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Baryon Resonance Spectrum Chﬂoﬁ

Masse s, wid thS, and ¢ ouplin g cons tants R.G. Edwards et al. Phys. Rev. D84 074508 (2011)

not well known for many resonances

Most models predict more resonance
states than observed
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From the Experiment to Theory C|ng3

(single) do/dQ,L,PT
(beam-target) E,F,G,H,
(beam-recoil) CX,CZ,OX,OZ,
(target-recoil) LX,L T Tz/

z/ — X

quark models,
QCD sum rules,
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Polarization observables in pseudoscalar meson

Joroducﬁon

4 Complex amplitudes: 16 real polarization observables.

Complete measurement from 8 carefully chosen observables.

ntN has large cross section but in KY recoil is self-analysing ® ;
niN KY
. Symbol Transversity Experiment Type I
recoil targ vy representation required Y targ recoil
@do/dt  |bi]® + [bo|” + |b3]* + [ba]® {— —;— S
== @ xdo/dt  |bi|* + |bo|® — |b3|*> — |ba]® {L(37,0); = —} A

— @7Tdo/dt  |bi]* — |b2|* — |b3|* + [ba]® {—59;—} = ==

== == @ Pdo/dt |b|*>— |bo|* +|b3|* — |ba|* {—; —;u} o

@ == @Gdo/at 2 Im(bibj+ byb3) (L@Emiz-1 B = 1

’? ’R @ Hdo/dt —2 Re(b;bj — byb}) {L(£in);z;—} x ?

AR Edo/dt —2 Re(b;bj+ bybj) {C; z; -} A

- ® Fdo/dt 2 Tm(bibj — byb3) (Cz;—} -
O,do/dt —2 Re(bib; — babj) {L(EIr);—«'} BH p— .
O.do/dt —2 Im(b1b} + bab3) {L(x£i7); — 2"} x %%
C,do/dt 2 Im(b,b] — byb3) {C; —;2'} LYY
C.do/dt _—2 Re(bibj + bybj) {C;—; 7} ~ waa
T.do/dt 2 Re(b;b5 — bsbj}) {—;z; 2"} TR -
T.do/dt 2 Im(b;b5 — bsb}) {—z; 2"} 2W%s
L.do/dt 2 Im(bib}+ bsb}) {—; 22} e
L,do/dt 2 Re(bibj + bsb}) {—;2z; 2} haad

\
I S. Barker, A. Donnachie, J. K. Storrow, Nucl. Phys. B95 347 (1975). A\
/2"

&= linearly polarized photons
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circ polarized photons

{¥ longitudinally polarized target
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Spin dependent cross section Cbg«ﬁ

do®"*(P" ,P" . P")= %{dco[l — PP/ P cos(29,)]
+2[-P] cos(2¢,)+ P/ P,’]
+T[P =P/ P", cos(2¢,)] Single spin observables
+P[P*, - P/P/ cos(2¢,)]
+E[-P'P] + P/ P! Psin(2¢,)]
+G[P] P/ sin(2¢,)+ PP/ P,]
+F[P!P] + PP/ P[sin(2¢,)]
+ H[P! P! sin(29,)— P! P P)]
+C [P!P[ - P/ P/ P%sin(2¢,)]
+C_[P!P+ PP/ P[sin(2¢,)]
+0,[P!P"sin(2¢,)+ P PT PX] Beam-Recoll
+0_[P/P\sin(2¢,)— P’ P, P
+L [P/ P+ PP/ P} cos(2¢,)]
+L_[P P — P! PP cos(2¢,)] .
+T.LPTPX + PYPT P cos(2¢, )] Target-Recoill
+T.[P/ P —P/P'P}cos(2¢,)]}

Beam-Target

A. M. Sandorfi, S. Hoblit, H. Kamano, T.-S. H. Lee ]J.Phys.G38:053001,2011
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Experiments C|ng3
Target Recoil Target + Recoil

Beam XLy e | X Yoyl |z

X z X x |y z v z

unpolarized do, T P T, 2D L.
vy R H ............ G OXOZ PO Ut U E ........... F ........ _Cx ...........
Prreosn) 2 .............. _P .................... _T ......... _Lx-dao .............................. _Tx
o dao ....... F ............ _E Cx .............. CZ ................................. G ............... _H ........ Ox ...........

