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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 

Spectroscopy:  use the diverse spectrum of 
     hadrons/baryons/mesons to explore the strong  
     force (QCD)
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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+
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FIG. 9. Flux densities ΔF2
j;Λϵ

η
ðr;x ¼ ðx; 0; zÞÞ, j ¼ x; y; z in the separation plane for gauge group SU(2) and sectors

Λϵ
η ¼ Σþ

g ;Σþ
u ;Σ−

g ;Σ−
u . (Left) QQ̄ separation r ¼ 6a. (Right) QQ̄ separation r ¼ 10a.
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potentials as local insertions in Wilson loops (see, e.g.,
Ref. [28]), but numerically, it turned out that they
generate less ground state overlap than optimized non-
local operators (like those discussed in Ref. [31] and in

Sec. II A of this work) and are thus less suited for
computations in lattice gauge theory. The leading order
gluonic excitation operators of pNRQCD are listed in
Table III, where the QQ̄ separation axis is again the z
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FIG. 10. Flux densities ΔF2
j;Λη

ðr;x ¼ ðx; 0; zÞÞ, j ¼ x; y; z in the separation plane for gauge group SU(2) and sectors
Λη ¼ Πg;Πu;Δg;Δu. (Left) QQ̄ separation r ¼ 6a. (Right) QQ̄ separation r ¼ 10a.
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Hybrid static potential flux tubes from SU(2) and SU(3) lattice gauge theory
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We compute chromoelectric and chromomagnetic flux densities for hybrid static potentials in SU(2)
and SU(3) lattice gauge theory. In addition to the ordinary static potential with quantum numbers Λϵ

η ¼ Σþ
g ,

we present numerical results for seven hybrid static potentials corresponding to ΛðϵÞ
η ¼ Σþ

u ;Σ−
g ;

Σ−
u ;Πg;Πu;Δg;Δu, where the flux densities of five of them are studied for the first time in this work.

We observe hybrid static potential flux tubes, which are significantly different from that of the ordinary
static potential. They are reminiscent of vibrating strings, with localized peaks in the flux densities that can
be interpreted as valence gluons.

DOI: 10.1103/PhysRevD.100.054503

I. INTRODUCTION

The majority of mesons, i.e., hadrons with integer total
angular momentum, are quark-antiquark pairs. It is, how-
ever, expected that some mesons, so-called exotic mesons,
have a more complicated composition in terms of quarks
and gluons. An important example is hybrid mesons, where
gluons contribute to the quantum numbers JPC (J: total
angular momentum; P: parity; C: charge conjugation) in a
nontrivial way. In the quark model, where mesons are
quark-antiquark pairs, quantum numbers are restricted to
P ¼ ð−1ÞLþ1 and C ¼ ð−1ÞLþS with spin S ¼ 0; 1 and
orbital angular momentum L ¼ 0; 1; 2;…. Thus, mesons
with JPC ¼ 0þ−; 0−−; 1−þ; 2þ−;…, which are not allowed
in the quark model, are obvious candidates for exotic
mesons like hybrids. Moreover, a higher density of states
than obtained by the quark model might also indicate
hybrid mesons.
Experimentally observed examples, which could be

hybrid mesons, are the JPC ¼ 1−þ states π1ð1400Þ and
π1ð1600Þ. They could, however, also be tetraquarks, i.e.,
two quarks and two antiquarks without excited glue. For
heavy-heavy mesons, the situation seems to be even less
clear. There are several exotic candidates, which could be
hybrid mesons, but for none of them does such an
interpretation seem to be likely (see, e.g., the experimental
review of exotic hadrons [1] and the discussion in
Sec. VII.A of Ref. [2]). Thus, the search for gluonic
excitations is an important part of the research program

of current and future experiments, e.g., the GlueX experi-
ment at the JLab accelerator or the PANDA experiment at
the FAIR accelerator.
Also on the theoretical side, there are many open

questions concerning hybrid mesons (see, e.g., the theo-
retical reviews [3–6]). They are difficult to study because in
QCD total angular momentum J and parity P are not
separately conserved for gluons on the one hand and for the
quark-antiquark pair on the other hand. Only the overall JP

