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Introduction

Quarks, QCD, and Confinement
Structure of Baryon Resonances

Non-Perturbative Quantum Chromodynamics (QCD)

QCD is the theory of the strong nuclear force
which describes the interactions of quarks
and gluons making up hadrons.

Strong processes at larger distances and at
small (soft) momentum transfers belong to
the realm of non-perturbative QCD.

Quarks are confined within hadrons.

Confinement of quarks and gluons within nucleons is a

non-perturbative phenomenon, and QCD is extremely : E
hard to solve in non-perturbative regimes: Knowledge M
of internal structure of nucleons is still limited. m " M

This is particularly true for excited nucleons.
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Introduction

Quarks, QCD, and Confinement
Structure of Baryon Resonances

Non-Perturbative QCD

How does QCD give rise to excited hadrons?
© What is the origin of confinement?

© How are confinement and chiral
symmetry breaking connected?

© Would the answers to these questions
explain the origin of ~ 98 % of observed
matter in the universe?

Excited Baryons: What are the fundamental degrees of freedom inside a
proton or a neutron? How do they change with varying quark masses?

cav CQM+flux tubes Quark-diquark
clustering Nucleon-meson
() system
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Quarks, QCD, and Confinement

from Photoprod on Experime Structure of Baryon Resonances
Summary and Outlook

Spectrum of Nucleon Resonances
—— S. Capstick and N. Isgur, Phys. Rev. D34 (1986) 2809
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Introduction

Quarks, QCD, and Confinement

Structure of Baryon Resonances

Spectrum of Nucleon Resonances
—— S. Capstick and N. Isgur, Phys. Rev. D34 (1986) 2809

only the tip of the iceberg has been discovered?
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Introduction

Quarks, QCD, and Confinement
Structure of Baryon Resonances

Excited-State Baryon Spectroscopy from Lattice QCD

R. Edwards et al., Phys. Rev. D 84, 074508 (2011)
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Exhibits broad features expected of SU(6) @ O(3) symmetry
[0 Counting of levels consistent with non-rel. quark model, no parity doubling
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Introduction

Quarks, QCD, and Confinement
Structure of Baryon Resonances

Gluonic Excitations on the Lattice

J. J. Dudek and R. G. Edwards, Phys. Rev. D 85, 054016 (2012)
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The mass scale is m — m, for
mesons and m —my, for baryons.

Common scale of ~ 1.3 GeV for gluonic excitation, but hybrid baryons
are difficult to identify experimentally.

V. Credé Light Baryon Spectroscopy



Introduction

Quarks, QCD, and Confinement
Structure of Baryon Resonances

Helicity Amplitudes for the “Roper” Resonance

Data from CLAS

A1/2 and Sy /> amplitudes:
e.g. V. Mokeev et al.,
PRC 86, 035203 (2012);
PRC 80, 045212 (2009).
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Quark-model calculations:
— ¢° radial excitation
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q3G hybrid state
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Consistency between both channels (N7, Nx): sign change, magnitude, ...
@ At short distances (high Q?), Roper behaves like radial excitation.

@ Low Q? behavior not well described by LF quark models:
e.g. meson-baryon interactions missing

O Gluonic excitation likely ruled out!

1 2 3
0% (Gev )



The Search for Undiscovered States Electromagnetic Probes
Mission Goal: Complete Experiments
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The Search for Undiscovered States Electromagnetic Probes

Mission Goal: Complete Experiments

W [GeV
E, [GeV] 3,0- (GeV] In addition:
2.6 2.6 .
: @ SPring-8
Reaction Thresholds .
@ J-PARC
1.9

L 166 P —Pm 2,04
7P — prlw

7P — pr®n p— KA KE
7P — Pn

p — prm

p — prm

L 0.06 P— b7 1,01 &5

1.7

Common efforts at ELSA, JLab, and MAMI
(Double-)polarization measurements, vp & ~n reactions, etc.

L 0.00 0.0 | U U U e
! ELSA CLAS MAMI-C GRAAL
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The Search for Undiscovered States Electromagnetic Probes
Mission Goal: Complete Experiments

Double-Polarization: Toward Complete Experiments

Calorimeter system at ELSA is optimized for neutral particles.