Every observable can be measured in at least two different

experiments

They are not all independent. There are relations between the known
as Fierz identities.
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Polarized pohoton beam Ck)goa

-
Sooo -
x10F gooo_
a b
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Circularly polarized beam produced by Linearly polarized photons: coherent
longitudinally polarized electrons bremsstrahlung on oriented diomond crystal
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FROST
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The FroST target and its components:

A:Primary heat exchanger

B: 1 K heat shield

C: Ho]ding coil 55850 . 55975 56100
Time (Run Number)

D: 20 K heat shield

E: Outer vacuum can (Rohacell extension)

F: CH2 target

G: Carbon target

H: Butanol target

J:Target insert

K: Mixing chamber

L: Microwave waveguide

Target Polarization Pz

<
3

M: Kapton coldseal

'y

Cooling Power: 800 pW @ 50 mK, 10 mW @ 100 mK, and 60 mW @ 300 mK
Polarization: +82%, -90%
1/e Relaxation Time: 2800 hours (+Pol), 1600 hours (-Pol)

Roughly 1% polarization loss per day.

Performance Specs:

Base Temp: 28 mK w/o0 beam, 30 mK with F G = K
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HDIce polarized target Ck)goa

Polarized at very high
magnetic field and
very low temperature

Transferred to in-beam
cryostat

Spin can be moved
between H and D with
RF transitions

All material can be
polarized with small
background

(X. Wei, Parallel VII S10)

HDice
: Transfer
Cryostat

'_’fHﬂ"P—l tgt 21a

30+ _:_

20L %S il

10+ field 1

rotation

0+

[ beam j
[ steerin ]
-10+ vr - T

- ]
- ¥ vt R Y

By o {

P(D) (%)

-30-+ +

0 10 20 30 40 50 60
days since 12/1/11
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What we measure with CLAS Chg«ﬁ

(©)

Yp—nr%, m*n

Yp—=np

Ye—n'p

Y p—=KY (K*A, K*Z0, KOZ *)
YP=T*T P wp, PP, PP

(©)

(©)

®

©)

®

Yn=mxp
YN—=>T TN
’}’ﬂ—>Z'K+,/\KO
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CLAS Experiments: glic, g11

Target Recoil Target + Recoil
Beam x|y |z | x| X vy |y | z z’ z’
X z X y X y z X y z
unpolarized do, T P T, P T. f L.
Prene) HG Ox OZ CZ ............... E ............ F .......... _Cx ...........
Pyreose) 2 ........... _P ................ _T ......... _Lx-dao ............ Lx ............ _Tx
roalar P o F ........ _E c = _OZ .............. G ............ _H ........... Ox ...........

unpolarized target
glc — circularly polarized beam
gll —unpolarized beam, high statistics

Jefferdon Lab E. Pasyuk SPIN2014
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CLAS Experiments: g8b

Target Recoil Target + Recoil
Beam x|yl z x| x| x|y |y |y |z z’ z’
X z X y z X y z X y z
unpolarized do, T P T, f L. ) T, f L.
— H ............... G 5 =1 CZ ................ E ............... F ............. _Cx ...........
E—— Z _P ........................ _T ............ _Lx ........... Tz_dao ............. Lx ............. _Tx
o o . F ................ _E : c o _OZ ............ G ............... _H ............. Ox ............

linearly polarized beam
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CLAS Experiments: g%a

Target Recoil Target + Recoil
Beam x|y x' x| xTfy |y oy |2z |2
X z X y z X y z x |y z
unpolarized do, T P T, L. 2 T. /Lo
P— H ........... G 5 CZ ............. E .............. F .......... _Cx ..........
E—— E _P ....................... _T ...... _Lx ............. Tz_dao ........... Lx ............. _Tx
o o F : ........... _E S _OZ ............ G .............. _H ......... : Ox ..........

