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A Field Guide to the Mesons

This Talk:

I.  What are Mesons?

II.  Families of Mesons

III.  Looking for Mesons

IV.  The Plates:   and  mesons

V.  The Plates:   and  mesons

VI.  Why Mesons?
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I.  What are Mesons?
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HADRONS:  composite particles made from 
     quarks ( ), antiquarks ( ), and gluons ( )

 strongly interacting particles

BARYONS:  hadrons with three more quarks 
     than antiquarks (e.g. )

 strongly interacting particles, fermions, 
baryon number = 1 

MESONS:  hadrons with equal numbers of  
     quarks and antiquarks (e.g. )

 strongly interacting particles, bosons,   
baryon number = 0 

q q̄ g
⟹

qqq
⟹

qq̄
⟹
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A few famous mesons…
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BARYONS

MESONS

QUARKSWhy are only these combinations of  
quarks and gluons allowed?

In Quantum Chromodynamics (QCD) quarks
and gluons carry a color charge that follows
SU(3) symmetry:

:    

:   
                            

Hadrons are colorless (color singlets).

qq̄ 3 ⊗ 3̄ = 8 ⊕ 1

qqq 3 ⊗ 3 ⊗ 3 = (6 ⊕ 3̄) ⊗ 3
= 10 ⊕ 8 ⊕ 8 ⊕ 1

Compare this to angular momentum, which follows 
SU(2) symmetry:

two spin-1/2 particles:  
two spin-1 particles:     

2 ⊗ 2 = 3 ⊕ 1
3 ⊗ 3 = 5 ⊕ 3 ⊕ 1
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π0 |η |η′ 
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sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)
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,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄

Meson properties 
are largely dictated 
by how they decay. 
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Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4430)+ → π+ψ(2S)
Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ

Zcs(4000)+ → K+J/ψ
Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ …

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄

Meson properties 
are largely dictated 
by how they decay. 

WEAK

16

q

q̄

γ
−iQqeγμ

W±

q

q̄′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

q

−igsTa
ijγμ

g

q̄

ELECTROMAGNETIC

16

q

q̄

γ
−iQqeγμ

W±

q

q̄′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

q

−igsTa
ijγμ

g

q̄

STRONG

16

q

q̄

γ
−iQqeγμ

W±

q

q̄′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

q

−igsTa
ijγμ

g

q̄

23

ν̄e

e−

s

ū ū

u

K− π0

W−

Vus

s

ū

u

ū

ū

d
K−

π0

π−

W−

Vus

Vud

μ−

ν̄μs

ū

K−
W−

Vus

μ−

ν̄μd

ū

π−
W−

Vud

Decays via the weak force are slow:

        τπ = 2.6 × 10−8 s cτπ = 7.8 m



II.  Families of Mesons
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π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N

TI
Q

U
A

R
K

S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)

1+(+)

0+(+)

1+(−)

1−(−)

0−(+)

JP(C)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4430)+ → π+ψ(2S)
Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ

Zcs(4000)+ → K+J/ψ
Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ …

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄

Meson properties 
are largely dictated 
by how they decay. 

WEAK

16

q

q̄

γ
−iQqeγμ

W±

q

q̄′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

q

−igsTa
ijγμ

g

q̄

ELECTROMAGNETIC

16

q

q̄

γ
−iQqeγμ

W±

q

q̄′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

q

−igsTa
ijγμ

g

q̄

STRONG

16

q

q̄

γ
−iQqeγμ

W±

q

q̄′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

q

−igsTa
ijγμ

g

q̄

Decays via the weak force are slow:

23

ν̄e

e−

s

ū ū

u

K− π0

W−

Vus

s

ū

u

ū

ū

d
K−

π0

π−

W−

Vus

Vud

μ−

ν̄μs

ū

K−
W−

Vus

μ−

ν̄μd

ū

π−
W−

Vud

        τK = 1.2 × 10−8 s cτK = 3.7 m



II.  Families of Mesons
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π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N

TI
Q

U
A

R
K

S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)

1+(+)

0+(+)

1+(−)

1−(−)

0−(+)

JP(C)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4430)+ → π+ψ(2S)
Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ

Zcs(4000)+ → K+J/ψ
Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ …

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited states
ground state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄

Meson properties 
are largely dictated 
by how they decay. 

WEAK

16

q

q̄

γ
−iQqeγμ

W±

q

q̄′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

q

−igsTa
ijγμ

g

q̄

ELECTROMAGNETIC

16

q

q̄

γ
−iQqeγμ

W±

q

q̄′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

q

−igsTa
ijγμ

g

q̄

STRONG

16

q

q̄

γ
−iQqeγμ

W±

q

q̄′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

q

−igsTa
ijγμ

g

q̄

The weak force can cause oscillations:

15

ν̄e

e−

s

d̄ d̄

u

K̄0 π+

W−

Vus

s

d̄

u

d̄

ū

d
K̄0

π0

π0

W−

Vus

Vud K̄0 K0

s

d̄ s̄

du, c, t

ū, c̄, t̄

        τKS
= 9.0 × 10−11 s cτKS

= 2.7 cm

         τKL
= 5.1 × 10−8 s cτKL

= 15 m



II.  Families of Mesons
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π0 |η |η′ 

η |η′ 

J/ψ

Υ

u

QUARKS

A
N

TI
Q

U
A

R
K

S

ϕ

d s c b

ū

d̄

s̄

c̄

b̄

K+

π−

π+

K0

K̄0

K−

D− D̄0

B+

D−
s

D0

D+

D+
s

B+
c

B−
c

B−

B̄0

B̄0
s

B0
sB0

π0 |η |η′ 

 family
(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)

K+

K0

π0

J/ψ

ρ

Zc(3900)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)

1+(+)

0+(+)

1+(−)

1−(−)

0−(+)

JP(C)

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
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,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄

Meson properties 
are largely dictated 
by how they decay. 
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Decays via the electromagnetic force  
are less slow:
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        τπ0 = 8.5 × 10−17 s cτπ0 = 26 nm
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Zb(10610)+ → π+hb, π+Υ

,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄
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by how they decay. 
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Decays via the strong force are  
generally fast:
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(weak decays, no mixing)

 family
(weak decays, mixing)

 family
(large electromagnetic decays)

 family
(strong decays, near or below open flavor threshold)

 family
(strong decays, above open flavor threshold)

 family
(exotic flavor quantum numbers)
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s
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s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
Zcs(4000)+ → K+J/ψ

X(2900)0 → D+K−

Tccc̄c̄(6900) → J/ψJ/ψ

excited 
states

ground  
state

Zb(10650)+ → π+hb, π+Υ
Zb(10610)+ → π+hb, π+Υ

1−(−)

2+(+)
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1−(−)
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f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4430)+ → π+ψ(2S)
Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ

Zcs(4000)+ → K+J/ψ
Zb(10650)+ → π+hb, π+Υ
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excited states
ground state

 

ψ(3770)
χc2(1P)
χc1(1P)
χc0(1P)
hc(1P)

J/ψ(1S)
ηc(1S)      

ρ(1700)
a2(1320)
a1(1260)
a0(1450)
b1(1235)
ρ(770)
π0 π+

 

D*s1(2700)+

D*s2(2573)+

Ds1(2536)+

D*s0(2317)+

Ds1(2460)+

D*+
s

D+
s      

B*2 (5747)

B1(5721)
B*

B0 B+

 

Υ(4S)
χb2(1P)
χb1(1P)
χb0(1P)
hb(1P)
Υ(1S)
ηb(1S)  | 

ω(1650)
f2(1270)
f1(1285)
f0(1370)
h1(1170)
ω(782)

η η′   | 

ϕ(1680)
f′ 2(1525)
f1(1420)
f0(1710)
h1(1415)
ϕ(1020)

η η′ 

     

K*(1680)
K*2 (1430)
K1(1400)
K*0 (1430)
K1(1270)
K*(892)
K0 K+  

 | 
             

D*2 (2460)
D1(2430)
D*0 (2300)
D1(2420)

D*(2007)0 D*(2010)+

D0 D+  

B*s2(5840)0

Bs1(5830)0

B*0
s

B0
s

Zc(4020)+ → π+hc

Zc(3900)+ → π+J/ψ
Zc(4430)+ → π+ψ (2S)
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,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄

For a  meson:   and  and qq̄′ ⃗J = ⃗L + ⃗S P = (−1)L+1 C = (−1)L+S
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For a  meson:   and  and qq̄′ ⃗J = ⃗L + ⃗S P = (−1)L+1 C = (−1)L+S
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ū

s̄

s

u

ψ(3770) π0

π+

π−

c

c̄

d̄

d̄

ū
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       Γψ(3770) = 27 MeV

Decays via the strong force are  
generally fast:

cτψ(3770) = 7.2 fm
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For a  meson:   and  and qq̄′ ⃗J = ⃗L + ⃗S P = (−1)L+1 C = (−1)L+S
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8. Naming Scheme for Hadrons

Revised August 2021 by V.D. Burkert (Je�erson Lab), C. Hanhart (Jülich), R.E. Mitchell (Indiana
U.), C. Patrignani (Bologna U.), U. Thoma (Bonn U.), L. Tiator (KPH, JGU Mainz) and R.L.
Workman (George Washington U.).

In the 1986 edition [1], the Particle Data Group extended and systematized the naming scheme
for mesons and baryons. The extensions were necessary in order to name the new particles con-
taining c or b quarks that were rapidly being discovered. With the discoveries of particles that are
candidates for states with more complicated structures than just qq or qqq, it is necessary to extend
the naming scheme again.

8.1 “Neutral-flavor” mesons

The naming of mesons is based on their quantum numbers. Although wherever possible we
use names established within the naive quark model, the name does not necessarily designate a
(predominantly) qq state. In other words, the name provides information on the quantum numbers
of a given state and not about its dominant component, which might well be qq (if allowed) or
tetraquark, molecule, etc. In many cases, exotic states will be di�cult to distinguish from qq states
and will likely mix with them, and we make no attempt to, e.g., distinguish those that are “mostly
gluonium” from those that are “mostly qq.”

Table 8.1: Symbols for mesons with strangeness and heavy-flavor quan-
tum numbers equal to zero. States that do not (yet?) appear in the RPP
are listed in parentheses.

JP C =
I 0≠+ 1+≠ 1≠≠ 0++

2≠+ 3+≠ 2≠≠ 1++

...
...

...
...

Minimal quark content
ud̄, uū ≠ dd̄, dū (I = 1) fi b fl a
dd̄ + uū and/or ss̄ (I = 0) ÷,÷Õ h,hÕ Ê,„ f ,f Õ

cc̄ ÷c hc Âú ‰c

bb̄ ÷b hb Ã ‰b

I = 1 with cc̄ ( c) Zc Rc (Wc)
I = 1/2 with scc̄ ( cs) Zcs (Rcs) (Wcs)
I = 1 with bb̄ ( b) Zb (Rb) (Wb)
I = 1/2 with sbb̄ ( bs) (Zbs) (Rbs) (Wbs)

úThe J/Â remains the J/Â.

Table 8.1 shows the names for mesons having strangeness and all heavy-flavor quantum numbers
equal to zero. The rows of Table 8.1 give the minimal qq content. The columns give the possible
parity/charge-conjugation states,

PC = ≠+, +≠, ≠≠, and ++ .
Within the naive quark model, these combinations correspond one-to-one to the angular-momentum
state 2S+1LJ of the qq system being

1(L even)J , 1(L odd)J , 3(L even)J , or 3(L odd)J ,

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
11th August, 2022 9:56am
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ud̄, uū ≠ dd̄, dū (I = 1) fi b fl a
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31

“ ” tetraquark:T+
cc

c ū
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Step 1:  Produce mesons…

… using a sledgehammer: … using a scalpel:

Large Hadron Collider (LHC)
pp collisions at very high energy (7-14 TeV)

Beijing Electron Positron Collider (BEPCII)
 collisions at low energies (2-5 GeV)e+e−

many many hadrons (baryons and mesons)pp →

Geneva, Switzerland Beijing, China

BESIII

LHCb

e.g.,  
          

e+e− → J/ψ → π+π−π0

e+e− → ψ (3770) → D+D−
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e.g.,  e+e− → Υ(4S) → B+B−

Tsukuba, Japan

SuperKEKB
 collisions at higher energies (10.58 GeV)e+e−

Belle II

… using a sledgehammer: … using a scalpel:
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Beijing Electron Positron Collider (BEPCII)
 collisions at low energies (2-5 GeV)e+e−

Beijing, China

BESIII

13$

Study$Y(4260)$at$BESIII$
•  Dec, 2012 to Jan, 2013, BESIII accumulate 525 pb-1 data 

@ 4.26 GeV, world’s largest data set! 
•  Study e+e-!π+π�J/ψ exclusive process.�

π+π�+++�� π+π�µ+µ��

1.  Very simple and straightforward analysis. 
2.  The produced vector charmonium(like) state almost in rest frame. 
3.  Y(4260)!π+π�J/ψ, four charged track detected. 

Tracking
  Detector

Muon
  Detector

Electromagnetic
  Calorimeter

Time-of-Flight
  Detector

  with  e+e− → π+π−J/ψ J/ψ → μ+μ−

Step 2:  Detect mesons.
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Study$Y(4260)$at$BESIII$
•  Dec, 2012 to Jan, 2013, BESIII accumulate 525 pb-1 data 

@ 4.26 GeV, world’s largest data set! 
•  Study e+e-!π+π�J/ψ exclusive process.�

π+π�+++�� π+π�µ+µ��

1.  Very simple and straightforward analysis. 
2.  The produced vector charmonium(like) state almost in rest frame. 
3.  Y(4260)!π+π�J/ψ, four charged track detected. 

Tracking
  Detector

Muon
  Detector

Electromagnetic
  Calorimeter

Time-of-Flight
  Detector

  with  e+e− → π+π−J/ψ J/ψ → μ+μ−

Step 2:  Detect mesons.

Beijing, China

Yð4260Þ state does not have a natural place within the
quark model of charmonium [6]. Furthermore, while being
well above the D !D threshold, the Yð4260Þ shows strong
coupling to the !þ!$J=c final state [7], but relatively
small coupling to open charm decay modes [8–12]. These
properties perhaps indicate that the Yð4260Þ state is not a
conventional state of charmonium [13].

A similar situation has recently become apparent in
the bottomonium system above the B !B threshold, where
there are indications of anomalously large couplings
between the "ð5SÞ state [or perhaps an unconventional
bottomonium state with similar mass, the Ybð10890Þ]
and the !þ!$"ð1S; 2S; 3SÞ and !þ!$hbð1P; 2PÞ final
states [14,15]. More surprisingly, substructure in these
!þ!$"ð1S; 2S; 3SÞ and !þ!$hbð1P; 2PÞ decays indi-
cates the possible existence of charged bottomoniumlike
states [16], which must have at least four constituent
quarks to have a nonzero electric charge, rather than the
two in a conventional meson. By analogy, this suggests
there may exist interesting substructure in the Yð4260Þ !
!þ!$J=c process in the charmonium region.

In this Letter, we present a study of the process eþe$ !
!þ!$J=c at a center-of-mass (c.m.) energy of

ffiffiffi
s

p ¼
ð4:260& 0:001Þ GeV, which corresponds to the peak of
the Yð4260Þ cross section. We observe a charged structure
in the !&J=c invariant mass spectrum, which we refer to
as the Zcð3900Þ. The analysis is performed with a 525 pb$1

data sample collected with the BESIII detector, which is
described in detail in Ref. [17]. In the studies presented
here, we rely only on charged particle tracking in the main
drift chamber and energy deposition in the electromagnetic
calorimeter (EMC).

