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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

gl Fair evidence of existence
glolo Likely evidence of existence, or certain and properties need work
sHoskskok

Existence is certain and properties well explored




Resonance status for N and 47
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Resonance status for N and 47

Status as seen in Status as seen in
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Resonance status for =

State, J© Predicted masses (MeV)

=47 1305

=37 1505

=5 1755 1810 1835
=3 1785 1880 1895
A 1900 2345 2350
=* 1 2355

Chl 1840 2040 2100
3" 2045 2065 2115
Chl 2045 2165 2230
=*17 2180 2240

2225
2240
2385

2130
2163
2230

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?
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2385

2275
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Resonance status for =

State, J© Predicted masses (MeV)

=47 1305

=37 1505

=5 1755 1810 1835
=3 1785 1880 1895
A 1900 2345 2350
=* 1 2355

Chl 1840 2040 2100
3" 2045 2065 2115
Chl 2045 2165 2230
=*17 2180 2240

2225
2240
2385

2130
2163
2230

2285
2305
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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?
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Resonance status for =

State, J© Predicted masses (MeV)

=47 1305

=37 1505

=17 1755 1810 1835 2225
=3 1785 1880 1895 2240
Chd 1900 2345 2350 2385
=* 1 2355

hlt 1840 2040 2100 2130
g*3t 2045 2065 2115 2165
Eh 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?
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State | AK | YK =
=(1530) 100 %
=(1690) | seen | seen | seen
=(1820) | large | small | small
=(1950) | seen | seen? | seen
=(2030) | 20% | 80% | small
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Resonance status for =

State, J© Predicted masses (MeV)

=47 1305

=37 1505

=17 1755 1810 1835 2225
=3 1785 1880 1895 2240
Chd 1900 2345 2350 2385
=* 1 2355

hlt 1840 2040 2100 2130
g*3t 2045 2065 2115 2165
Eh 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

* Are there missing states?

2380
2385

2275

%

PDG
Overall
Particle JP Status
=(1318) 1/2F ***
S(1530) 3/2+  Reek
=(1620) *
=(1690) e
Z(1820) /2~ e
=(1950) ek
=(2030) 5/2° s
=(2120) *
=(2250) o
=(2370) =
=(2500) g
State | AK | YK =
=(1530) 100 %
=(1690) | seen | seen | seen
=(1820) | large | small | small
=(1950) | seen | seen? | seen
=(2030) | 20% | 80% | small
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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...

\!/Asu

o
%**
.*

13




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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Outline

* Motivations
e Helicity amplitudes
» Experimental facilities

» Reactions and results
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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 (&,):
3 1
2 2
1
A — 2 |: Hl H2
&, -1
2 H, H,

|

Initial helicity

=
_ |:A11 A12:| Ei
— =
Ay Ay %
<

(A—ﬂ,—/i - _e(l_ﬂ)ﬂAﬂ,l)
Parity symmetry —

helicity -1 photons (g):

=1 =3

2 2
:g{ H, -H
- _71 _Hz Hl

1

16




Spin Helicity
observable representation

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

0" = F 3| H |2 = |Ha| 2+ | Hs| = | Hy )
al=r Re(— HH| — HyHy)

0 = 0, Im(— H,H} + HyHy )
0= -0, Im(H,H — H,H3)
0= —¢, Re(H,H} + H,HJ)
0= -¢, %[|HJ|2+|H2|2_|H3|2_|H4|2J
= —T, Re(— H H{ — H,H3)

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

0% =L, = |H+|H [+ | H = | Hyf?)

/ Differential cross section

Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

17




Spin Helicity
observable representation

0! = T(4) (| Hy |+ | Ho|*+ | Ha| *+ | Hy[*)
nt=3 Re{— H H{ + H2H3 | 4=
0= -7 Im(H,Hi+ HyH})
0= p Im(— H,Hy — HyH})
=G Im(H,H — HyH)
0= H Im(— H,H{ + H H3)

0" = F 3| H |2 = |Ha| 2+ | Hs| = | Hy )
al=r Re(— HH| — HyHy)

0 = 0, Im(— H,H} + HyHy )
0= -0, Im(H,H — H,H3)
0= —¢, Re(H,H} + H,HJ)
0= -¢, %[|HJ|2+|H2|2_|H3|2_|H4|2J
= —T, Re(— H H{ — H,H3)

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

0% =L, = |H+|H [+ | H = | Hyf?)

Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

/ Differential cross section

Beam polarization X

18




Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

Spin Helicity

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

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

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

(= H Im(— H,H{ + H, H3)

0= F %[|HJ|E_|1'T"J"2|2"'|*r'1"3|2_|*'1"'4|EJI

= 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,HJ)

= -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, 3= |H[+|H+|H = | H)

19




Linkage between helicity amplitudes and the observables
for single pseudoscalar photoproduction

representation / Differential cross section
(| Hy |2+ | Ha + | Ha| 2+ | Hy )

Beam polarization X

Target asymmetry 7T

Recoil polarization P

Spin Helicity

observahle

0! = T(h)

nt=3 Re{— H H{ + H2H3 | 4=
0= -7 Im(H\H} + HyH})
0Z=p I111{—HJH;—HEH:;\
=G Im(H,H — HyH)

0= H Im(— H,H{ + H H3)

0" = F 3| H |2 = |Ha| 2+ | Hs| = | Hy )
al=r Re(— HH| — HyHy)

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

(0 = —f:?z %[|HJ|2+|H2|2_|H3|2_|H4|2J
= —T, Re(— H H{ — H,H3)

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

0% =1, 3= |H[+|H+|H = | H)

20




Linkage between helicity amplitudes and the observables

for single pseudoscalar photoproduction

a

a a

a

/ Differential cross section
FUH |2+ | Ha |2+ | Hs) 2+ | Hy )

a

a

a

a

Polarized

+ Transverse target

Longitudinal target

photons

Spin Helicity

observable representation

Q! = I(4g)

nt=3 Re{— H H{ + H2H3 | 4=

0= -7 Im(H,Hi+ HyH})

0Z=p I111{—HJH;—HEH:;\
0 = G lm(H, H} — HyH?) \
0= H Im(— H,H{ + H H3)

0" = F 3| H |2 = |Ha| 2+ | Hs| = | Hy )

al=r Re(— H,H - HHy) [

0 = 0, Im(— H,H} + HyHy )

0= -0, Im(H,H — H,H3)

0= —¢, Re(H,H} + H,HJ)

0= -¢, %[|HJ|2+|H2|2_|H3|2_|H4|2J

= —T, Re(— H H{ — H,H3)

0% = —T, Re(— H H; + H,H3)

=1, Re(H,H} — H HY)

%=L, - |H [+ 5P+ H -] 5y

Beam polarization X
Target asymmetry 7T
Recoil polarization P

Double polarization observables

21




Linkage between helicity amplitudes and the observables

a

for single pseudoscalar photoproduction

a a

a

/ Differential cross section
FUH |2+ | Ha |2+ | Hs) 2+ | Hy )

Beam polarization X

a

a

a

a

Polarized

+ Transverse target

Longitudinal target

photons

Spin Helicity

observable representation

0! = I(6)

nt=3 Re{— H H{ + H2H3 | 4=

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

0Z=p I111{—HJH;—HEH:;\
0 = G lm(H, H} — HyH?) \
0= H Im(— H,H{ + H H3)

0" = F 3| H |2 = |Ha| 2+ | Hs| = | Hy )

0l=F Re(— H,H|—H,H;) [

Ol = 0, Imi— H,H! + H,H?)

0= -0, ImiH H{ — H.H3)

0= —¢, Re(H,H} + H,HJ)

(0 = —f:?z %[|HJ|2+|H2|2_|H3|2_|H4|2J

= —T, Re(— H H{ — H,H3)

0% =T, Re(— H H; + H,H3)

=1, Re(H,H} — H HY)

0% =1L, %5_|HJ|2+|Ha|2+|H3|2—|H-:|2|'

“complete experiment”

Target asymmetry 7T
Recoil polarization P

Double polarization observables

* Need at least 4 of the double
observables from at least 2 groups for a

22




Linkage between helicity amplitudes and the observables

for single pseudoscalar photoproduction

a a

a

a

representation / Differential cross section
(| Hy |2+ | Ha + | Ha| 2+ | Hy )

Beam polarization X

N . *‘\
Im(—H\Hy — HyHy) Target asymmetry T

a

a

a

a

Polarized

+ Transverse target

Longitudinal target

photons

Spin Helicity

observahle

Q! = I(4g)

nt=3 Re{— H H{ + H2H3 | 4=
0= -7 Im(H\H} + HyH})
0Z=p

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

0" = F 3| H |2 = |Ha| 2+ | Hs| = | Hy )
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= -¢, %[|HJ|2+|H2|2_|H3|2_|H4|2J
= —T, Re(— H H{ — H,H3)