Longitudinally polarized target
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CLAS Experiments: g%b

Target Recoil Target + Recoil
Beam x|yl x| x| x|y |y |y |22
X z x |y z x |y z x |y z
unpolarized do, T P T, L, 2 T, iL,,
P,’sin(2¢,) H : G | o, - 0, : C.. E : F :-C,.
P, cos(29,) P -P -T -L.. T. -do, L -T..
circular P |do, | F E|cC, L C.. -0, G H 0.
transversely polarized target
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CLAS Experiments: deuteron target Ck)goa

g10 unpolarized beam, unpolarized deuterium target
g13 circularly and linearly polarized beam on unpolarized deuterium target

gl4 circularly and linearly polarized beam on longitudinally polarized HD
target (A. Sandorfi, Parallel VI 56)
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Single pion production

Yp—mnn
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Efor yp—nn*

T T T T T T T T T T T T T T T T T T T
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L) L]
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05+ -+
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Tfor yp—nn*E, =675t0 1075 MeV claS

T4 [E, =675MeV E_ =725 MeV - [E,=775MeV
0.5E ¢ CLAS
j—— . & Sy —SAID
ot I — MAID
0.5F el “-\!,‘_j' —BnGa
: : = TOKY (72)
4 Preliminary [ Preliminary Preliminary | , ToKy (76)
1t [E,=825MeV - E,=875MeV [E, = 925 MeV TOKY (77)
; : © DNPL (79)
0.5%\ ﬁ% 0 TOKY (82)
C i N
oE ; "\,\‘g : o~ BONN (96)
0.5 .’\-- 1-4:— *'—o-:. w
A, Preliminary = . Preliminary  : Preliminary
1f |E =975 MeV L [E, = 1025 MeV L [E, = 1075 MeV

-15_ Prellmmary Prellmmary Prellmmary

080604—02 0 02040608 T 0806 0402 0 02 0406 OB 1l 08 060402 0 02 0406(608 ;
cos

courtesy M. Dugger, ASU
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Tfor yp—nnr*E

., = 1125 to 1525 MeV

1+ E, = 1125 MeV

- E, = 1175 MeV

4F  Preliminary

E, = 1225 MeV

 Preliminary . Preliminary

1E [E, = 1275 MeV E, = 1325 MeV E, = 1375 MeV
4F  Preliminary [  Preliminary [  Preliminary
i E,=1425MeV| | [E, = 1475 MeV - [E, = 1525 MeV

- Preliminary

Prellmmary

-

Preliminary

an 11y an
080604-02 0 02040608 1 0806 0402 0 02 040608 1 08-060402 0 02040608 K

‘geffgzon Lab

E. Pasyuk

SPIN2014

cos(6,_,,

Beijing, October 20-24, 2014

® CLAS

— SAID

— MAID

— BnGa

4
clasy

courtesy M. Dugger, ASU
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Tfor yp—nn*E, = 157510 1975 MeV claS

" E, = 1575 MeV E, = 1625 MeV E, = 1675 MeV
0.5 ® CLAS
0 |
-0.5| : — SAID
4f  Preliminary Preliminary |  Preliminary
1k E, = 1725 MeV E, = 1775 MeV E, = 1825 MeV — MAID
0.5%
5 —BnGa
0.
0.5
4 Preliminary | Prellmmary
1 |E = 1875 MeV E, = 1975 MeV
0.5
0
0.5
4  Preliminary . Preliminary . Preliminary
FETH ETRE FEWI FETE PR FETE FTE s Fres fawi |
-0.8-0.6-0.4-0.2 0 02040608 1 -0.8-0.6-0.4-0.2 0 0.2 0406 0.8 1 080604020 02040608 1
cos(6,,,) courtesy M. Dugger, ASU
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Ffor yp—nx*(E, = 675 to 1075 MeV) claS

1, [, =675MeV - E,=725MeV L [E,=775MeV
o2 % =
- F /\m ® CLAS
of : -
-0.5-‘ ‘ '
aF  Preliminary [  Preliminary [  Preliminary —SAID
1F |E = 825 MeV s F.{ = 875 MeV L |E = 925 MeV
0.5F r
4F  Preliminary L Preliminary [  Preliminary
i, = 975 Mev = [E, = 1025 MeV E, = 1075 MeV
| : V.,
7 Preliminary Preliminary
e T T T e e e T A e T e e e e T T e
cos(6; ) courtesy M. Dugger, ASU
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Ffor yp—nn*E, =675to 1075 MeV claS

