
Light Quarks
models, pions, quasiparticles, 



apply HQ model to light quarks … how do we do?



isoscalar uu+dd+ss



isovector

but some serious “cheating” here wrt pion



isovector



“Isgur plot” — not very convincing!



an example:

H =
∫

d3xψ† (−iα ·∇ + βm)ψ+
λ

2Λ2

∫ Λ
d3xψ†(x)T aψ(x)ψ†(x)T aψ(x)

H = pq̇ − L
γµ∂µ = γ0∂t − γi∂i

= β∂t + γ⃗ ·∇
= β∂t + βα⃗ ·∇

L =
∫

d4xψ̄ (iγµ∂µ − m)ψ−
λ

2Λ2

∫ Λ
d4xψ†(x)T aψ(x)ψ†(x)T aψ(x)

Constituent Quarks (light)
Szczepaniak & Swanson, PRL87,072001 (01)



⟨H⟩ =
∫

d3xψ† (−iα ·∇ + βm)ψ+
λ

2Λ2

∫ Λ
d3xψ†(x)T aψ(x)ψ†(x)T aψ(x)

Hartree Fock

x y x y

x x y y

Constituent Quarks (light)



c=k/E 
s=M/E



⟨H⟩ = −2Nc

∫ Λ d3k
(2π)3 (s(k)m + c(k)k)+

λ
2Λ2

N2
c −1
2

∫ Λ d3k
(2π)3

d3q
(2π)3

(
1 − s(k)s(q) − c(k)c(q)k̂ · q̂

)

M(p) = m(Λ) + CF λ
4π2Λ2

∫ Λ
q2dq M(q)√

M(q)+q2

Constituent Quarks (light)

s(k) = sin �(k)

�

��
�H� = 0

M(p) =
ps(p)
c(p)



Constituent Quarks (light)



Constituent Quarks (light)

�M |[H,Q†
M ]|BCS� = (EM � EBCS)�M |Q†

M |BCS�
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thy w/ mQ = mR & latiice. get 1/mQ for large m

also notice that in this “basis” 1/M works everywhere



chiral symmetry breaking generates
Goldstone bosons and constituent quarks

Constituent Quarks (light)

and underpins applicability of the NCQM to light hadrons











⟨p⟩ << m

Nonrelativistic models

L and S separately conserved

different parity corresponds to different waves

0−+ = 1S0 0++ = 3P0



Relativistic models

⟨p⟩ >> m

L and S are not separately conserved

V (0++) = V0cpck + V1(1 + spsk)

V (0−+) = V0(1 + spsk) + V1cpck

wave



V (0++) = V0cpck + V1(1 + spsk)

V (0−+) = V0(1 + spsk) + V1cpck

NonRel
sp =

µ(p)
E(p)

→ 1cp =
p

E(p)
→ p

m

V (0++) → 2V1 + O(
1

m2
)

V (0−+) → 2V0 + O(
1

m2
)

P-wave

S-wave



V (0++) = V0cpck + V1(1 + spsk)

V (0−+) = V0(1 + spsk) + V1cpck

Rel
cp =

p

E(p)
→ 1 sp =

µ(p)
E(p)

→ 0

V (0++) → V0 + V1

V (0−+) → V0 + V1



baryons



Isgur-Karl Model

ρ

λ
1/2

6  /2

1/2
2

3

2

1
HIK =

3∑

i=1

(
mi +

p2
i

2mi

)
+

∑

i<j

1
2
kr2

ij

HIK = Mtot +
P 2

2Mtot
+

p2
ρ

2mρ
+

p2
λ

2mλ
+

3
2
kρ2 +

3
2
kλ2

mρ = m1 = m2 mλ = 3
m1m3

Mtot



Isgur-Karl Model
E = (Nρ +

3
2
)ωρ + (Nλ +

3
2
)ωλ

ωρ =

√
3k

mρ
ωλ =

√
3k

mλ

Ψ = CAuud
(αραλ

π

)3/2
e−

1
2 (α2

ρρ2+α2
λλ2)χ

CA =
1√
6

(rbg − brg + bgr − gbr + grb − rgb)

χ = − 1√
6

(| ↑↓↑⟩ + | ↓↑↑⟩ − 2| ↑↑↓⟩)

proton:



Baryons
baryon flavour wavefunctions

State ++ + 0 -

N uud ddu

∆ uuu uud ddu ddd

Λ 1√
2
9ud -du)s

Σ uus 1√
2
(ud+du)s

Ξ ssu ssd

Ω sss

Λc
1√
2
(ud-du)c

Σc uuc 1√
2
(ud+du)c ddc

Λb
1√
2
(ud-du)b

Σb uub 1√
2
(ud+du)b ddb

(



Baryons
magnetic moments

µp = ⟨χλ
1/21/2|

∑

i

ei

2mi
σz

i |χλ
1/21/2⟩

=
4
3
µu − 1

3
µd.

