 93, 065201 (2016) &=




Target, T

Beam Asymmetry, X

2, Tforyp — Kt 2

b -0.75 <cos 8, <-0.55

b -0.55<cos B, <-0.35

-0.35 < cos GK <-0.15

-0.15 < cos GK <0.05

| PEFFariS AP B i A P rrarir i i

| B i i
2 22 1.7 18 19 2 21 22 1

W (GeV)

F -0.55<cos 8, <-0.35 [ -03

<cos 8, <-0.15 ¢

W (GeV)
C.A. Patterson, et al., (CLAS Collaboration), Phys. Rev. C 93, 065201 (2016) &=

| G8b |

Blue lines
represent fits to
Bonn-Gatchina
model

Other lines
represent various
predictions

1 University
of Glasgow




0., O, foryp — K+ X°

| G8b |

F -0.75<cos B <-0.55 | -0.55<cos O, <-035 | -0.35<cos @ <-0.15 ____9;]_5_if?i?5_<;9‘9§___
* Blue lines
& represent fits to
3 e Ll Bonn-Gatchina
I - model
2 | %} | ﬂ[ﬁfﬁ
;TITT.TT.TT.TT.TTI’.T."T.’.T.’IT.’ . Other lines
W (Gev) represent various
[ 75 <08, <-055 | 055<con <035 [ 035<conf <015 | I5<cos@ <005 predictions
O %P SR e
S e 0O e S0 | 0 e, 0S| 08 b, 0%
L ik etk e
o ST e l T
R ey S R e o B ST e i Un iV{:‘:I'Sity
C.AMPSi¥on, et al., (CLAS Collaboration), Phys. Rev. C 93, 065201 (2016) &= QfGlasng




Beam-Recoil, Ox

Beam-Recoil, O2

0., O foryp — K" 2?

E -0.75 < cos B <-0.55

F -0.55 <cos B, <-0.35

F -0.35 <cos B, <-0.15

-0.15 <cos BK < 0.05

0.65 < cos B, < 0.85

W (GeV)

-0.55 < cos BK< -0.35

F-0.35 <cos 8, <-0.15 F

C.AMPSiEYdon, et al., (CLAS Collaboration), Phys. Rev. C 93, 065201 (2016) &=

| G8b |

Indicates some
evidence for
additional N*(3/27)
and N'(5/2%)
resonances of
undetermined
mass

University

Y of Glasgow
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= photoproduction




K*+K*) (nb)

oy -
L’

Tiotal (ﬁfp

cforyp—- K*K*E
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. T P!
14 4 g1l @ CLAS i i T : :4*
1
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21 5 —t— ¥ I
|_I_| =2 I L
0 1 1 1 1
2.4 2.6 2.8 3.0 3.2 3.4
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All data from CLAS
(G11, and G12)

First total cross
sections or
photoproduction of

these states above
W=2.8 GeV
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J.T. Goetz, et al., (CLAS Collaboration), Phys. Rev. C 98, 062201(R) (2018) UNTVERSITY
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Observables: P, C, C,
Reaction: yp —» K'K'Z"

Configuration:

* Circular photon polarization
* Recoil polarization self analyzed
* No target polarization

Photon Target Recoil Target + Recoil
- - — - z' y 2 z' z! z! z!
- T Yy z - — — T z T z
unpolarized ap 0 T 0 ] P 0 T L+ T, L.+
linear pol. > H (P} -G Op  (-T) O, | (-Lar) (To) (Lpe) (-Ta)
—> circularpol. 0 F o -E|l-c o |cll o 0 0 0
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* First-time measurement
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* Coupling:
* ps = pseudoscalar
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10E

Y Kt
NANANANNNNS - m s
EKM#
K+
. y. oo
p ~

 (@Green dotted includes
2(2030) contribution

J. Bono, et al.
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, (CLAS Collaboration), Phys. Lett. B 783, 280-286 (2018)
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pA elastic scattering: pA — pA

Target

'. . )\ (2) ‘ ."

'\

N,

—-= Nijmegen Potential

Julich

Potential

| | (bubble chambers)

* Blue squares: CLAS results

1.2 1.4 1.6
P, [GeV/c]

neutron star physics

J. Rowley, et al., (CLAS Collaboration), Phys. Rev. Lett. 127, 272303 (2021)

Black circles: previous world data

* Momentum range important to

OHIO

UNIVERSITY




Status of meson photoproduction

Proto

SISISISISISIS S
SISISISISISISNT S

SISISISISISIS) S
SISISISISITSIS S
SISISISISISIS S
SISTSISISISISTS

v v v vViIiv IV |V
v v v v vViIiv IV |V

KOzO

Not shown in table: « - published v - acquired
* 7zr photoproduction observables or

\!]Asu ¢ Z states

* p/ scattering




Changes to PDG from 1996 to 2018

N* Resonances
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Changes to PDG from 1996 to 2018