are quantum numbers. For heavy hybrid mesons, e.g.,
composed of a b and a b̄ quark and gluons, a simplification
and good approximation is to study the static limit. In that
limit, the quark positions are frozen, which allows one to
separate the treatment of gluons and quarks.
In this work, we use SU(2) and SU(3) lattice gauge

theory to study heavy hybrid mesons in the static limit. For
quite some time, hybrid static potentials haven been
computed by various groups, mainly with the intention
to compute masses of heavy hybrid mesons using the Born-
Oppenheimer approximation (see Refs. [7–31] and the
recent review article [32]). We focus on a different problem,
the computation of the gluonic flux densities for hybrid
potential states, i.e., the structure of the flux tube, for
several hybrid channels. While such flux tubes have been
studied for the ordinary static potential using lattice gauge
theory for quite some time (see Refs. [33–48]), this is a
rather new direction for hybrid static potentials, where
first results appeared only recently [49–52]. In this paper,
we substantially extend existing work by performing
computations for seven hybrid static potential sectors
characterized by quantum numbers ΛðϵÞ

η ¼ Σþ
u ;Σ−

g ;Σ−
u ;Πg;

Πu;Δg;Δu. Five of these sectors are studied for the first
time, where preliminary results have been presented at a
recent conference [52].

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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two quarks and two antiquarks without excited glue. For
heavy-heavy mesons, the situation seems to be even less
clear. There are several exotic candidates, which could be
hybrid mesons, but for none of them does such an
interpretation seem to be likely (see, e.g., the experimental
review of exotic hadrons [1] and the discussion in
Sec. VII.A of Ref. [2]). Thus, the search for gluonic
excitations is an important part of the research program

of current and future experiments, e.g., the GlueX experi-
ment at the JLab accelerator or the PANDA experiment at
the FAIR accelerator.
Also on the theoretical side, there are many open

questions concerning hybrid mesons (see, e.g., the theo-
retical reviews [3–6]). They are difficult to study because in
QCD total angular momentum J and parity P are not
separately conserved for gluons on the one hand and for the
quark-antiquark pair on the other hand. Only the overall JP

are quantum numbers. For heavy hybrid mesons, e.g.,
composed of a b and a b̄ quark and gluons, a simplification
and good approximation is to study the static limit. In that
limit, the quark positions are frozen, which allows one to
separate the treatment of gluons and quarks.
In this work, we use SU(2) and SU(3) lattice gauge

theory to study heavy hybrid mesons in the static limit. For
quite some time, hybrid static potentials haven been
computed by various groups, mainly with the intention
to compute masses of heavy hybrid mesons using the Born-
Oppenheimer approximation (see Refs. [7–31] and the
recent review article [32]). We focus on a different problem,
the computation of the gluonic flux densities for hybrid
potential states, i.e., the structure of the flux tube, for
several hybrid channels. While such flux tubes have been
studied for the ordinary static potential using lattice gauge
theory for quite some time (see Refs. [33–48]), this is a
rather new direction for hybrid static potentials, where
first results appeared only recently [49–52]. In this paper,
we substantially extend existing work by performing
computations for seven hybrid static potential sectors
characterized by quantum numbers ΛðϵÞ

η ¼ Σþ
u ;Σ−

g ;Σ−
u ;Πg;

Πu;Δg;Δu. Five of these sectors are studied for the first
time, where preliminary results have been presented at a
recent conference [52].

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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“All science is either physics or stamp collecting.”
— Ernest Rutherford (apocryphal)

But:
(1) diversity is interesting
(2) hadrons provide a toolkit to address particular questions
(3) general principles can be inferred from patterns

 spectroscopy is stamp collecting
(which is a good thing)

⟹
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Hadron contributions to fundamental physics

Patterns of hadron multiplets
     the existence of quarks with flavors and colors

Non-observation of hadrons with color (including quarks)
     color confinement

Patterns of excited hadrons
     shape of the  and  potentials, including spin effects

Searches for exotic hadrons
     tests of our ability to understand and use QCD

Patterns of hadron weak decays
     parity violation,  violation, structure of the CKM matrix

Diverse collection of hadrons
     opportunities to search for new physics  
             (e.g.  and )

⟹

⟹

⟹ qq̄ qq

⟹

⟹ CP

⟹
B+ → K+μ+μ− B+ → K+e+e−

6 15. Quark Model

Z

Figure 15.1: SU(4) weight diagram showing the 16-plets for the pseudoscalar (a) and vector mesons
(b) made of the u, d, s, and c quarks as a function of isospin I z, charm C , and hypercharge Y
= B + S ≠ C

3 . The nonets of light mesons occupy the central planes to which the cc̄ states have
been added.

