
S. Godfrey, Carleton University 1

3. Heavy 3. Heavy QuarkoniaQuarkonia

1. Spectroscopy 
2. em decays
3. decays



S. Godfrey, Carleton University 2

2. The November Revolution:2. The November Revolution:
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The The Charmonium Charmonium SpectrumSpectrum
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“New” Spectroscopy of Mesons

Richter Ting

Spectroscopy
convinced us that quarks 
were real
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“New” Spectroscopy of Mesons
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Why is this important?Why is this important?
• Much theoretical progress:
• Lattice QCD is a first 

principles calculation
starting from the QCD
lagrangian 
– Gives a good description 

of the observed spectrum 
or heavy quarkonium

• NRQCD
• Quark Models

– Potential description works well
• Absolutely necessary to test theory against experiment
• Use the (venerable) Quark Model to point the way
• Recent interest due to 

• Observation of many new states
• CLEO/CESR + BESIII + B-factories

Bali, Schilling and Wachter
hep-ph/9611226
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1. Potential Models:1. Potential Models:
•Spin independent potentials
•Relativistic corrections
•Spin dependent effects
•Coupled channel effects

Reviews:
Kwong and Rosner, Ann. Rev. Nucl. Part. Sci. 37, 325 (1987)
Buchmuller and Cooper, Adv.Ser.Direct.High Energy Phys. 1, 412 (1988)
Konigsmann, Phys. Rept. 139, 243 (1986).

Thomas as has recent review and maybe quigg?
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L
S

S

1

2
S = S  + S1 2

J = L + S

C = (-1)L + S

P = (-1)
L + 1

Meson quantum numbers characterized by given JPC

Allowed:
JPC = 0-+  1–- 1+- 0++  1++  2++ …

Not allowed: exotic combinations:

JPC = 0-- 0+- 1-+  2+- …

Mesons are composed of a quark-antiquark pair

Combine u,d,s,c,b quark and 
antiquark to form various mesons: π meson
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4.1 The Spin-Independent Potential

Previously gave qualitative arguments why the 
spin-independent potential is linear + Coulomb

We also saw how this potential is consistent with results 
from Lattice QCD

However, Historically this form was arrived at through trial
and error (Although Appelquist and Politzer got it right in an 
early paper ~ 1975)

Emperically, the Schrodinger eqn was solved for a given 
potential which was modified until agreement was achieved 
between theory and experiment.
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Lattice QCD gives qq potential:

From G. Bali

linear potential
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QuarkQuark--antiquark antiquark PotentialPotential
For given spin and orbital angular momentum configurations 
& radial excitations generate our known spectrum of light quark mesons 

M m m E

p V r E

nl

nl

= + +

+
⎡

⎣
⎢

⎤

⎦
⎥ =

1 2

2

2µ
ψ ψ( )

Solve Schrodinger eqn
for meson masses



S. Godfrey, Carleton University 16

Quark potential models are strongly supported by emperical
agreement with quarkonium spectroscopy and with lattice QCD

From Buchmuller & Tye
PR D24, 132 (1981)
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Could also use position of P-waves

Spin averaged 3PJ gives 
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Spin-dependent potentials:

Generally expect spin-dependent Interactions:

Start by looking at spin-dependent interactions of QED
in hydrogen atom

Spin-Orbit: electron sees the proton circling around
•The orbital motion creates a magnetic field at the centre:

•In terms of L=mvr

•The spinning electron constitutes a magnetic dipole

•The interaction energy is
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More rigorously (derived as a succession of infinitesimal
Lorentz transformations) leads to the Thomas precession
with a factor of 1/2
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Hyperfine: Again in hydrogen, the proton has dipole moment:

The magnetic dipole has a field:

The energy of the electon in the presence of µi

Gives rise to the hyperfine structure of hydrogen

21 cm line in hydrogen
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One can take this over to 1-gluon interaction of QCD:
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Systematic treatment starts with Wilson loop

•Expanding in 1/mQ write spin-dependent Hamiltonian in terms
of static potential and correlation functions of colour
electric and magnetic fields
•With some assumptions one obtains:

Which corresponds to short range vector and long range 
scalar exchange

Observation of 1P1 states is important test

Eichten and Feinberg, PR D23, 2724 (1981)
Gromes, Yukon Advanced Study Inst.