"4k E, = 1125 MeV 2 E, = 1175 MeV 2 E, = 1225 MeV
0.5F
: ,‘;;.-*Gi & CLAS
of
0.5
- — SAID
4 —Preliminary |- Preliminary - ’e"m'“a“’,.......
: E = 1275 MeV E, = 1325 MeV 3 E, = 1375 MeV
0.5¢ /775;—"-‘ ﬁﬁ — MAID
- -
0 . :
: - : -»-
0.5 g -
L e"’“'"afy........+.........‘.’..'.'.’.'.‘,!.'.‘.‘5‘.!1)’......,....;..,.... reliminary
1E |E = 1425 MeV d E, = 1475 MeV d E, = 1525 MeV
b e M
: W " 7
N\
reliminary
08 06 04-02 0 02040608 1 08 06 04 0.2 0 0.2 0406 0.8 1 -0.8-0.6-0.4-0.2 0 0.2 0406 08 1

cos(6; ) courtesy M. Dugger, ASU
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Ffor yp—nn*E, =1575- 1975 MeV claS

“ 4 [E =1575 MeV L [E, = 1625 MeV L [E, = 1675 MeV
B Al \ /\:,‘ﬁ
g g # CLAS
o AN : : N\
- '.'\_/ P - + -‘.\_.\/
0.5 - - E
E +- . :-+- -t-- : . —SAID
4F Preliminary - Preliminary  [T" Preliminary
£ [E, = 1725 MeV ;. E, = 1775 MeV = [E, = 1825 MeV
-0.5 :
AE PreI'#nnary f- ~Preliminary L Preliminary
1k |E = 1875 MeV - [E, = 1925 MeV L [E, = 1975 MeV
O'SZ\ M (\ M | M
RTINS ARTPN
-o.s‘—.M S o y + +
4f  Préliminary | Preliminary Preliminary
080604—020 02040808 1 0806 0402 0 02 ()408()LBI-I-I-1I -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

cos(6; ) courtesy M. Dugger, ASU
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Efor y p—pn clas§

0.5
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7 E(cosO.)
F] © 7 7 T1500<W<i550MeV ' T T T T T 7 " T1550<W<i600MeV ' = T " T’ " '1600<W<1650MeV '~ " T {7 7 " T1650<W<1700 MeV ' = T "
1.2 T T T 7
= ] o __________1]
08~ —— Juelich 2014 i T N ’ : = - ¥
L - - - ANL-Osaka 2013 || T S - — iE
o8- | SAID 2012 i + } + + <] k £+
F - - - BnGa 2012 i T R > :'i
04l Juelich 2014 (fit) [ T + i So_
- BnGa 2014 (fit) [ T r »—T— - T
L , M R, M T ey T T S IR 7
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i i I I i
,7 |
< I*
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0.5

'
iy

).5k

o

).5

-0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5

courtesy I. Senderovich, ASU
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Kaon production

Yy p—K*A, Kr20
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What is this Bump? Chgoa

'% ' | | | SAPHIR data (1998) triggered discussionon
3l G . CLAS (05) | “missing” D;:
< * SAPHIR (04) D,5(1890)?, P,,(1840)? D,5(1900)?... lots of other
< . e A igEEEM(QS) ] interpretations
$
O
2 L _
3
3 CLAS got into the game
o } First CLAS measurements (g1c): do/dQ, P, Cx, Cz
1 F R T, i .
2 e ¥ 1" Confirmed bump around 1.9 GeV
g * .*%
= |
N
L f L | L L L | L L L | L L L | L L L
1.6 1.8 2 2.2 2.4 2.6

Baryon Mass, W (GeV)

totol_tombd_2
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gl1 cross sections and P C|ng3

do/dQ, ub/sr 3
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Polarization transfer Cx, Cz

O

o.
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N

Fits: BoGa-Model, V. A. Nikonov et al., Phys. Lett. B 662, 245 (2008)
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PDG

