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Introduction

The Hadron Spectrum: Baryons and Mesons

Strong-Coupling 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.

Confinement o1 S ]
=QCD (M) =0.1189 +0.0010 ASymptOtIC Freedom
“Strong QCD” 1 [P

V. Credé Light-Flavor Hadron Spectroscopy




Introduction

The Hadron Spectrum: Baryons and Mesons

Hadrons: Baryons & Mesons
The strong coupling confines quarks and breaks chiral
symmetry, and so defines the world of light hadrons.
Baryons are special because

@ their structure is most obviously related to the
color degree of freedom, e.g |AT+) = |uTuTul).

@ they are the stuff of which our world is made. Baryons

Mesons
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The Hadron Spectrum: Baryons and Mesons

Hadrons: Baryons & Mesons

The strong coupling confines quarks and breaks chiral
symmetry, and so defines the world of light hadrons.

Baryons are special because

@ their structure is most obviously related to the
color degree of freedom, e.g |AT+) = |uTuTul).
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Hadrons: Baryons & Mesons

The strong coupling confines quarks and breaks chiral
symmetry, and so defines the world of light hadrons.

Baryons are special because

@ their structure is most obviously related to the
color degree of freedom, e.g |AT+) = |uTuTul).
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Introduction

The Hadron Spectrum: Baryons and Mesons

Spin and Parity Measurement of the A(1405) Baryon

K. Moriya et al. [CLAS Collaboration], Phys. Rev. Lett. 112, 082004 (2014)

Data for yp — K*+A(1405) support | J© =

N|—

@ Decay distribution of A(1405) — Xt~
consistent with J = 1/2.

@ Polarization transfer, é, in Y* — Yr:

e S-wave decay: Q independent of 9y S-wave decay P-wave decay
. N A(1405) ! ‘
S 1000— - . [ 4 | [
% [ BIA@1520) | [ 055 ! % T N 1L =
= [ W=°a3ss) - Y'(1670) N Swave: J© = 3
T o 0
=" 500 L
@ 0s e _
5 F P-wave: JP {“
38 Ot 1 05 0 05 1
1.3 1.55 cosB;..

14 WL 15
M(Z* 1) (GeV/)
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Introduction

The Hadron Spectrum: Baryons and Mesons

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?

© What role do gluonic excitations play in
the spectroscopy of light mesons, and can
they help explain quark confinement?

Baryons: What are the fundamental degrees of freedom inside a nucleon?
Constituent quarks? How do degrees change with varying quark masses?

CQM+flux tubes Ouark-d.lquark
clustering Nucleon-meson
system
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Introduction

The Hadron Spectrum: Baryons and Mesons

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?

© What role do gluonic excitations play in
the spectroscopy of light mesons, and can
they help explain quark confinement?

Mesons: What are the properties of the predicted states beyond simple
quark-antiquark systems (hybrid mesons, glueballs, ...)?

=» Gluonic Excitations provide a measurement of the excited QCD potential.
Hybrid baryons are possible but do not carry “exotic” quantum numbers.
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Introduction

Spectrum of N* Resonances
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Introduction

Spectrum of N* Resonances

3000 —

The Hadron Spectrum: Baryons and Mesons
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Complete Experiments
Polarization Observables in yp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances
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9 Spectroscopy of Baryon Resonances
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Spectroscopy of Baryon Resonances

Complete Experiments
Polarization Observables in yp — N
Decay Cascades of Excited Baryons

Polarization Transfer in yp — K*A: Cy, C,

c.c.  without N(1900)Pi3 ¢ ¢ with N(1900)Psg
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No quark-diquark oscillations!

L
050 05 05 0 05 05 0 05 05 05

=» Both oscillators need to be excited.

R. Bradford et al. [CLAS Collab.], PRC 75, 035205 (2007) [ = R. Schumacher, Parallel 11:B5]
Fits: BoGa-Model, V. A. Nikonov et al., Phys. Lett. B 662, 245 (2008)
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Complete Experiments
Polarization Observables in yp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances

Baryon Spectroscopy from Lattice QCD

R. Edwards et al., Phys. Rev. D 84, 074508 (2011)
. . > 1 *
Missing states? JIV )] A,
18} @ - & i O
m el = = | @
B0~ &=_-1{0 o=
I D [} - 1
| = — 1
- I ==
g | -~ #2321)
= = H=
1o = 1 41 m, = 396 MeV
i 2 2 1 [E] !
od} 1 !
1) : :
06f 1+ s+ s+ 7+1 1- 3- 5— 1= } 1+ 3t s+ 1¥| 1- 83— 5- 1-
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Exhibits broad features expected of SU(6) ® O(3) symmetry
=» Counting of levels consistent with non-rel. quark model, no parity doubling
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Complete Experiments
Polarization Observables in yp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances

Why are Polarization Observables Important?