V r
m

k
r r

L S

m r
S

m
r S S

spin
s

s s

( )

( )

=
−

+
⎛
⎝⎜

⎞
⎠⎟ •

+ •

1
2

2
3

4
3

32
9

2 3

2 3 12 2
3

1 2

α

α πα
δ

r r

r r r
              +

1 1



S. Godfrey, Carleton University 23

Spin-dependent potentials:

1S
13S1

11S0

ψ (ρ)

ηc (π)

Spin-spin interactions:

•Need some sort of reduction to find spin dependent terms
•Depends on Lorentz nature of potential

we find phenomenologically 
short range Lorentz Vector 1-gluon exchange
+ long range Lorentz scalar confining potential

•Use Breit-Fermi Hamiltonian
•Spin-dependent interactions are (v/c)2 corrections

[ ] [ ]r r
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Useful to look at more rigorous derivation

2 approaches: Bethe-Salpeter equation
equate potential to scattering amplitude

(Berestetskii, Lifshitz, and Pitaevski, 
Relativistic Quantum Theory, Volume 1, Pergamon Press

Expand in powers of inverse quark mass an interaction 
of the form: 1

2

3

4

(in weak binding
limit)
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e.g. Hyperfine Splitting

For interactions of the form
in the static limit only Γi=γ0 contibutes so U(q2)=V(q2)

We are interested in the O(q2) corrections that contributes
To S-wave states of the form 

To order 1/m this does contribute to HI

Where we set m3=m1
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We discard the first 2 terms because they don’t contain σ 
Similarly:

For S-waves we average over all angles to obtain:
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One obtains:
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Spin-orbit interactions:

1P
χ2(13P2)
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χ0(13P0)
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eg. Ebert Faustov & Galkin introduce Lorentz vector piece
of confining potential:   Phys.Rev. D67, 014027 (2003); D62, 034014 (2000)

also include anomalous chromomagnetic moment of the quark
in VV:

Long range magnetic contributions vanish from choice of 
Parameters (which is equivalent to scalar confinement)

But numerous variations exist:

V r Ar B
V r Ar

V

S

( ) ( )
( )

= − +
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1 ε
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κ
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i
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Also included spin independent relativistic effects
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Let us examine the spin-dependent splittings in charmonium

•Using H.O. wavefunctions simplifies the calculations
•Fitting the oscillator parameter to the r.m.s. radii of exact
solutions is a good approximation:
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Hyperfine Effects:
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Fine Structure:
We can write the 3PJ Masses as:

Lorentz Vector 1-gluon exchange gives:

If confining piece is br
(a) Lorentz Vector: a’ = a + 47 MeV

b’ = b + 3 MeV
(b) Lorentz Scalar:  a’ = a - 16 MeV

b’ = b
(c) Lorentz Pseudoscalar: a’ = a

b’=b – 3 MeV
Experiment favours Lorentz Scalar Confining
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•In QM triplet-singlet splittings test 
•the Lorentz nature 
of the confining potential

•Relativistic effects

•important validation of 
•lattice QCD calculations
•NRQCD calculations

Observation of Observation of 11PP1 1 states is an important test of theorystates is an important test of theory

11PP11 vsvs 33PPcog cog mass mass –– distinguish modelsdistinguish models

••Important to distinguish modelsImportant to distinguish models
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lattice
PQCD

QM

QM

QM

Wide variation of theoretical predictions:

EFG 0                            -1                          -1
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Quark Potential Models with 1Quark Potential Models with 1--gluon exchange:gluon exchange:
H

m m
S S rqq

hyp s

q q
q q= ⋅

32
9

3π α
δ

r r r( )

δ function is short range but smeared by relativistic effects
modeled by a Gaussian.

•gives  M(3Pcog) > M(1P1)

•but with spin-independent relativistic corrections
McClary & Byers find 
M(3Pcog) < M(1P1)

•Introducing long range Lorentz Vector Franzini finds:
M(3Pcog) < M(1P1) Franzini, PL B296, 199 (1992)

McLary & Byers, PR D28, 1692 (1983)

Godfrey & Isgur, PR D32, 189 (1985)
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PerturbativePerturbative QCD:QCD: M(3Pcog) < M(1P1)

Lattice QCD:Lattice QCD: M(3Pcog) > M(1P1)
•Ultimately the definitive answer
•Need more precise results.

