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what is a baryon ?

• from ancient Greek βαρυς  →  weighty, heavy

• analogue meson → medium weight  &  lepton  →  lightweight

• matter particle with

• quark constituents:   3 quarks or 3 anti-quarks

• interactions:  gravitation, electromagnetic, weak, strong

• fermion

• SM:  conserved baryon number

• most abundant:  proton, neutron  →  nucleon

• internal color forces  →  gluon exchange

• asymptotic freedom:  inter-quark forces g 0 @ distance g 0

• external interactions:   strong Yukawa forces

	
 	
 	
 	
 	
 a residual of strong color interactions  
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Baryon Structure – Basics
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MASS

Baryon Structure – Basics
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• fit of the quarkonia spectra 
     obtained with

VQCD =  −             +  k r
4
3

αS

r

strong coupling

linear confinement

• best fit values (charmonium & bottomonium)

αS ≈ 0.2
k  ≈  1 GeV fm−1

1 eV = 1.6x10-19 Nm

≃  1.6 x 105 N    ≙   16 t

F = −∇V

Baryon Structure – Basics
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exercise



αS

R/m

confinement

asymptotic freedom

Lion's Den

QFT w/o perturbative expansion

Running Coupling
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Δp Δx > ħ

Epot  ~  r

m = E/c2

J. Wheeler
F. Wilczek

“mass without mass“

trace
anomaly

Ga
µνGa

µν ≠ 0

distance

en
er

gy

delocalization
↔ kinetic energy potential energy

scale non-
invariance

Confinement & Nucleon Mass
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ground states

G.S. Bali,  
Phys. Rep. 343 (2001) 1 

Energy density distribution 
inside nucleon in LQCD simulation  
(F. Wilczek, Physics today 11/99 & 1/00) 

slope ~1 GeV/fm

LQCD

Hadronic Structure
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S. Dürr et al. (BMW-collaboration), 
Science 322 (2008) 1224

top 10 science achievements 2008

• "unquenched" calculation
• realistic quark masses

ground states

Hadronic Structure – L(attice)QCD
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Δ(1232) S11(1535)

Ba	  Ca

atom

en
er

gy

nucleon
cross section mb

excited states – spectroscopy

Hadronic Structure
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G.S. Bali,  
Phys. Rep. 343 (2001) 1 

Energy density distribution 
inside nucleon in LQCD simulation  
(F. Wilczek, Physics today 11/99 & 1/00) 

models:  excitation in mutual potential

slope ~1 GeV/fm

LQCD

Physics Motivation
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hadronic resonances



The enignmatic:   Discovery ∆(1232) resonance

• weak decays  →  typ. track lengths of centimeters - meters
    →  observable in emulsions & bubble chambers
    →  lifetimes typ. 10−10 − 10−7 s

• strong interactions  →  lifetime order of ~ 10−20 s
    →  unobservable track !

• but:   width of decaying state via uncertainty relation 
            ΔE Δt ≈ ℏ 
• accelerator beams:  production / formation of resonance states

• detection of resonance decay (chain)

example:   Δ(1232) resonance in π N “elastic“ scattering
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N→N*

resonance decay via 
meson emission

invariant mass

M  = √ pμpμ 
 = √ (pπ+ pN)2

π

π

elastic channel:
π + N  →  π + N

N

resonance mass

π–N elastic scattering
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first baryonic resonance observed

H.L. Anderson, E. Fermi, A. Long,
and D.E. Nagle,
Phys. Rev. 85 (1952) 936
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π± scattering

isospin
invariance !

experimental results

taken from PDG
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N→N*

	 photon induced
π

modern experiments mainly use photoproduction of resonances

Meson photoproduction
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Order in the Particle Zoo

• discovery of vast amount of particles

• mesons of different spins, e.g. π‘s (spin 0) & ρ‘s (spin 1)

• ... and charge states, e.g. π0,±, K0,± 

• baryons of different spins, e.g. p (spin 1/2), Δ(1232) (spin 3/2), 
Σ(*)-hyperons (spin 1/2 and 3/2)

