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Measurement

“When you can measure what
you are speaking about, and
express it in numbers, you
know something about it, when
you cannot express it in
numbers, your knowledge is of
a meagre and unsatisfactory
kind; it may be the beginning
of knowledge, but you have
scarcely, in your thoughts
advanced to the stage of
science.”

— William Thomson, 1st Baron
Kelvin
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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
fundamental quarks. Baryon spectroscopy is now thirty years old and perhaps approaching a mid-life crisis.
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on beyond the resonance region to higher energies and different priorities. Thus it is probably 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 technques used in 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 )

P Py, *kokok A(1232) Pay *kkx [ A Po, *okokok y+ P *kxk [ =0 = KoKk
n Py PR A(1600) Py ¥EX | A(1405) Sop  keRk | 570 [ P kR
N(1440) Py *%KK | A(1620) Sy KRR [ A(1520)  Dyy ¥R | E- Py ¥Rk | Z(1530) Py kR Number Of 3' and 4-Stal’
N(1520) Dz *ekK | A(1700)  Dyy  %Rex [ A(1600) Py ke | Z(1385)  Pyy RRRK | =(1620) *
N(1535)  Siy  ReR | A1750) Py X A1670)  Sop ek | X(1480) * =(1690) ¥ R
M(1650) Sy ¥R 1 A(1900) Sy %k | A(1690)  Dg kx| Z(1560) | Z(1820) Dy esonances
N(1675) D15 **%% | A(1905)  Fp5  kekk [ A(1800) Sy, Rk | XT(1580) D)y ** =(1950) ook
N(1680)  Fis  **%% | A(1910) Py *%kx | A(1810) Py ¥k | Z(1620) Sy ¥ =(2030) ok
N(1700) D3 ¥ | A(1920 Py *kk | A(1820 Fos Rk | XT(1660) Py MRF | Z(2120 *
N(L710) Py W AEmo; Dy *Hx Aglaaog Dys  *exx | T(1670)  Dyy Rk 5&2250§ *x Baryon 2004
N(1720) Py %% | A(1040) Dy X A(1890)  Poy vk | 1(1690) | =(2370) b
N(1900) Pz ** | A(1950)  Fy  *RRE [ A(2000) * I(1750)  Si ¥ | =(2500) * N* 1 5
N(1990)  Fiz ¥ | A(2000) Fys R | A(2020)  Fyr  * r(1770) P, ¥
N(2000) Fis  ** A(2150) Sy X A(2100) Goy ke | Z(1775)  Dyg ¥R 07 *kokok
N(2080) D1z ** | A(2200) Gy O * AM2110)  Fos  ¥e | Z(1840) Py X 2(2250)~ Hkk A 1 O
N(2090) 5, * A(2300)  Hyy  ** | A(2325) Doz ¥ r(1880) Py *+ | £2(2380)" **
N(2100) Py, K A(2350)  Dyp  * A(2350)  Hy **k | Z(1915)  Fg Rk 2(2470)~ *k
N(2190) Gy MR | A(2390)  Fy K A(2585) k| T(1940) Dy ¥ A 1 4
M(2200)  Dys  ** | A(2400) Gy ** $(2000) Sp; ¥ t ko
N(2220)  Hyg  *®KK | A(2420)  Hp,, HRERE ¥(2030) £y RwRk | A(2593)F *okk
N(2250)  Gio MR | A(D750)  fyyy  ** I(2070) Fi5 ¥ Ac(2625)* ek 3 1 2
M(2600)  har M| A(2950)  Kygs ** I(2080) Py ¥ | A(2765)F *
NQ700)  Kiup ** I(2100) Gy ¥ A(2880)+ Hok
O(1540)* Hokk Z(2250) k| Z.(2455) ekokk E 7
@(1860) * ¥ (2455) ok Z.(2520) ok
¥(2620) S =54 ok
¥(3000) * = ok Q 2
X(3170) * =t ok
_:? Kk
ooty e other 14
=,(2790) kK
=,(2815) ook
_Qg *kk
=+ *
Ag K%K
==, *




Baryon Summary Table (PDG 2014)