Pantaleone and Tye, PR D37, 3337 (1988)

-ve for Nf > 0  but other possible contributions;
long-range, relativistic, coupled channel.. 

wide variation in predictions indicates need for 
experimental data
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Decays and Transitions

•To calculate Decays and Transitions we need to calculate
hadronic matrix elements.

•Define a “Mock” meson which we equate with the 
wavefucntion of the physical meson
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There are two generic types of matrix elements:

A is some sort of transition operator like:
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Radiative (e.m.) Transitions
Same physics as in atomic and nuclear systems
An e.m. transition is described by:

For 2 body decay
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Start with E1 Transitions:
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There are two methods for evaluating the matrix element
Method 1:

Start with 3PJ → 3S1 
•The orbital angular momentum is zero in the final state
•We may choose any JZ since we averaged over the 
photon directions

Convenient to choose JZ =J
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Let us return to our effective wavefunctions:

This gives:
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Another useful technique uses helicity amplitudes:
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Putting it all together we obtain:

(as before)
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3. E1 transitions3. E1 transitions

E1 decays sensitive to 
nodes in wavefunction

radiative transitions 
tests internal structure

McClary and Byers, PR D28, 1692 (1983)

Γ =
4
3

2 3e C J L J L S P r SQ i i f fα ω( )
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Including relativistic corrections corresponds to using
eigenfunctions and eigenvalues of the Breit-Fermi Hamiltonian
(Siegert’s theorem)



S. Godfrey, Carleton University 57

2 3 2 7 0 2

2 3 2 4

2 3 2 3

2 3 2 2

3
2

3
1

3
1

3
1

3
0

3
1

P r S

P r S

P r S

P r S

= ±

≈ −

≈ −

≈ −

. .

.

.

.

 GeV

 GeV

  GeV

 GeV

-1

-1

-1

-1

1 2 19 0 2

1 2 15

1 2 14

1 2 13

3
2

3
1

3
1

3
1

3
0

3
1

P r S

P r S

P r S

P r S

± ±

≈ −

≈ −

≈ −

. .

.

.

.

 GeV

 GeV

 GeV

 GeV

-1

-1

-1

-1

Relativistic effects gives differences between E1 
matrix elements:

see also McClary and Byers, PR D28, 1692 (1983)
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Node in 3S wavefunction near maximum in 
1P wavefunction so large cancellation very 
sensitive to details of the wavefunctions
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Matrix elements sensitive to relativistic corrections 
via shifts in  nodes in wavefunctions

• there can big difference in matrix elements
(not clear what exactly CLEO did)

• More useful to compare individual matrix elements to 
test relativistic corrections

• transitions involving D-waves would be interesting tests

• Angular distributions also provide additional information
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BottomoniumBottomonium
•Largest number of stable states

•Numerous states below threshold
•Only 9 out of 30 narrow states 
observed so far
•No spin-singlet states observed
•No new states observed in 19 
years!

•Wide variation in splittings
•Their observation will test the 
various calculations
•Expect many of these states to be 
found in

• The recent CESR/CLEO run
• B-decays at B-factories
• At future CLEO-c/CESR-c 

(variation in D-wave CoG)
(courtesy of R. Galik)
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Production of the DProduction of the D--wave stateswave states
•By direct scans in e+e- to produce 3D1  (JPC = 1--)
•Use for 4γ E1 cascade to search for

•4-photon cascade via the Υ(2S)
is the main background due to 
confusion in ordering the observed 
photons
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• CESR/CLEO has completed a high statistics run at the Υ(3S)

•Ran on Υ(2S)  and running again at Υ(3S)

•Expect very rich spectroscopy

•Estimate the radiative widths and BR using quark model

•3DJ masses – test spin dependent splittings

•Wide variation in masses:
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because the D-waves are 
larger they will feel the long 
range spin-dependent potential
more than the P-waves

observation of 3DJ would 
be important in understanding
the Lorentz structure of the
confining potential

There is still some question about the Lorentz 
structure of the qq potential

•vector 1-gluon exchange + scalar confinement
•vector 1-gluon exchange + colour electric confinement
• + more complicated structures

see Eichten & Feinberg PRL 43, 1205 (1979)
Pantaleone Tye & Ng PR D33, 777 (1986);
Buchmuller Ng & Tye PR D24, 3003 (1981)
Gupta Radford & Repko PR D26, 3305 (1982);
Gromes, Z. Phys C22, 265 (1984)…..

