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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
Iundamenml qunrka Haryﬂn upe-:lm-acupy 18 NOW thn'l}r years nld and perh aps npprua:hmg amid-life crisis.

on beyond thc resonance region to hlgher energies and dsﬁercnt prmrmm Thus it is pmhdhly no
exaggeration to say that we now have essentially all the experimental 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 techmques used n s analysis, and also our theoretica
framework for understanding the results, The latter is inevitably based on quarks and, by and large, on a



Baryon Summary Table (PDG 2004)
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Baryon Summary Table (PDG 2014)

T =TT ==EEEEEEEEEEEEEEEEEEEEEEE R

127w A(1232) 3/2F wekk | g l/2+ *xxx [ =0 1721 wwrx nt 1/27T wwrk
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A(2325)  3/2 *
A(2350) 9/ HH*
A(2585) ¥







4

“Missing” Baryon Resonances

Lowest Baryon Supcrmuf]tiplets

SU(6)xO(3) Symmetry
Particle Data Group :
| I

l1ho

(1135 MeV) (1545 MeV)

5/2..

(56,2+) (70,2+)

 SEREI

2ho
(1839 MeV)

(563)(7039) (2039

53

(56,1 (70,15)

3ho N
(2130 MeV) (Mass)



Resonances in Quark Models

N* Status | SU(6) ® O (3) | Parity | A* Status | SU(6) ® O (3)
P, (938) [ **** (56,07T) + Pgg (1232) | **** (56,07T)
S11 (1535) [ **** (70,17)

S11 (1650) | **** (70,17) Sa1 (1620) | **** (70,17)
D13 (1520) | **** (70,17) - Dag (1700) | **** (70,17)
D13 (1700) | *** (70,17)

D5 (1675) | **** (70,17)

P (1520) [ **** (56,0T) P, (1875) | **** (56,27)
Py (1710) | *** (70,01) + P3; (1835) (70,07)
P, (1880) (70,21)

P, (1975) (20,17)

P (1720) | **** (56,27) P3s (1600) | *** (56,07)
P5 (1870) | * (70,0%) P (1920) | *** (56,2%)
P53 (1910) (70,21) + P33 (1985) (70,27)
P15 (1950) (70,21)

P13 (2030) (20,1%)

Fi5 (1680) | **** (56,2T) Fs5 (1905) | **** (56,27)
Fi5(2000) | ** (70,21) & F35 (2000) | ** (70,27)
Fi5(1995) (70,2%1)

Fi7 (1990) | ** (70,27) + Fg; (1950) | **** (56,27)
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100

50

Total Cross-sections
+ differential cross-sections
+ Partial Wave Analysis + ...

’llllll1TT]IllTl’l’lfl[llIIIIIII

S,(1650) D (1675) F,(1650)
N "\l / F A 1905)
P, (1232) e & x
Py(1620) S\ D,,(1700) Py, (1910)

I

D,,(1520)

X

P"“m.l
v

F,(1950)
P,(1720)

2 I

G ,(2190)

iy ,/u_, (2420)

« TTp—X
s Tp— X

15(2220)
G,,(2250)

—_—

« Mostly done with =N scattering

1.2 14 .

Resonance Hunting:---

S11(1535) =

$11(1650)

D13(1520) ***

D13(1700)

D15(1675)  ****
P11(1440)  ***

P11(1770)
P11(1880)
P11(1975)

P13(1720) ****

P13(1870)
P13(1910)
P13(1950)
P13(2030)
F15(1680)
F15(1980)
F15(2000)
F17(1990)

*
- - *

—

N=

« Missing resonances may decay through other channels




Meson Photoproduction Cross Sections
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Scattering Experiments

Source of
alpha
particles Gold-foil y
a
target y
y
\ ///
T ;,,,,//~/"///Zinc sulfide
Lead screens scintillation
screens



Jefferson Lab




JLab 12 GeV Upgrade

New Hall

Upgrade arc magnets

and supplies
Add 5 PP

cryomodules

20 cryomodules

pgrade =2~ .geff;?son Lab

-~

\20 cryomodules

Add 5
cryomodules

Enhanced capabilities
In existing Halls
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CEBAF

L arge
Acceptance
Spectrometer

DC; Drift Chamber
CC: Cerenkov Counter
SC: Scintillation Counter
EC: Electromagnetic Calorimeter
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YP — KY cross section

A

Pseudoscalar Meson Photoproduction

v K .
RESONANT " N "

(+BACKGROUND) A \k YLLLz / K

@
T BACKGROUND : K®
ZD\
"high—energy" ~very high
region ' momentum

resonance
region

______ / transfer (pQCD)

+1 3-4 photon energy (GeV)