2 Atomic Spectrum of Hydrogen
= 80f
=. | Narrow slit
‘o 704
60
50
40
30
20
ELSA
10
MAMI
000 800 1000 1200 GRAAL
E, [MeV] SRR SPring-8
7P — pr° CLAS@JLab
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Complete Experiments
Polarization Observables in yp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances

Why are Polarization Observables Important?

For single-meson production:

c:‘s’ do

2: Py(1232) E—00{175/ZC0S2¢7
gao . + Ax (=6, Hsin2¢ + 6o F)
o 70§ 10 — Ay (=T + 6;Pcos2¢)

60 0 .

— Nz(=9,Gsin2¢ + 6¢ E)}

1000 1200 1400 1600 1800
E, [MeV]

50
Chiang & Tabakin, Phys. Rev. C55, 2054 (1997)

4o§
302— In order to determine the full scattering amplitude
20E without ambiguities, one has to carry out eight
E carefully selected measurements: four double-spin
1°;_ observables along with four single-spin observables.
G' PR ISR SR S [N SR TR S NN SO S S Y S Y
600 800 1000 1200
E, [MeV] Eight well-chosen measurements are needed to fully
0 gl determine production amplitudes Fi, F2, F3, and Fa.
TP — pT
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Complete Experiments
Polarization Observables in yp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances

Example: Ambiguities in yp — pr°

Helicity Difference: S
1 N*)j _ N~>¢ ’ E_ =4 0-1 /2
E=- a0l
2A; 00 N== + N== ]
T 80F of R
% 70l — Bonn-Gatchina (2011-02) A b
60; — SA'D (SN11, CM12) 000 800 1000 1200 1400 1600 mg?[MeV]
50;_ T sf
40; y 40? 0-3/2
30F oo
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102— 103— ¥
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Complete Experiments
Polarization Observables in vyp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances

Helicity Asymmetry E in ¥p — p7° @ ELSA

F 630-660 MeV. 690-720 eV 750-780 MeV §10840 MeV.

E. ‘ g _ J1/27 932
0172 + 032

930-950 MeV. 9901020 MeV 1050-1080 MeV.

E, €[0.6,2.2] GeV
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1110-1140 MeV S Sreoner T “eernower J— Ma|d

o - 4

. + AN et — Said (CM12)

3 3 3 oy — BoGa (2011_2)

1 14701530 MeV 1590-1710 MeV' 1830-1950 MeV 2070-2190 MeV

) 5, o) *|  Angular distributions

AW/ AS A ] t sensitive to interference
* N A ‘ ‘ between resonances.

M. Gottschall et al, PRL 112, 012003 (2014) cos 60
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Complete Experiments
Polarization Observables in vyp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances

Asymmetry Gin yp — pm® @ ELSA

=» J. Hartmann, Parallel lll: B10 “Light Quarks” d¢o
— =oo{1—46,Xcos2¢

(more results from ELSA) dQ

+ Ax(—8/Hsin2¢ + 6o F)
— Ny (=T + 6, Pcos2¢)
— ANz (—=9,Gsin2¢ + 6o E)}

04f E, =800+ 25 MV - F By =900425 MeV

Sus Surprisingly, 7 production
also not well understood at
lower energies:
— BoGa
-- SAID

MAID

cos O,
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Complete Experiments
Polarization Observables in vyp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances

Asymmetry Gin yp — pm® @ ELSA

W [MeV] d

(034;_ 1400 g‘ 15‘00%\%\‘ 16908 = ,%Jgo [‘C ] é =o0o{1— d,Xcos2¢

2 22 28R + Ax(—=6,Hsin2¢ + 6 F)

E z P 4z zZ3

°F 1/ »-\H | | Il — ANy (=T + 6, Pcos2¢)
_0‘4; . — Nz (—96,Gsin2¢ + 6 E)}
os: 6, =90+ 5° Surprisingly, w production

F also not well understood at
o 0, =130+£5° lower energies.