T IIIIIIEIEIEREIREEREEREREEREEREREERERIREREREEREEREEREEREE 22T

1/2+ K%Kk 4(1232) 3/2+ kx| y+ 1/2+ *xxkxx [ =0 1/2+ *kokk A-Ci- 1/2+ KKK
1/2F w0k | A(1600)  3/2 w4 | 50 1/t weee | =- 1/2 #xex | A (0505)F 1/0— xx N b f 3 d 4 t
1/2F Rk [ A(1620)  1/27 HRRk | 3 1/2F wekk | =(1530)  3/2F ek ACE2625;+ 3?2* rork um er 0 = an -s ar
3/27 Rk [ A(1700)  3/27 *kkk | 5(1385)  3/2T wkkk | =(1620) * Ac(2765)F *
1/27 *xk [ A(1750)  1/2F * ¥ (1480) * =(1690) Bk Ac(2880)F 52t Ak Resonances
1/27 % [ A(1900) 1/2~ ** 5 (1560) ok Z(1820)  3/27 ¥k | A.(2940)* ok
5/27 ek | A(1905)  5/2F *wkk | y(1580) 3/27 * =(1950) RRk | 5 (2455) 1/27T kkkx
5/2t e | A(1910)  1/2T e | D(1620) 1/2 * 2(2030) > 37 wex |y (2500) 3/2F *H*
£ |aae0) 32t e | s(1660) 120 #x | =(0120 | (2800 - 00 0
3/27 w0 | A(1930) 5/27 *kx | 5(1670) 3/27 wkx :‘E2250; *x —:?( ! 1/2% Baryon 2 4 2 14
/2% % | A(1940) 327 ** | 5(1690) ¥ | =(2310) N 1/27
3/t weex | A(1950)  7/2T *eex | 5(1730)  3/2T * =(2500) * =+ 12 ek N* 15 17
/2t * [ A(2000) 5/2F ** | x(1750) 1/2~ **x =2 1/27 xxx
3/2~ *x | AQ2150) 1/2~ * r(1770)  1/2 * 2" 3/27 wexk _:C(2645) 3/21 ok
1/2+ *% A(QQOO) 7/2_ * 2(1775) 5/2‘ *kkk 9(2250)7 ko :6(2790) 1/2* K%k 10 10
127 * | A@2300) 9/2% ** | x(1840) 3/2F * | 2(2380) * | 2oats) 32 e A
3/t *kx | A(2350) 527 * 5(1880) 172t ** 2(2470)~ * ::2(2930) *
7/2+ *% A(2390) 7/2+ * X(1900) 1/27 * = Fkx
/2T * | A(2400) 9/27 ** [ ¥(1915) 5/2F whxx _:nggg; *x A 14 14
3/2T * A(2420)  11/27F *Rx | 3(1940)  3/2F * ;(3080) ok
5/27 *% [ A(2750) 13/27 ** | £(1940) 3/27 kk* = *
12t * A(2950)  15/2F ** | 5(2000) 1/2 * _3(3123) 1/t w Z 12 12
3/27 ** £(2030)  7/2 ek 96(2770)0 3/t kA
7/27 *kx | A 1/2+ *kkk 5(2070) 5/2—0- * ¢ P
g/t Fkxk | A(1405)  1/27 RR¥k | 5(0080)  3/21 *x =+ * = 7 9
9/~ wexx [ A(1520)  3/2~ *x | y(2100) 7/2~ *
12+ * | A(1600) 1/2F ** | 5(2250) Kok A /2t whx 2 2
/27 ** A(1670)  1/27 *¥** | 5(2455) *x Np(5912)0 1/27 *xx Q
11/2; ok /\Emgo; 3;2; :*** ¥ (2620) . Np(5920)0 3/27 kxx
13/27F * A(1710) 172 5 (3000) * by 12T ***
A(1800)  1/27 *** | 5(3170) * zﬁ 3;2+ ok Other 14 27
A(1810) 172 xxx _=g . 1/2t ke
A(1820)  5/2T wkxk 55{59:5)0 3/2F
A(1830) 527 kwkx - 121 Hkk
A(1890) 372 wekx v
A(2000) *
A(2020)  7/2T *
A(2050)  3/2~ *
A(2100)  7/27 ek
A(2110) 52T xxx
A(2325)  3/27 *
A(2350) 9721 xxx
A(2585) *







G(u b)

Total Cross-sections

+ differential cross-sections
+ Partial Wave Analysis + ...
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« Mostly done with =N scattering
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W (GeV)

Resonance Hunting---

$11(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)

BNr
N
— N
No
AK

Hr K

« Missing resonances may decay through other channels




vPp — KY cross section
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Pseudoscalar Meson Photoproduction
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Meson Photoproduction Cross Sections
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CEBAF

Large
Acceptance
Spectrometer

DC: Drift Chamber
CC: Cerenkov Counter
SC: Scintillation Counter
EC: Electromagnetic Calorimeter
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do/dQ (ub/sr)

Channel: y+p—-7zT+ +7;Cross-section

do/dQ(ub/sr)

15
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M. Dugger et al. (CLAS), Phys. Rev. C 79, 065206, 2009
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) (L b)

c.m.

(0]

do/dcos(0

Channel: y+p—- w+p; Cross-section

W =2.005 GeV W =2.015 GeV W =2.025 GeV I W=2.035 GeV
10F = F TE 3
]_x= . . == l I = l . = l .
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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/d<2, ub/sr
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do

40 (ub/sr)
. N w >
T T T T

—_

e
4]

1.1<E, (GeV) < 1.11

—_
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(=]

cos(8,)
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cos(8,)
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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)
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Black: CLAS g13
Red: CLAS g10
Blue: SAID CM12
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Interpreting results from one point of view
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In praise of polarization...

...you'll see more!
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Example: Kaon Photoproduction

Hyperon is self-analysing
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Transversity Amplitudes
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Observables and Amplitudes

Type | Observable | Transversity representation Helicity representation
S 0 a1]* + [aa]® + [as]® + [aa|® | [a]* + |hof* + [hs|* + |haf®
X a1 [* + |as|* — [as]* — |aaf? 2R(hihy — hohs)
P la1]? — |az|* + |as]? — |a|? 23(hihs + hohl)
T la1]? — |as]* — |as]® + |aa|? 23(hhs + hoh})
BT E 2R (aras + aqal) |hi|* — |ho|* + |h3|* — |hal?
F 23 (araly — asaj) 2R(h 1 + hsh})
G 23(ayay + agay) —23(hih) + hohl)
H —2R(ara; — asay) —23(h1h — hoh})
BR Cy —2%(ara; — agal) 2R(h1h + hoh})
C. 2R(ara} + azaj) [ l* + [hal® = |hs[* — [ha]?
O, 2R(ara; — aqal) —23(hyhy — hsh})
O, 23 (ara; + asay) 23 (hihy — hoh})
TR T, 2R(a1a3 — asay) —2R(h1h; + hoh})
T, 23 (aras — asay) —2R(h1h3 — hsh})
L, —2%(ara3 + azay) 2R(h R — hoh})
L 2R(a1a5 + asay) |hi|* = |ha|? — |h3|* + |hal?