13



N* photo

oroduction

o |z |T E |F G H | T, T, L, L, o, |0, |¢c |¢
pme |V |V |V oV oY Proton targets

nmt |V |V |V v | v v v

pn v |V |V v | v v v

pn’ v | v | v ol v v v Data taking completed May 18, 2012
pwle |V |V |V v |V v v v -published, v -acquired
Nnrn o/

K*A vV |V |/ v v / <oV / v v/ v |/ v |V

K0 | v |V |/ v/ v/ / S|/ / v/ v/ |/ v |V

KOz | v |/ v /

Kz (v | v/

pm |V |V |V v Neutron targets

pp o/ v v v/

K-Z* |/ o/ v/

KOA < |/ 4 4 / v / A A A 4

KOZO < |/ 4 4 / v / A A A 4

KOEo | v | v

program at CLAS

14



do/dQ (ub/sr)

Channel: y+p - ™ + n;Cross-section

do/dQ(ub/sr)

15
725 Mev|§ 275 Mev] 825 MeV 875 MeV
10} %
3 Y
5
0
925 MeV 975 MeV T 10Z5-Mel | 1075 MeV
B .
4 -«
0
uzsN 1175 MeV 1225 MeV 1275 MeV
6
o~
<
3 = >
0
1325 MeV 75 MeV 1425 Mev 1475 MeV
4
2
0 — -
1525 MeV 1675 MeV 1625 MeV 1675 MeV
4
2
es | Vou e | -
0 ke
o8 1725 MeV 1775 Me 1825 MeV 1875 MeV
: s .
; 3 ‘ .
0.4 * g .
&
0.0 ' ; ; ;
oo 1925 MeV 1975 MeV 2025 MeV : 2075 MY
0.4 Ny o
0.0 + , " , h o
08 : 2125 MoV . 2175 MeV 2226 MeV ‘ 2276 MeV
0.4 N
0.0 . .
os . 2325 MeV 2375 MeV 2425 MeV 2475 MeV
0.4
0.0
o8 2525 MeV 2575 MeV 2625 MeV 2675 MeV
0.4
004 60 120 0 80 120 0
0 (deg)

J

—_
o

(o)

M. Dugger et al. (CLAS), Phys. Rev. C 79, 065206, 2009

15



) (1 b)

(0
c.m.

dc/dcos(0

Channel: y+ p - w + p;Cross-section

I W=2.005GeV

W =2.015 GeV

[ W=2.025 GeV

I W=2.035 GeV

10; TE
l:-I‘ . I ==x ‘ I I -_== ‘ I = I :‘- I I
[ W =2.045 GeV W =2.055 GeV 1 [ W=2.065GeV W =2.075 GeV
10 3 . F
1;1!“ . - B T ] ] T )
0' W =2.085 GeV - | W=2.095Gev - | W=2.105Gev | W =2.115 GeV
10g 3 3 3
oL W=2125GeV W =2.135 GeV - | W=2.145Gev | W =2.155 GeV
15’-"'- e =Tees =" 5"""- e #TmeenT s
1ok W =2.165 GeV | W =2.175 GeV - | W=2.185GeV W =2.195 GeV
15—;“"'- - SECEELE L="mma=m" mant =TT T
E W =2.205 GeV W =2.215 GeV F W =2225GeV W =2.235 GeV
10g 3
1 TTTeem TR F=mmeaa=""7---" T bt
W =2.245 GeV W =2.255 GeV TE W =2.265 GeV W =2.275 GeV
10 3
l'=--___-'- -_=" - ____--'--_' m= ____--'-__- ---_-__—--_ -
-1 -0.5 0 0.5
cos(6,,)

) (L b)

(0]
c.m.

do/dcos(0

B glla [2.62 GeV] ¢ Dar.(1984) [2.729-2.96 GeV] } j?f
i T * Dar.(1977) [2.729 GeV] .
20 bins L
10 -
- ¥ glla[2.84 GeV] 1
- i
- * CLAS(2003)[2.810-2.870 GeV] é
| 2 CLAS(2003)[2.750-2.810 GeV] +'*T
0 CLAS(2003)[2.688-2.750 GeV] '
1 © CLAS(2003)[2.624-2.688 GeV| ¥
Pl Its
_Wﬁfrw .&*ﬁl ' . e
=L T -
10-1 :— g 1 T‘T TE! ol
C [ b W ? Fﬂi
: }_T_'_'-J‘:.:l T‘_ : I
- e
| | |
-1 -0.5 0 0.5 1

M. Williams et al. (CLAS), Phys. Rev. C 80, 065208, 2009
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CLAS results yp—K*A — K+pn-