Variation in the spin 
dependent splittings
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•In e.m. cascades: Υ(3S) →γ χ’b →γγ 3DJ

•Some 4γ cascades with observable # of events/106 Υ(3S)’s:

EventsCascade

3.333S1 → 23P1 → 13D1 → 13P1 → 13S1

2033S1 → 23P1 → 13D2 → 13P1 → 13S1

2.733S1 → 23P2 → 13D2 → 13P1 → 13S1

7.833S1 → 23P2 → 13D3 → 13P2 → 13S1 

•The e+e- final states leads to less background
• µ+µ− final states also contribute if µ’s are identified

S.G + J. Rosner, Phys Rev D64, 097501 (2001)

Expect ~38 events /106 Υ(3S) via 3DJ

Γ =
4
3

2 3e C J L J L S P r SQ i i f fα ω( )



S. Godfrey, Carleton University 68

CLEO finds:

(vs GR prediction of 3.8 x 10-5)
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Because quarks have spin they may emit a photon via a spin flip
- The magnetic dipole transition

To obtain the interaction Hamiltonian we perform a 
non-relativistic reduction of

We expand the Dirac spinors to lowest order in p/m
Denoting the large and small components by q1 and q2

M1 TransitionsM1 Transitions
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So the interaction Hamiltonian is given by:

(For antiquarks change the sign of the charge)
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Is the magnetic dipole moment of the quark

For magnetic dipole transitions:

Choosing z as the γ direction
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M1 transitions: production of M1 transitions: production of ηηbb((nSnS) states) states

S.G + J. Rosner, Phys Rev D64, 074011 (2001)

ΥΥ((nSnS))→η→η((n’Sn’S) + ) + γγ

32
02

2

0
1

1
3 )2/(

3
4)( ωαγ ikrjf

m
e

SS
Q

Q=+→Γ

Proceeds via magnetic dipole (M1) 
transitions:

•Hindered transitions have large phase space
•Relativistic corrections resulting in differences in 

3S1 and 1S0  wavefunctions due to hyperfine interaction
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(Γtot=26.3 keV)

2.2Υ(1S)

13(Γtot=44 keV)

0.21Υ(2S)

25

4.7

0.10(Γtot=52.5 keV)

Υ(3S)

BR (10-4)Transition

0
13 S→

0
12 S→

0
11 S→

0
12 S→

0
11 S→

0
11 S→

•Expect substantial rate to produce ηb’s
•Also  Υ(3S) → hb(1P1) ππ → ηb + γ + ππ

BR=0.1-1% BR = 50%

[Kuang & Yan PRD24, 2874 (1981); Voloshin Yad Fiz 43, 1571 (1986)]
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But no signal found!But no signal found!

Is there a problem?Is there a problem?

Ebert Faustov Galkin
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•Does not appear due to wavefunction effects like in E1
transitions:

BR=2.3 x 10-3

BR=2.4 x 10-3

Not much difference

•Most likely due to poorly understood relativistic effects:

the last term is due to pair creation in the binding potential

I
k r p

m
p
m

V
mQ Q

S

Q
= − − − −1

24
2
3

1
6

2 2 2

2

2

2

r r

see Sucher, Rep. Prog. Phys 41, 1781 (1978), Kang & Sucher PR D18, 2698 (1978), Feinberg &
Sucher, PRL 35, 1740 (1975); Grotch Owen & Sebastian PR D30, 1924 (1984),
Zabetakis & Byers PR D28, 2908 (1983)
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Decays:Decays:

Typically express the matrix element in the form:
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For the + polarization:

By explicit evaluation:
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Integrand is symmetric except for p+pµ term

In non-relativistic limit
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What about ψ’’(3770) ?