N0
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Cross-section Formula

0rotal = 00{1 — P} Pf P, sin(¢) cos(2¢) 4+ X(—P] cos(2¢) + P} P, sin(¢))

+ T (P} sin(¢) — P} P)cos(2¢)) + P(P)* — P} P} sin(¢) cos(2¢))

+ E(—PJP} + PP} P} cos(¢)sin(2¢)) + F (PP} cos(¢) + P} P} P, sin(2¢))

— G(P] Py, sin(20) + P3Py P, cos(¢)) — H(P Py cos(¢) sin(2¢) — PLPL PyY)
— Co(P2P;' — P] Py P sin(¢) sin(29)) — C.(PAP; + P Pp P, sin(¢) sin(2¢))
— O.(P]P;'sin(2¢) + PPy P, sin(¢)) — O-(P] P, sin(2¢) — PAPy Py sin(¢))
+ Ly (P P + P Py P cos(¢) cos(29)) + L.(P P* — P} Py P, cos(¢) cos(2¢))
+ To(

(P} P cos(¢) — P P PEcos(29)) + T.(P} Pf cos(¢) + P) P} PEcos(24))}
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Experimental Configurations

Configuration | ogeq/00
ByTy Ry | =1
ByTyRy |=1+PP}
ByTr Ry =1
By Ty, Ry =1+PP}+ L, PP}
ByTr Ry | =1+T P}sin(¢)
ByTrRy | =1+ PP+ (SPf+T)P}sin(¢)+ (T, PF+T.P) Pf cos(¢)
BeTy Ry | =1
BoTyRy |=1+PPR—C,P}PR—C,P)PR
BeT,Ry |=1-EPLP!
BoT,Ry |=1+PPFR—EPLPl+HPYLPRP!
~-C, PLPE—C,PPE+ L, PEPI+ L, PEP]
BcTr Ry | =1+ T Plsin(¢) + F P PE cos(¢)
BoTrRy |=1+PPR—C,P}PR—C,P)PR

+(E P+ T -0, Pl P+ O, Pl PF) P} sin(¢)
+(F PLP—GPLP+T, P+ T. Pff) P} cos(¢)
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Experimental Configurations

-~ g -~ g — - —

BTy Ry
BTy Ry
BTy, Ry
Br T, Ry

BrpTr Ry

B Tr Ry

=1— P} ¥ cos(2¢)

=1+ PP} — (S+TP[f)P] cos(2¢) — (O, P+ O, Pf) P} sin(2¢)

=1—3 P} cos(2¢) — G P} P!'sin(2¢)

=1+ PP+ L, PP/ + L. PF P/
~(X + T PR 4T, PRPT — T. PR PT) P} cos(20)
+(F PR P — G PT — 0, PF — O, PR) P} sin(20)

— 1 - % P cos(2¢) — P P} PLsin(6) cos(26)
+T Pl sin(¢) — H P} PE cos(¢) sin(2¢)

— 1~ P} PP PE sin(6) cos(26) + S(PR PEsin(6) — P} cos(26))
+P(P} — P} P} sin(¢) cos(2¢) ) + T (Pf sin(¢) — P PF cos(2¢) )
+(E Pl — H) P} P} cos(¢) sin(2¢)
+(C, PR — C, PE) P} P} sin(¢) sin(2¢)

(0, PR sin(20) + O, PR) P sin(2¢) + (T, PF + T, PR) PX cos(¢)
H(LPR — L. P) P} Pf cos(9) cos(20)
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Recoil Polarization

Configuration | ogeq/00
ByTy Ry | =1
ByTyRy |=1+PP}
ByTr Ry =1
By Ty, Ry =1+PP}+ L, PP}
ByTr Ry | =1+T P}sin(¢)
ByTrRy | =1+ PP+ (SPf+T)P}sin(¢)+ (T, PF+T.P) Pf cos(¢)
BeTy Ry | =1
BeTy Ry |=1+@PE-CyP} PF—-CF, P!
BeT Ry | =1-EPLP!
Be T, Ry =1+ PPf—EP.P/ +HP.PFP}
~-C, PLPE—C,PPE+ L, PEPI+ L, PEP]
BcTr Ry | =1+ T Plsin(¢) + F P PE cos(¢)
BoTrRy |=1+PPR—C,P}PR—C,P)PR

+(E P+ T -0, Pl P+ O, Pl PF) P} sin(¢)
+(F PL P — G Pl P} 4+ T, Pff +T. PF) Pf cos(¢)
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CLAS results yp—K*A — Ktpn-

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

(Includes nearly all new photoproduction data)

-_ga"’%
¢/‘*%

1 1 1 -
1 1 1 1 1 1 1 1 1 1 1 1 1

M. Mc Cracken et al. (CLAS), Phys. Rev. C 81, 025201, 2010

C;X CZ

2377 F
1 " "

R S B
-05 O 0.5

R. Bradford et al. (CLAS), Phys.Rev. C75, 035205, 2007
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State PDG 2010 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