0% = —T, Re(— H H; + H,H3)
=1, Re(H,H} — H HY)
0=, %5_|HJ|2+|Ha|2+|H3|2—|H-:|2|'

Recoil polarization P

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
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Linkage between helicity amplitudes and the observables

for single pseudoscalar photoproduction

a a

a

a

representation / Differential cross section
(| Hy |2+ | Ha + | Ha| 2+ | Hy )

Beam polarization X

N . *‘\
Im(—H\Hy — HyHy) Target asymmetry T

a

a

a

a

Polarized

+ Transverse target

Longitudinal target

photons

Spin Helicity

observahle

0! = T(h)

nt=3 Re{— H H{ + H2H3 | 4=
0= -7 Im(H\H} + HyH})
0Z=p

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

0" = F 3| H |2 = |Ha| 2+ | Hs| = | Hy )
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= -¢, %[|HJ|2+|H2|2_|H3|2_|H4|2J
= —T, Re(— H H{ — H,H3)

0% = —T, Re(— H H; + H,H3)
=1, Re(H,H} — H HY)
0=, %5_|HJ|2+|Ha|2+|H3|2—|H-:|2|'

Recoil polarization P

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

« K* A will be complete!
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S0, finding missing resonances
requires lots of different
observables.

Cross sections are not enough!

\!/Asu

3

- F

0

rs
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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)

27




Lest we forget:

CLAS was
very good for
detecting
charged
particles
CLAS had a
rather large
acceptance

SU

Drift
Chambers
Cherenkoy  Electromagnetic

Time—of—flight Counters Counters

Counters

s -t
5 1
. '-_.I.' . _".
- ¥
!




Bremsstrahlung photon tagger
(also deceased)

‘ » Jefferson Lab Hall B
bremsstrahlung
photon tagger had:

+ E,=20-95% of E,
E St From e * E,upto~55GeV
> .3 |- Counters ~
(- energy)
-4 61 backir::Q‘]J fiunierf} i e '\\
— timing ~ o e N A \:
5 |- KEqg=095 ™ (030 ~o30]
-6 I I | I I I I I I I I
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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
> 3 |- Counters i s, o IR \.\
( — energy) b T R \"\
= - :\‘ :\o \\
o 61 backing counters “ " y o :\. ‘-.. :: ~[0.20) -\\
ORI =
(= timing) “ S iy :
5 - j bm e CENGED
-6 I | | | | | | | l I l
- -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)

1
'2 % "\\'\ “'::'\‘. 1\
T Focal Plane, N - Hog o SNy ™y f,u-FuII energy (Eq)
— 384 Front 3 & : -.;* o \ Electrons
= g0 Counters & L S N
( — energy) b T R \"\
= - :\‘ :\o \\
o 61 backing counters “ " y o :\. ‘-.. :: ~[0.20) -\\
ORI =
(= timing) “ S iy :
5 - j bm e CENGED
-6 I | | | | | | | l I l
- -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

* Oriented diamond
crystal for linearly
polarized photons
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Circular beam polarization

x 10 F 42850457
30 oo
=
= sooo
=
U [=1elele]
[o]e]
oD
°" o 1.2 1.4 1.6 1.8 2 2.2 2.4
Photon enaergy (prompt photon) [GeV]
Circular polarization from 100% polarized electron beam
» T T | | T T __'._H__..L—-"'_
= o
'. -j _ —_—
Fo soroconiirg -
o i
\ ;
[ iy
S e
5 oo o awr gl S PR TR
© r EWEN_ e WD
= i ! —
o =
o o o s =
o L
—
£ W
35
(6]
= 4
O s — = 2
i 4k —k
o — .
S V4 e 2
= ;,;" 4—4k+3k
r
0 — 1 L RS - S ———— — N - JE—
.2 k.3 LR o5 LN .7 .8 L 1.k

\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%

32




Linearly polarized photons

Data for: PERP 1 3GeV

Enbhancemeant
g
I
.=

500 Calculahon —
2000{—
1500{—

1000}

S00

| RPN - 5 'é'iéiiiééiiié.ﬁ"Eéﬁééﬁ&ﬁdiHﬁi&éélé _____________

P 7 4500 YO St tﬁ;;k.'ag;'t'“;éa}j _____________________________________________

e | T —

S T —-—

(1| SRS SN ¥ SR VA5 V) SS——,S—— —
]

e bt i N -’ L)
1hoo 1 5l]|] 2l][ll] 25["] 3|]l]l] 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