The GEANT4-based Monte Carlo (MC) simulation soft-
ware, which includes the geometric description of the
BESIII detector and the detector response, is used to
optimize the event selection criteria, determine the detec-
tion efficiency, and estimate backgrounds. For the signal
process, we use a sample of eþe$ ! !þ!$J=c MC
events generated assuming the !þ!$J=c is produced
via Yð4260Þ decays, and using the eþe$ ! !þ!$J=c
cross sections measured by Belle [3] and BABAR [5].
The !þ!$J=c substructure is modelled according to the

experimentally observed Dalitz plot distribution presented
in this analysis. ISR is simulated with KKMC [18] with a
maximum energy of 435 MeV for the ISR photon, corre-
sponding to a !þ!$J=c mass of 3:8 GeV=c2.
For eþe$ ! !þ!$J=c events, the J=c candidate is

reconstructed with lepton pairs (eþe$ or "þ"$). Since
this decay results in a final state with four charged parti-
cles, we first select events with four good charged tracks
with net charge zero. For each charged track, the polar
angle in the main drift chamber must satisfy j cos#j< 0:93,
and the point of closest approach to the eþe$ interaction
point must be within &10 cm in the beam direction and
within 1 cm in the plane perpendicular to the beam direc-
tion. Since pions and leptons are kinematically well sepa-
rated in this decay, charged tracks with momenta larger
than 1:0 GeV=c in the lab frame are assumed to be leptons,
and the others are assumed to be pions. We use the energy
deposited in the EMC to separate electrons from muons.
For muon candidates, the deposited energy in the EMC
should be less than 0.35 GeV, while for electrons, it should
be larger than 1.1 GeV. The efficiencies of these require-
ments are determined from MC simulation to be above
99% in the EMC sensitive region.
In order to reject radiative Bhabha and radiative dimuon

($eþe$=$"þ"$) backgrounds associated with a photon-
conversion, the cosine of the opening angle of the pion
candidates, which are true eþe$ pairs in the case of
background, is required to be less than 0.98. In the eþe$

mode, the same requirement is imposed on the !&e'

opening angles. This restriction removes less than 1% of
the signal events.
The lepton pair and the two pions are subjected to a four-

constraint (4C) kinematic fit to the total initial four-
momentum of the colliding beams in order to improve
the momentum resolution and reduce the background.
The %2 of the kinematic fit is required to be less than 60.
After imposing these selection criteria, the invariant

mass distributions of the lepton pairs are shown in Fig. 1.
A clear J=c signal is observed in both the eþe$ and
"þ"$ modes. There are still remaining eþe$ !
!þ!$!þ!$, and other QED backgrounds, but these can
be estimated using the events in the J=c mass sideband.
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FIG. 1 (color online). The distributions ofMð"þ"$Þ (left panel) andMðeþe$Þ (right panel) after performing a 4C kinematic fit and
imposing all selection criteria. Dots with error bars are data and the curves are the best fit described in the text.
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Yð4260Þ state does not have a natural place within the
quark model of charmonium [6]. Furthermore, while being
well above the D !D threshold, the Yð4260Þ shows strong
coupling to the !þ!$J=c final state [7], but relatively
small coupling to open charm decay modes [8–12]. These
properties perhaps indicate that the Yð4260Þ state is not a
conventional state of charmonium [13].

A similar situation has recently become apparent in
the bottomonium system above the B !B threshold, where
there are indications of anomalously large couplings
between the "ð5SÞ state [or perhaps an unconventional
bottomonium state with similar mass, the Ybð10890Þ]
and the !þ!$"ð1S; 2S; 3SÞ and !þ!$hbð1P; 2PÞ final
states [14,15]. More surprisingly, substructure in these
!þ!$"ð1S; 2S; 3SÞ and !þ!$hbð1P; 2PÞ decays indi-
cates the possible existence of charged bottomoniumlike
states [16], which must have at least four constituent
quarks to have a nonzero electric charge, rather than the
two in a conventional meson. By analogy, this suggests
there may exist interesting substructure in the Yð4260Þ !
!þ!$J=c process in the charmonium region.

In this Letter, we present a study of the process eþe$ !
!þ!$J=c at a center-of-mass (c.m.) energy of
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p ¼
ð4:260& 0:001Þ GeV, which corresponds to the peak of
the Yð4260Þ cross section. We observe a charged structure
in the !&J=c invariant mass spectrum, which we refer to
as the Zcð3900Þ. The analysis is performed with a 525 pb$1

data sample collected with the BESIII detector, which is
described in detail in Ref. [17]. In the studies presented
here, we rely only on charged particle tracking in the main
drift chamber and energy deposition in the electromagnetic
calorimeter (EMC).

The GEANT4-based Monte Carlo (MC) simulation soft-
ware, which includes the geometric description of the
BESIII detector and the detector response, is used to
optimize the event selection criteria, determine the detec-
tion efficiency, and estimate backgrounds. For the signal
process, we use a sample of eþe$ ! !þ!$J=c MC
events generated assuming the !þ!$J=c is produced
via Yð4260Þ decays, and using the eþe$ ! !þ!$J=c
cross sections measured by Belle [3] and BABAR [5].
The !þ!$J=c substructure is modelled according to the

experimentally observed Dalitz plot distribution presented
in this analysis. ISR is simulated with KKMC [18] with a
maximum energy of 435 MeV for the ISR photon, corre-
sponding to a !þ!$J=c mass of 3:8 GeV=c2.
For eþe$ ! !þ!$J=c events, the J=c candidate is

reconstructed with lepton pairs (eþe$ or "þ"$). Since
this decay results in a final state with four charged parti-
cles, we first select events with four good charged tracks
with net charge zero. For each charged track, the polar
angle in the main drift chamber must satisfy j cos#j< 0:93,
and the point of closest approach to the eþe$ interaction
point must be within &10 cm in the beam direction and
within 1 cm in the plane perpendicular to the beam direc-
tion. Since pions and leptons are kinematically well sepa-
rated in this decay, charged tracks with momenta larger
than 1:0 GeV=c in the lab frame are assumed to be leptons,
and the others are assumed to be pions. We use the energy
deposited in the EMC to separate electrons from muons.
For muon candidates, the deposited energy in the EMC
should be less than 0.35 GeV, while for electrons, it should
be larger than 1.1 GeV. The efficiencies of these require-
ments are determined from MC simulation to be above
99% in the EMC sensitive region.
In order to reject radiative Bhabha and radiative dimuon

($eþe$=$"þ"$) backgrounds associated with a photon-
conversion, the cosine of the opening angle of the pion
candidates, which are true eþe$ pairs in the case of
background, is required to be less than 0.98. In the eþe$

mode, the same requirement is imposed on the !&e'

opening angles. This restriction removes less than 1% of
the signal events.
The lepton pair and the two pions are subjected to a four-

constraint (4C) kinematic fit to the total initial four-
momentum of the colliding beams in order to improve
the momentum resolution and reduce the background.
The %2 of the kinematic fit is required to be less than 60.
After imposing these selection criteria, the invariant

mass distributions of the lepton pairs are shown in Fig. 1.
A clear J=c signal is observed in both the eþe$ and
"þ"$ modes. There are still remaining eþe$ !
!þ!$!þ!$, and other QED backgrounds, but these can
be estimated using the events in the J=c mass sideband.
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FIG. 1 (color online). The distributions ofMð"þ"$Þ (left panel) andMðeþe$Þ (right panel) after performing a 4C kinematic fit and
imposing all selection criteria. Dots with error bars are data and the curves are the best fit described in the text.
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a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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MπJ/ψ = (Eπ + Ell)2 − ( ⃗pπ + ⃗pll)2
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Step 2:  Detect mesons.
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Step 2:  Detect mesons.

  with    and  B+ → J/ψϕK+ J/ψ → μ+μ− ϕ → K+K−
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Figure 1: Invariant-mass distribution of selected B+ ! J/ �K+candidates with the fit overlaid.

that used in Refs. [14, 15] but the requirement on the �2
IP of kaon candidates is loosened,

where �2
IP is defined as the di↵erence in the vertex-fit �2 of the event primary pp collision

vertex (PV) candidate, reconstructed with and without the particle considered. The
BDTG response is constructed using eight variables: the kaon minimum �2

IP, the minimum
kaon particle identification probability, and the scalar sum of kaon momentum component
transverse to the beam direction (pT), the B+ candidate pT, its decay vertex-fix quality,
the B+ �2

IP, the �
2 of the flight distance with respect to the associated PV, and the angle

between the reconstructed momentum direction and the vector connecting the associated
PV and the B+ decay vertex, where the associated PV is the one that gives the smallest
�2
IP among all PVs. The BDTG is trained on simulated B+ ! J/ �K+ decays generated

uniformly in phase space for the signal sample, and data from the B+ candidate invariant
mass sidebands for the background sample. The requirement on the BDTG response is
chosen to maximise the signal significance multiplied by the purity [28].

A kinematic fit [29] is applied to the reconstructed B+ ! J/ �K+ decay to improve the
mass resolution, where the J/ candidate mass is constrained to its known value [2] and the
B+ candidate is constrained to originate from the associated PV. The resulting invariant-
mass distribution of the B+ candidates is shown in Fig. 1, fitted with the signal modelled
by a Hypatia function [30] and the combinatorial background by a second-order polynomial
function, yielding 24 220± 170 signal candidates with a combinatorial-background fraction
of 4.0% within a ±15MeV signal region. The region also includes additional ⇠ 2% of
non-� B+ ! J/ K+K�K+ background candidates, which are neglected in the amplitude
model but considered in the evaluation of the systematic uncertainties. The candidates in
the signal region are retained for further amplitude analysis. Compared to the previous
Run 1 analysis [14,15], the total signal yield is ⇠ 6 times larger, owing to a larger dataset
and a 15% higher signal e�ciency. The fraction of combinatorial background is almost a
factor of six smaller while that of the non-� background is unchanged.

A second kinematic fit is performed to improve the momentum resolution of the
final-state particles by further constraining the J/ �K+ candidate mass to the known B+

mass value [2]. The updated particle momenta are used to calculate the fit observables in
the amplitude analysis. Fig. 2 shows the Dalitz plots for candidates in the B+ signal region.
The most apparent features are four bands in the J/ � mass distribution, corresponding
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uniformly in phase space for the signal sample, and data from the B+ candidate invariant
mass sidebands for the background sample. The requirement on the BDTG response is
chosen to maximise the signal significance multiplied by the purity [28].

A kinematic fit [29] is applied to the reconstructed B+ ! J/ �K+ decay to improve the
mass resolution, where the J/ candidate mass is constrained to its known value [2] and the
B+ candidate is constrained to originate from the associated PV. The resulting invariant-
mass distribution of the B+ candidates is shown in Fig. 1, fitted with the signal modelled
by a Hypatia function [30] and the combinatorial background by a second-order polynomial
function, yielding 24 220± 170 signal candidates with a combinatorial-background fraction
of 4.0% within a ±15MeV signal region. The region also includes additional ⇠ 2% of
non-� B+ ! J/ K+K�K+ background candidates, which are neglected in the amplitude
model but considered in the evaluation of the systematic uncertainties. The candidates in
the signal region are retained for further amplitude analysis. Compared to the previous
Run 1 analysis [14,15], the total signal yield is ⇠ 6 times larger, owing to a larger dataset
and a 15% higher signal e�ciency. The fraction of combinatorial background is almost a
factor of six smaller while that of the non-� background is unchanged.

A second kinematic fit is performed to improve the momentum resolution of the
final-state particles by further constraining the J/ �K+ candidate mass to the known B+

mass value [2]. The updated particle momenta are used to calculate the fit observables in
the amplitude analysis. Fig. 2 shows the Dalitz plots for candidates in the B+ signal region.
The most apparent features are four bands in the J/ � mass distribution, corresponding
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The invariant-mass distribution of the Bþ → J=ψϕKþ

candidates is shown in Fig. 1, fitted with the signal modeled
by a Hypatia function [28] and the combinatorial back-
ground by a second-order polynomial function, yielding
24220" 170 signal candidates with a combinatorial-back-
ground fraction of 4.0% within a "15 MeV signal region.
The region also includes an additional∼2% of non-ϕ Bþ →
J=ψKþK−Kþ background candidates, which are neglected
in the amplitude model but considered in the evaluation of
the systematic uncertainties. The candidates in the signal
region are retained for further amplitude analysis.
Compared to the previous run 1 analysis [12,13], the total
signal yield is ∼6 times larger, owing to a larger dataset and
increase of 15% in signal efficiency due to the inclusion of
PID in the BDTG classifier. The fraction of combinatorial
background is almost a factor of 6 smaller, while that of the
non-ϕ background is unchanged.
Figure 2 shows the Dalitz plots for Bþ → J=ψϕKþ

candidates in the Bþ signal region. The most apparent
features are four bands in the J=ψϕ mass distribution,
corresponding to the previously reported Xð4140Þ,
Xð4274Þ, Xð4500Þ, and Xð4700Þ states. There is also a
distinct band near 16 GeV2 of the J=ψKþ mass squared.

To investigate the resonant structures, a full amplitude fit
is performed using an unbinned maximum-likelihood
method. The likelihood definition and the total probability
density function (PDF), which includes a signal and a
background component, are described in the previous
publication [13]. Resonance line shapes are parametrized
using the Breit-Wigner approximation. The signal
Bþ decay is described in the helicity formalism by
three decay chains: K%þð→ ϕKþÞJ=ψ , Xð→ J=ψϕÞKþ,
and Zþ

csð→ J=ψKþÞϕ. Each chain is fully described by
one mass and five angular observables. For example,
the conventional K%þ chain has the following six observ-
ables Φ≡ ðmϕK; θK% ; θJ=ψ ; θϕ;ΔφK%;J=ψ ;ΔφK%;ϕÞ, where θ
denotes the helicity angles and Δφ the angles between two
decay planes. Because of the nonscalar final-state particles
(μþ and μ−), an azimuthal angle αiμ is required to align the
helicity frames of μþ and μ− between the chain i and the
reference K%þ chain[4,5,29].
The model used in the previous study (run 1 model) is

first tested. Because of the increased sample size, the model
requires improvements (see Fig. 3 bottom row). Additional
K%þ, X, and possible Zþ

cs states are added until no further
state with a significance larger than 5σ improves the overall
fit. In total, nine K%þ, seven X, two Zþ

cs, and one J=ψϕ NR
components are taken as the default model, as listed in
Table I. The nine K%þ states are all those with spin parity
J ≤ 2 and mass below 2 GeV, which are predicted by the
relativistic potential model [30], and kinematically allowed,
including three resonances with poles just below the ϕKþ

mass threshold. All components previously used in the run
1 model are included, but the JP ¼ 1þ NR ϕKþ and the
broad 0− state are replaced by the upper tails of K1ð1400Þ
and Kð1460Þ resonances, respectively. The newly added
components are the upper tail of 1− K%ð1410Þ resonance,
2− Xð4150Þ, 1þ Xð4685Þ, 1− Xð4630Þ, 1þ Zcsð4000Þþ,
and Zcsð4220Þþ states.
Figure 3 shows the invariant-mass distributions for all

pairs of final-state particles of the Bþ → J=ψϕKþ decay
with fit projections from the amplitude analysis overlaid,
for both the default model and the run 1 model. The fit
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FIG. 1. Invariant-mass distribution of selected Bþ → J=ψϕKþ

candidates with the fit overlaid.
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The charmonium spectrum:

Spectroscopic notation:

principle quantum number (n)
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The charmonium spectrum:

A third topic is the search for exotica such as hybrids;
the level of mixing between conventional quarkonium and
hybrid basis states falls rapidly with increasing quark mass,
which suggests that nonexotic hybrids may be more easily
distinguished from conventional quarkonia in charmonium
than in the light quark sectors. Since lattice gauge theory
(LGT) predicts that the lightest c !c hybrids lie near 4.4 GeV
[37–40], there is a strong incentive to establish the ‘‘back-
ground’’ spectrum of conventional c !c states up to and
somewhat beyond this mass.

A final topic of current interest is the importance of
mixing between quark model q !q basis states and two-
meson continua, which has been cited as a possible reason
for the low masses of the recently discovered DsJ states
[41,42]. The effects of ‘‘unquenching the quark model’’ by
including meson loops can presumably be studied effec-
tively in the c !c system, in which the experimental spectrum
of states is relatively unambiguous. The success of the q !q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q !q quark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is
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b, mc, $) are determined by fitting the spectrum.
The spin-spin contact hyperfine interaction is one of the

spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly
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The spin-orbit operator is diagonal in a jJ;L; Si basis,
with the matrix elements h ~L & ~Si % 'J#J" 1$ ! #L#L"
1$ ! S#S" 1$(=2. The tensor operator T has nonvanishing
diagonal matrix elements only between L > 0 spin-triplet
states, which are
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For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)
where
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model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)
where
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INTRODUCTION

Since its discovery in 1974 [1,2], the charmonium sys-
tem has become the prototypical ’hydrogen atom’ of me-
son spectroscopy [3–6]. The experimentally clear
spectrum of relatively narrow states below the open-charm
DD threshold of 3.73 GeV can be identified with the 1S,
1P, and 2S c !c levels predicted by potential models, which
incorporate a color Coulomb term at short distances and a
linear scalar confining term at large distances. Spin-
dependent interquark forces are evident in the splittings
of states within these multiplets, and the observed split-
tings are consistent with the predictions of a one gluon
exchange (OGE) Breit-Fermi Hamiltonian, combined with
a linear scalar confining interaction. Discussions of the
theoretical importance and experimental status of heavy
quarkonium, including recent experimental results for
charmonium, have been given by Quigg [7], Galik [8],
the CERN quarkonium working group [9], Seth [10–12],
and Swarnicki [13].

Recently there has been a resurgence of interest in
charmonium, due to the realization that B factories can
contribute to the study of the missing c !c states [14], and to
high-statistics experiments at BES [15] and CLEO [16] and
the planned GSI p !p facility [17].

The possibility of contributions from B factories was
dramatically illustrated by the recent discovery of the long
missing 21S0 !0c state by the Belle Collaboration [18],
which has since been confirmed by BABAR [19], and
has also been observed by CLEO in "" collisions [20].

Additional interest in c !c spectroscopy has followed the
discovery of the remarkable X(3872) by Belle [21] and
CDF [22] in B decays to J= #!#"; assuming that this is a
real resonance rather than a threshold effect, the X(3872) is
presumably either a DD# charmed meson molecule [23–
25] or a narrow J $ 2 D-wave c !c state [26,27]. Very recent
observations of the X(3872) in "J= and !J= by Belle
support a 1!! DD# molecule assignment [28,29].