(notseenln
GW
analysis)
*%*
*%*
*% *%k%*
*%k%
**
* *%k%*

*k%

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

*%*

*%*

*k%

*k%

*%*

*%*

*%

**

*%

*%

*k*

*k%k

*k*

*%

*%*

*k%k

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

Data for PERP 1.3GeV ———
Calculation  —

Enhancement

500}~

2000

1500

1000}

500

i

09 ;/ \ Polarization corrésponding to calc
0.8}

(Peaking at > 90%)
Diamond radiator mounted gn : /A
on target ladder S // \1 A
o I
5 2 YA VAR YA
= VAT
thoo 1500 2000 ng] 3000 3500 4(]0& -‘Eﬁn

Photon Energy (MeV)

Polarization determined by fit
to coherent bremsstrahlung

spectrum
Alignment checked by
observing symmetric
“Stonehenge Plot”
Radiator in goniometer Technique also used in JLab Hall D
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Linearly Polarized Photons

-~ g -~ g — - —

By Ty Ry

=1— P}¥ cos(2¢)

By Ty Ry

BTy, Ry

Br T, Ry

BrpTr Ry

B Tr Ry

=1+ PP} — (S+TP[f)P] cos(2¢) — (O, P+ O, Pf) P} sin(2¢)

=1—3 P} cos(2¢) — G P} P!'sin(2¢)

=1+ PP+ L, PP/ + L. PF P/

—(S + T PR+ T, PEPF — T. PR PT) P} cos(26)
+(F PR P — G PT — 0, PF — O, PR) P} sin(20)

— 1% P} cos(2¢) — P P} P sin() cos(2)
+T Pl sin(¢) — H P} PE cos(¢) sin(2¢)

— 1 — P} PR P sin(¢) cos(20) + S(PR PR sin(6) — P} cos(26)
+P(P} — P} P} sin(¢) cos(2¢) ) + T (Pf sin(¢) — P PF cos(2¢) )
+(E Pl — H) P} P} cos(¢) sin(2¢)
+(C, PR — C, PE) P} P} sin(¢) sin(2¢)

—(O, Pl sin(2¢) + O, PE) P! sin(2¢) + (T, P + T, PF) P¥ cos(¢)
H(LPR — L. P) P} Pf cos(9) cos(20)
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CLAS Results: Channel: y+p—#70 +p;0bservable: X

1

6=123°

1 6=130°

[ §=139°

1 o=148°

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

1820 1920 20l20 2120 1820 1920 2020 2120

M. Dugger et al. (CLAS), Phys. Rev. C 88, 065203, 2013
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CLAS Results: Channel: y+p—- 7T+ +72;0bservable: =

6=130°

[ §=139°

1 o=148°

1820 1920 2020 2120 1820 1920 2020 2120

w

(MeV)

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

~ o -~ g — - —

B, Ty Ry | =1— P/ ¥ cos(2¢)
B, Ty Ry = 1+PPF— (BHTP) P} cos(2¢) — (Oz P+ 0, Pf) P} sin(2¢)
BTy, Ry | =1—3P] cos(2¢) — G P} P{'sin(2¢)
BLTyRy |=1+PPR+L,PRPI+ L. PRPI
~(X + T PR 4T, PRPT — T. PR PT) P} cos(20)
+(F PRPT — G PF — 0, PF — O, PF) P} sin(20)
B Tr Ry | =1—3XP] cos(2¢) — P P} P} sin(¢) cos(2¢)
+T Pl sin(¢) — H P} PE cos(¢) sin(2¢)
BLTrRy | =1— P} P[P} sin(¢)cos(2¢) + X(P, P} sin(¢) — P cos(2¢))

+P(P} — P} P} sin(¢) cos(2¢) ) + T (Pf sin(¢) — P PF cos(2¢) )
+(E Pl — H) P} P} cos(¢) sin(2¢)

+(C, PR — C, PE) P} P} sin(¢) sin(2¢)

—(O, Pl sin(2¢) + O, PE) P! sin(2¢) + (T, P + T, PF) P¥ cos(¢)
+(L.P — L P) P} P cos(9) cos(29)
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X

O

Beam-Recolil,

CLAS Results: Channel: y+p— AT+ +A;Observable: O,

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

-0.75 < cos GK <-0.55

-0.55 < cos GK <-0.35

P | | IFEPErEr S AR B

-0.35 < cos GK <-0.15

| I

-0.15 < cos GK <0.05

il

- 0.05 < cos 0, <0.25

0.25 < cos 6, <0.45

0.45 < cos B, <0.65

0.65 < cos 6, <0.85

P ANL-Osaka

W (GeV)
Bonn-Gatchina 2014 (prediction)

Bonn-Gatchina (new fit)
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CLAS Results: Channel: y+p— AT+ +270 ;Observable: >

Beam Asymmetry, X

-0.5

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

-0.75 < cos OK <-0.55

-0.55 < cos OK <-0.35

-0.35 < cos GK <-0.15

'l | 1 | 1.

-0.15 < cos GK <0.05

F 0.05 < cos 0, <0.25

0.25 < cos 0, <0.45

0.45 < cos B, <0.65

0.65 < cos 6, <0.85

P ANL-Osaka

W (GeV)

Bonn-Gatchina 2014 (prediction)

B Bonn-Gatchina (new fit)
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1 Initial fit

We start from the solution BG2014-02. The first fit pro-
duced a rather bad description of the new data. Then the
rather large weight was introduced for these data and all
channels with 2 body final states were refitted. The cou-
plings to the three body final states were fixed while all
other parameters were optimized free. In this case we can
get a rather good description of the new data except O,
for yp — kX (see Fig. 10). The total x* was found to
be 55370 (33988 points). However the description of some
observables (especially for the yp — n*n channel) is no-
tably deteriorated. Then we added one resonance in the
region 2.1-2.3 GeV.