• ... and charge states, e.g.  Δ++, Δ+, Δ0, Δ– 

• quantum numbers determined

• sheer number  ↔  mesons & baryons not elementary objects

• ordering scheme?  ↔  quark hypothesis by Gell-Mann & Zweig (1964)

• quarks as elementary constituents?
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2 flavors u, d (isospin,  SU(2)) 3 flavors u, d, s   (SU(3)),
standard model:   6 flavors u, d, s, c, b, t

fundamental representation φ  =  
u
d
s(  )

with   φ'  =  U φ invariance under iso/flavor-rotations

rotation matrix   U ≡ exp{ ½ i θ n · λ }
32-1 = 8  traceless 3x3 matrices,
  analogous to σi in SU(2)

3 basic doublets:    u ↔ d I
     
      

S
I

I3−½ +½0

0

Flavor Symmetry

extension
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3 basic doublets:    u ↔ d I
     d ↔ s U
     s ↔ u V 

S
I

U V

I3−½ +½0

0

−1

2 flavors u, d (isospin,  SU(2)) 3 flavors u, d, s   (SU(3)),
standard model:   6 flavors u, d, s, c, b, t

fundamental representation φ  =  
u
d
s(  )

with   φ'  =  U φ invariance under iso/flavor-rotations

rotation matrix   U ≡ exp{ ½ i θ n · λ }
32-1 = 8  traceless 3x3 matrices,
  analogous to σi in SU(2)

extension

Flavor Symmetry
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Baryons:   qqq states  w/ 3 possible flavors

3 ⊗ 3 ⊗ 3  =  10S ⊕ 8M ⊕ 8M ⊕ 1A        combinations of  u, d, s  quarks

symmetry under interchange of any two (equal-mass) quarks

Y = B+S

I

U V

I3

(hypercharge)
decuplet

Flavor Symmetry:  Decuplet
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Baryons:   qqq states  w/ 3 possible flavors

3 ⊗ 3 ⊗ 3  =  10S ⊕ 8M ⊕ 8M ⊕ 1A        combinations of  u, d, s  quarks

symmetry under simultaneous interchange of flavor & spin

Y I

U V

I3

decuplet

octet

Flavor Symmetry:  Decuplet
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Baryon decuplet    JP = (3/2)+

corner states uuu, ddd, sss  symmetric under interchange of quarks
⇔ symmetry of all decuplet states 

Δm ≃ 150 MeV

s-quark

Gell-Mann-Okubo mass formula
M  =  M0 + M1Y + M2[I(I+1) - Y2/4]

coefficients determined from mass spectrumwith  Y = B+S  “hypercharge“

Baryon Decuplet

missing 1964
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Discovery of the  Ω– Baryon
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❢
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now:   Excitated States
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 exp. values
 U. Löring et al.
 Eur.Phys.J. A10 
  (2001) 395

N* resonances

• parity pattern  + → + →  –  !?!
• effective degrees of freedom ??

Excited states:  Quark Model

"missing resonances"

Nucleon
P = +

Roper(1440)
P = +

S11(1535)
P = –

29



Λ hyperons:    Quark Model

Metsch, Löring, Petry, EPJ A10 (2001)

Λ(1600)
P = +

Λ(1405)
P = –Λ g.s.

P = +
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Λ hyperons:    Quark Model

Metsch, Löring, Petry, EPJ A10 (2001)

Λ(1600)
P = +

Λ(1405)
P = –Λ g.s.