Below 1 GeV, discrepancies can be
a3 traced to the Ey+ and E,- multipoles,

a3 which are related to certain resonances:
ey 1305 } | Ep+: N(1535) 17, N(1650) 1, A(1620) 1~

L I |
600 800 1000

E NG Bt N(1520) 2, A(1700) 2
A. Thiel et al., PRL 109, 102001 (2012)
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Spectroscopy of Baryon Resonances

Complete Experiments
Polarization Observables in vyp — N
Decay Cascades of Excited Baryons

Beam Asymmetry ¥~ in yp — p7° @ CLAS (g8b)

=3 -
;% X

E=1482 MeV W=1904 MeV

E=1480 MeV W=1912 MeV

|

E=1498 MeV W=1921 MeV
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kil

7

v \N'\

E=1551 MeV W=1947 MeV

E=1569 MeV W=1956 MeV

E=1587 MeV W=1964 MeV

E=1534 MeV W=1939 MeV

M. Dugger et al. [CLAS Collaboration], PRC 88, 065203 (2013)
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AN AN YN
T H v v o A(1700) 3~
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Complete Experiments
Polarization Observables in yp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances

Observation of Decay Cascades in vyp — p9r°

F. Zehr et al., Eur. Phys. J. A 48, 98 (2012) @ MAMI

10 s60-620 680-745

® yppr’R, this work
* MAMI2012

Abvens 2005
750 O Kotulla 2004
A sarantsov 2008

-- Fx2005
— Nacher 2001

- BoGa2008

L , , 1 | ST U
300 400 500 600 700 800 0 100 200 30(%[0] 100 200 300

E[MeV]

Cross Sections Beam Asymmetry, /€

E,MeV —_— N A
A

Observation of new decay modes in the ®
decay of N* resonances; weak at most Y )
in A* decays. —N.A" = Search for states
—__ Bonn-Gatchina PWA / B in decay cascades!
V. Sokhoyan, E. Gutz, V.C. et al. @ELSA Proton
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Spectroscopy of Baryon Resonances

Complete Experiments
Polarization Observables in yp — N
Decay Cascades of Excited Baryons

Observation of Decay Cascades in vyp — p9r°

25‘00
E,, MeV

Observation of new decay modes in the
decay of N* resonances; weak at most
in A* decays.

— Bonn-Gatchina PWA

V. Sokhoyan, E. Gutz, V.C. et al. @ELSA

Nucleon states with S = 2 require spatial
wave functions of mixed symmetry. For
L = 2 the wave functions do have equal
admixtures of Ms and

Ma = [¢op(p) x ¢0p(x)](L:2)v

a component in which both the p and the
A oscillator are excited simultaneously.
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Complete Experiments
Polarization Observables in yp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances

Observation of Decay Cascades in vyp — p9r°

Nucleon states with S = 2 require spatial

Decays observed ; ;
wave functions of mixed symmetry. For

in PWA into, e.g. L = 2 the wave functions do have equal
N(1880)1/2" N(1520)7 admixtures of Ms and
+ - —
N(1900)3/2 N(1535)7r My = [¢Op(ﬁ) % ¢Op()\)](L_2)7
N(2000)5/2* N(1680)m _ .
N(1990) 7/2* No (I=1) a component in whlch bpth the p and the
A oscillator are excited simultaneously.

-» Quartet of (70, 25) with S = 2.

Observation of new decay modes in the
decay of N* resonances; weak at most
in A* decays.

— Bonn-Gatchina PWA

V. Sokhoyan, E. Gutz, V.C. et al. @ELSA
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Complete Experiments

Spectroscopy of Baryon Resonances Polarization Observables in vp — N7

Decay Cascades of Excited Baryons

-» M. Battaglieri, Parallel II: B5 “Light Quarks”
=» V. Crede, Parallel lll: B10 “Light Quarks” / \\

(more results from CLAS@JLab)

LQCD N Z : -
Obser |0 | X T P E F ‘ G H ‘ T ‘ T, | L L, ‘ o |0, |¢c |c }
vables
 published ¢ acquired or under analysis Reaction
pr° v |V |~ v | v |V v v Theory | Amplitude
nrtt v |v |v W) |v | v v Dispersion /™" analysis
Proton targets Relations
pn viiv|lv |wniv |v v o\ /
pr’ v |v | W) | v | s | +
pw/p |v | v | W) |7 | v v v Tensor polarization, SDME
K*A v v v v v v v v v v v v v v v v Data
K*E0 v v v v v v v v v v v v v v v v
Koz | v | v v &
prv v v W) | v v v
LT A7 N7 |7 Neutron targets Need more observables on:
K |V |~ Wyl | v v
Kn | v | v v v |v 4 v v v v || YP — prmmw, PN
Kge (v | v v || v 4 v |y v ||y
K (v | v v Y — PpTw, ...