6th December, 2019 11:50am

6 15. Quark Model

Z

Figure 15.1: SU(4) weight diagram showing the 16-plets for the pseudoscalar (a) and vector mesons
(b) made of the u, d, s, and c quarks as a function of isospin I z, charm C , and hypercharge Y
= B + S ≠ C

3 . The nonets of light mesons occupy the central planes to which the cc̄ states have
been added.

6th December, 2019 11:50am

spin-  mesons0

14 15. Quark Model

Figure 15.5: SU(4) multiplets of baryons made of u, d, s, and c quarks. (a) The 20-plet with an
SU(3) octet. (b) The 20-plet with an SU(3) decuplet.

well established up to the N=1 band. Some more tentative assignments for higher multiplets are
suggested in [41].

In Table 15.7, quark-model assignments are given for many of the established baryons whose
SU(6)¢O(3) compositions are relatively unmixed. One must, however, keep in mind that apart from
the mixing of the » singlet and octet states, states with same J

P but di�erent L, S combinations
can also mix. In the quark model with one-gluon exchange motivated interactions, the size of the
mixing is determined by the relative strength of the tensor term with respect to the contact term

6th December, 2019 11:50am

spin-  baryons3
2

[PDG quark model review]
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IC.  A Tour of Meson Families
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* the  family
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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
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Four basic principles determining meson behavior:

1.  For a particle A at rest decaying to particles 1, 2, 3, …, 

          

2.   Flavor quantum numbers are conserved by the  
        strong and electromagnetic forces, but not by the 
        weak force.

3.  When allowed, 
        strong decays dominate electromagnetic decays,
        and electromagnetic decays dominate weak decays.

4.  Strong decays without  annihilation are usually  
        preferred over decays with  annihilation  
          (OZI suppression).

mA = EA = ∑
i

Ei = ∑
i

m2
i + p2

i ≥ ∑
i

mi

qq̄
qq̄



IB.  Basic Principles Determining Meson Behavior

15

13

q q

γ

−iQqeγμ
q q

−igsTa
ijγμ

g

W±

q q′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

ELECTROMAGNETIC

WEAK

13

q q

γ

−iQqeγμ

q q
−igsTa

ijγμ

g

W±

q q′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

STRONG

13

q q

γ

−iQqeγμ
q q

−igsTa
ijγμ

g

W±

q q′ 

−i
gW

2
γμ 1

2 (1 − γ5)Vqq′ 

Four basic principles determining meson behavior:

1.  For a particle A at rest decaying to particles 1, 2, 3, …, 

          

2.   Flavor quantum numbers are conserved by the  
        strong and electromagnetic forces, but not by the 
        weak force.

3.  When allowed, 
        strong decays dominate electromagnetic decays,
        and electromagnetic decays dominate weak decays.

4.  Strong decays without  annihilation are usually  
        preferred over decays with  annihilation  
          (OZI suppression).

mA = EA = ∑
i

Ei = ∑
i

m2
i + p2

i ≥ ∑
i

mi

qq̄
qq̄



Four basic principles determining meson behavior:

1.  For a particle A at rest decaying to particles 1, 2, 3, …, 

          

2.   Flavor quantum numbers are conserved by the  
        strong and electromagnetic forces, but not by the 
        weak force.

3.  When allowed, 
        strong decays dominate electromagnetic decays,
        and electromagnetic decays dominate weak decays.