There has also been experimental activity in the spin-
singlet P-wave sector, with recent reports of the observa-
tion of the elusive 11P1 hc state by CLEO [10,30]. Finally,
the surprisingly large cross sections for double charmo-
nium production in e!e" reported by Belle [31–34] sug-
gest that it may be possible to study C $ %!& c !c states in
e!e" without using the higher-order O%$4& two-photon
annihilation process.

One open topic of great current interest in c !c spectros-
copy is the search for the  2%13D2& and !c2%11D2& states,
which are expected to be quite narrow due to the absence of
open-charm decay modes.

A second topic is the Lorentz nature of confinement; in
pure c !c models this is tested by the multiplet splittings of
orbitally excited c !c states. For example, with pure scalar
confinement as is normally assumed there is no spin-spin
hyperfine interaction at O%v2=c2&, so the masses of spin-
singlets (such as the 1P1 hc) are degenerate with the
corresponding triplet center of gravity (c.o.g.) (here this
is the 3PJ c.o.g., at 3525 MeV). In the original Cornell
model [35] it was assumed that confinement acts as the
time component of a Lorentz vector, which lifts the degen-
eracy of the hc and the 3PJ c.o.g. Another possibility is that
confinement may be a more complicated mix of scalar and
timelike vector [36]. Of course these simple potential
model considerations may be complicated by mass shifts
due to other effects, such as couplings to open-flavor
channels [27].
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One example of a potential model:
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similar way as the inclusive photon background distribution
but using the exclusive event selection on the ψð3686ÞMC
event sample.
Shown in Fig. 6 is the simultaneous fit of data for the

region 0.08 < Eγ < 0.5 GeV for the inclusive photon
energy distribution and the region 0.08 < Eγ < 0.35 GeV

for the exclusive photon energy distribution. The fit to the
inclusive photon energy distribution and the corresponding
pull distribution are shown in the top set of plots. The bottom
set of plots are those for the exclusive photon energy
distribution. The pull distributions are reasonable, except
in the vicinity of the ψð3686Þ → γχc1 and γχc2 peaks. The
chi squares per degree of freedom (ndf) are 3.5 and 2.7 for
the inclusive and exclusive distribution fits, respectively.
The chi square is determined using χ2 ¼ Σiððni − nfi Þ=σiÞ2,
whereni,n

f
i , and σi are the number of data events in bin i, the

result of the fit at bin i, and the statistical uncertainty of ni,
respectively, and the sum is over all histogram bins.
A fit is also done to the MC inclusive energy distribution.

The MC shapes are used without convolved asymmetric
Gaussians for the ψð3686Þ → γχcJ peaks. Since only MC
shapes are used, it is not useful to do a simultaneous fit as there
are no common parameters to be determined in such a fit. The
fit matches the inclusive photon energy distribution almost
perfectlywith a chi square close to zero.This is not unexpected
since the signal and background shapes come from the MC
and when combined reconstruct the MC distribution.

VII. BRANCHING FRACTION DETERMINATIONS

The branching fractions are calculated using the follow-
ing equations:

Bðψð3686Þ → γχcJÞ ¼
Nψð3686Þ→γχcJ

ϵψð3686Þ→γχcJ × Nψð3686Þ
; ð1Þ

where Bðψð3686Þ → γχcJÞ is the branching fraction of
ψð3686Þ → γχcJ, Nψð3686Þ→γχcJ is the number of events in
data from the fit, ϵψð3686Þ→γχcJ is the efficiency determined
from MC, and Nψð3686Þ is the number of ψð3686Þ events
[17]. The product branching fraction for ψð3686Þ →
γχcJ; χcJ → γJ=ψ is given by

Bðψð3686Þ → γχcJÞ × BðχcJ → γJ=ψÞ

¼
NχcJ→γJ=ψ

ϵχcJ→γJ=ψ × Nψð3686Þ
; ð2Þ
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FIG. 6. Simultaneous fits to the photon energy distributions of
data. (Top set) Inclusive distribution fit and corresponding pulls,
and (bottom set) exclusive distribution fit and pull distribution.
Peaks from left to right in the top set are ψð3686Þ → γχc2, γχc1,
and γχc0 and χc1 and χc2 → γJ=ψ . The χc0 → γJ=ψ peak is not
visible. The smooth curves in the two plots are the fit results. The
dashed-dotted and dashed curves in the top plot are the back-
ground distribution from the inclusive ψð3686Þ MC with radi-
ative photons removed and the total background, respectively.
The background in the exclusive fit plot is not visible.

TABLE II. Branching fraction results. The indicated uncertainties are statistical only.

Branching Fraction Events (×106) Efficiency Branching Fraction (%)

Bðψð3686Þ → γχc0Þ 4.6871$ 0.0068 0.4692 9.389$ 0.014
Bðψð3686Þ → γχc1Þ 4.9957$ 0.0054 0.4740 9.905$ 0.011
Bðψð3686Þ → γχc2Þ 4.2021$ 0.0055 0.4104 9.621$ 0.013

Bðψð3686Þ → γχc0Þ × Bðχc0 → γJ=ψÞ 0.0123$ 0.0081 0.4920 0.024$ 0.015
Bðψð3686Þ → γχc1Þ × Bðχc1 → γJ=ψÞ 1.8881$ 0.0053 0.5155 3.442$ 0.010
Bðψð3686Þ → γχc2Þ × Bðχc2 → γJ=ψÞ 0.9828$ 0.0041 0.5150 1.793$ 0.008

Bðχc0 → γJ=ψÞ 0.25$ 0.16
Bðχc1 → γJ=ψÞ 34.75$ 0.11
Bðχc2 → γJ=ψÞ 18.64$ 0.08
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Table 1
The resonance parameters of the high mass charmonia in this work together with the values in PDG2004 [11], PDG2006 [12] and Seth’s evaluations [13] based on
Crystal Ball and BES data. The total width Γtot ≡ Γr (M) in Eq. (9)

ψ(3770) ψ(4040) ψ(4160) ψ(4415)

M (MeV/c2) PDG2004 3769.9±2.5 4040±10 4159±20 4415±6
PDG2006 3771.1±2.4 4039±1 4153±3 4421±4
CB (Seth) – 4037±2 4151±4 4425±6
BES (Seth) – 4040±1 4155±5 4455±6
BES (this work) 3772.0±1.9 4039.6±4.3 4191.7±6.5 4415.1±7.9

Γtot (MeV) PDG2004 23.6±2.7 52±10 78±20 43±15
PDG2006 23.0±2.7 80±10 103±8 62±20
CB (Seth) – 85±10 107±10 119±16
BES (Seth) – 89±6 107±16 118±35
BES (this work) 30.4±8.5 84.5±12.3 71.8±12.3 71.5±19.0

Γee (keV) PDG2004 0.26±0.04 0.75±0.15 0.77±0.23 0.47±0.10
PDG2006 0.24±0.03 0.86±0.08 0.83±0.07 0.58±0.07
CB (Seth) – 0.88±0.11 0.83±0.08 0.72±0.11
BES (Seth) – 0.91±0.13 0.84±0.13 0.64±0.23
BES (this work) 0.22±0.05 0.83±0.20 0.48±0.22 0.35±0.12

δ (degree) BES (this work) 0 130±46 293±57 234±88

ψ(3770) is set to zero. The parameters of the ψ(2S) in Eq. (5)
are fixed to the values given in PDG2006.

3. Results and discussion

The values of the resonance parameters of the high mass
charmonium states determined in this work, together with those
in PDG2004, PDG2006 and the results given in Ref. [13] are
listed in Table 1. The fitted parameters for the continuum com-
ponent are C0 = 2.14 ± 0.10, C1 = (1.69 ± 0.23) × 10−3,
and C2 = −(0.66 ± 0.25) × 10−6. And the scale factor is
fc = 1.002 ± 0.033. The updated R values between 3.7 and
5.0 GeV (the percentage errors are the same as in Refs. [14,
15]) and the fitting curves are shown in Fig. 1. The quality of
the global fitting is indicated by χ2/d.o.f. = 1.08 (the number
of energy-points is 78, the number of the free parameters is 19,
and χ2 = 63.60) with a fit probability of 31.8%.

It should be noted that the ψ(4160) mass in this work is
about 30 MeV/c2 higher than the PDG2006 value, a differ-
ence that is much larger than the quoted errors. If the interfer-
ence terms in Eq. (4) all have their phase angles δr fixed to 0,
then the obtained mass parameters of the resonances ψ(4040),
ψ(4160), and ψ(4415) are 4048.4 ± 3.2, 4156.2 ± 4.4 and
4405.2 ± 5.7 MeV, respectively, with a larger χ2/d.o.f. = 1.39
corresponding to a probability of 2.3%. These comparisons
show that the influence of the phase angles on the resonance
parameters is significant.

In order to understand the model-dependent uncertainties
and to estimate the systematic errors, alternative choices and
combinations of Breit–Wigner forms, energy dependence of the
full width predicted by the quantum mechanics model [20] or
the effective interaction theory [23], and continuum charm pro-
duction described by a second order polynomial or the phenom-
enological form used by DASP [6] are used. We find the results
are also somewhat sensitive to the form of the energy-dependent
total width, but not sensitive to the continuum parameterization.

Fig. 1. The fit to the R values for the high mass charmonia structure. The dots
with error bars are the updated R values. The solid curve shows the best fit,
and the other curves show the contributions from each resonance RBW, the
interference Rint, the summation of the four resonances Rres = RBW + Rint,
and the continuum background Rcon respectively.

The DASP background function has six continuum production
channels, while the effective interaction theory predicts a dif-
ferent energy-dependent partial width for each one. However,
in both cases the best fits give unreasonable values for some pa-
rameters. This may be understood as being due to the fact that
the inclusive data does not supply enough information to de-
termine the relative width of different decay channels, nor the
phase angles of the hadronic final states (if they exist). To un-
derstand the detailed structure and components of the high mass
charmonium states, it is necessary to collect data at each energy
point with sufficiently high statistics, and to develop more reli-
able physical models. This is one of the physics tasks for a tau
charm factory, and may be further studied with BESIII that is
now under construction.
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The charmonium spectrum:

5

6

assuming the number of events satisfies a Gaussian dis-
tribution in XYZ data and Poisson distribution in R-scan
data. The cross section is parametrized with a coherent
sum of Breit-Wigner (BW) functions. Due to the lack of
data near the ψð3770Þ resonance, it is not feasible to
determine the relative phase between the ψð3770Þ ampli-
tude and other amplitudes. The cross section line shape is
described by

σfitð
ffiffiffi
s

p
Þ ¼ jRψð3770Þð

ffiffiffi
s

p
Þj2 þ

""""
Xn

j¼0

Rjð
ffiffiffi
s

p
Þeiϕj

""""
2

; ð3Þ

where Rψð3770Þ is used to describe the ψð3770Þ resonance
and its mass and width are fixed to the world average values
[36]. The i is the imaginary unit. Rj represents the
amplitude to describe a given resonant structure and ϕj

is the corresponding phase. The phase ϕ0 is set to zero and
the other phases are given relative to the R0. For the
structure near 4.0 GeV, two different parametrization
methods are applied, Model I: a BW function, and
Model II: an exponential function (Exp) of the form
R0ð

ffiffiffi
s

p
Þ¼PSð

ffiffiffi
s

p
Þe−p0ð

ffiffi
s

p
−MthresholdÞp1 [39], withMthreshold ¼

mπþ þmπ− þmJ=ψ , PSð
ffiffiffi
s

p
Þ is the PHSP factor of the

three-body decay Rj → πþπ−J=ψ [36], and p0 and p1 are
free parameters determined by the fit. The number of
resonances is denoted by n, comprising the known Yð4220Þ
and Yð4320Þ as well as further possible structures. The
amplitude Rj is defined as

Rjð
ffiffiffi
s

p
Þ ¼

Mjffiffiffi
s

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓee

j Γtot
j BðRjÞ

q

s −M2
j þ iMjΓtot

j
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PSð

ffiffiffi
s

p
Þ

PSðMjÞ

s

; ð4Þ

where Mj, Γtot
j and Γee

j are the mass, full width and
electronic width of resonance Rj, respectively, and
BðRjÞ is the branching fraction for Rj → πþπ−J=ψ.
In case of considering the states Yð4220Þ and Yð4320Þ

(n ¼ 2), multiple sets of solutions are obtained given by the
two models (Model I: BW, Model II: Exp) at 4.0 GeV. The
fit results are shown in Fig. 5, and the fit parameters are
summarized in Table II. Sizable differences between the fit
results of Model I and Model II appear mainly in the energy
region between 3.7730 and 4.1574 GeV. The difference of
χ2=ndf is 3.72, where ndf is the number of degrees of
freedom. Therefore, Model I is chosen to be the default
model for the final cross section fit result. The cross section
fit shows larger fluctuations at

ffiffiffi
s

p
¼ 3.8713 GeV. These

might be due to the influence of the Xð3872Þ [36]
resonance which was not included in the model since the
Xð3872Þ is very narrow and there are not sufficient data
points around its nominal mass.
Considering the distribution of the pull (χ) values, the

above two models do not describe the interval from 4.4 to
4.6 GeV very well. Therefore, a third BW function (n ¼ 3)
is added to study whether this deviation is caused by
possible additional structures. When the (fit) parameters of
the third BW function are floated, two possible solutions
are obtained, one with a mass close to the ψð4415Þ and the
other one close to 4.5 GeV. Compared with the mode of
n ¼ 2, the significance of these two solutions are 4.0σ
(3.6σ) and 2.1σ (2.7σ), respectively. The alternative fits
using the parameters of the ψð4415Þ [36] and the newly
discovered Yð4500Þ structure [40] have also been
attempted to describe the structure at 4.5 GeV, and led
to results with significance of 2.6σ (3.1σ) and 3.3σ (3.3σ),
respectively. The numbers in the brackets correspond to
an alternative fit, in which the BW function (Model I) is
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FIG. 5. Fit to the energy-dependent cross section of eþe− → πþπ−J=ψ using two different fit models: Model I (a) and Model II (b).
The upper panels show the data points with error bars overlaid with the fit result represented by the solid (blue) line. The lower panels
show the corresponding fit quality for each data point in terms of χ in units of σ. The point of

ffiffiffi
s

p
¼ 3.8713 GeV is not included in the fit.

For more details of the fit models, see the text.
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e+e− → π+π−J/ψ

Y(4230)?
Y(4260)?

jMrecðπþπ−lþl−Þj > 105 MeV=c2, jMcorrðψð3686ÞÞ −
Mðψð3686ÞÞj > 10 MeV=c2 and jMðγγπþπ−Þ −MðηÞj >
60 MeV=c2, respectively. The uncertainties related to the
fit procedure are investigated by changing the fit range,
replacing the linear function by a quadratic function for
the background description and by varying the width of the
convolved Gaussian function for the signal shape. The
selection efficiency is obtained with the signal MC sample
generated according to the PWA results. To estimate the
corresponding uncertainty of the MC model, 100 sets of
signal MC samples are generated to obtain the detection
efficiency distribution, and the resulting standard deviation
is taken as the contribution to the systematic uncertainty. In
each set, the MC sample is generated by varying all the
PWA parameters randomly according to a multivariate
Gaussian function, where the mean and width are the

nominal value and error of the parameters with correlation
considered.
The uncertainties for the combined results of the data

samples with large statistics are summarized in Table II. For
those data samples with low statistics, the uncertainties are
set as the values of the closest data sets in Table II.
Assuming all sources of systematic uncertainties to be
independent, the total uncertainties are obtained by adding
the individual values in quadrature and are found to be in
the range of 4.5% to 5.1%.