('« Butanol composition: C,H,OH )
The FroST target and its components: .
A Prjmary heat exchanger ¢ C and O are ecven-cven HUClel — NO
B:1 X heat shield polarization of the bound nucleons
C: Holding coil
D: 20 K heat shield \_ )
E: Outer vacuum can (Rohacell extension) B A

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/o0 beam, 30 mK with F G H K M
Cooling Power: 800 pW @ 50 mK, 10 mW @ 100 mK, and 60 mW @ 300 mK

Polarization: +82%, -90% . C b d
1/e Relaxation Time: 2800 hours (+Pol), 1600 hours (-Pol) arbon target used to

Roughly 1% polarization loss per day. represent bOlllld nllCleOIl
\I]Asu contribution of butanol
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HD-ICE target

D polarization during gl14/E06-101

tgt 22b

g £

v Down Sweep
4 Up Sweep
—— d = 1
* 301 A
1 1 v &
pseudo - - 1 - a
quench | T 20 L___ 20,
T10s 4 Lof
0 0+
beam I L
s Istccring doaf 0—5 o 0_'_
A e ] [ o] [
e > *1 o]
1207 77207 fiew
[ rotation
+-30+ +-30-
50 60 140 150
days since 12/1/11

A.M. Sandorfi

35




Outline

* Motivations
 Helicity amplitudes
» Experimental facilities

* Reactions and results

Vasu




\!/Asu

Pion photoproduction




Isospin combinations for
reactions involving z? and #*

« Differing isospin compositions for N* and 4% for the 7’ p and 7" n final states

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

7z++n:\/mv:%,]3 :%>+\/2/3‘]:%,I3 :%>

\!/Asu
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Isospin photo-couplings

* Using both proton and neutron targets allows decomposition of
iso-singlet and iso-vector photo-couplings C?, C’

Example:

Yp—AT

Yn—pm:

\!/Asu

coyic

-COC_B\/gcl- *
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do/dQ (ub/sr)

do/dQ (ub/sr)

Observable: o G13
Reaction: yn — p

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

107"

k. T F
SeTi C
=9
'_‘_-. :
5= L
1 1
| | |

N T T T I B N E RR S NN NENE N
14 16 18 2 22 2. 14 16 18 2 2.
W (GeV) W (GeV)

e
2.4

Jeff.é?sonmg.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
* No recoil polarization

‘E

xperiments:
* g8b — proton reactions
* gl13 — neutron reactions

Photon Target Recoil Target + Recoil
- - — — z' y' 4 z' z! z! z!
- T Y z - - — T z T z
unpolarized ag 0 T 0 ] P 0 T -Li T, L+
linear pol. ¥ H (-P) -G O (-T) Oy | (-Lyr) (Ta) (Lge) (-To)
circularpol. 0 F 0 -E |-Cy 0 —C.| 0 0 0 0

41




G38b

RED: SAID fit

6=123° [ §=130°

1820 1920 2020 2120 1820 1920 2020 2120

[ §=139°

[ 5=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




G38b

2foryp —-nnt

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 BSu

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




G38b

2foryp —-nnt

RED: SAID fit

8=110° '?Eiii;“ *;BiiZ;n 6=130°

1820 1920 2020 2120 1820 1920 2020 2120

| 9=139° I 6=148°
-1 18l20 19l20 BOIBO 2120 18l80 19I20 20l20 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 - n=n*

* Longitudinal target polarization
* No recoil polarization

-

-

Experiment:
* ¢g9b: FROST

~

J

Photon Target J Recoil Target + Recoil
- - — & z' y' 4 z' z! z! z!
- T Y z - - — T z T z
unpolarized oy 0 T 0 ] P 0 T -Li T, L+
linear pol. ¥ H (-P) |-G O (-T) Oy | (-Lyr) (Ta) (Lge) (-To)
circularpol. 0 F 0 -E |-Cy 0 —C.| 0 0 0 0
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G (¥P—nOp)

Gforyp —pa’

| G9b: FROST |

LI | |
W =, 198012 MeV—

W= 202073 MeVTW — 2075122 Me\;

LI B LS. B B | | B R
W = 2125125 MeV-HW = 2170

AL T30 N
= 223573 Me\

.$__, ;