4.  Strong decays without  annihilation are usually  
        preferred over decays with  annihilation  
          (OZI suppression).

mA = EA = ∑
i

Ei = ∑
i

m2
i + p2

i ≥ ∑
i

mi

qq̄
qq̄

IB.  Basic Principles Determining Meson Behavior

16

 all SM interactions conserve baryon number:

                             

 electromagnetic and strong interactions conserve
        quark flavors (e.g. strangeness, charm, bottomness):

                               

⟹

B =
1
3 ∑

f

(Nqf
− Nq̄f

)

⟹

F = ± (Nqf
− Nq̄f

)
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 (decays weakly):

     

     

π+

τπ+ = 2.6 × 10−8 s
cτπ+ = 7.8 m

 (decays electromagnetically):

     

     

π0

τπ0 = 8.5 × 10−17 s
cτπ0 = 26 nm

 (decays strongly):

     

     

ρ(770)

τρ =
1
Γ

=
1

150 MeV
= 4.4 × 10−24 s

cτρ = 1.3 fm
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High precision measurements of the differential cross sections for !0 photoproduction at forward

angles for two nuclei, 12C and 208Pb, have been performed for incident photon energies of 4.9–5.5 GeV to

extract the !0 ! "" decay width. The experiment was done at Jefferson Lab using the Hall B photon

tagger and a high-resolution multichannel calorimeter. The !0 ! "" decay width was extracted by fitting

the measured cross sections using recently updated theoretical models for the process. The resulting value

for the decay width is !ð!0 ! ""Þ ¼ 7:82$ 0:14ðstatÞ $ 0:17ðsystÞ eV. With the 2.8% total uncertainty,

this result is a factor of 2.5 more precise than the current Particle Data Group average of this fundamental

quantity, and it is consistent with current theoretical predictions.

DOI: 10.1103/PhysRevLett.106.162303 PACS numbers: 25.20.Lj, 11.30.Rd, 13.40.Hq, 13.60.Le

The !0 ! "" decay represents one of the key processes
in the anomaly sector of QCD. This process provides the
main test of the chiral anomaly [1,2] and at the same time a
test of the Nambu-Goldstone nature of the !0 meson. The
!0 ! "" decay amplitude is determined by the chiral
anomaly resulting from the coupling of quarks to the elec-
tromagnetic field. In the limit of vanishing quark masses

(chiral limit) the amplitude is exactly predicted and is ex-
pressed in terms of the fine structure constant, the!0 decay
constant, and the number of colors of QCD [1,2]. In the real
world there are corrections due to the nonvanishing quark
masses. These corrections are primarily a result of state
mixing effects in the !0 meson that result from the isospin
symmetry breaking bymu <md [3,4]. The corrections have
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for individual contributions from the different !0 produc-
tion mechanisms. Two elementary amplitudes, the
Primakoff (one photon exchange) TPr and the strong
(hadron exchange) TS contribute coherently, as well as
incoherently in !0 photoproduction from nuclei at forward
angles. Therefore, the cross section of this process can be
expressed by four terms: the Primakoff (Pr), the nuclear
coherent (NC), the interference between strong and
Primakoff amplitudes (Int), and the nuclear incoherent
(NI):

d"

d!
jTPrþei’TSj2þ

d"NI

d!
¼d"Pr

d!
þd"NC

d!
þd"Int

d!
þd"NI

d!
;

where ’ is the relative phase between the Primakoff and
the strong amplitudes. The Primakoff cross section is
proportional to the !0 decay width, the primary focus of
this experiment [10]:

d"Pr

d!
¼ "ð!0 ! ##Þ 8$Z

2

m3

%3E4

Q4 jFEMðQÞj2sin2&!;

where Z is the atomic number, m, %, &! are the mass,
velocity, and production angle of the pion, E is the energy

of the incident photon,Q is the four-momentum transfer to
the nucleus, and FEMðQÞ is the nuclear electromagnetic
form factor corrected for final state interactions (FSI) of the
outgoing pion. The FSI effects for the photoproduced
pions, as well as the photon shadowing effect in nuclear
matter, need to be accurately included in the cross sections
before extracting the Primakoff amplitude. To achieve this,
and to calculate the NC and NI cross sections, a full
theoretical description based on the Glauber method was
developed, providing an accurate calculation of these pro-
cesses in both light and heavy nuclei [19,20]. For the NI
process, an independent method based on the multicolli-
sion intranuclear cascade model [21] was also used to
check the model dependence of the extracted decay width.
The sensitivity of the extracted decay width from these