V. FIT TO THE CROSS SECTION

To study possible Y states in the process eþe− →
πþπ−ψð3686Þ, a binned χ2 fit is performed to the dressed
cross sections σdressed ¼ σB · ð 1

j1−Πj2Þ. The χ
2 is constructed
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FIG. 4. The dressed cross section fit results of the process eþe− → πþπ−ψð3686Þ corresponding to the four solutions in Table III. The
black dots with error bars are the measured dressed cross section, the blue solid curves are the best-fit results, the red dashed lines
represent individual resonant structures, the green dotted lines show the continuous component, and the gray dot-dashed lines are the
sum of all interference terms. The bottom panel in each plot is the χ distribution.
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assuming the number of events satisfies a Gaussian dis-
tribution in XYZ data and Poisson distribution in R-scan
data. The cross section is parametrized with a coherent
sum of Breit-Wigner (BW) functions. Due to the lack of
data near the ψð3770Þ resonance, it is not feasible to
determine the relative phase between the ψð3770Þ ampli-
tude and other amplitudes. The cross section line shape is
described by

σfitð
ffiffiffi
s

p
Þ ¼ jRψð3770Þð

ffiffiffi
s

p
Þj2 þ

""""
Xn

j¼0

Rjð
ffiffiffi
s

p
Þeiϕj

""""
2

; ð3Þ

where Rψð3770Þ is used to describe the ψð3770Þ resonance
and its mass and width are fixed to the world average values
[36]. The i is the imaginary unit. Rj represents the
amplitude to describe a given resonant structure and ϕj

is the corresponding phase. The phase ϕ0 is set to zero and
the other phases are given relative to the R0. For the
structure near 4.0 GeV, two different parametrization
methods are applied, Model I: a BW function, and
Model II: an exponential function (Exp) of the form
R0ð

ffiffiffi
s

p
Þ¼PSð

ffiffiffi
s

p
Þe−p0ð

ffiffi
s

p
−MthresholdÞp1 [39], withMthreshold ¼

mπþ þmπ− þmJ=ψ , PSð
ffiffiffi
s

p
Þ is the PHSP factor of the

three-body decay Rj → πþπ−J=ψ [36], and p0 and p1 are
free parameters determined by the fit. The number of
resonances is denoted by n, comprising the known Yð4220Þ
and Yð4320Þ as well as further possible structures. The
amplitude Rj is defined as

Rjð
ffiffiffi
s

p
Þ ¼

Mjffiffiffi
s

p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓee

j Γtot
j BðRjÞ

q

s −M2
j þ iMjΓtot

j
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PSð

ffiffiffi
s

p
Þ

PSðMjÞ

s

; ð4Þ

where Mj, Γtot
j and Γee

j are the mass, full width and
electronic width of resonance Rj, respectively, and
BðRjÞ is the branching fraction for Rj → πþπ−J=ψ.
In case of considering the states Yð4220Þ and Yð4320Þ

(n ¼ 2), multiple sets of solutions are obtained given by the
two models (Model I: BW, Model II: Exp) at 4.0 GeV. The
fit results are shown in Fig. 5, and the fit parameters are
summarized in Table II. Sizable differences between the fit
results of Model I and Model II appear mainly in the energy
region between 3.7730 and 4.1574 GeV. The difference of
χ2=ndf is 3.72, where ndf is the number of degrees of
freedom. Therefore, Model I is chosen to be the default
model for the final cross section fit result. The cross section
fit shows larger fluctuations at

ffiffiffi
s

p
¼ 3.8713 GeV. These

might be due to the influence of the Xð3872Þ [36]
resonance which was not included in the model since the
Xð3872Þ is very narrow and there are not sufficient data
points around its nominal mass.
Considering the distribution of the pull (χ) values, the

above two models do not describe the interval from 4.4 to
4.6 GeV very well. Therefore, a third BW function (n ¼ 3)
is added to study whether this deviation is caused by
possible additional structures. When the (fit) parameters of
the third BW function are floated, two possible solutions
are obtained, one with a mass close to the ψð4415Þ and the
other one close to 4.5 GeV. Compared with the mode of
n ¼ 2, the significance of these two solutions are 4.0σ
(3.6σ) and 2.1σ (2.7σ), respectively. The alternative fits
using the parameters of the ψð4415Þ [36] and the newly
discovered Yð4500Þ structure [40] have also been
attempted to describe the structure at 4.5 GeV, and led
to results with significance of 2.6σ (3.1σ) and 3.3σ (3.3σ),
respectively. The numbers in the brackets correspond to
an alternative fit, in which the BW function (Model I) is
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FIG. 5. Fit to the energy-dependent cross section of eþe− → πþπ−J=ψ using two different fit models: Model I (a) and Model II (b).
The upper panels show the data points with error bars overlaid with the fit result represented by the solid (blue) line. The lower panels
show the corresponding fit quality for each data point in terms of χ in units of σ. The point of

ffiffiffi
s

p
¼ 3.8713 GeV is not included in the fit.

For more details of the fit models, see the text.
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e+e− → π+π−J/ψ

Y(4230)?
Y(4260)?

jMrecðπþπ−lþl−Þj > 105 MeV=c2, jMcorrðψð3686ÞÞ −
Mðψð3686ÞÞj > 10 MeV=c2 and jMðγγπþπ−Þ −MðηÞj >
60 MeV=c2, respectively. The uncertainties related to the
fit procedure are investigated by changing the fit range,
replacing the linear function by a quadratic function for
the background description and by varying the width of the
convolved Gaussian function for the signal shape. The
selection efficiency is obtained with the signal MC sample
generated according to the PWA results. To estimate the
corresponding uncertainty of the MC model, 100 sets of
signal MC samples are generated to obtain the detection
efficiency distribution, and the resulting standard deviation
is taken as the contribution to the systematic uncertainty. In
each set, the MC sample is generated by varying all the
PWA parameters randomly according to a multivariate
Gaussian function, where the mean and width are the

nominal value and error of the parameters with correlation
considered.
The uncertainties for the combined results of the data

samples with large statistics are summarized in Table II. For
those data samples with low statistics, the uncertainties are
set as the values of the closest data sets in Table II.
Assuming all sources of systematic uncertainties to be
independent, the total uncertainties are obtained by adding
the individual values in quadrature and are found to be in
the range of 4.5% to 5.1%.

V. FIT TO THE CROSS SECTION

To study possible Y states in the process eþe− →
πþπ−ψð3686Þ, a binned χ2 fit is performed to the dressed
cross sections σdressed ¼ σB · ð 1

j1−Πj2Þ. The χ
2 is constructed
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FIG. 4. The dressed cross section fit results of the process eþe− → πþπ−ψð3686Þ corresponding to the four solutions in Table III. The
black dots with error bars are the measured dressed cross section, the blue solid curves are the best-fit results, the red dashed lines
represent individual resonant structures, the green dotted lines show the continuous component, and the gray dot-dashed lines are the
sum of all interference terms. The bottom panel in each plot is the χ distribution.
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The charmonium spectrum:

BESIII, PRL 119, 072001 (2017)

e+e− → π∓Zc(3900)± → π∓(π±J/ψ)

is a kinematic factor with ki being the magnitude of the
three-vector momentum of the final state particle (J=ψ orD)
in the Zc rest frame; and g01 and g

0
2 are the coupling strengths

of Z!
c → π!J=ψ and Z!

c → ðDD̄#Þ!, respectively, which
will be determined by the fit to the data.
To describe the πþπ− mass spectrum, four resonances, σ,

f0ð980Þ, f2ð1270Þ, and f0ð1370Þ, are introduced. f0ð980Þ
is described with a Flatté formula [25], and the others are
described with relativistic Breit-Wigner (BW) functions.
The width of the wide resonance σ is parametrized
with ΓσðsÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ð4m2

π=sÞ
p

Γ [26,27], and the masses
and widths for the f2ð1270Þ and f0ð1370Þ are taken from
the Particle Data Group [28]. The statistical significance for
each resonance is determined by examining the probability
of the change in log likelihood ðlogLÞ values between
including and excluding this resonance in the fits, and the
probability is calculated under the χ2 distribution hypoth-
esis taking the change of the number of degrees of freedom
ΔðndfÞ into account. With this procedure, the statistical
significance of each of these states and the nonresonant
process is estimated to be larger than 5σ. All of them are
therefore included in the nominal fit, which includes
the eþe−→σJ=ψ , f0J=ψ , f0ð1370ÞJ=ψ , f2ð1270ÞJ=ψ ,
Z!
c π∓, and nonresonant processes.

A simultaneous fit is performed to the two data sets. The
coupling constants are set as free parameters and are
allowed to be different at the two energy points except
for the common ones describing Zc decays. The oppositely
charged Zc states are regarded as isospin partners; they
share a common mass and coupling parameters g01 and g02.
Figure 1 shows projections of the fit results at

ffiffiffi
s

p
¼ 4.23

and 4.26 GeV, with a fit goodness of the Dalitz plot
χ2=ndf ¼ 1.3 and 1.2, respectively. The mass of Z!

c is
measured to beMZc

¼ ð3901.5! 2.7statÞ MeV=c2, and the
coupling parameters g01 ¼ ð0.075! 0.006statÞ GeV2 and
g02=g

0
1 ¼ 27.1! 2.0stat. This measurement is consistent

with the previous result g02=g
0
1 ¼ 27.1! 13.1 estimated

based on the measured decay width ratio ΓðZ!
c →

ðDD̄#Þ!Þ=ΓðZ!
c → J=ψπ!Þ ¼ 6.2! 2.9 [10]. If the Z!

c
is parametrized as a constant-width BW function,
the simultaneous fit gives a mass of ð3897.6!
1.2statÞ MeV=c2 and a width of ð43.5! 1.5statÞ MeV, but
the value of − lnL increases by 22 with ΔðndfÞ ¼ 1. The
BW parametrization is thus disfavored with a significance
of 6.6σ.
Figure 2 shows the polar angle (θZ!

c
) distribution of Z!

c in
the process eþe− → Zþ

c π− þ c:c: and the helicity angle
ðθJ=ψ Þ distribution in the decay Z!

c → π!J=ψ for the

FIG. 1. Projections to mπþπ− (a),(c) and mJ=ψπ! (b),(d) of the fit results with JP ¼ 1þ for the Zc, at
ffiffiffi
s

p
¼ 4.23 GeV (a),(b) andffiffiffi

s
p

¼ 4.26 GeV (c),(d). The points with error bars are data, and the black histograms are the total fit results including backgrounds. The
shaded histogram denotes backgrounds. The contributions from the πþπ−S-wave J=ψ , f2ð1270ÞJ=ψ , and Z!

c π∓ are shown in the plots. The
πþπ−S-wave resonances include the σ, f0ð980Þ, and f0ð1370Þ. Plots (b) and (d) are filled with two entries (mJ=ψπþ and mJ=ψπ− ) per event.
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jMðγπþπ−Þ −M0ðη0Þj > 0.02 GeV=c2 [M0ðη0Þ is the
nominal mass of the η0 [3] ], respectively.
For the search channel, the background mode π0π0J=ψ is

suppressed both by requiring Mðγ1γ2Þ to be 20 MeV=c2

away from the π0 mass and by placing the same require-
ment on the mass of γ1 or γ2 combined with the higher
energy photon from the π0 decay. Background events
from ωð782Þ decays to γπ0, including those from eþe− →
ωχcJ and γXð3872Þ → γωJ=ψ , are removed by requi-
ring Mðγ1;2π0Þ < 0.732 GeV=c2. Finally, background
events from γISRψð3686Þ are reduced by requiring the
mass recoiling against γ1 or γ2 both to be larger than
3.7 GeV=c2.
The final distributions for the reconstructed πþπ−J=ψ

mass in the normalization channel are shown in Fig. 1. In
order to improve the mass resolution, Mðπþπ−J=ψÞ is
calculated using Mðπþπ−lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ,
where M0ðJ=ψÞ is the nominal mass of the J=ψ . The
mass resolution is improved from 7.4 to 4.7 MeV=c2.

Figure 1(a) corresponds to data taken at 4.15 < Ec:m: <
4.30 GeV and shows a clear Xð3872Þ signal. The data
are fitted by a first-order polynomial representing the
background and a response function of the signal process
that has been obtained from the signal MC simulation.
All fits are performed using a binned likelihood method;
all significances are obtained by comparing the resulting
likelihoods with and without the signal component
included. Results are listed in Table I. Figure 1(b) shows
the same for the other Ec:m: samples. No Xð3872Þ signal
is seen. This pattern is consistent with the previous
measurement [12].
The corresponding distributions of Mðπ0χcJÞ for the

search channel are shown in Fig. 2. The χcJ region is first
chosen with a loose requirement on Mðγ1;2J=ψÞ≡
Mðγ1;2lþl−Þ −Mðlþl−Þ þM0ðJ=ψÞ between 3.35 and
3.60 GeV=c2. A clear signal for the Xð3872Þ is observed
for 4.15 < Ec:m: < 4.30 GeV [Fig. 2(a)]; no evidence for
the Xð3872Þ is seen at other Ec:m: [Fig. 2(b)]. The
distributions are fit with a first-order polynomial back-
ground function and a signal shape derived from the signal
MC simulation, where the relative fractions of π0χcJ with
J ¼ 0, 1, 2 are fixed by subsequent fits. There are two
entries per event corresponding to the two combinations of
γ1 and γ2; the signal MC includes a broad contribution from
events with interchanged γ1 and γ2. Using the background
samples described earlier (B1 and B2), we find no other
peaking background events. The fit in Fig. 2(a) yields
16.9þ5.2

−4.5 Xð3872Þ events with a statistical significance
of 4.8σ.
We next use theMðγ1;2J=ψÞ distribution to select the χc0,

χc1, and χc2 mass regions (Fig. 3). The photons γ1 and γ2
are separated by choosing γ2 to be the photon that mini-
mizes ΔMJ ≡ jMðγ2J=ψÞ −M0ðχcJÞj, where M0ðχcJÞ is
the nominal mass of each χcJ [3]. We require ΔM0 < 25
and ΔM1;2 < 20 MeV=c2. The resulting distributions for
Mðπ0χcJÞ with J ¼ 0, 1, 2 are shown in Fig. 4. Each
Mðπ0χcJÞ distribution is fit with a constant background
function and a signal shape derived from signal MC
simulation. The signal MC samples include events with
interchanged γ1 and γ2 as well as cross feed among the
π0χcJ channels. These effects result in an additional peak
below the Xð3872Þ signal region in the Mðπ0χc0Þ distri-
bution, but are negligible elsewhere. In the Mðπ0χc1Þ
distribution, we find a Xð3872Þ signal with a 5.2σ signifi-
cance. No significant Xð3872Þ signals are found in the
Mðπ0χc0;2Þ distributions. Numbers for events, efficiencies,
and significances are listed in Table I. The total yield of
signal events in all three channels is 15.1þ4.8

−3.8 , consistent
with the fit in Fig. 2(a).
Also shown in Table I are the final ratios B(Xð3872Þ →

π0χcJ)=B(Xð3872Þ → πþπ−J=ψ). These are calculated
from the ratios of yields of signal events, the ratios of
efficiencies (including minor effects due to ISR), and the
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FIG. 1. Distribution of πþπ−J=ψ mass,Mðπþπ−J=ψÞ, from the
normalization process eþe− → γπþπ−J=ψ for (a) 4.15 < Ec:m: <
4.30 GeV and (b) 4.00 < Ec:m: < 4.15 or 4.30 < Ec:m: <
4.60 GeV. Points are data; lines are fits (solid is the total and
dotted is the polynomial background). The darker histogram is a
MC estimate of peaking J=ψ backgrounds; the lighter stacked
histogram is an estimate of nonpeaking backgrounds using J=ψ
sidebands from data.
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applied to the χc1ð3872Þ candidates, the uncertainty on sf is
0.02, independent of the bin. The values of sf in Table I are
applied as Gaussian constraints in the fits to the χc1ð3872Þ
region with an uncertainty of 0.02.

VI. BREIT-WIGNER MASS AND WIDTH
OF THE χ c1ð3872Þ STATE

To extract the Breit-Wigner lineshape parameters of the
χc1ð3872Þ meson, a fit is made to the mass range 3832 <
mJ=ψπþπ− < 3912 MeV in each of the six pπþπ− data
samples described above. A spin-0 relativistic Breit-
Wigner is used, as in Ref. [9].

For each data sample the mass difference between the
ψð2SÞ and χc1ð3872Þ meson, Δm, is measured relative to
the measured mass of the ψð2SÞ state rather than the
absolute mass. This minimizes the systematic uncertainty
due to the momentum scale. The fit in each bin has seven
free parameters: Δm, the natural width ΓBW, the back-
ground parameter c1, the resolution scale factor sf, the tail
parameter n, and the signal and background yields. Again a
Gaussian constraint is applied to n based on the simulation.
The parameter sf is constrained to the result of the fit to the
ψð2SÞ data. The fit procedure is validated using both the
simulation and pseudoexperiments. No significant bias is
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FIG. 2. Mass distributions for J=ψπþπ− candidates in the χc1ð3872Þ region for (top) the low, (middle) mid and (bottom) high pπþπ−
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→ (π+π−J/ψ) + hadrons

MBW(X(3872)) − M(D*0D̄0) = − 0.05 ± 0.12 MeV/c2

ΓBW(X(3872)) = 1.39 ± 0.24 ± 0.10 MeV/c2
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Conventional, hadronic matter consists of baryons and 
mesons made of three quarks and a quark–antiquark pair, 
respectively1,2. Here, we report the observation of a hadronic 
state containing four quarks in the Large Hadron Collider 
beauty experiment. This so-called tetraquark contains two 
charm quarks, a u  and a d  quark. This exotic state has a mass 
of approximately 3,875!MeV and manifests as a narrow peak 
in the mass spectrum of D0D0π+ mesons just below the D*+D0 
mass threshold. The near-threshold mass together with the 
narrow width reveals the resonance nature of the state.