µn = 4/3µd − 1/3µu

µu = −2µd

µn

µp
= −2

3
expt: -0.6849



Baryons

hyperfine splitting
∆m =

4παs

9
|ψ(0)|2

∑

i<j

⟨σ⃗i · σ⃗j⟩
mimj

.

∆N =
4παs

9m2
u

(−3)|ψ(0)|2 ≡ −3
m2

u
K

∆∆ =
3

m2
u

K

∆Σ = (
1

m2
u

− 4
mums

)K.

⟨χλ|σ⃗1 · σ⃗2|χλ⟩ = 1
⟨χλ|σ⃗1 · σ⃗3|χλ⟩ = −2
⟨χλ|σ⃗2 · σ⃗3|χλ⟩ = −2

baryon(mass) composition ∆E/K predicted mass

N(939) nnn −3/m2
n 939

Λ(1116) nns −3/m2
n 1114

Σ(1193) nns 1/m2
n − 4/(mnms) 1179

Ξ(1318 nss 1/m2
s − 4/(mnms) 1327

∆(1232) nnn 3/m2
n 1239

Σ(1384) nns 1/m2
n + 2/(mnms) 1381

Ξ(1533) nss 1/m2
s + 2/(mnms) 1529

Ω(1672) sss 3/m2
s 1682

K = 0.0066 GeV 3



Hyperfine Splitting in P-wave Baryons

m∆ − mN = A
8π
3
⟨ψ00|δ(ρ⃗)|ψ00⟩

[
⟨χS

3/2|S⃗1 · S⃗2|χS
3/2 − ⟨χλ

1/2|S⃗1 · S⃗2|χλ
1/2

]

= A
8π
3

β3

π3/2

[
3
4
− −3

4

]

= 4A
β3

√
π

= 300MeV.

|ΞSLJP ⟩

|N 1/2 P 3/2−⟩ = CA
1
2

[
χρ

1/21/2φ
ρ
Nψ

λ
11 + χρ

1/21/2φ
λ
Nψ

ρ
11 + χλ

1/21/2φ
ρ
Nψ

ρ
11 − χλ

1/21/2φ
λ
Nψ

λ
11

]

|N 3/2 P 5/2−⟩ = CAχ
S
3/2

1√
2

[
φρ

Nψ
ρ
11 + φλ

Nψ
λ
11

]

|∆ 1/2 P 3/2−⟩ = CA φ
S
∆

1√
2

[
χρ

1/21/2ψ
ρ
11 + χλ

1/21/2ψ
λ
11

]
.

⟨∆ 1 1/2 3/2|Vhyp|∆ 1 1/2 3/2⟩ = 1
⟨∆ 1 1/2 1/2|Vhyp|∆ 1 1/2 1/2⟩ = 1

⟨N 1 3/2 5/2|Vhyp|N 1 3/2 5/2⟩ =
4
5

Vhyp

(
|N 1 3/2 3/2⟩
|N 1 1/2 3/2⟩

)
=

(
9
5

1√
10

1√
10

−1

)(
|N 1 3/2 3/2⟩
|N 1 1/2 3/2⟩

)

Vhyp

(
|N 1 3/2 1/2⟩
|N 1 1/2 1/2⟩

)
=
(

0 −1
−1 −1

)(
|N 1 3/2 1/2⟩
|N 1 1/2 1/2⟩

)

⇒ θ = -31.7
⇒ θ= 6.3

o

o

(expt) θ = -32
(expt) θ = 10

o

o

notation

contact in λ, tensor in ρ
S-wave P-wave







glozman problems…



Feynman Rules



Hint =
∫

d3xψ†(x)Γ(x)ψ(x)