two different models was shown to be 0.12%. To check the
dependence of the decay width on the physical parameters
used inside the models, their values were changed at the
few " level, and the fitting procedure was repeated. For
example, the variation of !0N total cross section at the 2"
level resulted in only 0.1% change in the decay width. The
incident photon shadowing in the nuclei [19] is one of the
processes that contributes sizably to the model uncer-
tainty—mostly because up to now the shadowing parame-
ter was experimentally poorly determined. We have used
the value 0.25 for the shadowing parameter taken from
Meyer et al. [22]. Varying this parameter at the%30% level
changed the decay width not more than 0.13%. The uncer-
tainty from using different nuclear densities for the form
factor calculations was shown to be less than 0.1%.
Overall, the uncertainty in the decay width from model
dependence and parameters inside the models was esti-
mated to be 0.3%.
The "ð!0 ! ##Þ decay width was extracted by fitting

the experimental results with the theoretical cross sections
of the four processes mentioned above folded with the
angular resolutions ("&

!0
¼ 0:4 mrad) and the measured

energy spectrum of the incident photons (4.9–5.5 GeV). In
the fitting process, four parameters, "ð!0 ! ##Þ, CNC,
CNI, ’, were varied to calculate the magnitude of the
Primakoff, NC, NI cross sections and the phase angle,
respectively. The fit results of the two analysis groups for
the decay widths, as well as for the other three parameters
(CNC, ’, CNI), are presented in Table I for both targets,
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FIG. 4 (color online). Differential cross section as a function
of the !0 production angle for 208Pb together with the fit
('2=Ndf ¼ 123=121) results for the different physics processes
(see text for explanations).

TABLE I. The fit values extracted from the measured cross sections on 12C and 208Pb from two
analysis groups. The uncertainties shown here are statistical only including the fitting uncer-
tainties (see text for details).

Target Analysis group "ð!0 ! ##Þ (eV) CNC ’ (rad) CNI

12C I 7:67% 0:18 0:83% 0:02 0:78% 0:07 0:72% 0:06
II 7:91% 0:15 0:85% 0:01 1:01% 0:05 0:69% 0:05

208Pb I 7:72% 0:23 0:69% 0:04 1:25% 0:07 0:68% 0:12
II 7:99% 0:17 0:57% 0:05 1:13% 0:08 0:44% 0:44
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counters, located in front of HyCal, provided rejection of
charged particles and effectively reduced the background
in the experiment. To minimize the decay photon conver-
sion in air, the space between the PS magnet to HyCal was
enclosed by a helium bag at atmospheric pressure. The
photon beam’s position stability was monitored during the
experiment by an X-Y scintillating-fiber detector located
downstream of HyCal.

The experimental trigger was formed by requiring coin-
cidences between the photon tagger in the upper energy
interval (4.9–5.5 GeV) and HyCal with a total deposited
energy greater than 2.5 GeV. The combination of the photon
tagger and the calorimeter defined the followingmain event
selection criteria in this experiment: (1) the timing between
the incident photon and the decay photons in the calorimeter
(!t ¼ 1:1 ns), (2) the ratio of the total energy in the calo-
rimeter and the tagger energy, ‘‘elasticity’’ (!el ¼ 1:8%),
and (3) the invariant mass of the two photons (M"") recon-

structed in the calorimeter (shown in Fig. 2).
The event yield (number of #0 events for each produc-

tion angle bin) was obtained from the data by applying the
selection criteria described above and fitting the experi-
mental distributions of elasticity andM"" for each angular

bin. Two groups within the PrimEx Collaboration indepen-
dently analyzed the experimental data. They implemented
different methods for event selection and slightly different
fitting procedures for extraction of the decay width from
the measured cross sections. For each angular bin analysis
group applied a kinematical constraint on the energies of
the two decay photons to satisfy the elasticity condition for
each event. The resulting M"" distributions were fit with a