Bonn-Gatchina Coupled Channel Analysis, A.V. Anisovich et al, EPJ A48, 15 (2012)

(Includes nearly all new photoproduction data)
do/d2, ub/sr

o[ 1625 - 1635 - 1645 - 1655 - 1665 | 2035 | 2045 | 2055 | 2065 [ 2075
02F - - - -
i i i i ¥t 0.25 - - - -
N G N i i I , , , ,
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
| 1675 | 1685 | 1695 1705 gl 1715 & o—= R R — —
L 2085 L 2095 L 2105 L 2115 L 2125
0.25F = . - - =
s L o - I 5 I S 0.25F B /?y i f- f— Mf
0 1 1 1 1 1 1 1 n n n n n n n n - - - - -
| 1725 J| 1735 4| 1745 <)¢71755 | 1765 O& - fen Yo S W ‘
0.25 = - - L [ 2
: . . ! V : > 4 5
N S . - = . 2 2 I
1775 | 1785 1795 | 1805 | 1815 “?QSS
0.25F = - - = > - |
o= YN
| 1825 . I
# o e |
L o + 22
0.2 C
ol I~ Z
Loz
0.2 C — L
o L= | i
L 2335 2345 2355 2365 2375

WA A A A

L

05005 05005 -05005 -05005 -050QO.
M. McCracken et al. (CLAS), Phys. Rev. C 81, 025201, 2010 cos 0.,
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Channel: y +d -» = + p (n);Cross-section

1.1< E, (GeV) < 1.11

do
a0 (ubisr)

z N w ]
LN G w o s oo

-y
—_

o
o w

E..I...l...l...l...l...I“.l...l...l..
-0.8-0.6-0.4-02 0 0.20.4 0.6 0.8
cos(8,)

19<E, (GeV) < 1.92

PPN Y I PP P I T T P
0 -0.8-0.6-0.4-02 0 0.20.4 0.6 0.8
cos(8,)

1.3< E, (GeV) < 1.31

G'..‘l‘...l...|...|...|..,|...1...|...1..
-0.8-0.6-0.4-02 0 020406 0.8
cos(0,)

:ulnn i FETE ETRE FRT RARE FRRE AR N
0.8-0.6-0.4-02 0 02040608
cos(6,)

21< E, (GeV) <2.12

W. Chen et al. Phys. Rev. Lett. 103, 012301 (2009)
W. Chen et al, Phys Rev C 86, 015206 (2012)
Black data points: Preliminary data (P. Mattione)

15<E, (GeV) < 1.52

Firl FETE FEWE RRTE STWE FETE RS FRT FEEE Ew
-0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8
cos(8,)

23<E, (GeV) <232

o
0 .
T

TRy, AAA

Firn oI Y BN PR IS I T PR P
-0.8-0.6-0.4-02 0 0.2 04 0.6 0.8

cos(8,)

1.7<E, (GeV) < 1.72

SO e WP DR T ONt PR irel TRy e
-0.8-0.6-0.4-02 0 020406 0.8
cos(8,)

Legend

Black: CLAS g13
Red: CLAS g10
Blue: SAID CM12
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In praise of polarisation...

...you'll see more!

19



Example: Kaon Photoproduction

Hyperon is self-analysing

20



Transversity Amplitudes

; 1

’ ﬂ i b,=<+|M]|+ 1>
A —HF— ----- > K

> [

4 ﬂ ¥ P b2:<—|M|—J_>
A —F— ----- > K

> [

PN b by=<+|M]|-ll>
A —F— ----- > K

= n

PN T b, =<—|M]|+I>
A —F— - > K

21



Observables and Amplitudes

Type | Observable | Transversity representation Helicity representation
S g a1 [* + laa|® + las* + aal® | [a]* + |h2l® + [hs]* + [haf?
S el + o - JasP — a2 | 2R(huhs — hoh)
P la1]? — |az|? + |az]* — |a4]? 25 (h by + hoh})
T la1]? — las]® — |as]? + |agl? 23 (h Ry + hoh})
BT E 2R(a1al + asaj) |hi|* = |ha|* + |hs|* — |hal?
F 23 (aral — agay) 2R(h1hi + hsh})
G 23 (aral + asal) —2¥(hhy + hohl)
H —2R(ara} — asa}) —2%(h1hi — hoh})
BR Cy —2¥(aral — agal) 2R(h1hE + hoh})
C. 2R(ara) + aza3) [P |* + [ho|® — [hs|® — [ha/?
O, 2N(a1a; — aqal) —23(hihy — hsh})
O, 23 (ara; + azal) 28 (hih} — hohl)
TR T, 2R (araly — asa}) —2R(h1h; + hoh})
T, 23 (aras — asaj) —2R(h1hs — hsh})
L, —23%(arad + azay) 2R(h1h% — hoh})
L 2R (aral + azal) |hi|* — |ho|* — |hs|* + |hal?