Hint =
1
2

∫
d3xd3y ψ†(x)Γψ(x)V (x − y)ψ†(y)Γψ(y)

Feynman Rules

consider interactions of the type:



(i) label all lines and wavefunctions with momenta flowing in 
the time direction
(ii) conserve momenta at each vertex, extract a factor of
 �(P - P)
(iii) allow for (x↔y) interchange

(iv) fermion loops get a minus sign
(v) through going interacting antifermion lines get a minus 
sign
(vi) order spinors against charge flow using u(k), v(-k).

f i

Feynman Rules



Hadronic Decays

←

→ coloura

a

b
b
c
c δaā√

3
δbb̄√

3
δcc̄√

3
· ΓC

d,d̄ δab δāc̄ δb̄d̄ δdc

1
3
√

3
ΓC

dd (=
1√
3
)⇒



←

→ spina

a

b
b
c
c

χA
aā χB∗

bb̄ χC∗
cc̄ ΓS

d,d̄ δab δāc̄ δb̄d̄ δdc

ΓS
dd̄ ∝ (σ)dd̄

Hadronic Decays



momentum flow

←

→
→0 →

→
P

-P

Hadronic Decays



Hadronic Decays

←

→ momentum flow
→0 →

→
P

-P

k→

→-k

-k+P

k-P



Hadronic Decays

←

→ momentum flow
→0 →

→
P

-P

k→

→-k

-k+P

k-P
A =

∫
d3k

(2π)3
φA(k)φ∗

B(k − P/2)φ∗
C(k − P/2)u†(k − P )Γv(k − P )

u(q)†γ0v(q) ∝ χs(σ · q + σ · q)χ̃s′

u(q)†v(q) ∝ χs(σ · q − σ · q)χ̃s′

u
v

v(-P)



general case w/ meson wavefunctions

→
→

→

k m

k̄ m̄
�(

m̄k �mk̄

m + m̄
)

P

P = k + k̄



Feynman Rules

1
P  − k  +q

k − P
k

1

k

k

2
1

3

q

1

A

B
P

P

B

P

B

C

k − q

example: baryon decay

A = tr(φAV φBφC)

ΞA(f1, f2, f3)ΞB(f1, f)ΞC(f, f2, f3)
flavour:

colour:
CA(a1, a2, a3)T A

b1,a1
T A

c1,b2C
B∗(b1, b2)CC∗(c1, c2, c3)δa2,c2δa3,c3

spin:

momentum:

χA(a1, a2, a3)χB∗(b1, b2)χC∗(c1, c2, c3)δa2,c2δa3,c3 ·
u†(k1 − q)b1Γu(k1)a1 · u†(k1 − PB)c1Γv(k1 − q − PB)b2

∫
d3k1
(2π)3

d3k2
(2π)3

d3k3
(2π)3

d3q
(2π)3 φA(k1, k2, k3)φB∗(k1 − q, PB − k1 − q)φC∗(k1 − PB, k2, k3)

·V (q) · spin · δ(PA − k1 − k2 − k3)δ(PA − PB − PC)



Feynman Rules
mesons:

Xc,s,f ;c̄,s̄,f̄ = δc,c̄√
3

ΞI,Iz

f,f̄
⟨1
2s, 1

2 s̄|SMS⟩ ⟨SMS , LML|JM⟩

|P; nJM [LS]; IIz⟩ =
∫

d3k
(2π)3

d3k̄
(2π)3 (2π)3δ(k + k̄ − P)φnLM (k, k̄)Xc,s,f ;c̄,s̄,f̄b†c,s,f(k)d†

c̄,s̄,f̄
(k̄)|0⟩

φnLM (k, k̄) = φnLM

(
mq̄k−mqk̄

mq+mq̄

)
φnLM (q) = φnL(q)YLM (q̂)

⟨P′; n′J ′M ′[l′S′]|P; nJM [LS]⟩ = (2π)3δ(P′ − P)δnn′δJJ′δMM ′δSS′δLL′

∫
k2dk
(2π)3 |φnL(k)|2 = 1



Feynman Rules
baryons:

P = p1 + p2 + p3

pλ =
√

6
2M (m3p1 + m3p2 − (m1 + m2)p3)

pρ = 1
2M ((m3 + 2m2)p1 − (m3 + 2m1)p2 + (m2 − m1)p3)