Total | cl09 3200 P T| Cx Oz
w—rtn w—+ KX
BG2014 136 130 184 3.01 | 258
Fit 55370 | .78 171 236 3.78 | 3.32 256
Sn 55050 | 1.92 175 243 3.79 | 3.35 255
Dis 54596 | 1.58 1.56 230 3.61 | 3.37 249
Gir 55084 | 1.90 177 253 3.76 | 342 269
Ge 55308 | 1.78 171 238 3.78 (332 252
Su1 55284 | 1.82 1.72 240 3.81 | 3.27 244
Dyy 54888 | 1.66 1.81 253 3.76 | 3.12 220
Dss 54958 | 1.85 179 252 3.73| 332 205
Gar 55267 | .72 171 239 3.80 | 3.29 252
G 54966 | 1.57 175 242 3.58 | 3.31 253
Py 55107 | 1.63 1.83 252 3.62 | 3.28 253
Fis 54903 | 1.80 1.84 249 3.73 | 3.52 261
Py 55406 | .77 170 237 3.75| 3.34 263
Pss 55278 | .72 171 237 3.81 | 3.28 247
Fis 55114 | 1.81 178 239 3.76 | 3.33 269
Fsr 55233 | 1.75 173 234 3.66 | 3.27 253
Hyo 55309 | .78 173 239 3.75| 3.30 252
Su+
Dis 54821 | .78 177 246 3.77 | 3.26 239
Dys 54539 | 1.67 1.65 234 3.66 | 3.48 259
Gir 54953 | .77 175 240 383 (340 251
Dss 54732 | 1.99 173 253 3.77 | 3.17 226
Gar 54852 | 1.81 171 251 3.86 | 3.59 245
Pu 54933 | 1.79 184 252 3.73 | 340 252
Fis 54760 | 1.98 1.84 242 3.72| 359 264
Pss 54865 | 1.87 170 255 3.68 | 3.22 251
Fys 54526 | 1.74 1.84 263 3.66 | 3.60 265
Fyr 55049 | 1.78 1.74 224 3.74 | 3.31 247
Dis+
Dis 54340 | 1.39 159 229 375 | 3.34 237
Sa1 54924 | 1.61 174 259 3.73 | 340 242
Dss 54585 | 1.93 1.88 251 3.69 | 3.15 219
Gy 54524 | 1.95 1.8 260 369|324 230
Py 54765 | 1.69 2.06 271 3.66 | 3.19 233
Fs 54664 | 1.78 1.78 261 3.89 | 3.29 236

Total | d09 3200 P T Cx Oz
wp—rtn p—+ KX
BG2014 136 130 184 3.01| 258
Fit 55370 | .78 171 236 3.78 | 3.32 256
Dis+
G 54441 | 1.38 1.52 237 3.87 | 3.38 257
G 54436 | 1.45 158 237 3.68 | 3.35 254
Dss 54285 | 1.52 164 255 348 (321 222
Dy 54190 | 1.53 1.65 239 3.70 | 3.31 216
Gyr 54224 | 148 162 239 356 | 345 251
Gas 54304 | .73 172 252 3.27 | 336 256
Pn 54427 | 145 177 259 374|322 241
Fs 54056 | 1.71 1.65 245 3.68 | 343 257
His 54505 | 1.45 1.55 229 358|329 249
Py 54493 | 1.28 1.62 231 3.68| 332 255
Fys 54144 | 141 161 221 3.82| 325 242
Fsr 54365 | 1.49 162 227 365|323 247
G+
G 54784 | 1.74 175 254 3.88 | 341 272
Su1 55163 | 1.81 1.72 238 3.77 | 3.27 244
Dy 54464 | 1.74 1.86 254 3.64 | 3.07 220
Dss 54760 | 200 177 259 3.78 | 3.08 259
Gsr 54782 | 1.84 171 250 3.79 | 3.50 255
Gas 54618 | 1.63 1.78 250 3.49 | 343 267
Py 54847 | 1.65 1.87 250 3.59 | 3.29 254
Fis 54521 | 1.91 1.69 241 390 | 345 261
Hie 54822 | 1.85 1.73 256 3.62 | 3.27 249
Pss 54891 | 1.80 175 241 3.79 | 3.27 249
Fis 54645 | 1.88 1.79 248 3.69 | 3.44 268
Fsr 54525 | 1.55 1.84 257 3.77 | 3.33 276
Hsg 54733 | 1.47 179 257 3.84 | 339 273
Ghrat+
Sa1 54985 | 1.84 177 254 384|334 260
Dss 54576 | 1.67 1.80 260 3.56 | 3.07 228
Dss 54964 | 1.83 1.69 254 368|320 265
G 54795 | 1.55 1.75 243 348 | 3.37 255
Py 55189 | 1.66 1.81 246 3.73 | 3.32 249
Fis 54789 | 1.91 179 251 3.86 | 349 266
His 54963 | 1.90 175 249 3.56 | 3.33 252
Pss 54968 | 1.51 1.73 247 3.86 | 3.38 262
Fys 54859 | 1.74 171 239 3.78 | 347 265
Fyy 54934 | 1.76 171 242 367|312 215
His 55274 | 1.83 172 238 3.71 | 330 255
Sa1+
Dss 54870 | 1.68 1.85 254 372|316 225
Dss 54957 | 1.99 174 253 3.83 | 3.02 244
Py 55047 | 1.69 190 251 3.62 | 319 242
Dss+
Dys 54681 | 1.69 1.72 257 3.82]3.07 217
Gar 54453 | 1.83 1.83 254 3.69 | 3.03 209
G 54633 | 1.64 179 247 3.69 | 3.20 232
Pu 54684 | 1.63 197 264 349 | 3.09 226
Fis 54478 | 1L.77 191 266 3.70 | 3.31 234
Hyg 54679 | 1.76 1.81 271 3.74 | 3.14 222
Pss 54815 | 1.51 1.85 255 3.85(3.09 225
Fis 54760 | 1.65 1.81 243 358|315 231
Fsr 54732 | 1.54 1.86 248 354|299 214
Hsg 54875 | 1.66 1.80 253 3.78 | 312 218