W'= 1815720 MoV =, 38602 MeVH-W —900°2 Me\H

’r—-.\‘ T 6 !’q i.-“‘- *‘.'
| T TN ey W)
I / | Y A T I i
n n _':;:{ T,}_ - .;_{?:;: J
W = 1465715 MeVTW = 1490* 15 MeVTW = 1515% % MeVTW = 1545132 MeVTW = 5+15 MeV-
o S R _;A.T P 4
Al > L ’ IR Y ; z 1 /i_,'l
[ Pyt --\*-Lv”e/-- "\M //:_w ]
n il nn - nn o nn PR RS R
-1 0 14 0 11 0 14 11 0 11

SAID:

0
c.m.
cos Gn

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

N. Zachariou, et al., (CLAS Collaboration), Phys. Lett. B817, 136304 (2021) &y

, ——]4 UNIVERSITY




Gforyp—na* [ G9b: FROST)

—y

L L Y SO L U N L TR WO T || RO W] Y VL O RPN T | | OV IO ST | | UL O S L
W= 1940*2) MeVTW = 198072 Me = 202073) MeVTW = 207575 MeVTW = 213015) MeVTW = 218532 MeVTI = 2245132 MeV]

MNP B .
Ce e
"W = 186073 Me\

(G (¥p—m*n)

PR T R T TI PR .T 4
JIESL N ET- R || O NPT I
-W = 1575712 MeVH-W = 1605112 MeVA

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

%=, UNIVERSITY

N. Zachariou, et al., (CLAS Collaboration), Phys. Lett. B817, 136304 (2021) O




Observables: T and F

Configuration:

* Circular photon polarization

Reaction: yp - nx*

* Transverse target polarization

* Unpolarized photon (by adding circular beams)

* No recoil polarization

4 )
Experiment:
* ¢g9b: FROST
- J

Photon Target Recoil Target + Recoil
— T y z — — — T z T z
—> unpolarized oo o || o 0 P 0 T, Ly T, L
linear pol. -x H (-P) -G Oy (-T) O | (-Lat) (Ty) (-Lge) (-Tye)
—> circularpol. 0 Fl o -E |-Ccy 0 -C.| 0 0 0 0
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L E, = 1025, W = 1674 MeV

F E, = 1075, W = 1702 MeV
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* Early stage results

previous data

o CLAS13
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CLAS results agree well with
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* Early stage results

<— ¢+ Predictions get worse

at higher energies

» CLAS13
SAID12
—SAID13
MAIDO7

—BnGa12

ARIZONA STATI
LINIVERSITY




Configuration:

Observable: E

Reactions: yp —na*,pa’and yn—pm

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

qEXperiments:

-

~

* g9a: FROST — proton reactions
* gl4: HDICE — neutron reactions

J

Photon Target J Recoil Target + Recoil
- - — & z' y' 4 z' z! z! z!
- T Y z - - — T z T z
unpolarized oy 0 T 0 ] P 0 T -Li T, L+
linear pol. ¥ H (-P) -G O (-T) Oy | (-Lyr) (Ta) (Lge) (-To)
- circularpol. 0 F o |-Ell-Ccy, 0o -c.| 0 0 0 0
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W=[1.74, 1.78] GeV

w
;
PRELIMINARY
& 05 0. 05
coses™
15 . ; .
| W=[1.82, 1.86] GeV

4 05 0 05
cosei™
15 )
1 W=[1.9, 1.94] GeV
0.5} PRELIMINARY
w 0: ____________________
05
-1 E
1T Py -
coses™
15¢ : : .
= £ W=[1.98, 2.02] GeV :
0.5E PRELIMINARY |
L 0 _______ J
05F
_12_ 3

PRELIMINARY

1
05

Eforyp—pa’

W=[1.78, 1.82] GeV E

" W=[1.86, 1.9] GeV
PRELIMINARY

1
0 05
cose™

| W=[1.04,1.98]GeV ]
PRELIMINARY

e
c.m.
cos8S;

‘UIE‘ I

" W=[2.02, 2.08] GeV
PRELIMINARY

* Sample of results taken
from analysis note

 Blue lines: SAID

* Magenta lines: MAID

UNIVERSITY




\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 11 data
PRL 118 (2017] 242002