P = +

• parity OK
• mass < 1535 ?
• angular mom.
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Excited states:  LQCD

R.G. Edwards et al., 
Phys. Rev. D84 (2011) 074508

• mπ =  396 MeV

• reproduces q-models
• wrong parity pattern

• but:   no decays !

nucleon
P = +

Roper(1440)
P = +

S11(1535)
P = –
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Nucleon Excitations:  Experimental Status



courtesy:  V. Credé 34

CLAS @ JLab



courtesy:  V. Burkert 35

CLAS @ JLab



ELSA  accelerator @ Bonn
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characteristics

• energy  0.8 – 3.2 GeV
• internal current   ~ 100 mA
• extracted current  ~ 1 fA – 10 nA
• "single electron" extraction
• macroscopic duty-factor  ~ 70 – 80% 
• electron polarisation ~ 60 – 80% 
• detector beam test area
• energy tagged photon beams
• 2 HP experimental areas
• BoFroST polarised target
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ELSA  accelerator @ Bonn



CBELSA/TAPS experiment 

38

spokespersons:  B. Krusche (Basel)
       U. Thoma  (Bonn)
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spokespersons:  B. Krusche (Basel)
       U. Thoma  (Bonn)

• lin./circ. polarised beam                     
& long./transv. polarised target

• central calorimeter combined 
with forward calorimeter

• ideal for multi photon final states

• CB upgrade completed            
→  APD readout

CBELSA/TAPS experiment 



Overview measurements
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data base before 
CBELSA/TAPS 



data base after 
CBELSA/TAPS 

JLab 

Overview measurements
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data base before 
CBELSA/TAPS 

Overview measurements
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data base after 
CBELSA/TAPS 

JLab 

MAMI 

Overview measurements

43



• inclusion of CLAS, MAMI, ELSA data
• confirmation of known resonances

w/ improved parameters
• observation of new states 

44

Nucleon excitation spectrum



• N* spectrum  →  endeavor since over 50 years

• breakthrough meson photoproduction

• single & double polarisation observables 

• identification of "missing" states

• ... some at least, but total number ??

• low lying states ??

Nucleon excitation spectrum
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La "Belle" Révolution 2003

46

textbook:  Perkins

positronium heavy quarks

c-sector 
heavy quark meson sector



La "Belle" Révolution 2003

PRL	  110	  (2013)	  

JPC = 1+

JPC = 2-
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c-sector 

X(3872)Ψ'

   M(π+π-l+l-)- M(l+l-)

X(3872) 

B± →  K± π+π– J/ψ

PRD	  77	  (2008)	  
111101	  

BaBar / SLAC

PRL	  103	  (2009)	  152001
CDF / Tevatron

PRL91,	  262001(2003)Belle



M(X(3872)), MeV/c2 Γ(X(3872)),	  MeV/c2

B→XK 3871.46±0.37±0.07 <2.3	  @	  90%	  C.L.	  (2003)

B→XK 3871.4±0.6±0.1 <3.3	  @	  90%	  C.L.	  (2008)

X→J/ψπ+π– 3871.61±0.16±0.19 1.34	  (fixed	  from	  first	  two)

average 3871.50±0.19

M(D0)+M(D*0) 3871.81±0.36

possible bound 
state of D0 D*0 "molecule"

JP = 0–   1–

X(3872) 
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LHCb 2015

Hidden charm baryon sector 
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LHCb:   PC
+(4380, 4450)

R. Aaij et al., PRL 115 (2015) 072001

p J/ψ

JP =  3/2–, 5/2+ 

PB / VB hidden c predicted from
meson-baryon interactions:
Oset, Zou et al., PRL 105 (2010)

"new N*cc states are simply 
brothers or sisters of the well 
known N*(1535) and Λ*(1405)
... and many other dynamically
generated states ..."

χc1p threshold dynamics?
Guo, Meißner et al., PRD92 (2015) 071502
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D* Σc  ?

phase space

data



uds sector ?
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uds sector – threshold dynamics
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Λ(1405)

J.M.M. Hall et al. [Adelaide group], Phys. Rev. Lett. 114 (2015) 132002
arXiv::1411.3402v2 (2015)

"molecule" as dominating
 Fock component 

genuine 3q

53

L-QCD



 R. Ewald et al. (CB/TAPS), PLB 713 (2012)

γ + p -> K0 + Σ+      anomaly @ K* threshold 

most forward bin
<cos θK

cm> = 0.83 
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 R. Ewald et al. (CB/TAPS), PLB 713 (2012)