Quantum chromodynamics, the theory of the strong force, 
describes the interactions of coloured quarks and gluons and the 
formation of hadronic matter, that is, mesons and baryons. While 
quantum chromodynamics makes precise predictions at high ener-
gies, the theory has difficulties describing the interactions of quarks 
in hadrons from first principles due to the highly nonperturba-
tive regime at the corresponding energy scale. Hence, the field of 
hadron spectroscopy is driven by experimental discoveries that are 
sometimes unexpected, which could lead to changes in the research 
landscape. Along with conventional mesons and baryons, made of a 
quark–antiquark pair (q

1

q

2

) and three quarks (q1q2q3), respectively, 
particles with an alternative quark content, known as exotic states, 
have been actively discussed since the birth of the constituent quark 
model1–8. This discussion has been revived by recent observations 
of numerous tetraquark q

1

q

2

q

3

q

4

 and pentaquark q
1

q

2

q

3

q

4

q

5

 candi-
dates9–36. Due to the closeness of their masses to known particle-pair 
thresholds37,38, many of these states are likely to be hadronic mol-
ecules39–42 where colour-singlet hadrons are bound by residual 
nuclear forces similar to the electromagnetic van der Waals forces 
attracting electrically neutral atoms and molecules. An ordinary 
example of a hadronic molecule is the deuteron formed by a proton 
and a neutron. On the other hand, an interpretation of exotic states 
as compact multiquark structures is also possible43.

All exotic hadrons observed so far predominantly decay via 
the strong interaction, and their decay widths vary from a few to 
a few hundred MeV. A discovery of a long-lived exotic state, sta-
ble with respect to the strong interaction, would be intriguing.  
A hadron with two heavy quarks Q and two light antiquarks q , that 
is, Q

1

Q

2

q

1

q

2

, is a prime candidate to form such a state44–49. In the 
limit of a large heavy-quark mass, the two heavy quarks Q1Q2 form 
a point-like, heavy, colour-antitriplet object that behaves similarly 
to an antiquark, and the corresponding state should be bound. It is 
expected that the b quark is heavy enough to sustain the existence 
of a stable bbud  state with a binding energy of about 200 MeV with 
respect to the sum of the masses of the pseudoscalar, B− or B0, and 
vector, B*− or B∗0, beauty mesons, which defines the minimal mass 
for the strong decay to be allowed. In the case of the bcud  and ccud  
systems, there is currently no consensus regarding whether such 
states exist and are narrow enough to be detected experimentally. 

The similarity of the ccud  tetraquark state and the Ξ++
cc

 baryon con-
taining two c quarks and a u quark leads to a relationship between 
the properties of the two states. In particular, the measured mass of 
the Ξ

++
cc

 baryon with quark content ccu50–52 implies that the mass 
of the ccud  tetraquark is close to the sum of the masses of the D0 
and D*+ mesons with quark content of cu  and cd , respectively, as 
suggested in ref. 53. Theoretical predictions for the mass of the ccud  
ground state with spin-parity quantum numbers JP = 1+ and isospin 
I = 0, denoted hereafter as T+

cc

, relative to the D*+D0 mass threshold

δm ≡ m

T

+
cc

− (m
D

∗+ +m

D

0) (1)

lie in the range of −300 < δm < 300 MeV (refs. 53–84), where m
D

∗+ 
and m

D

0 denote the known masses of the D*+ and D0 mesons38. 
Lattice quantum chromodynamics calculations also do not provide 
a definite conclusion on the existence of the T+

cc

 state or its binding 
energy73,85–87. The observation of the Ξ++

cc

 baryon50,51 and of a new 
exotic resonance decaying to a pair of J/ψ mesons29 by the LHCb 
experiment motivates the search for the T+

cc

 state.
In this Letter, the observation of a narrow state in the D0D0π+ 

mass spectrum near the D*+D0 mass threshold compatible with 
being a T+

cc

 tetraquark state is reported. Throughout this Letter, 
charge conjugate decays are implied. The study is based on proton–
proton (pp) collision data collected by the LHCb detector at the 
Large Hadron Collider at the European Organization for Nuclear 
Research at centre-of-mass energies of 7, 8 and 13 TeV, correspond-
ing to integrated luminosity of 9 fb−1. The LHCb detector88,89 is a 
single-arm forward spectrometer covering the pseudorapidity range 
of 2 < η < 5, designed to study particles containing b or c quarks and 
is further described in Methods. The pseudorapidity η is defined 
as − log

(

tan

θ

2

)

, where θ is a polar angle of the track relative to the 
proton beam line.

The D0D0π+ final state is reconstructed by selecting events with 
two D0 mesons and a positively charged pion, all produced at the 
same pp interaction point. Both D0 mesons are reconstructed in the 
D0→K−π+ decay channel. The selection criteria are similar to those 
used in ref. 90. To subtract the background not originating from two 
D0 candidates, an extended, unbinned maximum-likelihood fit to 
the two-dimensional distribution of the masses of the two D0 can-
didates is performed. The corresponding procedure, together with 
the selection criteria, is described in detail in Methods. To improve 
the δm mass resolution and to make the determination insensitive 
to the precision of the D0 meson mass, the mass of the D0D0π+ com-
binations is calculated with the mass of each D0 meson constrained 
to the known value38. The resulting D0D0π+ mass distribution for 
selected D0D0π+ combinations is shown in Fig. 1. A narrow peak 
near the D*+D0 mass threshold is clearly visible.

An extended, unbinned, maximum-likelihood fit to the D0D0π+ 
mass distribution is performed using a model consisting of the signal 
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Conventional, hadronic matter consists of baryons and 
mesons made of three quarks and a quark–antiquark pair, 
respectively1,2. Here, we report the observation of a hadronic 
state containing four quarks in the Large Hadron Collider 
beauty experiment. This so-called tetraquark contains two 
charm quarks, a u  and a d  quark. This exotic state has a mass 
of approximately 3,875!MeV and manifests as a narrow peak 
in the mass spectrum of D0D0π+ mesons just below the D*+D0 
mass threshold. The near-threshold mass together with the 
narrow width reveals the resonance nature of the state.

Quantum chromodynamics, the theory of the strong force, 
describes the interactions of coloured quarks and gluons and the 
formation of hadronic matter, that is, mesons and baryons. While 
quantum chromodynamics makes precise predictions at high ener-
gies, the theory has difficulties describing the interactions of quarks 
in hadrons from first principles due to the highly nonperturba-
tive regime at the corresponding energy scale. Hence, the field of 
hadron spectroscopy is driven by experimental discoveries that are 
sometimes unexpected, which could lead to changes in the research 
landscape. Along with conventional mesons and baryons, made of a 
quark–antiquark pair (q
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) and three quarks (q1q2q3), respectively, 
particles with an alternative quark content, known as exotic states, 
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dates9–36. Due to the closeness of their masses to known particle-pair 
thresholds37,38, many of these states are likely to be hadronic mol-
ecules39–42 where colour-singlet hadrons are bound by residual 
nuclear forces similar to the electromagnetic van der Waals forces 
attracting electrically neutral atoms and molecules. An ordinary 
example of a hadronic molecule is the deuteron formed by a proton 
and a neutron. On the other hand, an interpretation of exotic states 
as compact multiquark structures is also possible43.

All exotic hadrons observed so far predominantly decay via 
the strong interaction, and their decay widths vary from a few to 
a few hundred MeV. A discovery of a long-lived exotic state, sta-
ble with respect to the strong interaction, would be intriguing.  
A hadron with two heavy quarks Q and two light antiquarks q , that 
is, Q

1

Q
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q
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q

2

, is a prime candidate to form such a state44–49. In the 
limit of a large heavy-quark mass, the two heavy quarks Q1Q2 form 
a point-like, heavy, colour-antitriplet object that behaves similarly 
to an antiquark, and the corresponding state should be bound. It is 
expected that the b quark is heavy enough to sustain the existence 
of a stable bbud  state with a binding energy of about 200 MeV with 
respect to the sum of the masses of the pseudoscalar, B− or B0, and 
vector, B*− or B∗0, beauty mesons, which defines the minimal mass 
for the strong decay to be allowed. In the case of the bcud  and ccud  
systems, there is currently no consensus regarding whether such 
states exist and are narrow enough to be detected experimentally. 

The similarity of the ccud  tetraquark state and the Ξ++
cc

 baryon con-
taining two c quarks and a u quark leads to a relationship between 
the properties of the two states. In particular, the measured mass of 
the Ξ

++
cc

 baryon with quark content ccu50–52 implies that the mass 
of the ccud  tetraquark is close to the sum of the masses of the D0 
and D*+ mesons with quark content of cu  and cd , respectively, as 
suggested in ref. 53. Theoretical predictions for the mass of the ccud  
ground state with spin-parity quantum numbers JP = 1+ and isospin 
I = 0, denoted hereafter as T+
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, relative to the D*+D0 mass threshold
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lie in the range of −300 < δm < 300 MeV (refs. 53–84), where m
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and m
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 denote the known masses of the D*+ and D0 mesons38. 
Lattice quantum chromodynamics calculations also do not provide 
a definite conclusion on the existence of the T+

cc

 state or its binding 
energy73,85–87. The observation of the Ξ++

cc

 baryon50,51 and of a new 
exotic resonance decaying to a pair of J/ψ mesons29 by the LHCb 
experiment motivates the search for the T+

cc

 state.
In this Letter, the observation of a narrow state in the D0D0π+ 

mass spectrum near the D*+D0 mass threshold compatible with 
being a T+

cc

 tetraquark state is reported. Throughout this Letter, 
charge conjugate decays are implied. The study is based on proton–
proton (pp) collision data collected by the LHCb detector at the 
Large Hadron Collider at the European Organization for Nuclear 
Research at centre-of-mass energies of 7, 8 and 13 TeV, correspond-
ing to integrated luminosity of 9 fb−1. The LHCb detector88,89 is a 
single-arm forward spectrometer covering the pseudorapidity range 
of 2 < η < 5, designed to study particles containing b or c quarks and 
is further described in Methods. The pseudorapidity η is defined 
as − log

(

tan

θ
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)

, where θ is a polar angle of the track relative to the 
proton beam line.

The D0D0π+ final state is reconstructed by selecting events with 
two D0 mesons and a positively charged pion, all produced at the 
same pp interaction point. Both D0 mesons are reconstructed in the 
D0→K−π+ decay channel. The selection criteria are similar to those 
used in ref. 90. To subtract the background not originating from two 
D0 candidates, an extended, unbinned maximum-likelihood fit to 
the two-dimensional distribution of the masses of the two D0 can-
didates is performed. The corresponding procedure, together with 
the selection criteria, is described in detail in Methods. To improve 
the δm mass resolution and to make the determination insensitive 
to the precision of the D0 meson mass, the mass of the D0D0π+ com-
binations is calculated with the mass of each D0 meson constrained 
to the known value38. The resulting D0D0π+ mass distribution for 
selected D0D0π+ combinations is shown in Fig. 1. A narrow peak 
near the D*+D0 mass threshold is clearly visible.

An extended, unbinned, maximum-likelihood fit to the D0D0π+ 
mass distribution is performed using a model consisting of the signal 
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and background components. The signal component is described 
by the convolution of the detector resolution with a resonant shape, 
which is modelled by a relativistic P-wave two-body Breit–Wigner 
(BW) function modified by a Blatt–Weisskopf form factor with a 
meson radius parameter of 3.5 GeV−1. The use of a P-wave reso-
nance is motivated by the expected JP = 1+ quantum numbers for 
the T+

cc

 state. A two-body decay structure T+
cc

→ AB is assumed with 
m

A

= 2m

D

0

 and m
B

= m

π

+, where m
π

+ stands for the known mass 
of the π+ meson. Several alternative prescriptions are used for the 
evaluation of the systematic uncertainties. Despite its simplicity, the 
model serves well to quantify the existence of the T+

cc

 state and to 
measure its properties, such as the position and the width of the 
resonance. A follow-up study91 investigates the underlying nature 
of the T+

cc

 state, expanding on the modelling of the signal shape and 
the determination of its physical properties. The detector resolution 
is modelled by the sum of two Gaussian functions with a common 
mean, where the additional parameters are taken from simulation 
(Methods) with corrections applied32,92,93. The root mean square of 
the resolution function is around 400 keV c−2. A study of the D0π+ 
mass distribution for D0D0π+ combinations in the region above the 
D*0D+ mass threshold but below 3.9 GeV c−2 shows that approxi-
mately 90% of all random D0D0π+ combinations contain a genuine 
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function and a positive second-order polynomial. The resulting 
function is convolved with the detector resolution.

The fit results are shown in Fig. 1, and the parameters of interest, 
namely the signal yield, N, the mass parameter of the BW function rel-
ative to the D*+D0 mass threshold, δm
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and the width parameter, ΓBW, are listed in Table 1. The statistical 
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Wilks’ theorem to be 22 s.d. The fit suggests that the mass param-
eter of the BW shape is slightly below the D*+D0 mass threshold.  
The statistical significance of the hypothesis δmBW < 0 is estimated 
to be 4.3 s.d.

To validate the presence of the signal component, several addi-
tional cross-checks are performed. The data are categorized accord-
ing to data-taking periods, including the polarity of the LHCb 
dipole magnet and the charge of the T+
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 candidates. Instead of 
statistically subtracting the non-D0 background, the mass of each 
D → K−π+ candidate is required to be within a narrow region around 
the known mass of the D0 meson38. The results are found to be con-
sistent among all samples and analysis techniques. Furthermore, 
dedicated studies are performed to ensure that the observed 
signal is not caused by kaon or pion misidentification, doubly 
Cabibbo-suppressed D0 → K+π− decays or D0

D

0 oscillations, decays 
of charm hadrons originating from beauty hadrons or artefacts due 
to the track reconstruction creating duplicate tracks.

Systematic uncertainties for the δmBW and ΓBW parameters are 
summarized in Table 2 and described below. The largest systematic 
uncertainty is related to the fit model and is studied using pseudo-
experiments with alternative parameterizations of the D0D0π+ mass 
shape. Several variations in the fit model are considered: changes 
in the signal model due to the imperfect knowledge of the detector 
resolution, an uncertainty in the correction factor for the resolution 
taken from control channels, parameterization of the background 
component and the additional model parameters of the BW func-
tion. The model uncertainty related to the assumption of JP = 1+ 
quantum numbers of the state is estimated and listed separately. 
The results are affected by the overall detector momentum scale, 
which is known to a relative precision of δα = 3 × 10−4 (ref. 94). The 
corresponding uncertainty is estimated using simulated samples 
where the momentum scale is modified by factors of (1± δα). In 
the reconstruction, the momenta of charged tracks are corrected 
for energy loss in the detector material, the amount of which is 
known with a relative uncertainty of 10%. The resulting uncertainty 
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Fig. 1 | The distribution of the D0D0π+ mass. The distribution of the 
D0D0π+ mass after statistical subtraction of the contribution of the non-D0 
background, with the result of the fit with the two-component function 
described in the text. The horizontal bin width is indicated on the vertical 
axis legend. The inset shows a zoomed signal region with a fine binning 
scheme. Uncertainties on the data points are statistical only and represent 
one standard deviation, calculated as a sum in quadrature of the assigned 
weights from the background subtraction procedure.

Table 1 | Parameters obtained from the fit to the D0D0π+ mass 
spectrum: signal yield, N, BW mass relative to the D*+D0 
mass threshold, δmBW, and width, ΓBW. The uncertainties are 
statistical only

Parameter Value

N 117!±!16
δmBW −273!±!61!keV!c−2

ΓBW 410!±!165!keV

Table 2 | Systematic uncertainties for the δmBW and ΓBW 
parameters. The total uncertainty is calculated as the sum 
in quadrature of all components except for those related to 
the assignment of JP quantum numbers, which are handled 
separately

Source σ

δm

BW

(

keV c

−2

)

σΓ
BW

(keV)

Fit model
Resolution model 2 7
Resolution correction factor 1 30
Background model 3 30
Model parameters <1 <1
Momentum scale 3 —
Energy loss corrections 1 —
D*+!−!D0 mass difference 2 —
Total 5 43

JP quantum numbers +11

−14

+18

−38
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Tcc(3875)+ → D0D0π+

The , , and , 
among others, have clearly taken us beyond 
conventional mesons.

Zc(3900) X(3872) Tcc(3875)

5

q q̄ q q̄ gg

q q̄

q̄ q

q q̄

q̄ q

q q̄

q̄q q

q̄

conventional meson hybrid meson glueball

tetraquark meson molecule baryonium

Productive conversations about their 
internal structure continue!
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Spectroscopic notation:

principle quantum number (n)

total quark spin (S) orbital angular momentum (L)

total angular momentum (J)

n2S+1LJ
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To reconstruct the !ð5SÞ ! hbðnPÞ!þ!$ transitions
inclusively, we use a general hadronic event selection
with requirements on the position of the primary vertex,
track multiplicity, and total energy and momentum of the
event [10]. These requirements suppress "þ"$, quantum
electrodynamic, two-photon, and beam gas processes but
are very efficient for the bottomonium decays to hadrons.
The background from continuum eþe$ ! q "q (q ¼
u; d; s; c) processes has a jetlike shape as opposed to the
spherically symmetric signal events and is suppressed by
requiring the ratio of the second to zeroth Fox-Wolfram
moments to satisfy R2 < 0:3 [11]. The selection of
the !þ!$ candidates is the same as described above for
the#þ#$!þ!$ sample except that no requirement on the
opening angle is applied. These selection requirements are
optimized by maximizing the significance of the high-
statistics reference channel!ð5SÞ ! !ð2SÞ!þ!$ (extrac-
tion of this signal is described below). The resulting Mmiss

spectrum, which is dominated by combinatoric !þ!$

pairs, is shown in Fig. 2. The typical momenta of signal
pions in the center-of-mass frame range from 170 to
700 MeV=c.