Polarized Target Crystal Barrel

+ Inner detector

&~
] Crystal Barrel

Forward Detector <— Goniometer

Gas-Cherenkov Tagging system

TAPS

Close to 4w coverage

Crystal Barrel Setup at ELSA

@ Crystal Barrel (1230 Csl crystals)

@ Inner Detector (513 scintillating fibers)
. # Ecam Dump @ Forward Plug (90 Csl crystals)

@ MIiniTAPS (216 BaF,, 1° - 12°)

Photon intensity
monitor

Frozen-Spin Target: Butanol (C4HgOH).
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The Search for Undiscovered States Electromagnetic Probes
Mission Goal: Complete Experiments

The CLAS Spectrometer at Jefferson Laboratory

linear beam
polarization

&
dooo -
H Data for PERP 1.3GeV.
‘ Q s Calculation —
5

Electron Beam

FROST
double polarization

Electromagnetic
Calorimeters

Torus ; Cerenkov
Counters

Chambers
Time of Flight

METERS
IEESEEEEEEY Scintillators
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The Search for Undiscovered States Electromagnetic Probes
Mission Goal: Complete Experiments

Extraction of Resonance Parameters

@ Double-polarization measurements

@ Measurements off neutron and proton to
resolve isospin contributions:

(% ) AN — 7, 7, K)':g/2 = A*

D ical Reacti Amplitud

Q AGN — 7, p, K)=H2 = N* M heory | T Amiysis

@ Re-scattering effects: Large number of \ Maid
measurements (and reaction channels) Said

needed to extract full scattering amplitude. BoGa

B Coupled Channels
3 Hadron Models, Lattice QCD

T

Julich, GieRRen, EBAC, etc. Qcb
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The Search for Undiscovered States Electromagnetic Probes
Mission Goal: Complete Experiments

Why are Polarization Observables Important?

For single-meson production:

do
dQ

:Uo{l— 5|ZCOSZ¢
+ Ax (=8 HSiN2¢ + 6o F)
— Ay (=T + 6, Pcos2¢)
— A, (—6,Gsin2¢ + 6 E)}

G [ub]

Chiang & Tabakin, Phys. Rev. C55, 2054 (1997)

In order to determine the full scattering amplitude
without ambiguities, one has to carry out eight
carefully selected measurements: four double-spin
observables along with four single-spin observables.

‘00 800 1000 4200
E., [MeV] Eight well-chosen measurements are needed to fully
Y determine production amplitudes F1, F», Fs, and F.

7P — pr°
V. Credé Light Baryon Spectroscopy



The Search for Undiscovered States Electromagnetic Probes
Mission Goal: Complete Experiments

Example: Ambiguities in yp — p 7°

— Bonn-Gatchina (2011_2)
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The Search for Undiscovered States Electromagnetic Probes
Mission Goal: Complete Experiments

Helicity Asymmetry E in Yp — p 7 (CBELSA/TAPS)

F '630.660 MeV. 690.720 MeV. 750760 MeV 510.840 MeV.

E . 3 E_ 0172 — 03/2

012 +03/2

10501060 MeV.

E, €[0.6,2.2] GeV

o CBELSA/TAPS

1110-1140 MeV T T eeomer - Ma|d

. + 4

) + Pt sty — Said (CM12)

3 3 3 *y — BoGa (2011_2)
1470-1530 MeV 1590-1710 MeV. 1830-1950 MeV 2070-2190 MeV/

* 4, e/l *4| Angular distributions

o e 172N i + sensitive to interference
M e 4 ‘ ‘ between resonances.

M. Gottschall et al. [CBELSA/TAPS] oS 00
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Photoproduction of Single-7 and n Mesons
Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Outline
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e Results from Photoproduction Experiments
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Photoproduction of Single-m and n Mesons

Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Photoproduction of 7° Mesons from the Proton

Reaction yp — p 7° remains important for our understanding of baryons.
@ At ELSA, excellent data with good statistics in the forward direction.

@ Forward region is very sensitive to higher-spin resonances:
O Observation of N(2190)G;7 within the Bonn-Gatchina PWA framework
(Important to confirm high-mass states first observed in =N scattering)

s # 1350 - 1400 MeV 1750 - 1800 MeV 1900 - 1950 MeV

b
=

. CBELSA/TAPS
Fé ¥ CB-ELSA
E=le ﬂA ¢ CLAS, GRAAL

0 50 100 150 50 100

150 50 100 150 O.p,
V.C. et al. [CBELSA/TAPS], Phys. Rev. C 84, 055203 (2011)
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Photoproduction of Single-m and n Mesons
Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Asymmetry G in yp — p 7% (CBELSA/TAPS)

