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Introduction

QCD and Confinement

© What is the origin of confinement?

© How are confinement and chiral
symmetry breaking connected?

Quarks, QCD, and Confinement
Why do we study excited baryons?

From about 10~ s on, all quark
and anti-quarks became confined
inside of hadronic matter. Only
protons and neutrons remained
after about 1 s.

o
9

© Would the answers to these questions explain
the origin of ~ 99 % of observed matter?
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Introduction

Quarks, QCD, and Confinement
Why do we study excited baryons?

Non-Perturbative QCD

Courtesy of Craig Roberts, Argonne

How does QCD give rise to hadrons?

Interaction between quarks unknown
throughout >98 % of a hadron’s volume.

Explaining the excitation spectrum of hadrons is central to our understanding
of QCD in the low-energy regime (Hadron Models, Lattice QCD, etc.)

O Complementary to Deep Inelastic Scattering (DIS) where information
on collective degrees of freedom is lost.
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The (Experimental) Issues with Hadrons

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

CQM+flux tubes Ouark ~diquark
clustering Nucleon-meson
system
© Mesons

What is the role of glue in a quark-antiquark system and how is this
related to the confinement of QCD?

What are the properties of predicted states beyond simple
guark-antiquark systems (hybrids, glueballs, multi-quark states, ...)?

O Need to map out new states (Session 3C):
BES IIl, BELLE, COMPASS, Panda@GSI, GlueX@JLab, ...
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Components of the Experimental N* Program

The excited baryon program has two main components:

@ Establish the systematics of the spectrum
Current medium-energy experiments use photon beams to map
out the baryon spectrum (JLab, ELSA, MAMI, SPring-8, etc.).

O Provides information on the nature of the effective degrees
of freedom in strong QCD and also addresses the issue of
previously unobserved or so-called missing resonances.

@ Probe resonance transitions at different distance scales
Electron beams are ideal to measure resonance form factors and
their corresponding Q ? dependence.
O Provides information on the confining (effective) forces of
the 3-quark system.
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Quarks, QCD, and Confinement
Why do we study excited baryons?

One of the Goals of the Excited N* Program ...

... i1s the search for missing or yet unobserved baryon resonances.
Quark models predict many more baryons than have been observed.

xx %% | xx% | xx | « | [ Particle Data Group
N Spectrum 11 3 6| 2 (J. Phys. G 37, 075021 (2010))
A Spectrum / 3| 66| O little known

(many open questions left)

© Are the states missing in the predicted spectrum because our models do
not capture the correct degrees of freedom?

@ Or have the resonances simply escaped detection?
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One of the Goals of the Excited N* Program ...

... i1s the search for missing or yet unobserved baryon resonances.
Quark models predict many more baryons than have been observed.

% sk ksk | ok ok ok | kk * 0 Particle Data Group
N Spectrum 11 3| 612 (J. Phys. G 37, 075021 (2010))
A Spectrum 7 3| 6|6
g ﬁ% Broad, overlapping resonances
== Have not been observed, yet.
s 5 1 2 I
§ ; i"?*fw B e Nearly all existing data on baryons result
é ol . by from 7N scattering experiments.
O If the resonances did not couple to 7N,
L e T e 6w they would not have been discovered!!
e T 217 SR S
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Quarks, QCD, and Confinement

Experimental Status 0 0 Why do we study excited baryons?

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

Dot | | s | | ==
| many predicted states missing | — I
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Introduction
Quarks, QCD, and Confinement

Experimental 0 0 Why do we study excited baryons?
Summary and Outlook

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

3000 ] ’ {

Perhaps only the tip of the iceberg has been discovered?
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Quarks, QCD, and Confinement
Why do we study excited baryons?

Excited-State Baryon Spectroscopy from Lattice QCD

R. Edwards et al., arXiv:1104.5152 [hep-ph]
N* i

Missing states?

m/mgo

m, = 400 MeV

C. Morningstar
I O Session 2C

06

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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Quarks, QCD, and Confinement
Why do we study excited baryons?