o

22



Cross-section Formula

OTotal = 00{1 — P; P P, sin(¢) cos(2¢) + X(—P] cos(2¢) + Py P, sin(¢))
+ T(P¥sin(g) — P}PFcos(26)) + P(PY — P} P¥ sin(g) cos(26))
- E(—P%Pg -+ PEPEP?f cos(¢) sin(2¢)) + F(Png cos(p) + PEPEPf sin(2¢))
— G(P] Pl sin(2¢) + PLP} P} cos(¢)) — H(P] P} cos(¢)sin(2¢) — PLP] PYF)
— Co(PAP; — PPy P sin(¢) sin(2¢)) — C.(PAP + P Pp Py sin(¢) sin(2¢))
— 0.(P)PRsin(20) + PLPIPRsin(9)) — 0.(P; PRsin(20) — PYPT PR sin(6))
+ L. (P} Pl + P} P P cos(¢) cos(2¢)) + L.(P} P — P) P} P cos(¢) cos(2¢))
+ T, (P} PR cos(o) — P P} PFcos(29)) + T.(P} Pl cos(¢) + P} P/ PFcos(2¢))}
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Experimental Configurations

Configuration | ogeq/00
By'Ty Ry =1
ByTyRy |=1+PP})
ByTr Ry =1
By Ty, Ry =1+PP+ L, PP}
BuyTr Ry | =1+ T Plsin(¢)
BuTrRy |=1+PP!+(XP)+T)P;sin(¢)+ (T, P+ T. P)') Pf cos(o)
BeTy Ry | =1
BoTy Ry |=1+PPR—C,P}PR—C.P.PF
BeTi Ry |=1-EPLPT
BeT Ry |=1+PPrR—EPLPI+HPLPIP!
~-C,PAPE—-C,PLPE+ L, PEPI+ L. PEP]
BeTr Ry | =1+ T Plsin(¢) + F P P} cos(¢)
BoTrRy |=1+PPF—C,P}PE—C,F}PF

+(E PR+ T — 0, PY PR+ 0, P) PF) PLsin(9)
+(F PL P — GPLPI 4T, P+ T, Pf) P} cos(¢)

24



Experimental Configurations

BTy Ry
BTy Ry
BT, Ry
BT Ry

Br1Ir Ry

BrTr Ry

=1— P}¥ cos(2¢)
=1+ PP — (X +TPf)P] cos(20) — (O, P+ O, PF) P sin(2¢)
=1—-% P} cos(2¢) — G P] Pl sin(2¢)
=1+ PPF+ L, PEP +L.PEP]
—(X4+ TP+ T, PF P —T.PfP[) P} cos(2¢)
+(F PEPL —G Pl — 0, PF— 0. PF) P/ sin(20)
=1-3 P/ cos(2¢) — P P] Pl sin(¢) cos(2¢)
+T PFsin(¢) — H P} PE cos(¢) sin(2¢)
= 1— P} Pl P} sin(o) cos(2¢) + X(P,F P} sin(¢) — P} cos(2¢))
+P(Pf — P P sin(¢) cos(2¢) ) + T (Pf sin(¢) — P PF cos(2¢) )
+(E P — H) P} P} cos(¢)sin(2¢)
+(C, P — C, PE) P} P} sin(¢) sin(2¢)
—(0, Pt sin(20) + O, PF) P! sin(2¢) + (T}, PE + T, PF) PF cos(¢)
+(L,PE — L, PR P} PI cos(¢) cos(2¢)
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Recoil Polarization

Configuration | ogeq/00
By'Ty Ry =1
ByTyRy |=1+PP})
ByTr Ry =1
By Ty, Ry =1+PP)+ L, PP}
BuyTr Ry | =1+ T Plsin(¢)
BuTrRy |=1+PP!+(XP)+T)P;sin(¢)+ (T, P+ T. P)') Pf cos(o)
BeTy Ry | =1
BcTy Ry | =1+@PE—@ P} PR —@IP) PR
BeTi Ry |=1-EPLPT
BeT Ry |=1+PPrR—EPLPI+HPLPIP!
—C, P PR —C,PLPR+ [, PRPT [, PRPT
BeTr Ry | =1+ T Plsin(¢) + F P P} cos(¢)
BoTrRy |=1+PPF—C,P}PE—C,F}PF

+(E PR+ T — 0, PY PR+ 0, P) PF) PLsin(9)
+(F PL P — GPLPI 4T, P+ T, Pf) P} cos(¢)
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CLAS results yp—K*A — K+pn-