The threshold for inclusive K0
S production results in a

sharp rise in theMmiss spectrum, due to K0
S ! !þ!$, very

close to the mass of !ð3SÞ (see Fig. 2). Rather than veto
!þ!$ combinations with invariant masses near MðK0

SÞ,
which significantly distorts the Mmiss spectrum in the vi-
cinity, we obtain theK0

S contamination by fitting the!þ!$

invariant mass corresponding to bins of Mmiss.
The Mmiss spectrum is divided into three adjacent re-

gions with boundaries at Mmiss ¼ 9:3, 9.8, 10.1, and
10:45 GeV=c2 and fitted separately in each region. In the
third region, prior to fitting, we subtract the contribution
due to K0

S ! !þ!$ bin by bin. The signal component of
the fit includes all signals seen in the #þ#$!þ!$ data as
well as those arising from !þ!$ transitions to hbðnPÞ and
!ð1DÞ. Monte Carlo studies indicate that the shape of the
peaks in Mmiss is independent of whether the !þ!$ are
reconstructed in the hadronic environment or in the much
cleaner environment of exclusively reconstructed
#þ#$!þ!$ events. Therefore, in the inclusive analysis
we use shapes determined from the #þ#$!þ!$ sample.
For the additional hbðnPÞ and !ð1DÞ signals, we use the
tail parameters of the !ð2SÞ and the width parameters ($)
found by linear interpolation in mass from the widths of the
exclusively reconstructed!ðnSÞ peaks. The peak positions
of all signals are floated, except that for !ð3SÞ !
!ð1SÞ!þ!$, which is poorly constrained by the fit. In
the first two regions, the combinatorial background is
described by a 6th-order Chebyshev polynomial, while in
the third we use a 7th-order one. We perform binned %2 fits
to each region using 1 MeV=c2 bins, though for clarity we
display the data in 5 MeV=c2 bins. The confidence levels
of the fits in the three regions are 78%, 80%, and 30%,
respectively. The Mmiss spectrum after subtraction of both
the combinatoric and K0

S ! !þ!$ contributions is shown
with the fitted signal functions overlaid in Fig. 3. The signal
parameters are listed in Table II.
We studied several sources of systematic uncertainty.

The background polynomial order was increased by three,
and the range of the fits performed were altered by up to
100 MeV=c2. Different signal functions were used, includ-
ing symmetric Gaussians and rCB functions with the width
parameters left free. We altered our selection criteria:
tightening the requirements on the proximity of track
origin to the IP, requiring at least five tracks in the event,
and imposing the cos&!þ!$ < 0:95 requirement used in the
#þ#$!þ!$ study. In Table III, the results of these sys-
tematic studies are summarized.
The values in the table represent the maximal change of

parameters under the variations explored. We estimate an
additional 1 MeV=c2 uncertainty in mass measurements
based on the differences between the observed values of
the fitted !ðnSÞ peak positions and their world averages.
These deviations could be due to the local variations of the
background shape that are not adequately described by the
polynomial. The total systematic uncertainties presented in
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FIG. 2. The Mmiss distribution for the selected !þ!$ pairs
(solid histogram) and K0

S ! !þ!$ reflection multiplied by a
factor 10 to make it visible (dotted histogram). Vertical lines
indicate the locations of the !ð1SÞ, hbð1PÞ, !ð2SÞ, hbð2PÞ, and
!ð3SÞ signals.

TABLE I. The yield, deviation of peak position from world
average value, and width ($) for signals reconstructed by using
Mmiss from the exclusive #þ#$!þ!$ selection. For mass
differences the first error is statistical, and the second one is
the error in the world average value [9].

Yield Mass, MeV=c2 $, MeV=c2

!ð1SÞ 1894& 61 $0:34& 0:23& 0:26 7:68& 0:21
!ð2SÞ 2322& 60 þ0:08& 0:22& 0:31 6:60& 0:20
!ð3SÞ 661þ39

$30 þ0:42þ0:56
$0:39 & 0:5 5:98þ0:62

$0:37
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Table II represent the sum in quadrature of all the contri-
butions listed in Table III. The signal for the !ð1DÞ is
marginal, and therefore systematic uncertainties on its
related measurements are not listed in the table. The sig-
nificances of the hbð1PÞ and hbð2PÞ signals, with system-
atic uncertainties accounted for, are 5:5! and 11:2!,
respectively.

The measured masses of hbð1PÞ and hbð2PÞ
are M ¼ ð9898:2þ1:1þ1:0

%1:0%1:1Þ MeV=c2 and M ¼ ð10259:8&
0:6þ1:4

%1:0Þ MeV=c2, respectively. Using the world average
masses of the "bJðnPÞ states, we determine the
hyperfine splittings to be "MHF ¼ ðþ1:7& 1:5Þ and
ðþ0:5þ1:6

%1:2Þ MeV=c2, respectively, where statistical and
systematic uncertainties are combined in quadrature.

We also measure the ratio of cross sections for eþe% !
!ð5SÞ ! hbðnPÞ#þ#% to that for eþe% ! !ð5SÞ !
!ð2SÞ#þ#%. To determine the reconstruction efficiency,
we use the results of resonant structure studies reported in
Ref. [12] that revealed the existence of two charged

bottomoniumlike states, Zbð10610Þ and Zbð10650Þ,
through which the #þ#% transitions we are studying pri-
marily proceed. These studies indicate that the Zb most
likely have JP ¼ 1þ, and therefore in our simulations the
#þ#% transitions are generated accordingly. To estimate
the systematic uncertainty in our reconstruction efficien-
cies, we use Monte Carlo samples generated with all
allowed quantum numbers with J ' 2.
We find that the reconstruction efficiency for the !ð2SÞ

is about 57% and that those for the hbð1PÞ and hbð2PÞ
relative to that for the !ð2SÞ are 0:913þ0:136

%0:010 and
0:824þ0:130

%0:013, respectively. The efficiency of the R2 < 0:3
requirement is estimated from data by measuring signal
yields with R2 > 0:3. For !ð2SÞ, hbð1PÞ, and hbð2PÞ
we find 0:863& 0:032, 0:723& 0:068, and 0:796&
0:043, respectively. From the yields and efficiencies

FIG. 3 (color online). The inclusive Mmiss spectrum with the combinatoric background and K0
S contribution subtracted (points with

errors) and signal component of the fit function overlaid (smooth curve). The vertical lines indicate boundaries of the fit regions.

TABLE II. The yield, mass, and statistical significance from
the fits to the Mmiss distributions. The statistical significance is
calculated from the difference in "2 between the best fit and the
fit with the signal yield fixed to zero.

Yield, 103 Mass, MeV=c2 Significance

!ð1SÞ 104:9& 5:8& 3:0 9459:4& 0:5& 1:0 18:1!
hbð1PÞ 50:0& 7:8þ4:5

%9:1 9898:2þ1:1þ1:0
%1:0%1:1 6:1!

3S ! 1S 55& 19 9973.01 2:9!
!ð2SÞ 143:7& 8:7& 6:8 10 022:2& 0:4& 1:0 17:1!
!ð1DÞ 22:4& 7:8 10 166:1& 2:6 2:4!
hbð2PÞ 83:9& 6:8þ23:

%10: 10 259:8& 0:6þ1:4
%1:0 12:3!

2S ! 1S 151:3& 9:7þ9:0
%20: 10 304:6& 0:6& 1:0 15:7!

!ð3SÞ 45:5& 5:2& 5:1 10 356:7& 0:9& 1:1 8:5!

TABLE III. Absolute systematic uncertainties in the yields and
masses from various sources.

Polynomial
order

Fit
range

Signal
shape

Selection
requirements

N½!ð1SÞ), 103 &1:4 &1:7 &2:0 * * *
N½hbð1PÞ), 103 &2:4 &3:6 þ1:2

%8:0 * * *
N½!ð2SÞ), 103 &3:4 &3:2 &5:0 * * *
N½hbð2PÞ), 103 &2:2 &2:6 þ23:

%9:0 * * *
N½2 ! 1), 103 &3:0 &8:0 þ0

%18 * * *
N½!ð3SÞ), 103 &1:0 &3:0 &4:0 * * *
M½!ð1SÞ), MeV=c2 &0:04 &0:06 &0:03 &0:18
M½hbð1PÞ), MeV=c2 &0:04 &0:10 þ0:04

%0:20
þ0:20
%0:30

M½!ð2SÞ), MeV=c2 &0:02 &0:08 &0:06 &0:03
M½hbð2PÞ), MeV=c2 &0:10 &0:20 þ1:0

%0:0 &0:08
M½2 ! 1), MeV=c2 &0:20 &0:10 &0:06 &0:10
M½!ð3SÞ), MeV=c2 &0:15 &0:24 &0:10 &0:20
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The bottomonium spectrum:

values ranging from 0.004 to 0.10 keV. These values are
somewhat smaller than those for the ϒð4SÞ, an issue to
which we return in Sec. VI C. Figures 6 and 7 show that the
situation is somewhat cleaner in the cases of the ϒð5SÞ and
ϒð6SÞ, with all extracted partial widths for both in a range
between roughly 0.04 and 0.07 keV.
Our extracted values for both the ϒð5SÞ and ϒð6SÞ

electronic widths are substantially smaller than the values
reported in the RPP, which are 0.31# 0.07 and
0.13# 0.03 keV, respectively. The original measurements
of the inclusive eþe− cross sections and their subsequent
parametrization [1,2], which are the basis for the RPP
values, were based on very little data and unconstrained
models. In Ref. [1], for example, the inclusive eþe− cross
section was modeled using a sum of Gaussian distributions,
with a single Gaussian distribution covering the entire
ϒð5SÞ region. Our model is more fine grained and better
constrained by the addition of more experimental data.
These circumstances, and the proximity of the recently
discovered ϒð10750Þ, drive the large deviations from the
RPP values. The implications of this deviation will be
explored in Sec. VI C.
Branching ratios for hadronic two- and three-body

channels are also displayed in Figs. 4–7 and are summa-
rized and compared to expectations in Tables VI–IX. Once
again, the model variants permit moderately large variation

0 0.2 0.4 0.6 0.8 1
  (keV)-e+e

0 0.2 0.4 0.6 0.8 1

Br

0 0.0002 0.0004 0.0006 0.0008 0.001

FIG. 4. Branching fractions and electronic width of the ϒð4SÞ.
Red markers correspond to the quasi-two-body models, yellow
markers to the three-body models with resonant couplings, and
blue markers to the three-body models with nonresonant cou-
plings. Markers in the same color follow the order β ¼ 1.0
(circles), β ¼ 1.2 (squares), β ¼ 0.8 (triangles). Black stars
correspond to the RPP estimate.

0 0.04 0.08 0.12 0.16 0.2
  (keV)-e+eΓ

0 0.2 0.4 0.6 0.8 1

Br

0 0.02 0.04 0.06 0.08 0.1

FIG. 5. Branching fractions and electronic width of the
ϒð10750Þ; color code is the same as in Fig. 4.
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FIG. 3. Bootstrap pole positions for five different models
indicated by different colors and markers. Gray points with
the same marker indicate ghost poles with sizable residues in that
model. The black stars represent the RPP estimate using a Breit-
Wigner parametrization.
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We perform the first global and unitary analysis of eþe− → bb̄ cross sections. We analyze exclusive
cross sections in the BB̄, B"B̄ðþc:c:Þ, B"B̄", B"

s B̄"
s , ϒðnSÞπþπ−, and hbðnPÞπþπ− channels as well as the

total inclusive cross section for bb̄ production. Pole positions and residues are determined for four vector
states, which we associate with theϒð4SÞ,ϒð10750Þ,ϒð5SÞ [orϒð10860Þ], andϒð6SÞ [orϒð11020Þ]. We
find strong evidence for the new ϒð10750Þ recently claimed by Belle, although with parameters not well
constrained by the data. Results presented here cast doubt on the validity of branching ratios reported earlier
using Breit-Wigner parametrizations or ratios of cross sections. We also compare our results with a
selection of theoretical calculations for the vector-bottomonium spectrum.
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I. INTRODUCTION

The spectrum of vector- (JPC ¼ 1−−) bottomonium
states above BB̄ threshold has been the source of a series
of surprises and unresolved issues. The initial exploration
of this region using inclusive eþe− annihilation to hadrons
[1,2] showed evidence for the production of two states with
masses heavier than the ϒð4SÞ, consistent with potential
model expectations for the ϒð5SÞ and ϒð6SÞ. More recent
measurements of the same process [3–5] have revealed
more complex structure. While the putative ϒð5SÞ and
ϒð6SÞ states [also called the ϒð10860Þ and ϒð11020Þ,
respectively] still appear as prominent peaks in the inclu-
sive cross section, the effects due to coupled-channel
scattering and the opening of a variety of open-bottom
thresholds (e.g., B"B̄, B"B̄", BsB̄s, B"

sB̄s, B"
sB̄"

s) are now
more apparent and complicate the observed spectrum.
Extracting vector-bottomonium masses, total widths, and
partial eþe− widths from these spectra has posed serious
challenges. While fits to the inclusive eþe− spectrum using
a coherent sum of Breit-Wigner amplitudes are possible [5],
the fits violate unitarity and the results are expected to be
unreliable.
Recent measurements of the energy dependence of

exclusive eþe− → Bð"ÞB̄ð"Þ cross sections [6] confirm the
importance of coupled-channel scattering. Rather than
showing distinct peaks for the ϒð5SÞ and ϒð6SÞ, the cross

sections are marked by dramatic peaks and valleys at
various open-bottom thresholds. These nontrivial features
in the open-bottom cross sections undermine older mea-
surements of the ϒð5SÞ and ϒð6SÞ branching fractions,
such as those currently listed in the Particle Data Group’s
Review of Particle Properties (RPP) [7]. Previous branch-
ing fractions of the ϒð5SÞ to open-bottom final states, for
example, were estimated by first measuring the cross
section of eþe− to a given open-bottom final state at an
energy near the presumed mass of the ϒð5SÞ and then
dividing by the inclusive bb̄ cross section at the same
energy [8–10]. This ratio of cross sections would approxi-
mate an ϒð5SÞ branching fraction only if the ϒð5SÞ were
produced in isolation, an assumption we now know to
be false.
Besides strong coupled-channel effects in the open-

bottom final states, anomalously large cross sections for
eþe− to closed-bottom channels, such as ππϒðnSÞ (n ¼ 1,
2, 3) and ππhbðnPÞ (n ¼ 1, 2), have been observed
[11–15]. Their production rates were later found to be
enhanced by the presence of the exotic isovector-bottomo-
niumlike states, the Zbð10610Þ and Zbð10650Þ (also called
the Zb and Z0

b), which decay to πϒðnSÞ and πhbðnPÞ
[16,17]. In contrast to the complications in the open-bottom
channels, theϒð5SÞ andϒð6SÞ appear to be well isolated in
the closed-bottom channels, which allows for a more
reliable extraction of their mass and width [15]. These
relatively well-behaved cross sections also provide evi-
dence for an additional state, the ϒð10750Þ [15], which
may be the ϒð3DÞ bottomonium state.
With the recent publication of inclusive eþe− cross

sections [5] and exclusive eþe− cross sections to open-
bottom [6] and closed-bottom [15] final states, we are now
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s , ϒðnSÞπþπ−, and hbðnPÞπþπ− channels as well as the

total inclusive cross section for bb̄ production. Pole positions and residues are determined for four vector
states, which we associate with theϒð4SÞ,ϒð10750Þ,ϒð5SÞ [orϒð10860Þ], andϒð6SÞ [orϒð11020Þ]. We
find strong evidence for the new ϒð10750Þ recently claimed by Belle, although with parameters not well
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energy [8–10]. This ratio of cross sections would approxi-
mate an ϒð5SÞ branching fraction only if the ϒð5SÞ were
produced in isolation, an assumption we now know to
be false.
Besides strong coupled-channel effects in the open-

bottom final states, anomalously large cross sections for
eþe− to closed-bottom channels, such as ππϒðnSÞ (n ¼ 1,
2, 3) and ππhbðnPÞ (n ¼ 1, 2), have been observed
[11–15]. Their production rates were later found to be
enhanced by the presence of the exotic isovector-bottomo-
niumlike states, the Zbð10610Þ and Zbð10650Þ (also called
the Zb and Z0