Extraction of Resonance Parameters

@ Double-polarization measurements

@ Measurements off neutron and proton to
resolve isospin contributions:
Q@ ANBN — 7, 5, K)=8/2  — A*

D ical Reacti Amplitud
ynamical Reaction mplitude

g A(’yN — T, 1, K)I:l/Z <~ N * Theory Analysis

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

needed to extract full scattering amplitude.

B Coupled Channels T

Hadren Models, Lattice QCD

EBAC, Julich, Giel3en, etc. T
http://ebac-theory.jlab.org
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The Search for Undiscovered States

Meson Photo-Production Data

Complete Experiments

E, [GeV] 3,0+

Reaction Thresholds .

YR — pnn
p — prlw

- 1.66

In addition:
@ LEGS
@ SPring-8
1.9
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KX
P = PP Ap — KA
7P — Py
vp — prrm
p — pr
| 0.06 P—P7T
Experiments partially complementary
@ All facilities have started polarization programs.
. 0.00 0.04 U ¥ 1
' ELSA CLAS  MAMI-C  GRAAL



The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

Complete Experiments in Photoproduction: vyp — K'Y

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.

proton

Eight well-chosen measurements are needed to fully
determine the amplitude
A weak decay has large

analyzing power @ 16 observables will be measured with CLAS
O Allows many cross checks

Photon beam ‘ Target ‘ Recoil ‘ Target - Recoil
vy ‘ s Y xx vy 727 e.g. 7yp — KA
X ‘ y ‘ z x| y |z x |y z x |y [z 0 published
unpolarized ﬂ T L, T. L,
linearly?, | X H | P C. | T, | E F |L.|Col| Te 0 data taken
circular P, F 0. G H 0,




The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

Comparison of Different Data for yp — KA

- [ub]
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Significant improvement of the data
quality in recent years
@ Much more precise data with larger
kinematic coverage
@ High-statistics data samples allow
for many different topologies to be
analyzed

0 Confirmation of CLAS '06 results

B CLAS 2010
CLAS Collaboration, Phys. Rev. C 81, 025201 (2010)

B CLAS 2006
CLAS Collaboration, Phys. Rev. C 73, 035202 (2006)

SAPHIR Collaboration, Eur. Phys. J. A 19, 251 (2004)
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The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

Polarization Transfer in yp — K~ A

c,  WithoutN(1900)P;3; ¢ c,  with N(1900)Py3 5

?
oFrae ol p?ff.0f $555080°°8 Fipede sif F},mg?aé Fiiyaqans®e N 13 11rr\1'3\
T r L\H [lPEgteens) OF 3 r as o Predicted
. I 3 s e 1678 ‘ "

1 Tgooe o Taoga0 s . 5

N

L L L incQM

[ Fs Leyrry
CLAS

[

N U RN I W
0 1600 1800 2000 2200 2400

M(yp) [MeV]

Bonn-Gatchina PWA requires N(1900)P;3.
I 11 No quark-diquark oscillations!

-0.5

os 6 h [ Both oscillators need to be excited.
K

Er1T
s

R. Bradford et al. [CLAS Collaboration], Phys. Rev. C 75, 035205 (2007)
Fits: BoGa-Model, V. A. Nikonov et al., Phys. Lett. B 662, 245 (2008)
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Introduction
The Search for Undiscovered States Meson Photo-Production Data

Experimental Status of N* (Polarization) Program Complete Experiments
Summary and Outlook

Spectrum of Nucleon Resonances
—— S. Capstick and N. Isgur, Phys. Rev. D34 (1986) 2809
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| many predicted states missing | — I
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Meson Photo-Production Data
Complete Experiments

The Search for Undiscovered States

Isospin Filter: yp — N* (1 =1/2) — pw

M. Williams et al. [CLAS Collaboration], Phys. Rev. C 80, 065209 (2009)

_ 7 1
ERnls = total g
° . o t-channel '-cE" -
RTALTI © 82 £ . ! tidipodcl| PWA fitincludes
: e, t = T
, Frasg s 5,00 < ‘ resonances +
s e t-channel amplitudes.
. assasiilenzan eous
Y Tt
RiTEan
8 ..
0 lsbﬂ 19‘00 = 2000 b 1800 19‘00 20‘00
W (MeV) W (MeV)

Only nucleon resonances can contribute (isospin filter)

@ First-time PWA of w photoproduction channel
@ High statistics data sets are key to pull out signals.