Gaussian plus polynomial functions to determine the #0

event yields for all angular bins. In the analysis by group II,
the data were sliced into both angular and elasticity bins.
For each two-dimensional slice, an invariant mass

distribution was fit with a Gaussian peak and a polynomial
background to determine the #0 yields.
The typical background in the event selection process

was only a few percent of the real signal events (see Fig. 2).
However, the uncertainty of 1.6% in the background ex-
traction in this much upgraded experiment still remained
one of the largest contributions to the total systematic
uncertainty.
The extraction of differential cross sections from the

experimental yields requires an accurate knowledge of
the total photon flux for each tagger energy bin, the number
of atoms in the target, the acceptance of the experimental
setup, and the inefficiencies of the detectors. The uncer-
tainty reached in the photon flux measurement, as de-
scribed above, was at the level of 1% [18]. Different
techniques have been used to determine the number
of atoms in both targets with an uncertainty less than
0.1% [16]. The acceptance and detection efficiencies and
their uncertainties were calculated by a GEANT-based
Monte Carlo code that included accurate information about
the detector geometry and response of each detector ele-
ment. Other than accidental backgrounds, some physics
processes with an energetic #0 in the final state can poten-
tially contribute to the extracted yield. Monte Carlo simu-
lation of the reaction processes showed that the !
photoproduction with the subsequent ! ! #0" decay is
the dominant contribution to the background. The fit of the
experimental data, as described below, with the subtracted
physics background changes the extracted #0 decay width
by 1.4% with an uncertainty of 0.25%.
The resulting experimental cross sections for 12C and

208Pb are shown in Figs. 3 and 4 along with the fit results
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Four basic principles determining meson behavior:

1.  For a particle A at rest decaying to particles 1, 2, 3, …, 

          

2.   Flavor quantum numbers are conserved by the  
        strong and electromagnetic forces, but not by the 
        weak force.

3.  When allowed, 
        strong decays dominate electromagnetic decays,
        and electromagnetic decays dominate weak decays.

4.  Strong decays without  annihilation are usually  
        preferred over decays with  annihilation  
          (OZI suppression).

mA = EA = ∑
i

Ei = ∑
i

m2
i + p2

i ≥ ∑
i

mi

qq̄
qq̄
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 (decays weakly):

     

     

π+

τπ+ = 2.6 × 10−8 s
cτπ+ = 7.8 m

 (decays electromagnetically):

     

     

π0

τπ0 = 8.5 × 10−17 s
cτπ0 = 26 nm

 (decays strongly):

     

     

ρ(770)

τρ =
1
Γ

=
1

150 MeV
= 4.4 × 10−24 s

cτρ = 1.3 fm
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We study the decays of the J/ψ and ψ ′ mesons to π+π−π0 using data samples at both resonances
collected with the BES III detector in 2009. We measure the corresponding branching fractions with
unprecedented precision and provide mass spectra and Dalitz plots. The branching fraction for J/ψ −→
π+π−π0 is determined to be

(
2.137 ± 0.004 (stat.)+0.058

−0.056 (syst.)+0.027
−0.026 (norm.)

)
× 10−2,

and the branching fraction for ψ ′ −→ π+π−π0 is measured as

(
2.14 ± 0.03 (stat.)+0.08

−0.07 (syst.)+0.09
−0.08 (norm.)

)
× 10−4.

The J/ψ decay is found to be dominated by an intermediate ρ(770) state, whereas the ψ ′ decay is
dominated by di-pion masses around 2.2 GeV/c2, leading to strikingly different Dalitz distributions.

 2012 Elsevier B.V. All rights reserved.
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Fig. 2. ππ invariant mass distribution (left) and Dalitz plot (right) with backgrounds subtracted and corrected for efficiency. Top and bottom graphs show the results for the
J/ψ −→ π+π−π0 and ψ ′ −→ π+π−π0 analysis, respectively.
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ū

u

d

d

> >

Four basic principles determining meson behavior:

1.  For a particle A at rest decaying to particles 1, 2, 3, …, 

          

2.   Flavor quantum numbers are conserved by the  
        strong and electromagnetic forces, but not by the 
        weak force.

3.  When allowed, 
        strong decays dominate electromagnetic decays,
        and electromagnetic decays dominate weak decays.

4.  Strong decays without  annihilation are usually  
        preferred over decays with  annihilation  
          (OZI suppression).
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                 elements and decay constants
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ū

u

ū
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Experimentally,  and  can be distinguished
using semi-leptonic decays, since 
and .