ELSA Talks: A. Thiel, HS1.7 on Monday do
_— = 1-46x 2
A. Wilson, HS 3.7 on Thursday d =0o{ 013 cos2¢

g E 800 = 25 MeV E. 900 & 25 MeV J +AX(_5|HSin2¢+5®F)
04 E, = e _ y = e

3 ST — Ay (=T + 6, Pcos2¢)

i e 3% ,

K Ot — A (—=6/Gsin2¢ + 5o E)}

TN L TR -
04E) N - RN T
08 pEEY net \ t h - * s Surprisingly, 7 production

‘ ‘ ot P R R also not well understood at

0.4 = 1000 £ 25 MeV * y = 1100 & 25 MeV Iower energieS'

— BoGa
-- SAID
MAID

cos 6,
A. Thiel et al. [CBELSA/TAPS], PRL 109, 102001 (2012)
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Results from Photoproduction Experiments

Photoproduction of Single-m and n Mesons

Observables in the Photoproduction of Two Pions

Asymmetry G in yp — p 7% (CBELSA/TAPS)
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do
o

O =90+ 5°

0 = 130+ 5°

=o09{1- & Xcos2¢

£ A (=8 HSN2¢ + 6 F)
— Ay (=T + &,P cos2¢)
— A, (—6,Gsin2¢ + 6 E)}

Surprisingly, = production
also not well understood at
lower energies.

Below 1 GeV, discrepancies can be
traced to the Eqo+ and E,- multipoles,
which are related to certain resonances:

Eo+: N(1535) 2, N(1650) 3, A(1620) %~
E,—: N(1520) 37, A(1700) 3~

A. Thiel et al. [CBELSA/TAPS], PRL 109, 102001 (2012)
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Results from Photoproduction Experiments

Target Asymmetry T in yp — p 7° (CBELSA/TAPS)

Photoproduction of Single-m and n Mesons
Observables in the Photoproduction of Two Pions

1
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s

|

T ]|

I —
500 MeV < E, < 925 Mev.

525 MeV < E, < 950 MeV

G50 MeV < E, < 975 Mev.

i Phree. /N A/
:
1 W I 1
1 05 0 0.5 05 0 0.5 0.5 0 0.5 -0.5 0 0.5 1
€0S 0 0

J. Hartmann et al. [CBELSA/TAPS]

600 < E < 1000 MeV
in bins of AE = 25 MeV

CBELSA/TAPS

Daresbury (1977)
Nucl. Phys. B 121 (1977), 45

Maid

Said

Bonn Gatchina
Good agreement of

experimental data.
(improved statistics)
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Results from Photoproduction Experiments

Photoproduction of Single-m and n Mesons
Observables in the Photoproduction of Two Pions

Target Asymmetry T in yp — p 7° (CBELSA/TAPS)
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I
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herf

1233 MeV < E, < 1267 MeV.

A
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4

1333 MeV < E, < 1367 MeV,

——
367 MeV < £ < 1400 MeV.

400 Mev < £, < 1433 e\

1433 Mev < £, < 1467 Mo

A

L

1467 MeV < £, < 1500 Me'

1

BA,

W

N/

4 A,

N

\?mv

05 0 0.5

05 0 0.5

0 0.5

1

€0S 0 0

1000 < E, < 1500 MeV

CBELSA/TAPS

Daresbury (1977)
Nucl. Phys. B 121 (1977), 45

Maid
Said
Bonn Gatchina

O Good agreement of
experimental data.

Model disagreement
toward 3" resonance
region: W > 1.6 GeV
(Eo+, E;— multipoles?)
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Photoproduction of Single-m and n Mesons
Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Target Asymmetry T in vyp — pn (CBELSA/TAPS)
_— \

T °° )// F 708 < E, < 933 MeV
+ " o _
L J_X:L + +1 g P 0 in bins of AE = 25 MeV
O FFF T ot T T 1 T + 3 T
e CBELSA/TAPS
-8‘:5) :7OBMeV<EV<733Me\/ :733MeV<EV<758MeV :758MeV<EV<783MeV A PHOEN'CS (1998)
+ + Phys. Rev. Lett. 81 (1998), 534
O+ T l D 1 — Maid
— Said
0.5 |.783 MeV <E, <808MeV | 808 MeV<E, <833MeV 833 MeV < E, <858 MeVv )
05F 5 F — Bonn Gatchina
+
0 i . 4 t
[ I
-0.5 | 858 Me\/‘< Ev < 883‘ MeV N | 883 Me\/.< Ev < 908‘ MeV N [ 908 Me\/.< Ev < 933‘ MeV
-1 -0.5 0 0.5 -0.5 0 0.5 -0.5 0 0.5 1

cos 0,
J. Hartmann et al. [CBELSA/TAPS]
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Results from Photoproduction Experiments