b), which decay to πϒðnSÞ and πhbðnPÞ
[16,17]. In contrast to the complications in the open-bottom
channels, theϒð5SÞ andϒð6SÞ appear to be well isolated in
the closed-bottom channels, which allows for a more
reliable extraction of their mass and width [15]. These
relatively well-behaved cross sections also provide evi-
dence for an additional state, the ϒð10750Þ [15], which
may be the ϒð3DÞ bottomonium state.
With the recent publication of inclusive eþe− cross
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Those T-matrix poles that correspond to poles of the
K-matrix are displayed in color in Fig. 3. Each point
represents a pole from a fit to the bootstrap pseudo data for
different model choices. Poles that we identify as spurious,
but which nevertheless have sizable residues, are shown in
gray. The RPP estimates of mass and width (corresponding
to points M − iΓ=2) are also shown as stars with
error bars.
All models and bootstrap variations agree quite well for

the ϒð5SÞ and ϒð6SÞ pole positions, with the ϒð5SÞ
agreeing with the RPP estimate, while our fits obtain a
total width for theϒð6SÞ that is approximately twice that of
the RPP. In contrast, the situation for ϒð4SÞ and ϒð10750Þ
is less clear.
Turning attention to the ϒð4SÞ, we see that most pole

positions cluster near the nominal RPP value, although 10–
20 MeV higher in mass. There is, however, a region of the
β ¼ 1.0 GeV, three-body nonresonant model poles that lies
near ℑð

ffiffiffi
s

p
Þ ¼ −0.03 GeV. The number of data points is

sufficiently sparse (and the model is sufficiently general)
that perhaps a variety of nearly degenerate minima of the
objective function exist. In this case, the secondary group of
poles appear to be associated with BB̄ threshold. We note
that the secondary group of poles has substantial overlap
with a group of ghost poles (indicated in gray). These
points tend to move toward the BB̄ threshold upon
rescaling the couplings—indicative of their spurious
nature—and hint that the three-body nonresonant secon-
dary group of bootstrap poles should not be considered as
viable bottomonium resonance candidates.
For theϒð10750Þ, the main accumulation of poles seems

to agree with the RPP value. However, other solutions
cannot be ruled out. The high model dependence found in
these fits yielding poles with a large range of masses and
widths reflects the lack of data in the energy region around
10.7 GeV. Some models contained ghost poles in this
region that move toward the thresholds of either the dummy
or the B$

sB$
s channel as the couplings are decreased. New
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FIG. 1. Fit result for the quasi-two-body model with β ¼ 1.0 GeV. Black points are data, the red line is the fit result, and the red and
green shaded areas are the central 68% and 90% C.L. regions. The order of the channels is (a) BB̄, (b) B$B̄, (c) B$B̄$, (d) the dummy
channel (“BsB̄s”), (e) B$

sB̄$
s , (f) ϒð1SÞππ, (g) ϒð2SÞππ, (h) ϒð3SÞππ, (i) hbð1PÞππ, (j) hbð2PÞππ, (k) σbb̄ in the ϒð4SÞ region, and

(l) σbb̄ above the ϒð4SÞ region. The gray dashed lines in (k) and (l) indicate thresholds for B$B̄, B$B̄$, BsB̄s, and B$
sB̄$

s , respectively.
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the χ2 test for data with enough statistics and is applicable
for multidimensional fits with a small data sample. From
this analysis, we find that the nominal model and the data
are consistent at 27%, 61%, and 34% confidence levels for

the ϒð1SÞπþπ−, ϒð2SÞπþπ−, and ϒð3SÞπþπ− final states,
respectively.
As an alternative approach, we calculate χ2 values for

one-dimensional projections shown in Fig. 4, combining
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FIG. 4. Comparison of fit results with the nominal model with JP ¼ 1þ assigned to both Zb states (solid open histogram) and the data
(points with error bars) for events in the (a),(d)ϒð1SÞπþπ−, (b),(e)ϒð2SÞπþπ−, and (c),(f)ϒð3SÞπþπ− signal region. The dashed histogram
shows results of the fit with a JP ¼ 2þ assignment for the Zb states. Hatched histograms show the estimated background components.
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FIG. 5. A detailed comparison of fit results with the nominal model (open histogram) with the data (points with error bars) for events in
the ϒð1SÞπþπ− signal region. Hatched histograms show the estimated background components. Panels (a)–(c) show Mðϒð1SÞπÞmax
projections in different M2ðπþπ−Þ regions. Panels (d)–(f) show Mðπþπ−Þ projections in different M2ðϒð1SÞπÞmax regions.
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Recently, the LHCb Collaboration discovered the first doubly charmed baryon Ξþþ
cc ¼ ccu at

3621.40# 0.78 MeV, very close to our theoretical prediction. We use the same methods to predict a
doubly bottom tetraquarkTðbbūd̄Þwith JP ¼ 1þ at 10 389# 12 MeV, 215MeVbelow theB−B̄&0 threshold
and 170 MeV below the threshold for decay to B−B̄0γ. The Tðbbūd̄Þ is therefore stable under strong and
electromagnetic interactions and can only decay weakly, the first exotic hadron with such a property. On the
other hand, the mass of Tðccūd̄Þwith JP ¼ 1þ is predicted to be 3882# 12 MeV, 7MeVabove theD0D&þ

threshold and 148MeVabove theD0Dþγ threshold.Tðbcūd̄Þwith JP ¼ 0þ is predicted at 7134# 13 MeV,
11 MeV below the B̄0D0 threshold. Our precision is not sufficient to determine whether bcūd̄ is actually
above or below the threshold. It could manifest itself as a narrow resonance just at threshold.
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Introduction.—The question whether QQq̄q̄ tetraquarks
with two heavy quarks Q and two light antiquarks q̄ are
stable or unstable against decay into two Qq̄ mesons has a
long history. It has been largely undecided, mainly due to a
lack of experimental information about the strength of the
interaction between two heavy quarks.
The very recent discovery of the doubly charmed baryon

Ξcc by the LHCb Collaboration at CERN has now provided
the crucial experimental input which allows this issue to be
finally resolved.
LHCb has observed the doubly charmed baryon Ξþþ

cc ¼
ccu with a mass of 3621.40# 0.78 MeV [1]. This value is
consistent with several predictions, including our value of
3627# 12 MeV [2,3]. (A Ξþ

cc candidate observed previ-
ously by the SELEX Collaboration at Fermilab [4] has not
been confirmed by other experiments and has a mass about
100 MeV lighter, outside the range of our prediction.)
Here we use similar methods to those in Ref. [2] and

earlier works [5] to predict the mass of the ground-state
bbūd̄ tetraquark with spin-parity JP ¼ 1þ, M½Tðbbūd̄Þ( ¼
10 389# 12 MeV.We stress that our work is the first to use
the assumption, validated by our successful prediction of the
Ξcc mass, that the binding energy of two heavy quarksQ in a
color-antitripletQQ state is half that ofQQ̄ in a color singlet.
Angular momentum and parity conservation in strong

and electromagnetic (EM) interactions forbid a state with
JP ¼ 1þ from decaying strongly or electromagnetically
into two pseudoscalars in any partial wave. Therefore,
bbūd̄ with JP ¼ 1þ cannot decay into BB. The lowest-
mass hadronic channel allowed by angular momentum and
parity is BB&, most favorably in S wave. This channel is,
however, kinematically closed, because the Tðbbūd̄Þ mass
is 215 MeV below BB& threshold at 10 604 MeV.
M½Tðbbūd̄Þ( is also 170 MeV below 2mB, the relevant
threshold for EM decay to B−B̄0γ.

The B mesons are the lightest states that carry open
bottom, so the bbūd̄ tetraquark cannot decay through
strong or EM interactions which conserve heavy flavor.
It can only decay weakly, when one of the b quarks decays
into a c quark and a virtualW−. A typical decay is therefore
ðbbūd̄Þ → B̄Dπ−ðρ−Þ, etc.
Themain challenge in the prediction of theTðbbūd̄Þmass

is the estimate of binding energy between the two b quarks
[6–8]. Table IX of Ref. [8] provides a compilation of earlier
mass estimates of various QQq̄q̄ tetraquarks. In Ref. [2]
we estimated the binding energy between two heavy quarks
Q by assuming that QQ binding is one half of the Q̄Q
binding which can be obtained from quarkonia. When
applied to the ccu baryon Ξcc this led to the prediction
MðΞccÞ ¼ 3627# 12 MeV, very close to the experimen-
tally measured ccu mass of 3621.40# 0.78 MeV.
The above relation between quark-quark and quark-

antiquark binding is exact in the one-gluon-exchange
weak-coupling limit. Its successful extension beyond
weak coupling implies that the heavy quark potential
factorizes into a color-dependent and a space-dependent
part, with the space-dependent part being the same for QQ
and Q̄Q. The relative factor 1=2 is then automatic, just
as in the weak-coupling limit, resulting from the color
algebra.
Calculation of the bbūd̄ mass.—In the present Letter

we build on the accuracy of the Ξcc mass prediction and
assume the same relation is true for bb binding energy in a
bbūd̄ tetraquark. In order to obtain a state with the lowest
possible mass, we further assume that all four quarks are in
a relative S wave and that the ū and d̄ light antiquarks bind
into a color-triplet “good” antidiquark with spin and isospin
zero. The bb diquark must then be a color antitriplet and
Fermi statistics dictates it has spin 1. The total spin and
parity are then JP ¼ 1þ.
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The upshot is that we are considering a configuration
very similar to a heavy-light meson Q̄q, where instead
of the heavy antiquark we have a doubly heavy color-
antitriplet diquark and instead of the quark we have a light
color-triplet antidiquark. The rest of the calculation is
straightforward and proceeds in a way entirely analogous
to Ref. [2].
The contributions to the mass of the lightest tetraquark

Tðbbūd̄Þ with two bottom quarks and JP ¼ 1þ are listed in
Table I. The notation and the numerical values of all the
parameters are the same as in Tables VI and IX of Ref. [2].
In particular, the subscripts on masses m denote flavor,
while the superscripts b indicate that these are effective
masses in baryons.
The central value of the resulting mass 10 389 MeV%

12 is 215 MeV below the BB& threshold at 10 604 MeV,
and 170 MeV below the B−B̄0γ threshold at 10 559 MeV.
ccūd̄ and bcūd̄ masses.—The calculation of the masses

of the lightest ccūd̄ and tetraquark masses proceeds
analogously to bbūd̄. In Tables II and III we provide the
corresponding contributions to the ccūd̄ and bcūd̄ masses.
The mass of ccūd̄ turns out to be 3882% 12 MeV, with

the central value only 7 MeV above the D0D&þ threshold
at 3875 MeV and 148 MeV above the D0Dþγ threshold.
Moreover, as the central value of our prediction ofMðΞþþ

cc Þ
is 6 MeV above the observed central value, if we were to
increase the cc binding energy by 6 MeV to force agree-
ment between prediction and observation, the mass ccūd̄
would be lowered to 3876 MeV, only 1 MeV above the
D0D&þ threshold. As MðD0Þ þMðD&þÞ ¼ 3875.09%
0.07 MeV while MðDþÞ þMðD&0Þ is 1.35% 0.12 MeV

higher at 3876.44% 0.10 MeV [9], there may be some
interesting violations of isospin in the hadronic decays of
such a state, in analogy with isospin violations in decays of
Xð3872Þ [10].
Unlike bbūd̄ and ccūd̄, the lowest mass bcūd̄ tetraquark

has JP ¼ 0þ, because the minimal energy bc diquark has
spin zero. The bcūd̄ mass is 7133.7% 13 MeV, with the
central value about 11 MeV below the B̄0D0 threshold at
7144.5 MeV.
The precision of our calculation is not sufficient to

determine whether the bcūd̄ tetraquark is actually above
or below the corresponding two-meson threshold. It could
manifest itself as a narrow resonance just at threshold.
Figure 1 shows the distance in MeV between the masses

of the ccūd̄, bcūd̄, and bbūd̄ tetraquarks and the corre-
sponding thresholds, D0Dþγ, B̄0D0, and B̄0B−γ, respec-
tively, plotted against the reduced mass of the doubly heavy
diquark.
The main reason bbūd̄ is deeply bound, while ccūd̄ is

above threshold and bcūd̄ is borderline below threshold,
is the big jump in the QQ binding energy as the heavy
quarks’ mass increases: 129 MeV for cc vs 281 MeV for
bb. This increase in the binding energy can be understood

TABLE I. Contributions to the mass of the lightest tetraquark
Tðbbūd̄Þ with two bottom quarks and JP ¼ 1þ.

Contribution Value (MeV)

2mb
b 10087.0

2mb
q 726.0

abb=ðmb
bÞ2 7.8

−3a=ðmb
qÞ2 −150.0

bb binding −281.4
Total 10389.4% 12

TABLE II. Contributions to the mass of the lightest tetraquark
Tðccūd̄Þ with two charmed quarks and JP ¼ 1þ.

Contribution Value (MeV)

2mb
c 3421.0

2mb
q 726.0

acc=ðmb
cÞ2 14.2

−3a=ðmb
qÞ2 −150.0

cc binding −129.0
Total 3882.2% 12

TABLE III. Contributions to the mass of the lightest tetraquark
Tðbcūd̄Þ with one bottom and one charmed quark and JP ¼ 0þ.

Contribution Value (MeV)

mb
b þmb

c 6754.0
2mb

q 726.0
−3abc=ðmb

bm
b
cÞ −25.5

−3a=ðmb
qÞ2 −150.0

bc binding −170.8
Total 7133.7% 13

FIG. 1. Distance in MeV of the ccūd̄, bcūd̄, and bbūd̄
tetraquark masses from the corresponding thresholds D0Dþγ,
B̄0D0, and B̄0B−γ, plotted against the reduced masses of the
doubly heavy diquarks μREDðQQ0Þ, Q,Q0 ¼ c, b.

PRL 119, 202001 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

17 NOVEMBER 2017

202001-2

27

c

c
u

 baryon:Ξ++
cc “ ” tetraquark (meson):T+

cc

c ū
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c d̄

“ ” tetraquark (meson):T−
bb

b ū
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Introduction.—The question whether QQq̄q̄ tetraquarks
with two heavy quarks Q and two light antiquarks q̄ are
stable or unstable against decay into two Qq̄ mesons has a
long history. It has been largely undecided, mainly due to a
lack of experimental information about the strength of the
interaction between two heavy quarks.
The very recent discovery of the doubly charmed baryon

Ξcc by the LHCb Collaboration at CERN has now provided
the crucial experimental input which allows this issue to be
finally resolved.
LHCb has observed the doubly charmed baryon Ξþþ

cc ¼
ccu with a mass of 3621.40# 0.78 MeV [1]. This value is
consistent with several predictions, including our value of
3627# 12 MeV [2,3]. (A Ξþ

cc candidate observed previ-
ously by the SELEX Collaboration at Fermilab [4] has not
been confirmed by other experiments and has a mass about
100 MeV lighter, outside the range of our prediction.)
Here we use similar methods to those in Ref. [2] and

earlier works [5] to predict the mass of the ground-state
bbūd̄ tetraquark with spin-parity JP ¼ 1þ, M½Tðbbūd̄Þ( ¼
10 389# 12 MeV.We stress that our work is the first to use
the assumption, validated by our successful prediction of the
Ξcc mass, that the binding energy of two heavy quarksQ in a
color-antitripletQQ state is half that ofQQ̄ in a color singlet.
Angular momentum and parity conservation in strong

and electromagnetic (EM) interactions forbid a state with
JP ¼ 1þ from decaying strongly or electromagnetically
into two pseudoscalars in any partial wave. Therefore,
bbūd̄ with JP ¼ 1þ cannot decay into BB. The lowest-
mass hadronic channel allowed by angular momentum and
parity is BB&, most favorably in S wave. This channel is,
however, kinematically closed, because the Tðbbūd̄Þ mass
is 215 MeV below BB& threshold at 10 604 MeV.
M½Tðbbūd̄Þ( is also 170 MeV below 2mB, the relevant
threshold for EM decay to B−B̄0γ.