.geff./eZon Lab

N* JP(Lyyy) 2010 | 2012
N(1440) 1/2+ (Pll) ok k ok ok
N(1520) 3/2-(D13) | e | e
N(1535) 1/2(S11) | x| e
N(1650) 1/2- (S11) | wwx | o
N(1675) 5/2- (D15) | #wex | e
N(1680) 5/2+ (F15) | x| weer
N(1685) *
N(1700) 3/2-(D13) | *** s
N(1710) 1/2+ (P11) | ** ok
N(1720) 3/2+ (P13) | wwwx | wesx
N(1860) 5/2+ o
N(1875) 3/2- wohk
N(1880) 1/2+ o
N(1895) 1/2- *t
N(1900) 3/2+ (P13) | * i
N(1990) 7/2+ (F17) | ** o
N(2000) 5/2+ (F15) | ** o
N@gg@_) D_l_g *%

N(2090) su *

N(2040) 3/2+ *

N(2060) 5/2- o

N(2100) 1/2+ (P11) *

N(2120) 3/2- *t

N(2190) 7/2- (G17)

N@z@@_) D_]é *%

N(2220) 9/2+ (H19) | *wxx | wesx
E. Pasyuk

Major revision of the baryon table to large

4
clasg

extent driven by new photoproducton data,
particularly CLAS data.

Them “bump” origin seems to be settled
being attributed to N(1900) 3/2+

Other new states still require more

confirmation

SPIN2014

Beijing, October 20-24, 2014
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Energy dependence: 2

courtesy D. Ireland, UGlasgow

.geff./eZon Lab

BoGa2011-1
BoGa2011-1

E. Pasyuk

Observable: Beam Asymmetry, =

Observable: Beam Asymmetry, =

-0.75 < cos 0, g% -0.55
L
osf .&ft‘:&q
*a

0.25 <cos 6, <045

T P T T POV PR
16 1.7 18 19 2 21 22

W (GeV)

y+p—=K'Z

1 1 1 I h f f 1 1 I I i [ f 1 1 I I i I I
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

LA

-0.55 <cos 0, <-0.35

1 1 1 I [ N |
16 17 18 19 2 21 22

SPIN2014

W (GeV)

1 1 1 I i I 1 1 1 1 I i I 1 1 1 I I i I 1
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

Beijing, October 20-24, 2014
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Energy dependence: Ox Ck)goa

BoGa2011-1
BoGa2011-1

Observable: Beam-Recoil, O,

B | T R et v i

TV e el el T 1 IO oToo0 ool 1
16 1.7 18 1.9 2 21 22 16 17 18 19 2 21 22 16 17

W (GeV)

-0.75 < cos| 0,

X

Observable: Beam-Recoil, O

’ 1f6 lf7 1?8 lf9 2‘ 271 2?2 176 117 l.IS l.l9 2I 2.‘1 2?2 176 1?7 178 119 2I 211 252 ll,6 177 118 119 2I 211 2.‘2
W (GeV)
courtesy D. Ireland, UGlasgow
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Energy dependence: Oz Ck)goa

BoGa2011-1
BoGa2011-1

Observable: Beam-Recoil, O,

1 1 I I i ! L 1 1 1 I h i ! 1 1 I I h h 1 1 1 I h i ! L
16 1.7 18 1.9 2 21 22 16 17 18 19 2 21 22 16 17 18 19 2 21 22 16 17 18 19 2 21 22

W (GeV)

z

Observable: Beam-Recoil, O

1f6 lf7 1?8 lf9 2‘ 271 2?2 176 117 l.IS l.l9 2I 2.‘1 2?2 176 1?7 178 119 2I 211 252 ll,6 177 118 119 2I 211 2.‘2
W (GeV)
courtesy D. Ireland, UGlasgow
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Energy dependence: T Ck)goa

y+p—=K'A
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courtesy D. Ireland, UGlasgow
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Two pion production

Yp—opnrntn
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Spin dependent cross sectionfor yp— pmr*m- Chgﬁ

The differential cross section for yp — prtn—

(without measuring the polarization of the recoiling nucleon)

42 — oo {(1+ Ai-P)+ . (1° + A, - P?)

dx;

— — —

+0,[sin23(1° + A;-P®) +cos25(1° + A; - P®)]}

oo: The unpolarized cross section

[3: The angle between the direction of polarization and the x-axis
X;: The kinematic variables

0 »,1: The degree of polarizaton of the photon beam =- 6, and 4,

K,-: The polarization of the initial nucleon =- (Ax, Ay, A7)
| ©:%:¢: The observable arising from use of polarized photons = 1©, 1%, 1°