Bonn-Gatchina

2
T
Total clog 3200 P T Cx Oz 1 Wa1721 Wae1741 W=1781 We1781
w—artn p —+ KX i
BG2014 136 130 184 3.01 | 2.58 4
Fit 55370 | 178 171 236 378 | 332 256 b e b ot | e | e
yve b W-1800 W-1220 W-1840 W-1860
Gar 54476 | 225 175 270 3.67 | 288 216 o
Gao 54352 | 1.60 170 256 3.47 | 298 253 \: LN \‘& \\
Pu 54398 | 1.42 157 220 3.55|3.21 249 1 o N
Fs 54525 | 209 1.8 259 3.8 | 294 240 1} W-1es0 w1899 ~1918 W-1940
Hyg 54682 | 1.98 171 273 3.87 | 299 247 o
Pss 54398 | 1.42 157 220 355|321 249
Fis 54543 | 207 180 254 3.70 | 3.02 247 1
Fsr 54685 | 1.86 1.89 248 344 | 288 253 1 1960 (1980 2000 2018
Hso 54790 | 200 177 254 3.65 | 3.01 247
Pnt+ | ] - °
Hys 54489 | 142 1.82 294 384|323 248 A
Py, 54999 | 1.74 191 254 361|321 248 1 -2040 W=2060 ~2080 2100
Pss 54795 | 1.63 197 269 366 | 3.22 242
Fis 54734 | 1.61 193 260 3.56 | 3.19 238 0 o
Fis+ Bl
Py 54308 | 142 157 220 355 | 3.21 249 =g Wziea Vegso |
Fis 54568 | 1.75 1.80 236 3.85| 335 263
Fir 54725 | 1.75 192 259 3.51 | 336 259 0
Py + A
Fis 54588 [ 1.57 1.89 248 395 | 3.46 2.66 T 0 (=] 0 &l 0 (K] o 1
F3y 54985 | 1.58 1.82 243 3.72 | 3.33 263 cos®
Fig. 2. Description of the target asymmetry on yp — KA.
P
1p Wwe1721 W-1741 W-1761 We-1781 1 we1721 Wa1741 W-1761 We1781
o e wo——— e | . ‘
T M | e o |
-1 -1
| W=1a00 W-1820 W-1840 W-1860 b W-1800 W-1820 U= [T
.
° LY S N S N
1 -1
Jb w-as0 AL W-1918 We1940 =T W-1899 W-1918 We1940
of of \ \
K Bl
Jb w-e0 W-1980 W-3000 W-2018 b W-1960 <1380 22000 2018
0 0
4 B
b w-2040 W-2080 W-2080 W-2100 1| w2040 W-2060 W-2080 We2100
o i (\\
4 -1
e
WF wearie W-2140 W=2160 w210 b wez1s W-2140 W-2160 W-2180
e > J\J
of Ea 0| . ¢
’ ‘ N ’\ S N
1 0 1-1 0 1-1 0 11 [ 1 -1 0 11 0 11 0 11 0 1
cos® cos®
Fig. 1. D of the beam asy ry on yp —+ KA. Fig. 3. Description of the recoil asymmetry on yp — KA.
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CLAS Results: Channel: y +p—p+[¥];0Observable: =

9

YTP—=PM

iE7=1.071,W=1.700 E,=1.098, W=1.715 |E, =1.125,W=1.729 | E =1.152,W=1.744 | E, =1.179, W = 1.758

i e el ) o
'E,=1.206,W=1.773 | E,=1.233, W=1.787 | E, =1.260, W=1.801 | E, = 1.287, W=1.815 | E, = 1.314, W = 1.829

4LE;=1.341,W=1.843 | E, =1.368, W =1.856 | E, =1.395 W =1.870 | E, =1.422, W = 1.883

......

E, = 1.449, W = 1.897

by,

0
-1
E,=1.663, W =2.000 | E,=1.689, W=2.012 | E, =1.729, W=2.031 | E, =1.782, W = 2.055
1 1 05 0 05 1 1 05 0 05 1
0 05 0 05 1 4 05 0 05 1 cos(6, )

4 LE/=1.836W=2079
41 05 0 05 1
cos(6

c.m.)