Bonn-Gatchina Coupled Channel Analysis, A.V. Anisovich et al, EPJ A48, 15 (2012)

(Includes nearly all new photoproduction data)

S £ '
1 1795 1s8os|  1si5| 1825 _ 1835 S § == i
o= o, dme |, e e Y ) -
_1 : -1 - . - I . -
| 1965 |© ' o= |
Oﬁ%_ O |
-1 . — -
] 1987
o ° 1 | 1
=N - BRI
O;m ;5 E_ E iI L Il L I2L3.38
R OQQ 'i 3 f 22
¢/=‘2g§ 5 - I é
0%
L ’cf T ) ) ) |24.54
4 . n n  m— I n — n I n  m— n I n - -0.5 (0] 0.5
Ccos O,
M. Mc Cracken et al. (CLAS), Phys. Rev. C 81, 025201, 2010 R. Bradford et al. (CLAS), Phys.Rev. C75, 035205, 2007
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Evidence for new N* states and couplings

N* IP (Lagar) 2010 2012 A JP (Lajar) 2010 2012
» 1/2* (P1y) kool kool A(1232)  3/2* (P33) dokoook ok ok ok
n 1/2% (Pn) skl skoksek A(1600)  3/2% (P) * % ok s ok ok
N(1440) 1/2% (P11 kool gk A(1620) 1 /27 (S3p) ook ok ok oskok
N(1520) 3/27 (Dha) fdkk ke A(1T00) 3727 (Da3) g e ok ok
N (1335) 1/2~ (811) kkkk  kkdkk  A(1730) 1/2* (P3)) * #

N 11650) 1/27 (Si1) ok gk ke A(1900) 1/2~ (Sa1) ek ok
N(1675) 5/27 (Djs) kkok  dokodkk A(1905) 5/2% (Fas) ook ok ok oskok
N(1680)  5/2*(Fy5) dokolk ckokoek A(1910) 1/2% (P3)) deokokok ok ok skok
N (1685) %

N(1700)  3/27 (Dp) kkck ok A(1920)  3/2% (Py) kokok  kokok
N(1710) 1/25(Py) sk ok sk ke ok ok AC1930)  5/27 (Dss) ok ok ok ok ok
N(1720) 3/2% (Pi3) dokokok kol AC1940) 3727 (D33) * ke

N (1860 S/2* ok

N(1875) 3/2 % %

N (1880 1f2* sheok

N11895) 1/27 ok

N (1900 3/2%(P13) ek * %%  A(1950) T7/2* (F37) d ook ok ok ek
N(1990) 7/2% (Fi7) Fok ek A2000)  5/2* (F3s) ok ook

N (2000) 5/2% (Fi5) ek ek A2150) 1/27 (Sa1) * *
—ALL20804 Dia Aok A2200) 7/27 (Gap) * *
—ALL20904 Sy * A2300) 9/2% (Hzo) ok ek

N (2040 3/2* *

N 12060, S/2- ook

Ni(2100) 1724 (Pp) * * A{2350) 5/27 (Dxs) * *
N(2120) 312 ook

N(2190) 7/27 (G7) dookook kel A(2390)  7/2% (F3) * *
—AN22000 D5 ok A(2400)  9/27 (Gxg) Fek ek
N(2220) 9/2% (H)g) dokoek deokdek A(2420) L12% (Hy ) sksksksk ok ok ook
N(2250) 9/2" (o) kgt gk A(2750) 13/27 (la13) =% Seofe

N (2600) L1/27 (1 11) kksk * %k % A(2950) 15/2% (K350 % Aok

N 12700 13/2% (K1.93) sk ok
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State PDG 2010 | PDG 2012 KA
N((mass)JP

N(1710)1/2*

N(1880)1/2*
N(1895)1/2-
N(1900)3/2*
N(1875)3/2-
N(2150)3/2-
N(2000)5/2*

N(2060)5/2-

Evidence for new N* states and couplings

(not seenin
GW
analysis)
*%
**
*%* *k*k
*k*
**
* *k*%

*k%k

Bonn-Gatchina Analysis — A.V. Anisovich et al., EPJ A48, 15 (2012)

*%

*%

*k%

*k%k

*%

*%

**

*%

**

**

k%%

*k%k

kX%

*%

*%

*k%

(First coupled-channel analysis that includes nearly all new photoproduction data)