[0 CLAS at JLab can provide statistics, but there
are also limitations in the acceptance.

Strong evidence for (W < 2 GeV):
(3/2)— N(1700) x *
(5/2)4 N(1680) s = s

Baryon Spectrosco




Meson Photo-Production Data
Complete Experiments

The Search for Undiscovered States

Isospin Filter: yp — N* (1 =1/2) — pw

M. Williams et al. [CLAS Collaboration], Phys. Rev. C 80, 065209 (2009)

';_ = total E
E i o t-channel '-cE" .........
LA T L < / i Ly PWA fitincludes
ML < 2 | resonances +
=R LI - t-channel amplitudes.
DDDDDDDDDDDDDDDD . ., ~
=7 em050a0, 00, F.s(l950)JG”(2190‘),--" lS(lsthcn(zwm
o e, ceeen 2 ‘
2000 2200 2400 2000 2200 2400
W (MeV) W (MeV)

Only nucleon resonances can contribute (isospin filter)

@ First-time PWA of w photoproduction channel

(5/2)+ N(1950) == @ High statistics data sets are key to pull out signals.
(7/2)— N(2190) * * #x O CLAS at JLab can provide statistics, but there
are also limitations in the acceptance.

@ Hints for a missing state!

Strong evidence for (W > 2 GeV):
(5/2)4 N(1680) s = s
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The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

Isospin Filter: yp — N* (1 =1/2) — pw

M. Williams et al. [CLAS Collaboration], Phys. Rev. C 80, 065209 (2009)

10

o -
= total ~ 3 i
2 } ol mmetry ¥ for yp — p w (r. colins et al
METTTILLITTPN . 52+
iiE BRI N SRR E
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Strong evidence for (W > 2 GeV): i MRy ERRFLMINARY
(5/2)+ N(1680) * % %k o _E{,:WSZDMEV PR i[,:waumv W cus
ok [z
—as |- Ixxxlszl £ "zﬂ ER
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- 0.5 ) 0.5 05 0 0.5
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Paris et al.
— Sarantsev et al.
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The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

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

—_ CBELSA/TAPS
.r::l,_ ®

2ls ¢ ¥ CB-ELSA
i=fle: ﬂA e CLAS, GRAAL

0 50 100 150

.
50 100
V.C. et al. [CBELSA/TAPS Collaboration], arXiv:1107.2151
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The Search for Undiscovered States

Meson Photo-Production Data
Complete Experiments

Beam Asymmetry ¥ in yp — p °

¥p > pm
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M. Dugger (ASU), CLAS g8b run group, to be published

L |
1000 1ZBO0 18GG 1780
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+ Ax (=6 1HSN2¢ + §o F)
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— SAID e CLAS
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O Serious discrepancies between
models and data above 1.4 GeV.
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Meson Photo-Production Data
Complete Experiments

Beam Asymmetry ¥ in yp — p °
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A and N* resonances:
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The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

Beam Asymmetry > in9p — p7%and Yyp — nx ™

yp > pm yp > N
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M. Dugger (ASU), CLAS g8b run group, to be published
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Meson Photo-Production Data
Complete Experiments

The Search for Undiscovered States

Why are Polarization Observables Important?