N* Resonances

3000 :
l
I
— |
|
I | ! —
2500 :
1
|| |
& - -
L [ ! | |
> N - = N N
Z20001 8 §—-—" l
Py =8 - R =5
z N : =
= = =& ! = _I
1500 I & =8
|
|
1 IR 2018
20 N* states |
1000- -
|
1
1togh 5t o7k 9F 1t 13t 13t 01— 3~ 53~ T g- 11~ 13-
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

79
D.G. Ireland, E. Pasyuk, 1. Strakovsky, Progress in Particle and Nuclear Physics 111 103752 (2020)




Changes to PDG from 1996 to 2018

N* Resonances

3000 =

2500+

2000

Mass (MeV/c?)

1500 =
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b ol 10 [
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o |

20 N* states

—
1~J|;;_
|

80
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Changes to PDG from 1996 to 2018

N* Resonances

Mass (MeV/c?)

3000 = !

2500+

_ 1
2000 " g— =
= _I =g
1500 - _I
20 N* states
1000

1
- 3 57~ T 9— 11— 13
2 : 2 2

5 3 B 3 %
Spin-Parity
Along with additional new states, “old” states have been

measured better and PDG properties have changed 81
D.G. Ireland, E. Pasyuk, 1. Strakovsky, Progress in Particle and Nuclear Physics 111 103752 (2020)




Changes to PDG from 1996 to 2018

A* Resonances
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States have been measured better and PDG properties

have changed 82
D.G. Ireland, E. Pasyuk, 1. Strakovsky, Progress in Particle and Nuclear Physics 111 103752 (2020)
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Krost target

* Brute force polarization requires large magnet

* Instead use “trick” (Dynamic Nuclear Polarization):
* Dope butanol with paramagnetic radical TEMPO
* Polarize unpaired TEMPO electrons to 99.999%
| withB=5Tand T=0.3 K
1 * Transfer electron polarization to free protons with
microwaves at ~140 GHz
| * Remove microwaves

* Cool to T=3 mK and use B=0.5T holding field
* Put target in CLAS and run experiment

|

ARIZONA STATE 87
UNIVERSITY




Performance: target polarization

—————— 3 weeks =—

* Frozen spin butanol (C,H,OH)

\ .
\ « P, = 80%

08
\ repolari- |
\ zation ° Target depolarization: T ~100 days

0.7

o
w0
I

Target Polarization Pz

55850 —E5975 56100
Time (Run Number)

 For g9a (longitudinal orientation) 10% of allocated time was used

polarizing target

 For g9b (transverse orientation) 5% of allocated time was used
polarizing target

\!/Asu
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Frost target

Brute Force Polarization

- 7i-B maximize B,
P—tanh(ﬁ) > minimize T
Disadvantages:

1. Requires very large magnet

2. Low temperatures mean low
luminosity

3. Polarization can take a
very long time

We need a trick!

Slide from Chris Keith
Ko

ARIZONA STATE
UNIVERSITY

Polarization

5 Tesla

o2 LN N ]

0001 001 01 1

10 100

Temperature (K)
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Frost target

The Trick -- Dynamic Nuclear Polarization

Use brute force to polarize free electrons in the target material.
Use microwaves to “transer” this polarization to nuclei. Mutual
electron-nucleus spin flips re-arrange the nuclear Zeeman populations

to favor one spin state over the other.

For best results, DNP is performed at B/T conditions where
electron t is short (ms) and nuclear t is long (minutes)

B = 5 Tesla

Lab:
JLa T = 1 Kelvin

[

ﬁiide from Chris Keith

ARIZONA STATE
UNIVERSITY
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Frost target

The Resolved Solid Effect

_ o_+ ®
: "
® -0 i‘;)
140 GHz C_;;
-
i
N Y
- 3 210 MHz ﬁ
e p
Zeeman energy levels Positive
of a hydrogen-like atom polarization
ﬁiide from Chris Keith

ARIZONA STATE
UNIVERSITY

)

anVAV \Uthu'm_'

*

il

Negative
polarization
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Frost target

Materials for DNP Targets

- Choice of material dictated by 4 factors:
1. Maximum polarization
2. Resistance to ionizing radiation ,_\,’

total

3. Presence of unpolarized nuclei ———— quality factor, f =

4. Presence of unwanted, polarized nuclei

- Free electrons must be embedded into target material:
1. Chemical doping with paramagnetic radicals

2. Paramagnetic radicals created by ionizing radiation

- Typically 1 free electron can “service” ~ 103 free protons

Slide from Chris Keith
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Materials for DNP Targets, examples

Name Dopant f Rad. Resistance
Polyethelyne, C H, chemical 0.12 low
Polystyrene, C_H_ chemical 0.07 low
Propandiol, C H (OH), chemical 0.11 moderate
Butanol, C H OH chemical 0.13 moderate
Ammonia, 15NH3 radiation 0.17 high
Lithium Hydride, "LiH radiation 0.12 very high
Slide from Chris Keith
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Low-lying Resonance States