K0 K̄0

K0 → π−e+νe
K̄0 → π+e−ν̄e
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Table 3. Summary of systematic errors on the results from the
Aexp

∆m asymmetry. An asterisk denotes that a relative precision
is given

Source Precision ∆m Re(x+)
[1010

!/s] [10−3]

Background level * ±10% ±0.0002 ±4.4
Background asymmetry ±0.01
Normalization (αξ) ±3.4 × 10−4

and ±0.0001 ±0.1
Normalization (η) ±2.0 × 10−3

Normalization (ω) ±(4 − 9) × 10−4 ±0.0001 —
Decay-time resolution * ±10% ±0.0001 ±0.3
Absolute time-scale * ±2 × 10−4 ±0.0001 ±0.3
Regeneration [30] — —
= 1/ΓS ±0.08 × 10−12 s ±0.0001 ±0.7

Total syst. ±0.0003 ±4.5

– Since in the construction of A∆m all terms linear in the
regeneration corrections cancel, there is no systematic
error from that source.

– Again by the asymmetry construction, systematic er-
rors arising from normalization factors may be ne-
glected.

– Since ∆m is proportional to the frequency of the K0 !
K0 oscillation, this measurement is very sensitive to
the absolute time-scale precision.

– Folding the decay-time resolution distribution to the
A∆m asymmetry results in a shift of +0.0013×1010 !/s
for the value of ∆m and −2.9 × 10−3 for the value of
Re(x+). The uncertainty on this correction was esti-
mated to be ±10%.

– The A∆m asymmetry is sensitive to a possible cor-
relation in the detection efficiencies of the primary
charged kaon and the decay electron, see Sect. 6.4.
This required a normalization factor ω for a part
of the data with an overall correction for ∆m of
+0.0006 ± 0.0001 × 1010 !/s.

The measured asymmetry, together with the fitted func-
tion, is displayed in Fig. 30. Fit residuals are shown in the
inset. The starting point of the fit was determined accord-
ing to the sensitivity of the asymmetry to the residual
background. Our final results are the following:

∆m = (0.5295 ± 0.0020stat ± 0.0003syst) × 1010
!/s,

Re(x+) = (−1.8 ± 4.1stat ± 4.5syst) × 10−3,

χ2/ndf = 0.94 , ndf = 606 .

The correlation coefficient between ∆m and Re(x+) is
equal to 0.40. This ∆m measurement is the most accurate
single value contributing to the present world average [7].
The Re(x+) measurement improves the current limit on a
possible violation of the ∆Q = ∆S rule by a factor three.

It is not possible to disentangle the two oscillating
terms, which produce a correlation > 0.99 between ∆m

ex
p

τ

Fig. 30. The Aexp
∆m asymmetry versus the neutral-kaon decay

time (in units of τS). The solid line represents the result of the
fit. Fit residuals are shown in the inset

and Im(x−). Assuming ∆m = (530.1 ± 1.4) × 107 !/s (the
world average), we obtain Im(x−) = (−0.8 ± 3.5) × 10−3.

7.5 Aδ asymmetry analysis

In this case, the fitting equation, (18b), becomes, in the
limit of negligible background,

Aδ(τ)=4Re(δ) + 4
Re(δ) sinh(∆Γτ/2) + Im(δ) sin(∆mτ)

cosh(∆Γτ/2) + cos(∆mτ)

−4
{(

Re(x−) cos(∆mτ) sinh(∆Γτ/2)

−Im(x+) sin(∆mτ) cosh(∆Γτ/2)
)/

(

[cosh(∆Γτ/2)]2 − [cos(∆mτ)]2
)}

. (23)

After including the background, (18b) folded with the
decay-time resolution was fitted to the data Aexp

δ (τ), with
Re(δ), Im(δ), Re(x−) and Im(x+) as free parameters. The
measured asymmetry Aexp

δ , together with the fitted func-
tion, is displayed in Fig. 31. Our final results are the fol-
lowing:

Re(δ) = ( 3.0 ± 3.3stat ± 0.6syst) × 10−4 ,

Im(δ) = (−1.5 ± 2.3stat ± 0.3syst) × 10−2 ,

Re(x−) = ( 0.2 ± 1.3stat ± 0.3syst) × 10−2 ,

Im(x+) = ( 1.2 ± 2.2stat ± 0.3syst) × 10−2 ,

χ2/ndf = 1.14 , ndf = 604 .