γ + p -> K0 + Σ+      anomaly @ K* threshold 

most forward bin
<cos θK

cm> = 0.83 

K

K*

π

K

N Λ/Σ

also:
Ramos & Oset,
PLB 727 (2013) 287
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 R. Ewald et al. (CB/TAPS), PLB 713 (2012)

γ + p -> K0 + Σ+      anomaly @ K* threshold 

most forward bin
<cos θK

cm> = 0.83 

K

K*

π

K

N Λ/Σ

also:
Ramos & Oset,
PLB 727 (2013) 287
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proton

neutron

37



uds sector ?
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parallels between c and s sectors



uds sector ?
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parallels between c and s sectors

D*D X(3872)



uds sector ?
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parallels between c and s sectors

D*
Σc

q  ➞  [qq]

PC(4380/4450)

3  ⇿  3



uds sector ?
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parallels between c and s sectors

π

π
D*

D

Σc

Λ*c



uds sector ?
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parallels between c and s sectors

π

π
K*

K

Σ

Λ*
(1520)



K

K*

π

K

N Λ/Σ

K

K+

K-

p Λ(1405) p

low t

"parallel"
kinematics

t-channel Kinematics 

π

Σ
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K

K*

π

K

N Λ/Σ

K

K+

K-

p Λ(1405) p

low t

"parallel"
kinematics

• forward (charged) particle
• high momentum

t-channel Kinematics 

π

Σ
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K

K*

π

K

N Λ/Σ

K

K+

K-

p Λ(1405) p

low t

"parallel"
kinematics

• forward (charged) particle
• high momentum

• 4π decay
• charged & neutral

t-channel Kinematics 

π

Σ
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K

K*

π

K

N Λ/Σ

K

K+

K-

p Λ(1405) p

low t

"parallel"
kinematics

• forward (charged) particle
• high momentum

• 4π decay
• charged & neutral

t-channel Kinematics 

π

Σ
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BGO-OD !



BGO-OD experiment

• combination of BGO central calorimeter & forward spectrometer
• high momentum resolution, excellent neutral & charged particle id 

spokespersons:  P. Levi Sandri (Frascati) & H.S. (Bonn)
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BGO-OD experiment

• combination of BGO central calorimeter & forward spectrometer
• high momentum resolution, excellent neutral & charged particle id 

spokespersons:  P. Levi Sandri (Frascati) & H.S. (Bonn)
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Vorstellung Fachschaft – Dezember 2014

BGO-OD experiment at ELSA
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First Results from  BGO-OD 
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all preliminary
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BGO 2γ reconstruction OD pos. charged particles

Particle ID & event reconstruction
central forward few days of data



First Results from  γ + p  →  K⁺ + X

71

forward K⁺ in spectrometer work of T. Jude

all data
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γ + p  →  K⁺ + Λ(1116)  @ forward angles
work of T. Jude ~1/3 subset of data 



CLAS:
M.E. McCracken 2010
PRC 81
SAPHIR:
K.H. Glander 2004
EPJA 19

Bo-Ga-PWA

θKcm (deg.)

dσ
/d
Ω

 (µ
b/

sr
)

Bydzovsky and Skoupil, arXiv:1211.2684      
Proceedings SNP12

→  important constraint for 
      hypernuclei production 

work of Th. Zimmermann & T. Jude

preliminary
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γ + p  →  K⁺ + Λ(1116)  @ forward angles

10x event statistics available



KHuK meeting Dec 2016

Λ(1405):  initial tests – very preliminary
work of G. Scheluchinfirst results:   K+Λ(1405)

γ + p ➝ K+ Λ(1405)

(πΣ)0

π0 Σ0(1192)

π– p

Λ(1116) + γ

isospin forbidden
for Σ(1385)
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• production at small t possible
• inaccessible to previous expts
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+ Vs Miss.Mass to K0π+Miss.Mass to K
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Σ(1385)

Λ(1520) ➝  Σπ     [42%]
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no explicit
 Σ*
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n

~1/3 subset of data 
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work of B.-E. Reitz