Negative parity

Positive parity

Lattice QCD
1S consistent
with non-
relativistic
quark model

for number of

low-lying
states
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yp—pr

The differential cross section for vp — pr ™

Circular beam and

longitudinal target:
(without measuring the polarization of the recoiling nucleon) 0,=A,=A, =0

Yy
Z=a{(1+ N 5- (I + A ') G9a: FROST
Next slides

—

+0,[sin23 (1% + A -P%) +cos253 (1€ + A; - P)]}

op. The unpolarized cross section

3. The angle between the direction of polarization and the x-axis

d 1o The degree of polarizaton of the photon beam = -, and 9,

K-' The polarization of the initial nucleon =- (Ayx, Ay, Az)

1©:%:¢: The observable arising from use of polarized photons = 1@, IS, ¢

P: The polarization observable = (Px, Py, Pz) (P,”, Py ,P) (P, Py, P3) (P%. Py, P3)
15 Observables
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@ FSU-model calculation by Winston Roberts

0.3 W = 1.40 GeV W =1.45 GeV W =1.50 GeV W =155 GeV
- — el ol
0 - -‘.:,‘Hﬁ - --'.IW . = Bt ‘;;;.ay;-ﬁ f‘:‘;- ™
N . .
0.5 " e L M L " " - P L M " e ' M L L L L P M
QD L W = 1.60 GeV L W = 1.65 GeV L W=1.70 GeV 1.75 GeV
- - r r v e -
> o e N~ h-.j-;./"t,“’r_{,-ﬁ h/".,‘ .......... T i
m - 3 = miln
w X ] i
Q 0.5 L l_ '} '} '} L L l_ L L L l_ '} '} L L l_ L L '}
(@) - W = 1.80 GeV . W = 1.85 GeV - W =1.90 GeV W = 1.95 GeV
: : -_ﬂ- b il : [ ] mlm
-9 0 -'i" e o o o Aot Vi s s cn o +‘-‘H-.II.1‘F“;“.W_H;—J“. r".".".--p--—-m
i
© 1 ] 3
N : : :
= 0.5
. P - W = 2.00 GeV - W= 2.05 GeV - W =210 GeV
. [e) - 1 3 + g9a-data
(o' 0 vt u T o Ty et T N o TR R I rrraes
3 E 3 - Fsu-Model
- S— : 2 ] P 3 RS R :
use 0.6 as dilution factor and multiply Pz by -1 ¢' T
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@ FSU-model calculation by Winston Roberts
1

G9a: FROST

W =1.40 GeV

W =1.45 GeV

W =1.50 GeV

W = 1.55 GeV

Lo
(a8 ; S~ o
D B W = 1.60 GeV W = 1.65 GeV W =1.70 GeV
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g :-_.- “-'-_I_- :- o™ i T 3 e 7 -'*d
N :__./"\__/"‘-x_....- M e L S N
8 T E " W=780GeVv | W=185Gev [ W=1790Gev “W=T1.65GeV
- 3 'l—_ : [ =] : R
-9 0 _?'l"r"‘.. ~o J....“ﬂﬂ:‘h‘;._,_ﬁ;;‘.. .:q“‘ﬂ'?m.n.. . .c‘r..wm.".-—n
]
(] 3 3
N - 3
s | F W=2000Gev W =2.05 GeV W =2.10 GeV 3
E 3 E E : +gB\a-data
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Configuration:
* Linear photon polarization
* Longitudinal Target polarization
* No recoil polarization

Observable

—

a )
Experiment:
* g9a: FROST
\ _/
Photon Target J Recoil Target + Recoil
- - - b z' y z z' z! z' z'
- T y z - — - T z T z
unpolarized o0 0 T 0 0 P 0 Ty <Ly T, L.
linear pol. -x H (-P) |-G Op (T} Oy | (-Lys) (T} (-Lge) (-Ta)
circular pol. 0 F 0 —-E |-Cy 0 —C. 0 0 0 0
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Isospin photo-couplings for

yp—nn" and yn—pr

—> [so-singlet 4'1/=0.L=0)I=%,L=3)=A[=1,I,=3)
VP  Iso-vector 4|r=11,=01=14,1,=2)=a2/3]1=2,1, =5 DN/3| 1 = 1,1, =
o —> [so-singlet 47=0,7,=0)7= g13:71>:140|1:; L=3)
_1
2

s Iso-vector 4|1=1,1,=0

~——"
N
l\)l—
T~
W

yp—onm @@AO@\EAIJNH@AIA*

nopr: @\lar@ i v+ L an

* Using both proton and neutron targets allows decomposition of
1so-singlet and 1so-vector photo-couplings
« The sings in O O will give interference terms

Vasu
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