Table representing CLAS@JLab measurements.

Spectroscopy



Complete Experiments
Polarization Observables in yp — N
Decay Cascades of Excited Baryons

Spectroscopy of Baryon Resonances

LQCD _—>— N*, A% j—~<—4 DSE )
Lt ) -

0, |0, |C |C }

Obser o b3 T P E F

vables

 published ¢ acquired or under analysis Reaction

pr° v |V |~ v | v |V Theory | Amplitude

et |V |V |V W) |v | v v | Dispersion /™" analysis
Proton targets Relations /

pn viiv|lv |wniv |v v o\ /

pr’ v |v | W) | v | s | *

pw/p |v | v | W) |7 | v v v Tensor polarization, SDME

K*A v v v v v v v v v v v v v v v v Data

K*E0 v v v v v v v v v v v v v v v v

Kogr | v | v v |

prv v v W) | v v v

LT A7 N7 |7 Neutron targets Need more observables on:

K |V |~ Wyl | v v

Kn | v | v v v |v 4 v v v v || YP — prmm, PN

Kge (v | v v || 4 4 v |y v ||y

K (v | v v YP — Pprw, ...

Table representing CLAS@JLab measurements.




Search for Gluonic Excitations
Meson Spectroscopy Hybrid Mesons in Photoproduction

Outline

© Meson Spectroscopy
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Search for Gluonic Excitations
Meson Spectroscopy Hybrid Mesons in Photoproduction

Quark-Model Classification: Ordinary Mesons

Quantum Numbers [qg] (JFC = 25+1L)) L=0,S=0:
@ Parity: P = (—1)t! eg.m 1 (JFC=0"")
@ Charge Conjugation: C = (—1)-+S [ =0 S—1-

(defined for neutral mesons)

@ G parity: G= C(-1) 8- pre, 0 (S =17)

L=1,5=0:
PC _ 44—
ground-state S L e.g. hy, by (7 =117)
flux-tube <
m=0 2
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Search for Gluonic Excitations
Meson Spectroscopy Hybrid Mesons in Photoproduction

Quark-Model Classification: Ordinary & Exotic Mesons

Quantum Numbers [qg] (JFC = 25+1L)) L=0,S=0:
@ Parity: P = (—1)t! eg.m 1 (JFC=0"")
@ Charge Conjugation: C = (—1)-+S L=0,S=1:

(defined for neutral mesons)

(JPC _ 41—
® G parity: G= C(~1)’ &g. pyw, ¢ (T =177)

12 GeV CEBAF upgrade has high priority
(DOE Office of Science, Long Range Plan)
excited flux tube “[key area] is experimental verification of the

powerful force fields (flux tubes) believed to be
/ responsible for quark confinement.”
Forbidden States (Exotics):

JC =0t 00 10 2t
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Search for Gluonic Excitations
Hybrid Mesons in Photoproduction

Meson Spectroscopy on the Lattice

nBIYS / GeV

aym

0+

negative parity

f:
&

> 1

< 0"

positive parity

exotics

m; = 396 MeV

isoscalar 7

isovector

YM glueball

J. J. Dudek et al., Phys. Rev. D 83, 111502 (2011)
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Meson Spectroscopy Hybrid Mesons in Photoproduction

Meson Spectroscopy on the Lattice

negative parity ) positive parity exotics
25 _— -§ : 4,,¥ . 1f+\' LE'
- | b g
. $S
o meT F ui
i §I‘-_‘,: == g 9- ! 9t —
- ud
B o 1t 0+_ 1-+ 2+_
)- o Lattice QCD Predictions
' Constituent glue with JP€ = 1+~
o >0 = Lightest nonet: 1-—, (0~*, 1-F, 2-%)

