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fine structure in the spectrum (esp. near thresholds)
new and old states :

coupled channel effects: form factors, transition 
amplitudes, leptonic widths, etc
screened potentials in the  quark model?

Motivation

f0(980), f0(1710), Ds0(2317), X(3872), Λ(1405)
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Thresholds in D
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“Oakes-Yang Problem”
R.J. Oakes and C.N. Yang, PRL 11, 174 (63)

Why does the Gell-Mann-- 
Okubo mass formula work? 

Thresholds affect the decuplet 
states differently!



Mixing

aχ =
√

2Z1/2
00

∫
d3k ψX(k)A(−k)

state EB (MeV) a (fm) Z00 aχ (MeV) prob
χc1 0.1 14.4 93% 94 5%

0.5 6.4 83% 120 10%
χ′

c1 0.1 14.4 93% 60 100%
0.5 6.4 83% 80 > 100%

X χc1
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A Simple Model

E.S. Swanson, JPG31, 845 (2005)



Ĥ = −
∫

d3xψ̂†
fτ3

(
mf − ∇2

2mf

)
ψ̂f+g

∫
d3xψ̂†

fτ1ψ̂f+
1
2

∫
d3xd3yψ̂†

f ′(x)ψ̂f ′(x)V (x−y)ψ̂†
f (y)ψ̂f (y).

Non-relativistic Quantum Field Theory
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Non-relativistic Quantum Field Theory

H1ψ(ρ) + (
M

m + M
)−3Ω(

m + M

M
ρ)φQQ(

m + M

M
ρ) = Eψ(ρ)

H0φQQ(r) + Ω(r)ψ(
M

m + M
r) = EφQQ(r)

|Ψ〉 = φQQ|QQ̄〉 + ψ|Qq̄qQ̄〉



H1ψ(ρ) + (
M

m + M
)−3Ω(

m + M

M
ρ)φQQ(

m + M

M
ρ) = Eψ(ρ)

H0φQQ(r) + Ω(r)ψ(
M

m + M
r) = EφQQ(r)

Ω(r) =
∫

d3xφQq(r/2 − x)φQq(r/2 + x)g

Non-relativistic Quantum Field Theory
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〈k|Veff |k′〉 = 2π2
∑

i

ω∗
i (k)ωi(k′)
E − Ei

ωi(k) = 〈φ(i)
QQ|Ω̂|k〉

Coupled Channel Bethe-Heitler Equation

T (k, k′) = Veff (k, k′) +
∫

d3q Veff (k, q)GE(q)T (q, k′)
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Some Loop Theorems

T. Barnes and E.S. Swanson, PRC77,  055206, (2008)



Loop mass shifts are identical for all states in 
an N,L multiplet

these states have the same open flavour decay 
widths

loop-induced valence configuration mixing 
vanishes if Li <> Lf  or Si <> Sf

for a general class of decay models mixing 
via degenerate multiplets of states...



there is thus some hope that the constituent 
quark model is robust (thereby resolving the 
Oakes-Yang problem)



〈JA[LjBC]; jBC[jBjC]; jB[sB! B ] jC[sC!C]|σψ|JA[sA!A]〉 =
∑

sBC!BCLf

(−)η1̂L̂f ŝBC!̂BCĵBĵCĵBCŝAŝBŝCŝBC · mber (1)

〈Lf [!L!BC]; !BC[!B!C]||m
¯

ψ||!A〉 ·





sB !B jB
sC !C jC
sBC !BC jBC











1/2 1/2 sB

1/2 1/2 sC

sA 1 sBC




 ·

{
sBC !BC jBC

!L jA Lf

} {
sBC sA 1
!A Lf jA

}
(2)
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Requenching

derive the effective theory that removes 
continuum effects

E.S. Swanson, in progress



Another nonrelativistic 
Field Theory

H =
∑

k

εk(b†kbk + d†kdk) +
∑

pqk

v(M)
q b†k+qd

†
p−qdpbk

+
1
2

∑

pqk

V (B)
q b†k+qb

†
p−qbpbk +

∑

k

(b†kγkd†−k + H.c.) (1)

Γ

T V



Requench...

ψ = e−iSψ′

H ′ = eiSHe−iS



[iS1,H0] = −Γ

V ′ + Γ′ = T + [iS1, V + Γ] +
1
2
[iS1, [iS1,H0]]

S2 is determined by [iS2,H0] = −Γ′. One finds

V ′ = T +
1
2
[iS1,Γ] = T + T ′ (1)

Γ′ = [iS1, V ] (2)



V ′′ + Γ′′ = [iS2, V ] + [iS2,Γ] + [iS1, T ] +
1
2
[iS1, [iS2,H0]]

+
1
2
[iS2[iS1,H0]] +

1
2
[iS1, [iS1, V ]] +

1
2
[iS1, [iS1,Γ]]

+
1
6
[iS1, [iS1, [iS1,H0]]] (1)

= [iS2, V ] +
1
2
[iS2,Γ] + [iS1, T ] +

2
3
[iS1, T

′] (2)

(3)



Heff = H ′′ =
∑

k

(m∗ + γ2m∗ +
k2

2m∗ )(b†kbk + d†kdk)

+
∑

pkq

V (M)
q b†k+qd

†
p−qdpbk

[
1− 1

8m2
γ2(p2 + (p− q)2 + k2 + (k − q)2)

]

+
1
2

∑

pkq

V (B)
q b†k+qb

†
p−qbpbk +

1
8m2

∑

pkq

V (M)
q

[
b†k+qb

†
p−qγp−qγpbpbk + H.c.

]
(1)



Issues



Renormalisation

q2 < Λ2 ≈ 1GeV2

1GeV2 < q2 < Λ2 ≈ 4GeV2

4GeV2 < q2 < Λ2 → ∞



nonperturbative gluodynamics
multipion intermediate states
chiral restoration
emergence of the string regime
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