29



Tagged Photons at CLAS

tagged photon facility simulated coherent brem. spectrum
deftectoys =
chamber  tagger collimator — 50um diamond
T I """ = O =1.2 rmrad
5 0, =11.7 mrad
T target -?:; ;: L Beam Energy =4.4GeV
goniometer, . E i_ polarised photon peak
diamond éow,.co\“ma E ;: collimated
L[TDC’s -‘52 =5 /uncollimated
L scalers ‘gate __________________ ;:"’ '
f-éét,uncolllmateo A e N A
0 photon energy (GeV) 4.4
e Circular Polarisation: polarised electron beam, amorphous
radiator
e Linear polarisation: Crystal (diamond) radiator
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Linearly Polarized Photons

Data for PERP 1.3GeV . ———
Calculation _

ancement
o
(=1
=]

2000}

|

E': ;/A\ Polarization corresponding to calc
“H (Peaking af » 90%)
Diamond radiator mounted o //\
on target ladder i // A
B A W
IRV VAR VA
E ’ e

m——
1hoo 1300 2000 2300 3000 3300 <HD0 4300
Photon Energy (MeV)

Polarization determined by fit
to coherent bremsstrahlung
spectrum

Alignment checked by
observing symmetric
“Stonehenge Plot”

Technique will be used in JLab Hall D

Radiator in goniometer
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Linearly Polarized Photons

BTy Ry

=1 — P/(X) cos(2¢)

BTy Ry

BT, Ry

BT Ry

Br1Ir Ry

BL TT Ry

=1+ PP — (X +TPf)P] cos(20) — (O, P+ O, PF) P sin(2¢)
=1—-% P} cos(2¢) — G P] Pl sin(2¢)
=1+ PPF+ L, PEP +L.PEP]
—(X4+ TP+ T, PF P —T.PfP[) P} cos(2¢)
+(F PPl — G Pl =0, PFf— 0. PF) P! sin(2¢)
=1-3 P/ cos(2¢) — P P] Pl sin(¢) cos(2¢)
+T PFsin(¢) — H P} PE cos(¢) sin(2¢)
=1— P} P} P} sin(¢) cos(2¢) + X(P;)* Pf sin(¢) — P cos(2¢))
+P(Pf — P P sin(¢) cos(2¢) ) + T (Pf sin(¢) — P PF cos(2¢) )
+(E P — H) P} P} cos(¢)sin(2¢)
+(C, P — C, PE) P} P} sin(¢) sin(2¢)
—(0, Pt sin(20) + O, PF) P! sin(2¢) + (T}, PE + T, PF) PF cos(¢)
+(L,PE — L, PR P} PI cos(¢) cos(2¢)
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CLAS Results: Channel: y + p - n° + p;Observable:

1

6=123° t+ 6=130°
1820 1920 2020 2120 1820 1920 2020 2120

| p=139° 1 9=148° M. Dugger et al. (CLAS), Phys. Rev. C 88, 065203, 2013

1820 1920 2020 2120 1820 1920 2020 2120
W (MeV)
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CLAS Results: Channel: y +p - n™ + n;Observable: X

6=130°

[ p=139°

1 o=148°

T1820 1920 2020 2120 1820 1920 2020 2120
W (MeV)

qgf;o

1820 1920 2020 2120 1820 1920 2020 2120

M. Dugger et al. (CLAS), Phys. Rev. C 88, 065203, 2013
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Beam-Recoil Polarization

~ =4 ~ =4

B; Ty Ry =1— P}¥ cos(2¢)
BTy Ry |=1+PPF— EHDP,) P cos(2¢) — (O P +0) PF) P} sin(2¢)
BT, Ry | =1—3%P] cos(2¢) — G P} P} sin(2¢)
BLTL,Ry |=1+PPf+ L, PP+ L.PFP]
—(X4+ TP+ T, PF P —T.PfP[) P} cos(2¢)
+(F PPl — G Pl =0, PFf— 0. PF) P! sin(2¢)
BrTrRy | =1-3%P]cos(2¢) — P P] Pl sin(¢) cos(2¢)
+T PFsin(¢) — H P} PE cos(¢) sin(2¢)
B.Tr Ry | =1— P} P} P} sin(¢)cos(2¢) + X(P,F P} sin(¢) — P} cos(2¢))

+P(Pf — P P sin(¢) cos(2¢) ) + T (Pf sin(¢) — P PF cos(2¢) )
(B PR H) P} PF cos(¢) sin(20)

H(C, PE — C, PRY PI PY sin(6) sin(20)

—(0, Pt sin(20) + O, PF) P! sin(2¢) + (T}, PE + T, PF) PF cos(¢)
+(L,PE — L, PR P} PI cos(¢) cos(2¢)
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CLAS Results: Channel: y +p - K™ + A;Observable: Ox

X

Q)