3D1 state so expect Γ=0 since ψD(0)=0 but not so

After much work get:

In general, for state of angular momentum L get R(L)(0)
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More carefully get:

and



S. Godfrey, Carleton University 85

Also have decays to hadronic final states:

Start with annhilation rates for positronium:

To relate to hadron decays include quark charges
For decays to gluons must include αS and λ’s for each gluon
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For 3 gluons/photons:



S. Godfrey, Carleton University 87

For Completeness:
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In the last decade or so these calculations have been
studied in greater detail.

It was recognized that soft gluon effects could be important

This leads to the annihilation matrix element having colour
octet contributions

All this falls into the realm of NRQCD
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Two interesting cascades:

M1               E1            E1
Υ(3S) → ηb(2S) +γ → hb +γγ → ηb +γγγ 
ψ(2S) → ηc(2S) +γ → hc +γγ → ηc +γγγ 

Υ(3S) → hb + π → ηb + γ + π
ψ(2S) → hc + π → ηc + γ + π

Need branching ratios and hence
partial widths

S.G + J. Rosner, PR D66,1014102 (2002)
Production of the Production of the singletsinglet PP--wave stateswave states
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BR(33S1  γ → 21S0 γ)=4.7 x 10-4 and BR(21S0  γ → 11P1 γ)=5.7x 10-5

BR[ Υ(3S) → 21S0  γ → 11P1 γ] = 2.6 x 10-7 ⇒ 0.3 events/106 Υ(3S)’s

Similarly

BR[ ψ(2S) → 21S0  γ → 11P1 γ] = 10-6 ⇒ 1 event /106 Υ(3S)’s

(A challenge for the experimentalists!)
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Utilizes: BR[Υ(3S) → π 11P1] = 0.1%

Γ

Γ Γ
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A more promising approach:
Υ(3S) → hb + π → ηb + γ + π
ψ(2S) → hc + π → ηc + γ + π

BR[Υ(3S) → π 11P1 → 11S0 γ]=4 x 10-4

⇒ 400 events/106  Υ(3S)’s

BR[ ψ(2S) → π 11P1 → 11S0 γ ] = 3.8 x 10-4

⇒ ∼400 event /106 ψ(2S)’s



S. Godfrey, Carleton University 92

Charmonium Charmonium in B decaysin B decays
Recent observation by Belle of 
ηc(2S) in: B → ηc(2S) K → ΚΚSK-π+

M=3654 ±6 (stat) ± 8 (sys) MeV 
Γ<55 MeV (90% C.L.)

Belle had previously reported the observation of
B+ →χc0K+

B →χc2X

And B →χc1K has been observed by both BaBar and Belle

Search for the hc in 
B → hc X
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New state observed by Belle:  New state observed by Belle:  X(3871) X(3871) 
hep-ex/0309032

ψ(2S)

M(J/ψ π+π−) − M(J/ψ) GeV

?
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1. D1. D00DD*0*0 moleculemolecule
2. A 2. A charmoniumcharmonium hybridhybrid
3. 13. 133DD2 2 state?state?

CharmoniumCharmonium Options for the X(3872)Options for the X(3872)
T.Barnes,S.Godfrey, Phys Rev D69, 050400 (2004) [hep-ph/0311162]
Eichten, Lane & Quigg, Phys Rev D69, 094019 (2004) [hep-ph/0401210]
Barnes, Godfrey & Swanson, in preparation

New state 1New state 1stst observed by Belle:  observed by Belle:  X(3871)X(3871) hep-ex/0309032

•M=3872.0 ± 0.6 ± 0.5 MeV Γ < 2.3 MeV at 90% C.L.  
width consistent with detector resolution. 
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DD00DD*0*0 moleculemolecule

. The mass of the state is right at the D0D*0 threshold!
This suggests a loosely bound D0D*0 molecule, right below the 

dissociation energy
“Molecular Charmonium” discussed in literature since 1975

−7.7±1.13879.5±0.7MD+ +MD*+

MX − Mthreshold MeVQuantity

+0.3±1.13871.5±0.7MD0 +MD*0

3871.8±0.7±0.4MX
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Because D-states have negative parity, spin-2 states cannot  decay to DD
–They are narrow as long as below the

DD* threshold

–Predict: 

Should easily see  ψ(13D2) → γγ J/ ψ
BUT: 

–Most models predict ψ(13D2) mass to be ~70 MeV lower than 
the measured X(3872) mass. 