0 — : i
a [ — :
Rl
o S..(1535 = CB-TAPS
0 r ' u( ) CB-ELSA
T ) A CLAS
10 * GRAAL
* TAPS
200 Giot
n do /dQ2
‘ = o m, [ Mev!cgl0 1
14 I ‘\ PWA
\ 0.5

vp — pn: Only nucleon (i.e. N*) resonances can contribute

1.0 ,j T
2 o /,/ Broad, overlapping @ N(1535)S;1, N(1520)D13, N(1650)S;1, N(1680)F;s,
© .l resonances N(1720)P13, ..., p- and w-t-channel exchange
o4 @ New resonance N(2070)D;5: m = (2068 + 22) MeV/c?
. s / (Bonn-Gatchina PWA) I = (295 + 40) MeV/c?
s 5 / | (needs confirmation in polarization experiments)

" =
200 400 600 800 1000 1200 1400

E. (MeV)
Light Baryon Spectroscopy
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The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

Analysis of yp — p n: Total Cross Section

Qo ub CBELSA/TAPS data M Isospin Filter
© BoGafit — O Only N* resonances can

contribute!

10 ¢

Bonn-Gatchina (PWA) group:
Hint for N* resonance (2070)Dys
(Phys. Rev. Lett. 94, 012004 (2005))

© Confirmed in 2009 analysis!
Q N(1720)P13 —p7?
O 7-MAID:
N(1710)P;; — p 7 significant!

%
IS

L 1 PR L 1
1600 1800

10

P R N T
2000 2200 2400
M(yp) [MeV]

Resonances dominantly contributing:
N(1535)S11, (N(1720)P13)?, N(2070)Dss
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The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

Beam Asymmetry ¥ in the Reaction Yp — pn

Ey = 1250 MeV

s D13(1520) do
0: ~—9-: 13 d—Q:00{1—5|20082(]5
2;:// + Ax (=6, Hsin2¢ + 6o F)
" — Ay (=T + &, Pcos2¢)
hy L pa720) BoGa-PWA — A, (-6/Gsn2¢ + 66 E)}
08 I
526408050700 W’mm
E, = 1250 MeV Further spin observables are available.

g e p:lg(nzb) G and E from 2007-2009 experiments with
z; VTR NN RSN § . longitudinal target polarization at MAMI-C,
T/ e A T ELSA, CLAS 0O Data being analyzed.

3‘47— RN H, F, T, P from experiments with transverse
o D13(15520) MAID target polarization (program completed at
8 e r CLAS@JLab, soon at ELSA and MAMI)

“B26™"30""50""580" 100 126 146 760 T80
Ocus(1)/deg

[CBELSA/TAPS Collaboration], EPJ A 33, 147 (2007)
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The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

Helicity-Dependent Cross Section for Yp — pn

77 count rate difference o

14000 Oz %l ] A AT

B N N 30F o 3 e
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4000/
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0—— -t .“ i A e e 01/2 +03)2

0 500 1000 1500 2000

M. Gottschall et al. [CBELSA/TAPS Collaboration]
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The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

Helicity-Dependent Cross Section for Yp — pn

77 count rate difference

Oy ~Ogp [t D]
140001 : .
FN1 — Ns " —Maid
12000 * 2 + i —said
1masy 20 " BnGa
511(1535) 15F —BnGacCur
10000 .
8000~ b
= , O Very preliminary:
6000 ¥ Data are positive
: + Obs ble E for n: W = 1775 MeV.
4000 , ] | S
L IS ‘?\__
o 1 &40y L\*ﬁ%&fgi&‘/ AN o
2000 gty 317201 RS ++z—&\@&\ )
s el I T
0 500 1000 1500 Nl g d s ool ol ol ol i 4 98 98 94 a7 0 62 04 o8 o8 1

B. Morrison et al. [CLAS Collaboration]
M. Gottschall et al. [CBELSA/TAPS Collaboration]

dé Light Baryon Spectroscopy



The Search for Undiscovered States Meson Photo-Production Data
Complete Experiments

Double-Polarization: Toward Complete Experiments

Calorimeter system at ELSA is optimized for neutral particles.