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

N*

Bl
clasy

=5 o A
|n‘( W= 1500 W2V T W = 1540 May z nN*
R ’
Y y .
S ,“1- 1\:&»?‘ \..J . ] . . . .
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- b lival ™y 1A Y [ 'l Lo ] . eg. SAID Partial Wave Analysis (PWA):
Y Il \ A, ”'I \ /-\ oy A &‘ ry K {Jt [ITI}'IEﬁ_
A TR A I A | &/" LI 1f2[N(2190)7/2-] > -16 +5 (102 GeV1/?)
e mn e S A, 3f2[N{2190)7/2 -1 -35 +5(10-3(3ev 12)
e very little previous spin- 10} B pre-gl4 PWA -
dependent y n data exists os 0.00 | g 18
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» forinvariant masses (W) Jeoo 3 S 3
over 1800 MeV, predictions 2> PWA > 005 W@ 15
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02 0.1 0

 7n data probes N* states

.geffégon Lab

Re[G17nM] (mF)

Thomas Jefferson National Accelerator Facility
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“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.
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E, = 1125 MeV

F W =1744 MeV
- E,=1152 MeV

W = 1758 MeV
E, =1179 MeV

W =1773 MeV
E, = 1206 MeV

F W =1787 MeV W = 1801 MeV W =1815 MeV

r E,,‘=12|33 MgV E,‘=1260 MeV EY=12§7 MgV

0.5 0 0.5 05 0 05 05 0 05
cosO_ _

e 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
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E, = 1449 MeV
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(solid) and without (dashed)

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

W = 1962 MeV
E, = 1583 MeV

W = 1974 MeV
E, = 1609 MeV

r 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 K4 and KX photoproduction
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Beam asymmetries for yn — K™ 2~
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Red: Full solution (Bonn-Gatchina)
Black: Contribution of N(1720)3/2" removed
Green: Contribution of 4(1900)1/2- removed

N. Zachariou. ef al.. (CLLAS Collaboration). Phys. Lett. B 827. 136985 (2022)
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Observable: 7, F, Pand H

Reaction: yp — p@

Configuration:

* Circular photon polarization

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

* No recoil polarization 4 )
Experiment:
* g9b: FROST
\_ J
Photon Target Recoil Target + Recoil
-l ¥ =z |- - -] & z =z z
—> | unpolarized o 0 T 0 i P 0 Ty Ly Ty L.
—> | linear pol. % H{-P] —G | Oy (T) O, | (‘L) (Ta) (-Lyg) (-Tu)
9 circular pol. 0 F 0 —-FE | -Cy 0 -, 0 0 0 0
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Target Asymmetry T iny B — pw (CLAS g9b)
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P. Roy et al. [CLAS Collaboration], Phys. Rev. C 97, no. 5, 055202 (2018)

P. Roy, Z. Akbar, V. Credé et al.
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F, Pand H for o
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e Red: Wei
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* Indicates notable contributions from
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Configuration:

* Circular photon polarization

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

* Longitudinal Target polarization
* No recoil polarization

Experiment:
* g9b: FROST
N gl4: HD-IC

~

5

=3 circular pol.

Photon Target J Recoil Target + Recoil
— — — & z' y' 4 z' z! z z!
— T y z — — — T z T z
unpolarized g 0o T 0 0 P 0 T, Ly T, L
linear pol. -x H (-P) -G Oy (-T) O | (-Lat) (Ty) (-Lge) (-Tye)
0 F 0 —E]| -C; 0 -, 0 0 0 0
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Z. Akbar et al. [CLAS Collaboration], Phys. Rev. C 96, no. 6, 065209 (2017)

Z. Akbar, P. Roy, V. Credé et al. Published on 28 December 2017
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Eforyn— K* X
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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 +aP, cos 6’)

where / is the decay distribution of the baryon, a is the weak decay
asymmetry (a = 0.642 and a5, = -3 a,), and P, 1s the hyperon
polarization.

| * We can obtain recoil polarization information without a recoil
polarimeter and the reaction 1s said to be “self-analyzing”
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Observables: 2, 7, O, O,
Reaction: yp — K'A, K2

Configuration:
* Linear photon polarization

* Recoil polarization self analyzed

* No target polarization

@xperiments:

* g8b — proton reactions

\' g13 — neutron reactions

~

Photon J Target Recoil J Target + Recoil
- - — — z' y' 4 z' z! z! z!
- T Y z - - — T z T z
unpolarized ag 0 T 0 { P 0 T -Li T, L+
= linear pol. ¥ H (-P) -G O (-T) 0O, (-Lye) (Tu) (-Lg) (-Ty)
circularpol. 0 F 0 -E |-Cy 0 —C.| 0 0 0 0
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Beam Asymmetry, ¥