ψ(pρ, pλ) =
∫

d3ρd3λ e−ipρ·ρ e−ipλ·λψ(ρ,λ)

(2π)3δ(k1 + k2 + k3 − P)φ(k1,k2,k3) b†c1,s1,f1
(k1)b†c2,s2,f2

(k2)b†c3,s3,f3
(k3)|0⟩



RADIATIVE 
TRANSITIONS



←

→
→0 →-q

k

-k

-q
←

→
→0 →

q
k

-k

k-q

q
-k-q

Aq =
∫

d3k

(2π)3
φA(k)φ∗

B(k − q/2)u†(k − q)Qqα
iu(k)ϵi∗(q)

Aq̄ = −
∫

d3k

(2π)3
φA(k)φ∗

B(k + q/2)v†(k)Qq̄α
iv(k + q)ϵi∗(q)



E1

M1





M1

2



E1



JLab lattice results
Dudek, Edwards, Thomas, 0902.2241



JLab lattice results
Dudek, Edwards, Thomas, 0902.2241





tricks/ problems with these formulae



decay constants



nonrel

van Royen Weisskopf (1967!)





S/Ps-> gamma gamma



←

→ Aq =
∑

Bγ

⟨A|HEM |Bγ(q1)⟩
1

EA − EBγ
⟨Bγ|HEM |γγ⟩

A → γ γ

A → B γ

Aq =
∑

BC

⟨A|H3P0 |BC⟩ 1
EA − EBC

⟨BC|HEM |γC⟩



general structure



quark model. Other time ordering is higher order, so ignored.

←

→

→





Dudek & Edwards, hep-ph/0607140

⇥c � ���

JLab lattice results



form factors



conserved current

nonrel

FT: �
�

d3x |�(x)|2e�iqx/2



�c

SHO
nonrel BGS
rel BGS
BGS-log
ISGW

“single quark” FF



IRFj0

BF

IRFji

testing covariance BF=Breit frame, IRF = initial rest frame



LGT psi : etac gamma



Electroweak 
TRANSITIONS



b

~u

~c
c

s
B- K-

J/psi

iM =
1

Nc

GF�
2

VbcV
�
csm�f���µ(p�,�) [f (+)(pB + pK)µ + f (�) · (pB � pK)µ]

p�2pK

�(w) = (
2

1 + w
)2

w =
m2

B + m2
K �m2

�

mBmK

average initial; sum final

� =
q

32�2m2
B

�
d�|M |2



rarest B decay ever observed, PRL 118, 081801 (17)



add nonfact Lambda decay…



strong decays



Decay Models
why we need them:

they give coupled channels (FSIs, mass shifts)

they provide diagnostic information on the parent states

they probe nonperturbative gluodynamics in a new regime



S   Model3
1



Cornell Model

V =
1
2

∫
d3xd3y ψ†(x)ψ(x)V (x − y)ψ†(y)ψ(y)



P   Model3
0

Hint = g

∫
d3x ψ̄(x)ψ(x)

∫
d3x b†(x)α ·∇d†(x)or



H =
g2

2a

∑

ℓ

Ea
ℓ Eaℓ +

∑

n

mψ̄nψn +
1
a

∑

n,µ

ψ†
nαµUµ(n)ψn+µ +

1
ag2

∑

P

tr(N − UP − U †
P )

1

quark creation operator

Hint ∼ ψ†
nα · µψn+µ

∼ ψ†
nα · µψn + aψ†

nα · µ µ ·∇ψn

ψ†
nα · µψn ψ†

nα ·∇ψn

P3 0S3 1

IKP Flux Tube Decay Model
Isgur, Kokoski, & Paton, PRL54, 869 (85)

Kokoski & Isgur, PRD35, 907 (87)



y⊥

<{0...0}bd; {0...0}bd|O|{0...0}bd>
✝ ✝ ✝✝~

<{0...0}; {0...0}|{0...0}>
<bd; bd| P |bd>3

0 .

meson decay

hybrid decay

<{0...0}bd; {0...0}bd|O|{1,0...0}bd> ~ <bd; bd| P |bd>3
0

<{0...0}; {0...0}|{1,0...0}>
.