–At the same time they reproduce the Υ(13D2) mass very well.
No models appear to accommodate ψ(3770) and X(3872) in same 13DJ triplet! 
Can coupled channel effects and ψ(13D1)- ψ(23S1) mixing change this?

3
2

3
2

( (1 ) / ) ~ 3
( (1 ) / )

BR D J
BR D J

ψ
ψπψ π

ψγγ
+ −

→
→

BR X
BR X J

c( ( ) )
( ( ) / )

.
3872

3872
0891→

→
<+ −

γχ
π π ψ

  (90% CL) Belle
hep-ex/0309032

13D2 state?

charmonium
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Charmonium Charmonium Options for the X(3872)Options for the X(3872)

•Consider all 1D and 2P cc possibilities
•Assume M=3872 MeV 

•calculate radiative widths and
•strong decay widths



S. Godfrey, Carleton University 100

Strong Decays:

1.  Zweig-allowed open-charm decays  (DD)

expect 13D2 and 11D2  but 13D3 also narrow because of
angular momentum barrier

2.  Annihilation type decays

3.  Hadronic transitions
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Radiative transitions:
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too wide

too wide

too wide
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13D2 and 11D2 and 13D3 23P1 and 21P1

The problem here is that
the BR to γ and ππ is quite
small and not the final 
states being looked for
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So far haven’t distinguished between C=+ or C=-
•J/ψ ππ implies C=- so expect π0π0 final state in ratio of 1/2
•J/ψ ρ implies C=+ but only π+π− final state
Therefore observation or non observation of π0π0 

distinguishes C
ie.  C=- gives 13D2 13D3  or 21P1
While C=+ gives 11D2 or 23P1

Radiative decays can then distinguish between the remaining
possibilities 
NOTE: tests 13D3

Belle
angular distribution analysis rules out 21P1

Differences of π0π0 / π+π− from 1/2 suggests DD* admixtures

Probably the most useful result is that all 4 D-wave states
Should be observable in B-decay!

BR X
BR X J

c( )
( / )

.
→

→
<+ −

γχ
π π ψ

2 11 (90% CL)
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Coupled Channel effectsCoupled Channel effects
Eichten et al, Phys Rev D17, 3090 (1978); D21, 203 (1980).

Pair produced in pseudoscalar
static potential produces 1S state

Interaction
Hamiltonian:
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Expected to be most important for states near threshold
•Induces splittings of states of different J with same L
•Mechanism induces strong 23S1 -13D1  mixing in charmonium:

•Shifts ∆M( 23S1)=mass –118 MeV vs ∆M(13S1)=-48 MeV
•explains large 13D1  leptonic width

•predicts 33S1 -23D1 mixing in bottomonium and possibly 
also 43S1 -33D1 

No work on this important subject since!No work on this important subject since!
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SummarySummary
• In the last decade there has been much theoretical

progress especially in lattice QCD.
• Need comparable experimental results to compare

to theoretical results and to understand 
the nature of confinement in QCD.

• Theory and experiment go hand in hand to fully 
understand Soft QCD
• First narrow bb state observed in 19 years!
• Only long lived L=2 meson

• Expect great progress in heavy quarkonium 
spectroscopy!
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4. What about mesons with light quarks?4. What about mesons with light quarks?

Historically, it was the successes of the
quark model that led many physicists to
believe that the quark model has something
to do with reality
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Essential features are the same, except:
•Relative importance of relativistic effects
•Hyperfine splittings are comparable in size to 

orbital splittings
Conclude 

•potential models approximately valid
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ρ π

ρ π

ω

η

η

φ

+ +

+

−

= −

= −

= +

= + −

′ = + +

=

=

=

= −

=

,

,

ud

uu dd

uu dd

uu dd ss

uu dd ss

ss

K us

K ds

K sd

K su

0 0

0

0

1
2

1
2

1
6

2

1
3

Flavour content:
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M m m E

p V r E

nl

nl

= + +

+
⎡

⎣
⎢

⎤

⎦
⎥ =

1 2

2

2µ
ψ ψ( )

In heavy quarkonium we used:

This is a non-relativistic formula  (v/c)= bb
cc
ss
uu

0 26
0 45
0 78
0 9

.
.
.
.What do we do?