Target, T
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Beam-Recoil, O

Beam-Recoil, O_,
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Target, T

Beam Asymmetry, X

X, Tforyp — K+ X°
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Beam-Recoil, O_\,

Beam-Recoil, OZ
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= photoproduction
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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' 4 z' z! z! z!
- T Y z - - — T z T z
unpolarized oy 0 T 0 ] P 0 T -Li T, L+
linear pol. ¥ H (-P) -G O (-T) Oy | (-Lyr) (Ta) (Lge) (-To)
- circularpol. 0 F o -E||-c| o |lcll o 0 0 0

77




1.0
05
AL, 00

05
10F

ST
0.5f
-10f
05F
SN O.DE
C — ps (PRC7406)

05F -
10k

P.C,C foryp — K*K* =

First-time measurement

-——

= — ——
oS —— =

.. ——

—

* Coupling:
* ps = pseudoscalar

05f

* pv =pseudovector

— — pv (PRC74'06)
-+ pv(PRC83'11)

[l I 1 1 | 1 I 1 1 1 1

Y

Green dotted includes
2(2030) contribution

3.0 . B

FIU

J. Bono, et al., (CLAS Collaboration), Phys. Lett. B 783, 280-286 (2018)

FLORIDA

INTERNATIONAL
UNIVERSITY




pA elastic scattering: pA — pA

Target

'. . )\ (2) ‘ ."
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== Julich Potential

Black circles: previous world data
A L | ] (bubble chambers)

. Blue squares: CLAS results

 Momentum range important to
A neutron star physics
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Status of meson photoproduction

Proto

SISISISISNISSN S
SISISISISISISNS
SISISISISISISN S
SISTSISISISTST S
SISISISISISIS) S
SISISISISISISN S

v
v v v v VI Vv |V |V

v
v
v

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

\!]Asu « Zstates

* p/ scattering




Changes to PDG from 1996 to 2018

N* Resonances
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Changes to PDG from 1996 to 2018

N* Resonances
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Changes to PDG from 1996 to 2018

N* Resonances
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Changes to PDG from 1996 to 2018

N* Resonances

Mass (MeV/c?)
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_u
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 84
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Changes to PDG from 1996 to 2018

A* Resonances

3000 =

a4

Mass (I\-—"[ Y
o
L
|
[
|
.

—l FEEk 1996 B < 2018
B B
# B3
1000 4 . N
1 ] ] ] ] ] ] ] 1 1 | 1 1 ] ]
1t 3+ st 7t 9t U+ 13+ 15* L= 37 57 17 97 1~ 137
2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

Spin-Parity
States have been measured better and PDG properties

have changed 85
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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 90
UNIVERSITY




Performance: target polarization

————— 3 weeks =—

* Frozen spin butanol (C,H,OH)

\\ 4
\ « P, = 80%

0.8
\ 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

—

P=tanh|(

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

e maximize B,
) —
T minimize T

Polarization

5 Tesla

02 L N 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 tI is short (ms) and nuclear t1 is long (minutes)

B = 5 Tesla

Lab:
Jia T = 1 Kelvin

[

ﬁiide from Chris Keith

ARIZONA STATE
UNIVERSITY
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Frost target

The Resolved Solid Effect

_ 0, + o
. a_—
®, -0 f—;
140 GHz C_-_;;
-
i
B=5T | | * v
— : 210mHz ({44
ep
Zeeman energy levels Positive
of a hydrogen-like atom polarization
ﬁiide from Chris Keith

ARIZONA STATE
UNIVERSITY

-

“— NN NN N

J U U Y

\

./

*

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 KI

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
FSi

ARIZONA STATE
UNIVERSITY
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Fsi

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

ARIZONA STATE

UNIVERSITY
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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

\ilfnsu

1700

1500

mass (MeV)

g &8 8 E 3 B 8§ § s ¢

m/mg

A

-
i

—h
ho

L1t 3%+ 5+ ?+
2 2

Missing
& o ti xresonances




yp—oprw

The differential cross section for vp — pr ™=

Circular beam and
longitudinal target:

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

do _ oo (14 A, o‘. (1" + A ) G9a: FROST
Next slides

© 0606 06090

Fsi

ARIZONA STATE
UNIVERSITY

—

+0,[sin23 (15 + A, -P3) +cos23(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,