J. J. Dudek et al,, PRD 83, 111502 (2011)
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COMPASS Experiment (1): 7= Pb — 7~ n~n" (Pb)

M. Alekseev et al., PRL 104, 241803 (2010)

© 35;103 1~ Exotic Wave
S &(1320) | [ ] event distribution T 1114 g 150F Ao?
: ¥ + background wave g 700; 1 17pm P H g, 1000 Ty, T — constant A¢?
328 e . ( ¥ o {
& Ea m,(1670) 2 500 ] [ oo t
i 8 w0 i |
1'55 E 3007 50 i
i1 20 100- I}
05 100E H " s A (1=t —277)
E ! Lt ) buis xH e T PRI ) IR 2000 b L
Y TR TR 06 08 1 12 14 16 18 2 22 24 06 08 1 12 14 16 18 2 22 24
Massof TertTt System (GeV/c?) Mass of TeeTe System (GeV/c?) Mass of TETETt System (GeV/c?)

Based on ~ 420,000 events using a 180 GeV 7 beam:

71(1600): M = 1660 MeV | m»(1670): M = 1658 MeV
[ = 269 MeV [ =271 MeV

-» Exotic 11 wave dominantly produced in natural-parity (M = 1) exchange.
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Search for Gluonic Excitations
Hybrid Mesons in Photoproduction

COMPASS Experiment (2): 7= p — ") 7~ (p)

=>» F. Haas, Parallel II: B7 “Light Quarks”

C. Adolph et al., arXiv:1408.4286 [hep-ex]

K] 1~ Exotic Wave
600
> 9 < 5000F - _ 250F
g 500 E > \M n'm” P-wave,| g 500f {
S 400 16, & S 4000F H jL=1 S 1sof Ml N'?o‘
© 300 14 S so00p & 100) o
> g o 50F -
ol Ml i B T
£ 100 5 tooog ! Ul ¢ sof M | } |
z Lol ittt A obdetillii RIRTIRIRRNN ISRTUTTTIUTTN Do ot A 1| L
] 1.5 2 25 3 35 4 45 5 1.2 1.6 2 2.4 2.8 0.8 1.2 1.6 2 2.4 2.8

m(n'x7) [GeV/cQ] m(n'n7) [GeV/c?] mn(Dx=) [Gev/c?]
Collaboration refrains from proposing resonance parameters for exotic P wave.

@ Odd partial waves with L = 1,3,5 (non-qg QN) suppressed in n7~ with
respect to n’7~. Even partial waves similar (intensity & phase behavior).

@ Dominant 8 ® 8 (n7) & 1 ® 8 (n'x) nature of SU(3) flavor configurations
=» 9qq and qqqq configurations predicted to have 1 ® 8 character.
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Search for Gluonic Excitations
Hybrid Mesons in Photoproduction

Meson Spectroscopy in Photoproduction: CLAS

Results on light mesons from CLAS at Jefferson Lab

Search for the photo-excitation of exotic mesons in the 7™ 77~ system:
(M. Nozar et al., Phys. Rev. Lett. 102, 102002 (2009))
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p n p p

charge exchange
CLAS

neutral exchange
E852

CLAS does not observe a resonant structure in

the 1~ (pm)p partial wave in charge exchange

(confirmed with higher statistics, PhD 2012).

=» Consistent with 71(1600) photoproduction
via Pomeron exchange.
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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 degrees of freedom in excited baryons?

Well, is any of the different approaches THE correct one? GQA
Or, do they just represent different legitimate views? 1 - L
| think we are moving toward a new exciting era in meson | «-[’;‘*—/

spectroscopy (COMPASS@CERN, BES Ill, PANDA, etc.): )
@ GlueX in Hall-D at JLab will start to commission in about three weeks ...

Advances in both theory and experiment will allow us to finally understand QCD
and confinement.
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Search for exotic mesons: forward calorimeter
. . barrel time-of
@ Linearly-polarized photons; calorimeter -flight
start
coherent edge at 9 GeV. counter

@ High intensity (~ 108 ~/s).

@ Sophisticated analysis tools.
=» Partial Wave Analysis (PWA).

target

photon beam

diamond
wafer

forward drift
chambers

central drift

/‘l chamber
electron

electron tagger magnet beam

beam tagger to detector distance
is not to scale

superconducting
magnet

=» M. Shepherd, Plenary 2

Spectroscopy
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