Observable: Beam-Recoil,

-0.5

0.5

0.5

0.5F

=)
T

R T T T LY "wwv = S - il - N R O

L -0.55<cos @, <-0.35

e

. »
[ e LT R,

ATV Sl T 7 T WP T P P A

R T

{[BFEE RSN

AL T PP PP I PETE  A BP P P
16 1.7 1.8 19 2 21 22 16 17 1.8 19 2

2.1 22

16 1.7 1.8 19 2 21 22

W (GeV)

AT v
16 1.7 1.8 19 2
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CLAS Results: Channel: y +p - Kt + 2°;0Observable:

Observable: Beam Asymmetry, X

Yy+p—>K' X
1-— —————————————————————————————————————————————————————————————————————————————————
: -0.75 < cos BK <-0.55 -0.55<cos 0, <-0.35 : -0.35 < cos BK <-0.15 -0.15 < cos BK <0.05
05k i T = d _'h‘ll'" i -—Il-h..'
: —— - — .
] e e e il
: : :
-i-‘ """""""""" N A en A H NN :_ T ) Pren YO Lok A A i A S B P PP P PO
b 0.05<cos 0, <0.25 & 0.25 <eas € K040 I (45 <eol€ <765 | 0.65<cos B < 0.8}
0.5F '—""-"-q - —mPa— - m |
f . | e, | el ST SRR
0__ _______________ ﬁ - __ _________________ !__' ____________________ _ ___________________
ost : : :
| Ik TrTrs Prard riors rive s v Frro Srovh Drivd rdrd rivrd rivirs rf oy Seioh Frivk Srdr Prird Tt rEve 8 e Sro Frivk Sriri Ardrd veord rivire vl
16 1.7 1.8 19 2 21 22 16 1.7 1.8 19 2 21 22 16 1.7 18 19 2 21 22 16 17 1.8 19 2 21 22
W (GeV)
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FROzen Spin Target (FROST)

METERS

Target can be longitudinally or transversely polarised
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Target Polarization

Configuration | ogeq/00
By'Ty Ry =1
ByTyRy |=1+PP})
ByTr Ry =1
By Ty, Ry =1+PP)+ L, PP}
BuyTr Ry | =1+ T Plsin(¢)
BuTrRy |=1+PP!+(XP)+T)P;sin(¢)+ (T, P+ T. P)') Pf cos(o)
BeTy Ry | =1
BoTy Ry |=1+PPR—C,P}PR—C.P.PF
BeTi Ry |=1-BPPT
BeT Ry |=1+PPrR—EPLPI+HPLPIP!
—C, P PR —C,PLPR+ [, PRPT [, PRPT
BeTr Ry | =1+ T Plsin(¢) + F P P} cos(¢)
BoTrRy |=1+PPF—C,P}PE—C,F}PF

+(E PR+ T — 0, PY PR+ 0, P) PF) PLsin(9)
+(F PL P — GPLPI 4T, P+ T, Pf) P} cos(¢)
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CLAS Results: Channel: y +p - ™ 4+ n;Observable: E

R\ W =1.640 - 1.660 GeV W =1.900 - 1.940 GeV = 2. 140 -2.200 GeV /
o R AR XN
\\ — - BnGaliE ,\ \ 3\ \+ S
0 -\ ” 4 ; \ \ /7’ A \Jl
?ﬁ '-—l= = _l’ [ L L : 1
T 1 I 1

W =1.640 - 1.660 GeV

— SAID ST14E
— Juelich14E
—— BnGal4E

W= 1.900 1.940 GeV

S. Strauch et al. (CLAS),

, Submitted to PRL
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http://arxiv.org/abs/1503.05163
http://arxiv.org/abs/1503.05163

Imaging Multi-dimensional Objects
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There is no such thing as a
complete measurement!

But...
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Imaging Multi-dimensional Objects
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Baryon Summary Table (PDG 2014)