The B mesons are the lightest states that carry open
bottom, so the bbūd̄ tetraquark cannot decay through
strong or EM interactions which conserve heavy flavor.
It can only decay weakly, when one of the b quarks decays
into a c quark and a virtualW−. A typical decay is therefore
ðbbūd̄Þ → B̄Dπ−ðρ−Þ, etc.
Themain challenge in the prediction of theTðbbūd̄Þmass

is the estimate of binding energy between the two b quarks
[6–8]. Table IX of Ref. [8] provides a compilation of earlier
mass estimates of various QQq̄q̄ tetraquarks. In Ref. [2]
we estimated the binding energy between two heavy quarks
Q by assuming that QQ binding is one half of the Q̄Q
binding which can be obtained from quarkonia. When
applied to the ccu baryon Ξcc this led to the prediction
MðΞccÞ ¼ 3627# 12 MeV, very close to the experimen-
tally measured ccu mass of 3621.40# 0.78 MeV.
The above relation between quark-quark and quark-

antiquark binding is exact in the one-gluon-exchange
weak-coupling limit. Its successful extension beyond
weak coupling implies that the heavy quark potential
factorizes into a color-dependent and a space-dependent
part, with the space-dependent part being the same for QQ
and Q̄Q. The relative factor 1=2 is then automatic, just
as in the weak-coupling limit, resulting from the color
algebra.
Calculation of the bbūd̄ mass.—In the present Letter

we build on the accuracy of the Ξcc mass prediction and
assume the same relation is true for bb binding energy in a
bbūd̄ tetraquark. In order to obtain a state with the lowest
possible mass, we further assume that all four quarks are in
a relative S wave and that the ū and d̄ light antiquarks bind
into a color-triplet “good” antidiquark with spin and isospin
zero. The bb diquark must then be a color antitriplet and
Fermi statistics dictates it has spin 1. The total spin and
parity are then JP ¼ 1þ.
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The upshot is that we are considering a configuration
very similar to a heavy-light meson Q̄q, where instead
of the heavy antiquark we have a doubly heavy color-
antitriplet diquark and instead of the quark we have a light
color-triplet antidiquark. The rest of the calculation is
straightforward and proceeds in a way entirely analogous
to Ref. [2].
The contributions to the mass of the lightest tetraquark

Tðbbūd̄Þ with two bottom quarks and JP ¼ 1þ are listed in
Table I. The notation and the numerical values of all the
parameters are the same as in Tables VI and IX of Ref. [2].
In particular, the subscripts on masses m denote flavor,
while the superscripts b indicate that these are effective
masses in baryons.
The central value of the resulting mass 10 389 MeV%

12 is 215 MeV below the BB& threshold at 10 604 MeV,
and 170 MeV below the B−B̄0γ threshold at 10 559 MeV.
ccūd̄ and bcūd̄ masses.—The calculation of the masses

of the lightest ccūd̄ and tetraquark masses proceeds
analogously to bbūd̄. In Tables II and III we provide the
corresponding contributions to the ccūd̄ and bcūd̄ masses.
The mass of ccūd̄ turns out to be 3882% 12 MeV, with

the central value only 7 MeV above the D0D&þ threshold
at 3875 MeV and 148 MeV above the D0Dþγ threshold.
Moreover, as the central value of our prediction ofMðΞþþ

cc Þ
is 6 MeV above the observed central value, if we were to
increase the cc binding energy by 6 MeV to force agree-
ment between prediction and observation, the mass ccūd̄
would be lowered to 3876 MeV, only 1 MeV above the
D0D&þ threshold. As MðD0Þ þMðD&þÞ ¼ 3875.09%
0.07 MeV while MðDþÞ þMðD&0Þ is 1.35% 0.12 MeV

higher at 3876.44% 0.10 MeV [9], there may be some
interesting violations of isospin in the hadronic decays of
such a state, in analogy with isospin violations in decays of
Xð3872Þ [10].
Unlike bbūd̄ and ccūd̄, the lowest mass bcūd̄ tetraquark

has JP ¼ 0þ, because the minimal energy bc diquark has
spin zero. The bcūd̄ mass is 7133.7% 13 MeV, with the
central value about 11 MeV below the B̄0D0 threshold at
7144.5 MeV.
The precision of our calculation is not sufficient to

determine whether the bcūd̄ tetraquark is actually above
or below the corresponding two-meson threshold. It could
manifest itself as a narrow resonance just at threshold.
Figure 1 shows the distance in MeV between the masses

of the ccūd̄, bcūd̄, and bbūd̄ tetraquarks and the corre-
sponding thresholds, D0Dþγ, B̄0D0, and B̄0B−γ, respec-
tively, plotted against the reduced mass of the doubly heavy
diquark.
The main reason bbūd̄ is deeply bound, while ccūd̄ is

above threshold and bcūd̄ is borderline below threshold,
is the big jump in the QQ binding energy as the heavy
quarks’ mass increases: 129 MeV for cc vs 281 MeV for
bb. This increase in the binding energy can be understood

TABLE I. Contributions to the mass of the lightest tetraquark
Tðbbūd̄Þ with two bottom quarks and JP ¼ 1þ.

Contribution Value (MeV)

2mb
b 10087.0

2mb
q 726.0

abb=ðmb
bÞ2 7.8

−3a=ðmb
qÞ2 −150.0

bb binding −281.4
Total 10389.4% 12

TABLE II. Contributions to the mass of the lightest tetraquark
Tðccūd̄Þ with two charmed quarks and JP ¼ 1þ.

Contribution Value (MeV)

2mb
c 3421.0

2mb
q 726.0

acc=ðmb
cÞ2 14.2

−3a=ðmb
qÞ2 −150.0

cc binding −129.0
Total 3882.2% 12

TABLE III. Contributions to the mass of the lightest tetraquark
Tðbcūd̄Þ with one bottom and one charmed quark and JP ¼ 0þ.

Contribution Value (MeV)

mb
b þmb

c 6754.0
2mb

q 726.0
−3abc=ðmb

bm
b
cÞ −25.5

−3a=ðmb
qÞ2 −150.0

bc binding −170.8
Total 7133.7% 13

FIG. 1. Distance in MeV of the ccūd̄, bcūd̄, and bbūd̄
tetraquark masses from the corresponding thresholds D0Dþγ,
B̄0D0, and B̄0B−γ, plotted against the reduced masses of the
doubly heavy diquarks μREDðQQ0Þ, Q,Q0 ¼ c, b.
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because the changes in the kinetic energy when increasing
the back-to-back momenta are suppressed by the heavy-
meson masses. For example, on a lattice with L ¼ 6 fm, the
energy difference between the threshold and next scattering
state is only around 8 MeV. In the context of two-nucleon
systems, it has been argued that the dense spectrum can
lead to “fake plateaus” at short time separations in the
effective energies from ratios of correlation functions [91];
see Ref. [92] for a critical discussion of this issue.
Even though our work has improved upon previous

studies of the b̄b̄ud system by including nonlocal meson-
meson scattering operators at the sink, our fits still require
rather large time separations, leading to large statistical
uncertainties. As demonstrated for the case of the H
dibaryon in Ref. [68], the results can be vastly improved
by including nonlocal operators at both source and sink, and
by including additional back-to-back momenta to map out a
larger region of the spectrum. This requires more advanced
techniques [67,93] for constructing the correlation functions.
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FIG. 8. Comparison of results for the binding energy of the b̄ b̄ ud tetraquark with IðJPÞ ¼ 0ð1þÞ (black: this work, using lattice
NRQCD; blue: previous work using lattice NRQCD [40,41]; red: lattice QCD computations of static b̄ b̄ potentials and solving the
Schrödinger equation [34,35,37]; green: quark models, effective field theories, and QCD sum rules [9,11,16–26,28–30].
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I. INTRODUCTION

Mesons, i.e., hadrons with integer spin, were first envi-
sioned by Gell-Mann and Zweig [1,2] to be built from one,
two or more quark-antiquark pairs. However, systems that
manifestly contain more than a single quark-antiquark pair
were found only relatively recently, primarily in the heavy-
quark sector [3–8]. Exotic mesons can be characterized as
having JPC quantum numbers that cannot be constructed in
the simple quark-antiquark model, or as having a manifestly
exotic quark flavor content. In this work, we consider an
example for the latter, a b̄b̄ud tetraquark.1

It can be shown that QCD-stable Q̄Q̄qq tetraquarks must
exist in the limit mQ → ∞ [9–11]. In this limit, the two
heavy antiquarks form a color-triplet object with a size of
order ðαsmQÞ−1 and a binding energy of order α2smQ due to

the attractive Coulomb potential at short distances. The
doubly-heavy Q̄Q̄qq tetraquarks then become related to
singly-heavy Qqq baryons, just like doubly-heavy Q̄Q̄q̄
baryons become related to singly-heavy Qq̄ mesons
[12–15]. The question is whether the physical bottom
quark is heavy enough for b̄b̄qq bound states to exist
below the b̄q − b̄q two-meson thresholds. Studies based on
potential models, effective field theories, and QCD sum
rules suggest that this is indeed the case [9–11,16–30].
Possible experimental search strategies for bottomness-2
tetraquarks are discussed in Refs. [31–33].
Within lattice QCD, b̄b̄qq four-quark systems were

explored for the first time using static b̄ quarks and the
Born-Oppenheimer approximation. A stable b̄b̄ud tetra-
quark with quantum numbers IðJPÞ ¼ 0ð1þÞ around
30…90 MeV below the BB& threshold as well as a
b̄b̄ud tetraquark resonance with quantum numbers IðJPÞ ¼
0ð1−Þ around 15 MeV above the BB threshold were
predicted [34–38]. Effects from the heavy-quark spin
were investigated for the stable IðJPÞ ¼ 0ð1þÞ tetraquark
by solving a coupled-channel Schrödinger equation in
Ref. [37]. Moreover, several flavor combinations were
explored and no stable b̄b̄qq tetraquarks with qq ¼ ss
and qq ¼ cc were found in this approach [39]. Recently,
the same b̄b̄qq four-quark systems have been investigated
with b̄ quarks of finite mass treated within nonrelativistic
QCD (NRQCD). A stable b̄b̄ud tetraquark with quantum
numbers IðJPÞ ¼ 0ð1þÞ was also seen in two such

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
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the author(s) and the published article’s title, journal citation,
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1In the literature, the term “tetraquark” is somewhat ambigu-
ous. In certain papers it exclusively refers to a diquark-anti-
diquark structure, while in other papers it is used more generally
for arbitrary bound states and resonances with a strong four-quark
component, including, e.g., mesonic molecules. Throughout this
paper we follow the latter convention. Moreover, the b̄b̄ud
system is a tetraquark in a fully rigorous sense, since it contains
four net quark flavors.
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“All science is either physics or stamp collecting.”  — Ernest Rutherford (apocryphal)

Despite Rutherford’s quote:

(1)  The diversity of mesons is beautiful and can be appreciated in 
its own right.

(2)  The collection of mesons provides countless opportunities to 
hone in on specific fundamental questions.

(3)  The patterns of mesons inform our understanding of how 
quarks and gluons interact within hadrons.
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Figure 2: Decay-time distribution of the signal decays. Distribution of the (left) decay
time of the B0

s ! D�
s ⇡

+ signal decays and (right) decay-time asymmetry between mixed and
unmixed signal decays. The vertical bars correspond to the statistical uncertainty on the number
of observed candidates in each bin. The horizontal bars represent the bin width. In the left plot,
the horizontal bin width is indicated on the vertical axis legend. The three components, unmixed,
mixed and untagged, are shown in blue, red and gray, respectively. The insert corresponds to a
zoom of the region delineated in grey. The fit described in the text is overlaid.

momentum scale of the detector, obtained by comparing the reconstructed masses of known
particles with the most accurate available values [37]; residual detector misalignment and
length scale uncertainties; and uncertainties due to the choice of mass and decay-time
fit models, determined using alternate parametrisations and pseudoexperiments. To
verify the robustness of the measurement to variations in �ms as a function of the decay
kinematics, the data sample is split into mutually disjoint subsamples, each having the
same statistical significance, in relevant kinematic quantities, such as the B0

s momentum,
and the �ms values obtained from each subsample are compared. The largest observed
variation is included as a systematic uncertainty. The total systematic uncertainty is
0.0032 ps�1, with the leading contribution due to residual detector misalignment and
detector length scale uncertainties.

The value of the B0

s–B
0

s oscillation frequency determined in this article:

�ms = 17.7683± 0.0051 (stat)± 0.0032 (syst) ps�1

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [9, 12]. Reference [9] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [12] uses a sample of B0

s ! D�
s ⇡

+⇡+⇡� decays selected
from the combined 2011–2018 data set, corresponding to 9 fb�1. The measurements are
statistically independent. The systematic uncertainties related to the momentum scale,
length scale and residual detector misalignment are assumed to be fully correlated. Due
to aging of the detector and di↵erent alignment procedures used in Run 1 and Run 2,
the e↵ect of residual detector misalignment is larger in measurements using Run 2 data.
Given the precision of the measurement described in this paper, a detailed study of the
detector misalignment e↵ects is performed and the related uncertainty due to the decay
time bias has been reduced significantly compared to previous measurements using the
Run 2 data. The values of the fixed parameters ��s and �s used as inputs to the previous
analyses have evolved over time as additional measurements have been made. However as

5

pp → B0
s /B̄0

s + hadrons
LHCb, Nature Phys. 18, 1 (2022)
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ūc
  (D meson)D0

M ≈ 1865 MeV
JP = 0−

b̄d
  (B meson)B0

M ≈ 5280 MeV
JP = 0−

c̄c

d̄ u
Zc(3900)+

M ≈ 3900 MeV
JP = 1+

b̄b̄

du
double-bottom

tetraquark
M ≈ 10400 MeV

JP = 1+

10

d̄u
  (pion)π+

M ≈ 140 MeV
JP = 0−

s̄u
  (kaon)K+

M ≈ 494 MeV
JP = 0−

c̄c
  (charmonium)J/ψ

M ≈ 3097 MeV
JPC = 1−−

b̄b
  (bottomonium)Υ(1S)

M ≈ 9460 MeV
JPC = 1−−

d̄c
  (D meson)D+

M ≈ 1870 MeV
JP = 0−

b̄u
  (B meson)B+

M ≈ 5279 MeV
JP = 0−

c̄c

d̄ u
Zc(3900)+

M ≈ 3900 MeV
JP = 1+

b̄b̄

du
double-bottom

tetraquark
M ≈ 10400 MeV

JP = 1+

10

d̄u
  (pion)π+

M ≈ 140 MeV
JP = 0−

s̄u
  (kaon)K+

M ≈ 494 MeV
JP = 0−

c̄c
  (charmonium)J/ψ

M ≈ 3097 MeV
JPC = 1−−

b̄b
  (bottomonium)Υ(1S)

M ≈ 9460 MeV
JPC = 1−−

d̄c
  (D meson)D+

M ≈ 1870 MeV
JP = 0−

b̄u
  (B meson)B+

M ≈ 5279 MeV
JP = 0−

c̄c

d̄ u
Zc(3900)+

M ≈ 3900 MeV
JP = 1+

b̄b̄

du
double-bottom

tetraquark
M ≈ 10400 MeV

JP = 1+

10

d̄u
  (pion)π+

M ≈ 140 MeV
JP = 0−

s̄u
  (kaon)K+

M ≈ 494 MeV
JP = 0−

c̄c
  (charmonium)J/ψ

M ≈ 3097 MeV
JPC = 1−−

b̄b
  (bottomonium)Υ(1S)

M ≈ 9460 MeV
JPC = 1−−

d̄c
  (D meson)D+

M ≈ 1870 MeV
JP = 0−

b̄u
  (B meson)B+

M ≈ 5279 MeV
JP = 0−

c̄c

d̄ u
Zc(3900)+

M ≈ 3900 MeV
JP = 1+

b̄b̄

du
double-bottom

tetraquark
M ≈ 10400 MeV

JP = 1+

10

d̄u
  (pion)π+

M ≈ 140 MeV
JP = 0−

s̄u
  (kaon)K+

M ≈ 494 MeV
JP = 0−

c̄c
  (charmonium)J/ψ

M ≈ 3097 MeV
JPC = 1−−

b̄b
  (bottomonium)Υ(1S)

M ≈ 9460 MeV
JPC = 1−−

d̄c
  (D meson)D+

M ≈ 1870 MeV
JP = 0−

b̄u
  (B meson)B+

M ≈ 5279 MeV
JP = 0−

c̄c

d̄ u
Zc(3900)+

M ≈ 3900 MeV
JP = 1+

b̄b̄

du
double-bottom

tetraquark
M ≈ 10400 MeV

JP = 1+

10

d̄u
  (pion)π+

M ≈ 140 MeV
JP = 0−

s̄u
  (kaon)K+

M ≈ 494 MeV
JP = 0−

c̄c
  (charmonium)J/ψ

M ≈ 3097 MeV
JPC = 1−−

b̄b
  (bottomonium)Υ(1S)

M ≈ 9460 MeV
JPC = 1−−

d̄c
  (D meson)D+

M ≈ 1870 MeV
JP = 0−

b̄u
  (B meson)B+

M ≈ 5279 MeV
JP = 0−

c̄c

d̄ u
Zc(3900)+

M ≈ 3900 MeV
JP = 1+

b̄b̄

du
double-bottom

tetraquark
M ≈ 10400 MeV

JP = 1+

10

d̄u
  (pion)π+

M ≈ 140 MeV
JP = 0−

s̄u
  (kaon)K+

M ≈ 494 MeV
JP = 0−

c̄c
  (charmonium)J/ψ

M ≈ 3097 MeV
JPC = 1−−

b̄b
  (bottomonium)Υ(1S)

M ≈ 9460 MeV
JPC = 1−−

d̄c
  (D meson)D+

M ≈ 1870 MeV
JP = 0−

b̄u
  (B meson)B+

M ≈ 5279 MeV
JP = 0−

c̄c

d̄ u
Zc(3900)+

M ≈ 3900 MeV
JP = 1+

b̄b̄

du
double-bottom

tetraquark
M ≈ 10400 MeV

JP = 1+

The discussion continues!  Thanks!