IKP Flux Tube Decay Model

↓
e�fby2

�

y� e�fby2
�

✝ ✝ ✝ ✝

↓
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2 ) 
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M1 

E2 

JLab, PRD79, 094504 (09)

Hybrid Photocoupling

�(H(1�+)� J/��) � 100 keV

�(H(1��)� �c�) = 42± 18 keV

this is an M1 decay that is 
comparable to an E1 decay!


Supports the idea that 1-+ is Sqq 
= 1 (as in FTM)

flux tube computation finds similar 
results (30-60 keV for 1-+)
F. Close and J.J. Dudek,  PRL91, 142001 (03)



3P0

3S1

15

5

10

0

S 
/ D

-2 -1 0 1 2 3 4 5-3

a (GeV)

b → ��1

model comparison

1+ -> 1-  0- = 1+(S),3,2,1+ (D) 

same for 



a1 : pi rho



Blundell & Godfrey, 

SHO SHO
Rel K&I Rel K&I 

RQM RQM
Flux Tube Flux TubeP

3
0P

3
0model:

wavefunction:
phase space:

mesons



Calc: Bonn group BS computation

baryons



u dd s

su d

*

*

*

*

*

*

*

*
*

ρ

aside on ‘missing resonances’

N* → N K
KN*



Coulomb vertex

k−q

k
q

confinement severely damps the integral over q

K(0)ψ†ψ → b

q4

1
m

σ · q b†kd†k−q

K(0)ψ̄ψ → b

q4

1
m

σ · (2k− q) b†kd†k−q



(b) (c)(a)

<< <<

 P  vertex3
0

Ackleh, Barnes, & ES, PRD54, 6811 (96)

Decay Mechanism Hierarchy



Hybrid Decays

Γ πρ ωρ ρ(1465)π f0(1300)π f2π K∗K̄ total

π3S(1800) 30 74 56 6 29 36 231

πH(1800) 30 0 30 170 6 5 241



Glueball Decays

ππ KK̄ ηη η′η η′η′ σσ

A 1 ρ 1+ρ2

2
1−ρ2

2
1+ρ2

2 large

Γ(ρ = 1, PS = 1) 3 4 1 0 1

Γ(ρ = 1, MG = 1.5 GeV) 4.3 4.4 1 – – –

Γ(ρ = mu
ms

, MG = 1.5GeV) 9.4 3.4 1 – – –

Γ(f ′
0; mixed) 4.4 10 1 2 – –

Γ(f ′
0(ss̄);

3P0model) – 3.0 1 1.5 – –

Γ(f0(1500); expt) 4.39(16) 1.1(4) 1 1.42(96) – 14.9(32)



mixing



Mixing

a� =
⇤

2Z1/2
00

�
d3k �X(k)A(�k)

state EB (MeV) a (fm) Z00 a� (MeV) prob
�c1 0.1 14.4 93% 94 5%

0.5 6.4 83% 120 10%
��

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

X ���



Coupled Channels
unquenching, cusps



“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!



how does one include 
‘loop effects’ in the 

quark model? 

what does it mean?



Thresholds in D

D D theory – 42

D’D D* D1D*o D*21

Dπ
D*π

P 

DηS 

D S 

D 



Thresholds in DS 

D’D D* Ds1D*so D*s2s1

Ds D  theorys

s s

D*π (IV)s

D π(IV)s

D K 

D* K 

P 

S 

S D D 

S D 



Screened Potentials



Screened Potentials



Screened Potentials



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).

A Non-relativistic Quantum Field Theory



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

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



Ĥ =
∫

dx ( − ∇2

2mq
b†xbx −

∇2

2mq̄
d†

xdx) + γ
∫

dx (b†xσ ·
↔
∇d†

x + H.c.)