•Use it anyway and see what happens.  Taking this approach
the general features are OK

•Try to relativize it.
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Spin dependent interactions:
∆[ ( ) ( )] ( )

( ) ( )

( ) ( )

( ) ( )
( ) ( )

.

.

( ) ( )

M S M S
m m

S S
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M K M K

m m
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m
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M K M K
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s

q q

q q

u s

u u

s

u

3
1

1
0

1 2

2

3
1

1
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3
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1
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3
9
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1
4
3
4
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17

770 140
892 495
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17

− =

= +
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−
−

≈ ≈ ≈ ≈

−
−

≈ ≈

−

∗

∗

πα ψ

ρ π

Approximate  and  masses by:

If a is approximately constant:

Similarly:

( ) ( )
.
.

.

.

D M D
m m
m m

m
m

u c

u s

c

s
∗ −

≈ ≈ ≈ ≈

−
−

≈ ≈

16
0 55

2 9

892 494
2010 1870

400
140

2 9

So splittings reasonably 
well described

Because 3Pcog-1P1 splitting 
is small supports short 
range contact interaction
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Electromagnetic transitions:

As before: ΓM i zi

k
f i1

3
2 2

3
= ∑γ

π
µ σ

For example:
K K

us e
m

us

us
e
m

e
m

e
m

e
m

us

e
m

e
m m m

i

i
z

q

q

q

q

q

q

q

q

u

u

s

s u s

∗+ +→

↑ ↓ − ↓ ↑ ↑ ↓ − ↓ ↑

= + − −

= −
⎡

⎣
⎢

⎤

⎦
⎥ = −

⎡

⎣
⎢

⎤

⎦
⎥

γ

σ1
2

1
2

1
2

2

2 2 2 2

1
2

1
2

2
3

1 1
3

1

( ) ( )



S. Godfrey, Carleton University 115

Strong (Zweig allowed) Decays: 

A number of models to calculate strong decays.

Give good qualitative agreement with experiment 
with only 1 free parameter (using QM wavefunctions)

Important input to disentangle hadron spectrum
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Relativistic effects:
Clearly light quark hadrons are relativistic

Various attempts to “relativize” QM

Generally improves agreement

But much is missing.  Major battles about what 
is correct approach.

BUT QM seems to get the physics right.

“Better to get the right degrees of freedom” 
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Generally, good 
agreement for 
confirmed states



S. Godfrey, Carleton University 118

•Many unconfirmed states:
f1(1530), h1(1380)

•Many puzzles:
η(1440), f1(1420), f0(1500) fJ(1710), fJ(2200)
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Baryon Spectroscopy:

Can also describe baryons using QM

But more degrees of freedom so much more
complicated to deal with.

Simple exercise to calculate ground state
Baryon magnetic moments using M1 operator

Leave this for another time.
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Spin-dependent potentials:
Spin-dependent interactions are (v/c)2 corrections
Lorentz structure of confining potential:

scalar? vector? pseudoscalar? …

Mif =

1. Lorentz vector 1-gluon exchange + scalar confinement

2. If the confining interaction couples to the colour charge 
density so interaction is 

Gives rise to spin-dependent interactions

γ γ0 0⊗

[ ] [ ]= u u V Q v vΓ Γµ
µ( )2
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Radiative Transitions:

Γ =
1

8 2

2

πM
M p

i
if

E1 transitions:

f H i
ie

f r iI = − ⋅
ω

ε
2

r r

(subtleties about how we define wavefunction)

M1 transitions:
M i f i k

ie
m

k f iif
q

q
z= ⋅ × =∗µ σ ε σγ

r r r

2
where µ =

e
m
q

q2
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Γ =
16

0
2 2

2
2πα

ψ
e

M
q

i
( )

Leptonic Decays:

Also have decays via annihilation 
to photons and gluons