P: The polarization observable = (Py, Py, Pz) (P, P>, P2) (P§, P, PS) (PS, PS, PY)
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Sforpm*n- CInga

— Fix & Arenhoevel e CLAS-g9b e CLAS-g8b
1
2 -1.0 < cos(0;- ) <-0.8 -0.8 < cos( 05+ ) <-0.6 -0.6 < cos( 65+ ) <-0.4 -0.4 < cos( 6+ ) <-0.2 -0.2 < cos(6z- )< 0.0
9
Q
o $
S
q, -
S
o W € [1.716; 1.770] GeV
c -1
_2 0.0 < cos(0;- )< 0.2 0.2 < cos(6z- )< 0.4 0.4 < cos(6;-)< 0.6 0.6 < cos(6;- )< 0.8 0.8 < cos(0x- )< 1.0
et +
©
N .
': A\ + X
8 N7 f ‘ 2 '
Data of unprecedented statistical quality
d=1o{(1 +A-P)+550°+A-PO)Y 2 o 2 2 0 2 2 0 éq)
f — =
+ 6;[sin28(1° 4+ A;j- PS)+ d
cos 23 ( Ic 4 A . P )] } Charles Hanretty (FSU), g8b
i

Priyashree Roy (FSU), CLAS g9b (FROST)
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I®forpr*m-

Fix & Arenhoevel

— W. Roberts (FSU)

— CLAS-g9a CLAS-g1c

W =1.40 GeV

W = 1.45 GeV

W =1.50 GeV W = 1.55 GeV

=1.70 GeV

Polarization Observable |1®

=190 GeV"~

+ &/ [sin2B(I° + K- /35)
cos2B(1° + Ai- P°)]}

ﬂ o
-0.2 L ¥
0 60 .
T+
Jefferdon Lab E. Pasyuk SPIN2014

Sungkyun Park (FSU), under collaboration review

Beijing, October 20-24, 2014
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P forpm*m-

Fix and Arenhoevel

4
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— W. Roberts (FSU) — CLAS Data (g9a)

W =1.40 GeV

N

W =1.45 GeV W =1.50 GeV W = 1.55 GeV

W=9385GeV"

Polarization Observable P

0.2 +
e - -
..... s, ceeee PR N S
0 - r,tﬁt"‘* k. *q.‘i\..
-0.2
"W =2.00 GeV _ “W=2.05
0.2
© N.. PO
0 et tupragtaest ""hlqﬂ"'q.l.!l lo{(1+Ai-P)+d0(I° +A;- PO)
02 + d/[sin26(1° + N;j- P*)+
0 2 3 60 S =
‘L cos28(1° + Ai- B)]}
»
Sungkyun Park (FSU), under collaboration review
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PPforpm*m-

Polarization Observable P2

\geff;r?on Lab

Fix and Arenhoevel

— W. Roberts (FSU)

4
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— CLAS Data (g9a)

ooooooooooooooooooooooooooooo

W = 1.40 GeV

W = 1.45 GeV

oooooooooooooooooooooooo

W =1.50 GeV

............................

N..-"-

W = 1.55 GeV

W = 1.60 GeV |
= o =
It P

W=1.70 GeV

3 -‘"hﬁ ,‘.-'.-‘
—c.-.oooo'o‘ﬁ“'. oooooooo -o

‘W =1.75 GeV

(S = = B ]
o ':.J » o.o-ooooo“-o
4

“

W=1.85GeV

-:;-'.""‘::"' g e _ﬁw'”-'v__"_‘_ﬁf-. T et ]
"W =2.00 GeV _ : "W =2.05
baactm i sz mrme ety | = lo{ (1 + AN -P)+355(° + Ni- P?)
E . ap, + &, [sin28 (15 + Ni- PS)+
0 2 4 60 . =
it cos2B(1°+ Ni-P°)]}
w
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Summary Chgoa

Polarization measurements in photoproduction proved themeselves
to be a critical piece for understanding of the nucleon resonance

spectrum.
More interesting data are on the way for strange and non-strange
meson production both on proton and deuteron targets.

High level analysis tools are in great demand.
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