+
1

2

∫
dx dy (b†xb

†
y + d†

xd
†
y)V (x − y)(bybx + dydx).

|Ψ⟩ =
∫

ϕA(r1 − r2)b
†
1d

†
2|0⟩

+
∫ ∑

BC

ΨBC(
r2 + r4 − r1 − r3

2
)ϕB(r1 − r3)ϕC(r2 − r4)b

†
1d

†
3b

†
2d

†
4|0⟩

EϕA(r) = Hqq̄(r)ϕA(r)

−γ
∫

Σ⃗ · (∇B + ∇C + ∇BC)ϕ0B(r/2 − x)ϕ0C(r/2 + x)ΨBC(−r/2), (1)

−1

2µ13,24
∇2

R +
∫ ∫

KE(x, y, R)ΨBC(R′) +
∫ ∫

VE(x, y, R)ΨBC(R′)

− 8γ
∫

Σ⃗ · (∇B + ∇C + ∇BC)ϕ0Bϕ0CϕA(−2R)

= EΨBC(R) + E
∫

NE(x, y, R)ΨBC(R′)

an ‘unquenched’ quark model



g = 100
g = 300
g = 500

Adiabatic Potentials
diagonalise in the heavy quark limit

short range structure



⟨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′)



ρ ρ’

!! I=1 L=1 scattering



Couple to a Probe Channel
g = 300

threshold



Argand Diagram
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Full Spectrum
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Screened Spectrum
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Renormalised Spectrum

screened potential is not sensible
using a potential fit to the data (renormalised) is



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...



⇤JA[LjBC]; jBC[jBjC]; jB[sB⌃ B ] jC[sC⌃C]|�⇥|JA[sA⌃A]⌅ =
 

sBC⇧BCLf

(�)�1̂L̂f ŝBC⌃̂BCĵBĵCĵBCŝAŝBŝCŝBC · mber (1)

⇤Lf [⇥L⌃BC]; ⌃BC[⌃B⌃C]||m
¯

⇥||⌃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)



deviations from the symmetry limit will 
either be driven by       or will reflect 

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

�H �H



23P1 spectral density
(Kalshnikova)

Cornell coupled 
channel model 
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Issues



renormalisation-1

of course the ‘bare’ quark 
model must have its 
parameters refit to yield the 
experimental spectrum



q2 < Λ2 ≈ 1GeV2

1GeV2 < q2 < Λ2 ≈ 4GeV2

4GeV2 < q2 < Λ2 → ∞

how does one bridge the renormalisation 
gap between QCD and a model of QCD?

renormalisation-2
summing the continuum



renormalisation-3

A(HO) = A(0)(1 + 0.334 + 0.036) = 0.197 GeV

Aimp = | q|
�

M⇤E⇥
eQq + eQq̄

mq
e�q2/16�2

� 0.095 GeV

J/⇤ � ⇥c�



renormalisation-3

Zqq̄ < 1 �ee = Zqq̄�0

⇒ a disaster for the quark model

+ +...



renormalisation-4

what is the quark model?

eM � M
e2

4�
=

1
137

mq = mN/3

the defining characteristic of the quark model



renormalisation-4
•the quark model should be treated as a 
standard model ... there are no ‘external 
parameters’
•an unquenched quark model is a field 
theory and needs to be properly 
renormalised

e2
R

4�
=

1
137

e� eR =
e⇥
Z



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

and while we’re at it...



Cusps



relate to rel formula…
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Zb and Zc as Threshold Cusps

bubble has Argand phase motion and is  
difficult to distinguish from a Breit-
Wigner
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fix couplings and scales with Y(3S) — 
relatively little pipi dynamics. Get Y(2S) 
with same couplings! Y(1S) requires 
70% smaller coupling BB*:piY(1S) 
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Zc(4025)

note that a 4025 should be visible??


Zc(3900)

This is a vertex model (beta=0.18) —- it 
needs to be verified in bubble diagrams 
to attempt a comprehensive model



Cusp Diagnostics

• lie just above thresholds
• S-wave quantum numbers
• partner states of similar width — widths will 

depend on channel
• the reaction                                should reveal 

“states” at 10695 (                  ) and 10745 (           )

 

�(5S)� KK̄�(nS)
BB̄�

s + B�B̄s B�B̄�
s



Zc(3900)

BESIII PRL112 022001 (14)

e+e� � �DD̄� �
s = 4.26

M = 3883.9± 1.5± 4.2

� = 24.8± 3.3± 11.0



Adachi et al. [Belle] 1105.4583

IGJP = 1+1+

Zb(10610) Zb(10650)

B
� B̄

B
� B̄

�

�(2S) hb(1P ) hb(2P )

++

1+1+ B*B* is  5D1 and mildly attractive 
so likely a channel opening effect


isovector 1++ BB* is repulsive


note that both states are above 
threshold


narrow (15 MeV)