• K0 → π+ π–  

• Σ+ → p π0

signal

background • K0 → π0 π0  

• Σ+ → X

work of S. Alef

w/ kinematic fit prior to kinematic fit

~1/3 subset of data 



K0 from neutron target
2 day test beam

• K0 → 2π0 in BGO

• n(neutral)   < 6
• n(charged) < 3

• p from Σ0 → p π– in 
forward spectrometer

in addition:

76

work of T. Jude



Summary

• Baryon Spectrum long standing problem 

• new insights through meson photoproduction,

• in particular w/ (single & double) polarisation

• "exotics" in charm sector

• uds sector  ➞  parallels  ?? 

• threshold dynamics

• low-t experiments
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Tutorial issues
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1. Estimate lifetime of  Δ(1232)  from Γ = 110 MeV

2. Estimate strong coupling constant αs from
–  Σ0(1385) ➝ Λ(1116) π0   width Γ = 36 MeV
–  Σ0(1193) ➝ Λ(1116) γ  lifetime  τ = 10-19 s
–  particle lifetime is ~ 1/(c.c.)2 of interaction   

3. Size & internal momenta of composite objects:
–  Hydrogen atom (size ⟷ binding energy?)
–  Nucleus   R ~ 2 fm

4. Confinement & Nucleon Mass ?
–  delocalisation ⟷ potential energy ?
–  energy minimum ?
–  size / total energy ?

5. Decuplet:  Symmetry ?  ⟷  Quark Hypothesis  



compare  strong and electromagnetic decay of Σ baryons

Σ0(1385)  →   Λ(1116) + π0   Γ = 36 MeV ↔ τ = 2 x 10-23s

Σ0(1192)  →   Λ(1116) + γ   τ = 0.7 x 10-19s

⇒
α
αs ≃ 60  ⇒  αs  ≃  0.5

estimate of strong coupling αS

p. 5/53



octet	 	 	 	 	 	 	 	 	   decuplet

1232

1384

1533

1672

 938

1116/

1193

1318

decuplet:    wf.  symmetric in  spin, flavor  and space  separately

octet:	 	 symmetry under simultaneous interchange of flavor and spin

p. 5/42

Baryon octet & decuplet



3  quarks     J = ½  or  3/2
quark-antiquark   J = 0   or   1

nucleon

pion

baryons

mesons

p    =   uud
n    =   ddu
Δ++ =   uuu π+p resonance (Fermi 1951)

Δ(1232) statistics problem

J = 3/2  quark spins all aligned
uuu   three identical quarks
L = 0  spatial symmetric ground stateforbidden by Fermi statistics

p. 5/43

Statistics problem & Color quantum number



also:  no hadrons observed with fractional charges, e.g.   uu → Q = +4/3

both problems resolved by concept of  color

quarks have three primary colors,   Red,  Green,  Blue 

Δ++  =  uR uG uB    with non-identical constituents

p  =  uR uG dB   ⊕  uB uR dR ⊕ .... 

anti-quarks carry anti-colors,   anti-Red,  anti-Green,  anti-Blue: R, G, B

all observed hadrons are colorless, i.e. white : 

  equal mixture of  R, G, B
  equal mixture of  R, G, B
  equal mixture of complementary colors,  R R,  G G,  B B

confinement

invariant under 
rotations in color spaceantisymm.

only combination RR + GG + BB  unchanged by rotations:  color singlet

combinations other than qqq, qqq, qq  are colored  ↔  don't exist in nature

p. 5/44



baryons are fermions  ⇔   wave function antisymmetric

| qqq >A       =      | color >A    x    | space, spin, flavor >S

p. 5/45

symmetric in decuplet

symmetric in decuplet:  J = 3/2

symmetric for ground state  L = 0?



p. 5/46

color wavefunction 3 ⊗ 3 ⊗ 3 → antisymmetric

decuplet:   spin-flavor-space parts of wavefunction separately are
       manifestly symmetric

octet:   spin-flavor-space part must be symmetric through
  →  suitable combination of MS–MS

Baryon wave functions