Photoproduction of Single-m and n Mesons

Observables P,H (CBELSA/TAPS)

Observables in the Photoproduction of Two Pions

04 ¢ f/m' 701:57122.:7:)2 04 ¢ );Z/mﬂ 0.207:;;?0/2(112 i
=2 0.3; H 0.0126 + 0.0076 pd 03 E — = N H -0.1769  0.0203 angle Of Iln'
< L0 . R S I pol. plane:

01 w VPP o1p m , = 45°

o[x}m — oF 7 ‘-

ok o &%ﬁ direction of

03f osf target pol.:

044 90 180 270 $.00 045 % 180 270 ¢.0 3 = 99°

target pol. axis
AN(®) = C - (Nip =Nuy) = (Ny; =Nyy) photon pol. Xy 7
(Nar + N2+ (N +Nyy) unpolarized o T
= P (sin(¢ — B)cos(2(¢ — a)) linear Y |H —-P -G
+ H(cos(¢ — B)sin(2(¢ — a)) circular F —E
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Photoproduction of Single-m and n Mesons
Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Beam Asymmetry ¥ inyp — N 7 (CLAS g8b)

vp — pr° Linear beam polarization:
1 cos{d,,) = —2.85 - coa(B,n) = —0.75%h !ﬂ d
By %:go{l—cﬂZcosZgﬁ
A R Al T A (=orHsn2g + 6o F)
5 EERELIMII\‘IARY fPRELIMINARY ‘ ‘ — Ay ( -T +4,P COSZ¢)

0 H E— cos(,,,) = —0.55 ;v _ /\Z(—6| GS”‘]ZQS + 5®E)}

o E r
g W — SAID e CLAS
& GRAAL 2005 Ing O YERE 2001

RELWINARY | (E’Y < 2GeV, —0.85 < cosf, < —0.35)

Cos( By = —0.35

o LEPS 2007

F‘RELIMII\‘IARY

£
s L L | n | il
Castd.,) = 045 =

O Serious discrepancies between
models and data above 1.4 GeV.

ﬁ\;—%

® CLS
BONN 2009

— e Photoproduction of = mesons still

1007250 Ta00 1750 Z00Tions 1250 Ta0T o 2o not very well understood.
£, (o)
M. Dugger (ASU), CLAS g8b run group
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Photoproduction of Single-m and n Mesons
Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Beam Asymmetry ¥ inyp — N 7 (CLAS g8b)

(E, <2 GeV, 0.35 < cosf, < 0.85)
— SAID e CLAS

PRELIMINARY

81 =k F i (changes for A(1700) 3, A(1905) §")
E & GRAAL 2005 ! E
=05 E preummary  E E PRELIMINARY
. :7‘ ‘cos(’ILT)= 0‘3‘5 ‘ ﬂ ‘cusl(ih.,‘)=0.4‘5 . .
1 - E: Combination of p 7% and n 7+ helps
afs . . .
Claas e distinguish between A, N* states:
o4
0§ ; N 200%

BONI
PRELIMINARY A+ N S

cosidl, ) = 0.65
L | L |

| n
I

o. /2, 3 1 1.1 1
P Prgli= s = myEli= g =5)
or * YERE 1975 ¥ O 70
-05 PRELIMINAR Y PRELIMIMARY + 1 3 1 2 1 1
Gos(top) = 0.75 cos{d,) = 0.55 natt - = || =_,l3= 7> +4/= || =—,l3= 7)
L ST P S N 3 2’ 2 3 2’ 2
1000 1250 166G 1750 20001000 1260 1500 1750 2000

E, (MaY)
M. Dugger (ASU), CLAS g8b run group
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Photoproduction of Single-m and n Mesons
Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Target Asymmetry T inyp — n7™ (CLAS FROST)

—SAID -BoGA12 Early-stage results (g9b)

" 4f [E =675MeV] I E.=725MeV E [E =775MeV @ Transverse Target
0.5f / s ® CLAS -

r—— = s —saD Polarization

\ m%ye‘m,s\-j mh.‘:‘ .