Crystal Barrel o
+ Inner detector o Vﬁj

Forward Detector =t \-;; * +— Goniometer

Crystal Barrel

Polarized Target

Tagging system

TAPS

Close to 4w coverage

target pol. axis
A photon pol. X oy z
ﬁ unpolarized o T
Photon intensity o % Beam B linear ->|H —-P -G
s circular F -E

Frozen Spin Target: Butanol (C4HgOH).
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Double-Polarization at ELSA: Target Asymmetry T

vp — pm° P — PN D. Elsner
700 MeV < E- < 800 MeV [Frdr — BEIT 800 MeV < E < 900 MeV [Frmar —wmarrr] L] Session 1C
L s T 0.2444 + 0.0029 : s T 0.1668 + 0.0091

0

=

0

i

0

i

L%

- 7/ direction of
04 -nl% target pOI
n‘nq 75 2 ¢110[ﬂ:i A Illlj T 20 :f;n["]m 3 _ 990
AN(¢) = 1 Nt — N, target pol. axis
fPage Ni+N; photon pol. X y 2
unpolarized | o T
=T-sin(¢— ) linear s |H -P -G
O Unprecedented statistical quality. circular F —E
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Double-Polarization at ELSA: Observables P and H

= 0 —»—s
TP — P7 TP — PN}
800 MeV < E~ < 900 MeV [F7nar 728716 800 MeV < Eo < 900 MeV [7nar 9574718
5 M P 0.145+ 0.008 04 P 0.2075 = 0.0202 )
H 0.0126 + 0.0078 Il.3: H -0.1769 = 0.0203 angle of |In.

03

s . ut pol. plane:
TN b W K|  a=45

3 ¥ P o 7
g R N 1% ﬁrj"f’/ direction of

-uzi— nzz— ’T‘ <F
asp asf target pol..
& ™ " " 60 e ki reCh B = 99°
( ) ( | target pol. axis
Nip —=Nu)—(Njp =Ny,
AN(¢) = C - photon pol. X y z
(@) (N2t N+ (Njp +Nyy) ;
unpolarized o T
= P (sin(¢ — B) cos(2(¢ — @)) linear Y |H -P -G
+ H (cos(¢ — B)sin(2(¢ — a)) circular F -E
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Double-Polarization at JLab: CLAS-FROST

— ~ @ ~p — pn (Dugger, Morrison et al.)
' Arizona State University

¥p — Pw (Collins, Vernarsky et al.)
Catholic University, Carnegie Mellon

vp — nnt (E) (S. Strauch et al.)
University of South Carolina

vp — nat (G) (3. McAndrew et al.)
University of Edinburgh

E.P k
a Siss}gijon 1c vp — p7° (H. lwamoto et al.)
M George Washington University
FRozen-Spin Target (FROST) vp — prtr (S. Park et al.)
@ P, ~80% Florida State University
@ Relaxation time ~ 2,000 h @ yp — KTY (S.Feganetal.)

@ Holdingmode (B=0.5T, T ~ 28 mK) University of Glasgow
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Helicity Difference E inyp — nz™

Y(p,m*)n - Selected Preliminary Results (1)

W =1.250 - 1.275 GeV W =1.325 - 1.350 GeV W = 1.400 - 1.425 GeV
T T T T T T T T T
| —— SAID (SP09) - —— SAID (SP09) —— SAID (SP09)
- MAID (2007) 1 T - MAID (2007) -—-- MAID (2007)
3 - SAID (SM95) 4 ——- SAID (SM95) —— SAID (SM95)
3 ® CLAS Preliminary o CERSReynay @ CLAS Prefiminary
w o w L S i
B 1 Y
L . L . L L . . .
-1.0 05 0.0 05 i0 1.0 05 0.0 05 10 10 05 0.0 05 10
cos© ™ cos©™ cos© ™
W = 1.475 - 1.500 GeV W = 1.550 - 1.575 GeV W = 1.625 - 1.650 GeV
T T T T T T T T T
—— SAID (SP09) —— SAID (SP09) —— SAID (SP09)
o MAID (2007) -/ 1 T - MAID (2007) —sera—srs — - MAID (2007) e
= SAID (SM95) === SAID (SM35) == SAID (SM95)
® CLAS Preliminary @ CLAS Preliminary ® CLAS Preliminary
w o w w o
-1 £ E Py
-1.0 05 0.0 05 1.0 -10 05 0.0 05 10 10 05 0.0 05 10
cos(e, ™ cos©°™ cos,°™