T =TT ==EEEEEEEEEEEEEEEEEEEEEEE R

127w A(1232) 3/2F wekk | g l/2+ *xxx [ =0 1721 wwrx nt 1/27T wwrk
1/2+ Rk | A(1600) 3/2+ $okk 50 1/2+ ok [ = 1/2+ wkkk A (2595)F 1/ ek b f 3 d
1/2F week | A(1620)  1/27 v | 5o 1/2t wekx | =(1530) 32 vk ACE%ZE;* 352‘ *hk Num er O - an 4-Star
3/27 #RRR [ A(1700) 3727 RRRF | T(1385)  3/2T ReHE | =(1620) * Ac(2765)F *
1/27 Rk | A(1750)  1/2T ¥ ¥(1480) * =(1690) ki A(2880)F /2T kkx Resonan ces
1/27 #k | A(1900) 1/2 ** ¥ (1560) | Z(1820)  3/27 ¥ [ A (2940)* ok
5/27 *kRk | A(1905)  5/2T dkkk | X(1580)  3/27 * =(1950) FRE |5 (2455)  1/2T kkkk
5/2F ek | A(1910) 1721 R0kx | F(1620)  1/27 * S(2030) =57 ¢k | x(os20) 3/2F R+
* A(1920)  3/2T Rk | x(1660)  1/2T ¥+ | =(2120 * (2800 ok
3/27 | A(1930) 5/27 *k* | ¥(1670) 3/27 ¥R 5%2250% ** Eﬁ( : 1/27F Baryon 2004 2014
1/21 k| A(1940) 3/2; k ¥ (1690) . * | =(2370) % =0 12
3/2t weee | A(1950)  7/2T RRkx | 3(1730)  3/2F =(2500 * o+ 1/2T Hkk *
5721 *x A(2000) 572 ** I(1750) 127 Hkx (2500 _:fo 1;2+ *rk N 15 17
32— #+ | A(2150) 1/2 * (o) 12t * |0 3/20 x| sy it e
12t | A(2200) 7/27 ¥ F(1775)  5/27 ¥+ | (2250)" A — ke
1/27 ¥ | A(2300) 9/27 ** £(1840) 3/2T * 2(2380) o ‘;giﬁgi ;ﬁ— *kk A 10 10
3/2t #+ | A(2350) 5/2~ * | Z(1880) 1/2T ** | (2470) = | = (2030) "
7/t e [ A(2390)  7/2t * (1900) 1/2 * = ok
5/2F o+ | A(2400)  9/2~ ** | Z(1915) 52t #ek ;“ggﬁg% - A 14 14
3/t * A(2420) 11727 *%k+ | 5(1940) 32T * 5:.(3080) *E
5/27 %% | A(2750)  13/27 ** F(1940) 3/27 *** = *
12+ * A(2950)  15/27 ** | 5(2000) 1/2 * ;72(3123) 1/2+ *ex Z 12 12
D (2 7/27T  xkkk
%2* otk | A 12 ek Zgzgig; 5;2+ * 2(2770)° 3727 x —
9/2t wxx | A(1405) 1727 **kk | yogg)  3/2T k* =+ * an’ 9
g9/2— #erx [ A(1520) 32~ wkkk | ;(o100)  7/2- * o
172 A(1600)  1/2F *x | 5(o950) *xk A0 172wk
5/27 #* A(1670)  1/27 *% | 5(2455) k /lz(5912)0 1/27 *e Q 2 2
11/2; ok AEIBQO% 352; :*** ¥ (2620) ** N5(5920)0 32 H*
13/2F # | A(1710)  1/2 £(3000) * b 1/2t *ex
A(1800)  1/27 ** | y(3170) * le‘ 3;‘24- *kk Other 14 27
A(1810)  1/2F xx ;5 Y
A(1820) 5/t wkek 3;’('594&5)0 3j2+
A(1830) B2 wkkx 9 1j2t wak
A(1890) 3727 ek b
A(2000) *
A(2020)  7/2T *
A(2050)  3/27 *
A(2100)  7/27 ek
A(2110) 572 kxx
A(2325)  3/2 *
A(2350) 9/ HH*
A(2585) ¥
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N* photo

oroduction

o |z |T E |F G H | T, T, L, L, o, |0, |¢c |¢
pme |V |V |V oV oY Proton targets

nmt |V |V |V v | v v v

pn v |V |V v | v v v

pn’ v | v | v ol v v v Data taking completed May 18, 2012
pwle |V |V |V v |V v v v -published, v -acquired
Nnrn o/

K*A vV |V |/ v v / <oV / v v/ v |/ v |V

K0 | v |V |/ v/ v/ / S|/ / v/ v/ |/ v |V

KOz | v |/ v /

Kz (v | v/

pm |V |V |V v Neutron targets

pp o/ v v v/

K-Z* |/ o/ v/

KOA < |/ 4 4 / v / A A A 4

KOZO < |/ 4 4 / v / A A A 4

KOEo | v | v

program at CLAS
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Summary and Outlook

« CLAS has measured many photoproduction channels in N*
resonance region

« Much more still to come, including:
« Two-pion photoproduction
« Finalised results from linearly polarized photon beams
« Results from deuterium target
« More results from FROST
« Results from HDIce

« Electroproduction also important (see Ralf Gothe’s talk)

« Progress in N* physics needs:
« Combined analyses of all relevant channels

« Use of data from all sources (different labs)
« Data consistency

4b
« More hard work! CIQS°§
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