—BnG E =

~ < e

af IPrpI,rr;lnary E Prlellimliﬂarlyl E Preliminarly‘ _ | 4 TOKY (76) N

1t [, =825MeV| I E/ =875MeV| 3 TOKY (77) ‘é:;\,

DNPL (79)

o.s%\ #...3‘_‘ 0 TOKY (82)

. = o - %_\ BONN (96) F A
osh 5\4 el =y - _ Preliminary
4f  Preliminary | Preliminary | Preliminary E, = 1975 MeV

1 [E,=975MeV] I [E,=1025MeV] I [E=1075MeV
0.5F F F
o SN PN P at AN
0.5 : % F L
af Prellmlnary E IPl:elirqiqary b ‘Prel‘irr‘linlaliy‘ ‘ Preliminary
D! Db DLDZ 0 02 D‘ 0505 0.8-06-0402 0 02040608 1 -0.8-06-04-02 0 02040608

o -0.6-0.4-0.2 0 0.2 0.4 0.6 0.B
c0S Oc.m. g COS Oc.m.

M. Dugger (ASU), CLAS g8b run group
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Photoproduction of Single-m and n Mesons
Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Observable F in ¥yp — n7" (CLAS FROST-g9b)

—SAID12 BoGa not shown

1| [E,=1575MeV | I [E=1625MeV | I [E,=1675MeV]| do
05 7@ 753 7‘3 m:ao{l—éicosw
+/ o -.-.,/ "\_/ o/ + Ax (=6 1HSIN2¢ + 6o F)
TN A\ \/{/ Ay (~T + &P cos2
4 Preliminary Prellmlnaz ["  Preliminary — Ay (=T + 6P cos2¢)
TR e e | (e wet] — A (—6:Gsin2¢ + 6 E)}

AT A A

05 +-/+ 7{&/7/+++\-/ i +'/'*+4\/ Transv. target pol. & circ. beam pol.

aE Pfe'#"“afy o.p. Preliminary,  © .PF"'.'"P'“‘"V . @ Early-stage analysis
1k [E-1875W| [E/=1925MeV ] [E, = 1975 MeV |
ost -L 7‘34‘ 2 @ Reasonable agreement among
0 AN/ NN/ /’\ i redictions for W < 1.7 GeV
Y K +,4+ P _
AW N O Much to learn at the higher
af  Pr jrr!iqafyl B IPI:eI[irqiqarfv] L Prellmmary ) energies
COS Oc.m.

M. Dugger (ASU), CLAS g8b run group
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Photoproduction of Single-m and n Mesons
Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Overview of CLAS Polarization Measurements

Measurements off the proton Eugene Pasyuk, HS 1.1 on Monday
O .

@ p— |pa% nat

@ vp — p7, pn’ (I. Senderovich, HS 1.9)

Frozen-Spin
[+ "\)/p — p 7(—+7(—7 s pw, p ¢ Target (FROST)
Measurements off the neutron o
@ Yyn—pmr-

@ Yn — nata~

[0 “Complete” experiment possible
in Strangeness Photoproduction (Stuart Fegan, HS 1.6 on Monday)

@ p—KY (Y=AX°XE") O Crosssections (A(1405), A(1520)):
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Photoproduction of Single-7 and n Mesons
Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Beam-Target Polarization Observables inyp — p#n
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At higher excitation energies:
Multi-meson final states important.
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Results from Photoproduction Experiments

Photoproduction of Single-7 and n Mesons

Observables in the Photoproduction of Two Pions
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Fix & Arenhoevel
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Photoproduction of Single-7 and n Mesons

Observables in the Photoproduction of Two Pions
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Photoproduction of Single-7 and n Mesons

Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Fix and Arenhoevel — W. Roberts (FSU) — CLAS Data (g9a)
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Photoproduction of Single-7 and n Mesons

Results from Photoproduction Experiments Observables in the Photoproduction of Two Pions

Fix and Arenhoevel — W. Roberts (FSU) — CLAS Data (g9a)
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Summary and Outlook

Summary and Outlook

Our understanding of baryon resonances has made great leaps forward. There
is good evidence that most of the known states (listed in the PDG) will also be
confirmed in photoproduction and that new states will be revealed:

@ Goal of performing (almost) complete experiments has been (almost)
achieved; significant contributions from (double-)polarization experiments.

@ Sitill too early to nail down relevant degress of freedom in excited baryons.

0 Some states might be generated dynamically ...
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