SPO9: M. Dugger; et al., Phys. Rev. € 79, 065206 (2009); SM95: R. A. Arndf, I. I Strakovsky, R. L. Workman, Phys. Rev. € 53, 430 (1996);
MAID: D. Drechsel, S.S. kamalov, L. Tiator Nucl. Phys. A645, 145 (1999)

S. Strauch (University of South Carolina)
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Helicity Difference E inyp — nz™

Y(p,m*)n - Selected Preliminary Results (2)

W =1.700 - 1.725 GeV W =1.775 - 1.800 GeV W = 1.950 - 2.000 GeV
T T T T T T T T T
—— SAID (SP09) — SAID (SPo9) — SAID (SPO9)
W c—-ma@oon | I MAID (2007) | T " c-mAD@on |
——- SAID (SM95) ——- SAID (SMe5) —— SAID (SM95)
® CLAS Preliminary ® CLAS Preliminary “\ e cLas Preiminary
w o w w o
-1 -1
-1.0 05 0.0 05 10 -1.0 05 0.0 05 1.0 10 05 0.0 05 1.0
cos(°™ cos(e° ™ cos(e° ™
W = 1.850 - 1.875 GeV W =2.100 - 2.150 GeV W = 2.200 - 2.250 GeV
J_ —sapwsron b —sapsron e —sapere __ |
- —- MAID (2007)
——- SAID (SMes) —— SAID (SM95)
——- SAID (SM95) 2N
® CLAS Preliminary / / “ N ® CLAS Preliminary f ® CLAS Preliminary f
w o w w
1% I ;
S ¥
[ s 43 7 E I & L3
. N + i I
-1.0 -05 0.0 05 10 -1.0 05 0.0 05 10 10 -05 0.0 05 1.0
cos(e,™ cos© ™ cose™

SP0O9: M. Dugger, et al., Phys. Rev. C 79, 065206 (2009); SM95: R. A. Arndt, L. L Strakovsky, R. L. Workman, Phys. Rev. C 53, 430 (1996);
MAID: D. Drechsel, S.S. Kamalov, L. Tiator Nucl. Phys. A645, 145 (1999)

S. Strauch (University of South Carolina)
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Helicity Difference E inyp — nz™

Y(p,m*)n - Selected Preliminary Results (2)

W = 1.700 - 1.725 GeV W =1.775 - 1.800 GeV W = 1.950 - 2.000 GeV
T T T T T T T T T

— SAID (SPoS: — sSAID (sPoo —_ saiD(sPog

Preliminary results for E from FROST

@ About 700 data points covering a wide energy and angular range:

af] @ —0.9<cosf,+ <0.9
] 0 1.25GeV < W < 2.25 GeV
I @ Average uncertainty for E: +0.08 (stat.) and < 10 % (sys.)

@ W < 1.7 GeV: SAID PWA solution describes main features of the
preliminary data remarkably well.

a— @ W > 1.7 GeV: Partial-wave analyses currently ambiguous; new
SCH data will provide additional constraints and stringent tests.

SPO9: -/
MAID: D. Drechsel, S.S. Kamalov, L. Tiator Nucl. Phys. A645, 145 (1999)

S. Strauch (University of South Carolina)
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Outline

e Experimental Status of N* (Polarization) Program
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Experimental Status of N* (Polarization) Program Hadron Structure with Electromagnetic Probes