Arizona State University and CLAS, to be submitted.
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CLAS Results: Channel: y+p-p+

Yp—pn

-

'E, = 1462 MeVv W
4[W = 1903 MeV

E. = 1569 MeV

E, = 1623 MeV
4 [W=1955MeV

= 1981 MeV

-
- -

- -

-

E, = 1676 MeV E, = 1729 MeV
4[W = 2006 MeV = 2031 MeV
1 C
o | | e
g DR P e —r T TTveew LLEL — TR e ™ TP
W e e
E =1782 MeV E, = 1836 MeV
4 W=2055Mev, . [W=2079MeV, .,
4 05 0 05 1
4 05 0 05 1
cos(6 )

Arizona State University and CLAS, to be submitted.

"*Observable: X
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Arizona State University and CLAS, to be submitted.

CLAS Results: Channel: y+p-p+d]);Observable: X
e
TPoPO
N 1 W = 1744 MeV W =1758 MeV W =1773 MeV W = 1787 MeV W =1801 MeV
0 EY-115 MeV EY'1179 MeV EY=1206 MeV EY=1233 MeV EY 1260 MeV
R ¢t g uf W
o g'“.f.: mmdﬁ"' e P e : ‘ =W
.1 E
1 : W= 1815 MeV W = 1829 MeV W = 1843 MeV W = 1856 MeV W = 1870 MeV
0 [ E, = 1287 MeV E, =1314 MeV EY=134[:;1 MeV E, = 1368 MeV EY=1395 MeV
: e T :“.L » -~ ' " e O RO
=
1; W = 1883 MeV W = 1897 MeV W =1910 MeV W = 1923 MeV W = 1936 MeV
0: EY= 1422 MeV EY=1449 MeV EY= 1476 MeV Ey=1502 MeV EY=1529 MeV
At .
1 W = 1949 MeV W =1962 MeV W =1974 MeV W = 1987 MeV W = 2000 MeV
0 ' E, = 1556 M?V E, = 1583 MeV E, = 1609 MeV E, =1636 MeV E, =1663 MeV
A1 -
1; W = 2012 MeV W = 2025 MeV T W = 2037 MeV T W = 2049 MeV W = 2061 MeV
‘. E,=1689 MeV E, =1716 MeV| ; + EY—1743 MeV ++ E, =1769 MeV EY 1796 MeV
0 - *— B *‘#ﬁ_‘_ +. e **ﬂ" K b BTt O A -
1 _ P L+ *_ q_ﬂl- wﬂﬂ- £rs * +**#;H **m++**
1 + W = 2073 MeV W = 2085 MeV + W = 2097 MeV -1 -0.5 0 0.5 1
EY = 1822 MeY.. 'H EY = 1849 MeV +* EY = 1876 Me\{l1 05 0 05 1 COS(G )
: *'—‘_ ” "‘.“*_ ’ *t* w**‘_.;—:*.
I N S . . . . . .
-1 05 0 05 ‘!| 05 0 05 -11 05 0 05 1
cos(6,,..) '
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FROzen Spin Target (FROST)

0 1 2 3 4 BEAM

METERS

Target can be longitudinally or transversely polarized
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Target Polarization

Configuration | ogeq/00
ByTy Ry | =1
ByTyRy |=1+PP}
ByTr Ry =1
By Ty, Ry =1+PP}+ L, PP}
ByTr Ry | =1+T P}sin(¢)
ByTrRy | =1+ PP+ (SPf+T)P}sin(¢)+ (T, PF+T.P) Pf cos(¢)
BeTy Ry | =1
BoTyRy |=1+PPR—C,P}PR—C,P)PR
BeT Ry | =1-BP,PT
BoT Ry |=1+PPR—EP)P!+HP),PFP]
~-C, PLPE—C,PPE+ L, PEPI+ L, PEP]
BcTr Ry | =1+ T Plsin(¢) + F P PE cos(¢)
BoTrRy |=1+PPR—C,P}PR—C,P)PR

+(E P+ T -0, Pl P+ O, Pl PF) P} sin(¢)
+(F PLP—GPLP+T, P+ T. Pff) P} cos(¢)
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CLAS Results: Channel: y+p—>#z7T+ +72,0bservable: E

k\ W =1.640 - 1.660 GeV W =1.900 - 1.940 GeV / =2. 140 -2.200 GeV /
0.5 — = SAID ST14 \
-\-\ — = Juelich14 [l W\ /’. \ / + {' / -!
\\ — - BnGallE \ / / \* s A
/ ’K < \ / \
05 \ewe . - _\_ “L’ (g} 0( oo —\ ?; ' } #\\\g ”,1/}2‘0;’/_
W guthre? } o
} } t : | : : :
W =1.640 - 1.660 GeV W= 1.900 1.940 GeV W =2.140 - 2.200 GeV
0.5 — SAID ST14E
— Juelich14E
— BnGail4E
w QO pe=
05| . r
1 I 1 1 1 1 1 ]
-0.5 o . 0.5 -0.5 o . 0.5 -0.5 U 0.5
cosp ) cos(p ) cos(o )

S. Strauch et al. (CLAS),

, Phys. Lett. B 750, 53 (2015).
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CLAS Results: Channel: y+p—-[¥]+p;0bservable: E

C 1./ -

151 " 08<c0s0,,<06 ]
1=
05}
- -~ Juelich 2014
0.5 | — Juelich 2014 (fit)
SAID 2012
-1~ - ANL- Osaka 2013] T S
150 - — e S e
B : -0.4<cos6,,,<-0.
1
05F
of
05
T T T S S B A -
£ . E A
8000F (A wﬁ. 2000 I ‘ - f T s e EEEES EEEE S|
! 7000F S e I ! 15¢ 3 0.0<cos0,,,<0.2
7 : oo | 1500( [ \ & B
35001 60001 o | g [ \ L3
5000} o | 1000 [ [ c
' o ! | g | ! Gk ]
3000 40005~ r L ]
2 | | 500 [ \ . 1
3000- ‘ | - | oF ]
2500 3 0 . ]
L 2000i : " : 5 o5F ]
1000f * . -500 E
2000 E ‘"..I .| . 500: 4B
5 T A N R AR R et m e AP el SN AN B A I S b e ]
04 045 05 055 06 065 04 045 05 055 06 066 04 045 05 055 06 065 155 0.2<cos8,,,<0. 9" T 0.4<cosf,,<0.6 7
missing mass(p) (GeV/c?) missing mass(p) (GeV/c?) missing mass(p) (GeV/c?)