ﬁ-' The polarization of the initial nucleon =- (Ax, Ay, Az)

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

P: The polarization observable = (Py, Py, Pz) (P, Py ,P7) (P, Py. P3) (Px. Py, PZ)
15 Observables
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Piforpn o G9a: FROST

@ FSU-model calculation by Winston Roberts

0.5 W = 1.40 GeV W =1.45 GeV W =1.50 GeV W = 1.55 GeV
- = * ﬂ? =1
0 ; -,;,i\',ﬁh.:ﬁ ..v.’;;w—-- - e ..-P-‘;.;;:}?;m .-F".'.’T"'f‘;.‘;.. e
N i .
0-5 3 3 3 » 3 3 3 3 F— 3 3 » 3 3 - » 3 3 3 3 I »
D i W =1.60 GeV . W =1.65 GeV i W =1.70 GeV 1.75 GeV
[ F‘r ..... - -... A ¥ ] R ey -..... e s e R..... -— .........-
S 0 B Tl Lo R se
m - I = niln
w i 1 A
n D 5 L l_ L L L L L l_ L L L L l_ L L L L L l_ L L L
O - W =1.80 GeV - W =1.85 GeV - W =1.90 GeV W = 1.95 GeV
| - : -ﬂ'-: - : - = - g
-g 0 -é-....ﬂiy-yfn-._m ....... aﬂ"li""-‘ﬁl’“' -H:-'.._'.‘F--. a—,,l,.‘,'.----,-m
] i ] 3
N g ) 3
. 0.5
. G » W = 2.00 GeV 3 W =2.05 GeV L W=210 GeV
. [ - ] 3 +g'3.a-data
(a1 0 Prvevent L o Ty ot Ty U A I reres
1 E - ~ FSu-Model
- S— : 2 ] VR D S Y S
use 0.6 as dilution factor and multiply Pz by -1 ¢' e
ARIZONA STATE
UNIVERSITY




_I_
P° forpa™ o G9a: FROST

@ FSU-model calculation by Winston Roberts
1

E W =1.40 GeV W =1.45 GeV W =1.50 GeV W = 1.55 GeV
0 =
L 2 ~
(a1
,1
2
0
(401 =
> O B o T e B e e BT e B .
r
D
w
8 T E"W=17380GeV W =1.85 GeV W =1.90 GeV “W=T1.95GeV
: - -_ : ndaEen : e
_9 0 _',_.'."r"‘.. ~ ...“ﬂﬂ :".".l-l;l._.,h“;-;‘.a .:m-pﬂ?m ok o o .r;rmm.“.-rﬂlll
—
T 3 ] 3
N : : :
. = T W=zZoocev W = 2.05 GeV W =2.10 GeV 3
- o 3 E 3 : + g9a-data
(a 0 _-....,'7""..-:"."—...._._ g d?ﬂm _;“H-"fl-"-mi
E - FSu-Model
: : : 7 : y 5 3 ; & S :
use 0.6 as dilution factor and multiply Pz by -1 d) o
ARIZONA STATE
UNIVERSITY




Configuration:
* Linear photon polarization
* Longitudinal Target polarization
* No recoil polarization

Observable

=

Experiment:
* g9a: FROST
Photon Target J Recoil Target + Recoil
— — — & ' yi P i 7! 2! o
— € y z — — — € z € z
unpolarized oy 0 T 0 ] P 0 T -Li T, L,
linear pol. ¥ H (-P) |-G O (-T) Oy | (-Lyr) (Ta) (Lge) (-To)
circular pol. 0 F 0 —-FE | -Cy ] -, ] ] ] 0

£SO

ARIZONA STATE
UNIVERSITY
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Isospin photo-couplings for

yp—nn" and yn—pm

—> [so-singlet 4'1/=0.L=0)I=%,L=3)=A[=1,L,=3)
/P _, Iso-vector 4|r=11,=0)1=1,1,=4)=2N273|1=3,1, =4 O/1/3|1=1.1,=1)]
- —> [so-singlet ao|r=o0,1,=0)1=1,1, =)= a0[1=1,1,=3))

s Iso-vector A =11, =0)1=1,1,=3)= AI[«/2/ 3|1=3,1, =3 N1/3|1=1,1, =3

2

pp—nts @054 N+ L an

nopr: - @@ ffa v+ 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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