“"z ‘T ‘P ‘E ‘F ‘G ‘H T, oL L ‘Ox o, |¢ |¢
Proton targets
pnf A LA 4 A A A 4 (N[oN(=Tolo]INe[o]ETgr£1ie]gRic]@M | [ published
:: : ; ; ; ; ; ; non-strange channels 40 acquired and
o v v v v lv |v |v More observables for -| being analyzed
pw v v | v v v s v vector mesons: w, ¢, etc. | | 0 acquired at
KA v v v v v [/ 7 s |/ - v v E— Jefferson Lab
ke (v (v |v (v v |v |v |v|v v |v |v |v]|v]|v]|v being taken at
k't v | v/ v | ELSA, MAMI
Neutron targets
prv v |/ v 4 v v 4
PP || v|lv v |v
Kzt v 4 4 v 4 v v
[N V2 IV IV VO V2 7 IV ol v |v |V
Koz v v v v v v v v v v v v v
Ko*50 v v

This is not boring stamp collection.
0 We do not want to observe all resonances, but we need to find a pattern!
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Hadron Structure with Electromagnetic Probes

resolution  Study structure of the nucleon spectrum in domain where
dressed quarks are the major active degree of freedom.

low
WA”... lq Explore formation of excited nucleon states in interactions
of dressed quarks and their emergence from QCD.

(o I

0.35 T T

T
3q-core+MB-cloud - fnéson Grenss ek LQCD.DSE and ...
025 |\ .
E» 020 L ) confinement _
= L
g 0.15 2
3q-cor ke L L _
(reote § 0.10 %\n current quark
Zs 0.05 %igg i
§%§Y‘§‘§5V-—E"= .
0.00 Bk o ?fﬂéﬁéﬁ?%‘ﬁﬁﬁ
‘%NNS 005 4 c.m. probe ‘ = .
high . | 2 3 4
pQCD g (GeV)
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Helicity Amplitudes for the “Roper” Resonance

o~ 80p : o~ 60F .
> 60| 50 B Nnr (prel.)
8wk b o NmNnr | Datafrom CLAS
=) Efr F
< 20 33 80 Ay /2 and Sy, amplitudes:
< 05 20F e.g. I. Aznauryan et al.,
20 ¢ 10 PRC 78, 045209 (2008)
-40 F ofF —
-60 [ A0F— [ —
7)) - I AN S R ) ST E N A R
0 1 2 3 4 0 1 2 3 4

Q* (GeV) Q’ (GeV?)
Consistency between both channels: sign change, magnitude, ...
@ At short distances (high Q2), Roper behaves like radial excitation.

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

0 Gluonic excitation ruled out!
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Polarization Experiments
Hadron Structure with Electromagnetic Probes

Helicity Amplitudes for vyp — N(1520)D;3 Transition

~ 0 - w0 (1520
= = 4 — ] F15(1680)
> > E
3 150 [— 05 E
‘?é ‘?2 o _i—‘
¥ Froo- g 0.0 7
E\‘ E X 4/ P33(1232)
= 05 Lk, X i/% . -
o ° / L. Tiator et al.
B | —1.0 . . L . . ]
0 2 4 4 0.0 0.5 1.0 1.5 2.0 25 3.0
Q* (GeV?) Q* (GeVH) Q¥(GeV/c)?
There is clear evidence for helicity switch from A = 3/2 - —
(at photon point) to A = 1/2 at high Q2: E PE
@ Rapid change in helicity structure when going from s .
photo- to electroproduction of a nucleon resonance ~ °
0 Stringent prediction of the CQM! o !
1 N(1520)D
[Ar/2l” = |Ag )2l t ( D13
Apg = L3120 Ul R TR
[A1/2]2 4 |Ag/2|? 0 (Gev?)
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Summary and Outlook

The quest to understand confinement and the strong force is about to
make great leaps forward:
@ Progress in theory and computing will allow us to solve QCD and
understand the baryon spectrum and the role of glue.

@ New results from the current polarization programs worldwide will
(soon) give us new insight on the observed and missing baryons.
0 New candidates for baryon resonances have been proposed.

@ The definitive experiments to confirm or refute current expectations
on the role of glue are being built, e.g. GlueX@Jefferson Lab.

Advances in both areas will allow us to finally S N
understand QCD and confinement. @ENERGY
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