1. Senderovitch et al. (CLAS),
, 10 April 2016, Pages 64-69

. I T
1500 1600 1700 1800 1900 2000 2100 1500 1600 1700 1800 1900 2000 2100

W (MeV)
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N* photoproduction program at CLAS
c |z |T E | F G H | T, T, L |L |o |0 |¢ |¢
pme | v |/ |V oV v 1Y Proton targets
nmt (v |/ |/ v |V v v
pn v |/ v/ v v v v
pn’ v | v |V oV v v Data taking completed May 18, 2012
pwlp |V |V |V VA 4 v v v -published, v-acquired
Nax |V |V
KA |V |v |V oV v v |V v |v |v |v |v |v |V
K0 |v |v |V oV v v |V v |v |v |v |v |v |V
K'e+ | v |/ ooV
K‘zl | v |/
pm |V |V A A Neutron targets
pp- 4 v 4 v v
Kt |v |/ o/ v
KA |V |V oV v o |v v |v |v |V
Kz (v |V oV v o |v v |v |v |V
KC'go | v | v/
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Table 1. The status of the N resonances. Only those
with an overall status of s or %% are included in the
main Baryon Summary Table.

Status as seen in

PDG Summary of Evidence

Table 2. The status of the A resonances. Only those with an
overall status of sk or xxxx are included in the main Baryon
Summary Table.

Particle JP  overal Ny Nz Nn No Nw AK YK Np Arx
N 1/2+ Fokokok

N (1440) 1/2+ sk SRk skokokok soksk * Kokok

N(1520)3/27 sk sokkk kokkok ok sk skokok

N(1535)1/27 sk KRRk RRRk RRER *% %

N(1650) 1/27 s sokskok kokokk skokok sokk Rk kk Kk

N(1675)5/27 soxxx sokkk kokkk % * % Kok

N(1680)5/2+ sokokk sokkk kkkk ok Hk sk kkk

N(1700)3/27  sxx *ok skk % * * * $okk

N(17 )1/2+ Fok ok sokkok  kkkk kkok sk dokkok kk ok Kk

N(1720) 3/2+ Fokokok sokskk skokskok sokok sk kk kk %

N(1860) 5/27 s *x . s

N(1875)3/27 s skk ok sk kkk Kk KoKk

N(1880) 1/27 s« % % ok *

N(1895)1/27 s« ok * ok *k ok

N(1900) 3/27F s sk kK Kok ok kkk Rk K *ok

N(1990) 7/27 s’k ok %

N (2000 )5/2+ ok o * o %k ok *k

N(2040)3/27 * *

N(2060)5/27 s o Kk * sk

N(2100) 1/27 « *

N(2120)3/27 *x Kk oxk -

N(2190) 7/27 sk sk skekokok * *% *

N(2220)9/27F soxxx ok

N(2250)9/27 sk *kkk

N(2300)1/27 s« ok

N(2570)5/27 o

N(2600) 11/2~ Kok ok

N (2700) 13/2+ Ko ok

Status as seen in

Particle J©  overall Ny Nx Ny No Nw AK YK Np Arm
A(1232) 3/2T sxx swkk skkx F
A(1600) 3/27 sk *okk bk 0 ¥ k%%
A(1620) 1/27 sk sk kokkok r $okk kEk
A(1700) 3/27 stk *kkk  RkRk b K% KRk
A(1750) 1/27F « * i
A(1900) 1/27 s o Kok d w5k Kk k%
A(1905) 5/2+ seskokok sokkok KRk d sk ok ks
A(1910) 1/27 soexx ok sokokok e S
A(1920) 3/2+ koK ok Kokok N okkk Kok
A(1930) 5/27 s Kok
A(1940) 3/27 s ok * F
A(1950) 7/2+ sokskok sokokk kKoK o soksk ok Kook
A(2000) 5/27  #x r .
A(2150) 1/27 * b
A(2200) 7/27 . i
A(2300) 9/27 s ok d
A(2350) 5/27 x d
A(2390) 7/27 x * e
A(2400) 9/27 s« Kk n
A(2420) 11/2+ sk * skokokok
A(2750) 13/27 K
A(2950) 15/2+ ok

Kokokk

Tar st d e o mm
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Existence is certain, and properties are at least fairly well explored.
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is required.
*ok Evidence of existence is only fair.

* Evidence of existence is poor.

Existence is certain, and properties are at least fairly well explored.
*okok Existence is very likely but further confirmation of decay modes
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Summary and Outlook

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

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

« Progress in N* physics needs:
« Combined analyses of all relevant channels
- Use of data from all sources (different labs)

« Analysis of experimental and theoretical uncertainty
« More hard work!
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