The correlation coefficients of the fit are shown in Table 4.
We note that Re(x−) and Im(x+) are compatible with
zero, which is expected in the case where the ∆S = ∆Q
rule holds. When we fix Re(x−) = Im(x+) = 0 in the fit,
we obtain

Re(δ) = ( 2.9 ± 2.6stat ± 0.6syst) × 10−4 ,

Im(δ) = (−0.9 ± 2.9stat ± 1.0syst) × 10−3 ,
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Abstract. A detailed description of the analysis of neutral kaons decaying to eπν is given, based on the
complete set of data collected with the CPLEAR experiment. Using a novel approach involving initially
strangeness-tagged K0 and K0, time-dependent decay-rate asymmetries were measured. These asymmetries
enabled T - and CPT -violation parameters to be measured in the context of a systematic study. The
highlights of this study are the first direct observation of T violation and the direct determination of the
CPT parameter Re(δ) with an accuracy improved by two orders of magnitude with respect to the current
value.

1 Introduction

The CPLEAR experiment, at the Low Energy Antiproton
Ring (LEAR) at CERN, has developed a novel approach
to the study of CP, T and CPT symmetries in the de-
cays of neutral kaons. In this approach, the strangeness of
the neutral kaons at production is tagged and then decay-
rate asymmetries are measured for decays to a variety of

final states. From these asymmetries, parameters describ-
ing violations of CP, T and CPT are determined with
small systematic uncertainties [1].

In this paper we give a detailed description of the anal-
ysis of neutral kaons decaying to eπν, based on the com-
plete set of data collected by CPLEAR between 1991 and
1996. Letters giving these results for ∆m, AT and Re(δ)
have already been published [2–4]. Of these quantities, AT,
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12 CSNSM, IN2P3-CNRS, Orsay, France
13 Paul Scherrer Institut (PSI), Switzerland
14 CEA, DSM/DAPNIA, CE-Saclay, France
15 Royal Institute of Technology, Stockholm, Sweden
16 University of Thessaloniki, Greece
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Abstract. A detailed description of the analysis of neutral kaons decaying to eπν is given, based on the
complete set of data collected with the CPLEAR experiment. Using a novel approach involving initially
strangeness-tagged K0 and K0, time-dependent decay-rate asymmetries were measured. These asymmetries
enabled T - and CPT -violation parameters to be measured in the context of a systematic study. The
highlights of this study are the first direct observation of T violation and the direct determination of the
CPT parameter Re(δ) with an accuracy improved by two orders of magnitude with respect to the current
value.

1 Introduction

The CPLEAR experiment, at the Low Energy Antiproton
Ring (LEAR) at CERN, has developed a novel approach
to the study of CP, T and CPT symmetries in the de-
cays of neutral kaons. In this approach, the strangeness of
the neutral kaons at production is tagged and then decay-
rate asymmetries are measured for decays to a variety of

final states. From these asymmetries, parameters describ-
ing violations of CP, T and CPT are determined with
small systematic uncertainties [1].

In this paper we give a detailed description of the anal-
ysis of neutral kaons decaying to eπν, based on the com-
plete set of data collected by CPLEAR between 1991 and
1996. Letters giving these results for ∆m, AT and Re(δ)
have already been published [2–4]. Of these quantities, AT,

N K
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)−
N

K̄
0(t

)
N K

0(t
)+

N
K̄

0(t
)

mL − mS = 3.5 × 10−12 MeV = 5.3 ns−1

( )0.09 ns

Mixing also means the  and  can have slightly
different masses, which controls the rate of   
oscillations (and similarly for , , and ).

Start with a  at .
The  and  components evolve differently:

      

                     

                     

So that the probability of finding a  at time 
oscillates:
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There are similar phenomena for the , , and , 
with different lifetimes and mass differences.

D0 B0 B0
s

mH − mL = 1.17 × 10−8 MeV = 17.8 ps−1
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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 fit described in the text is overlaid.

Table 1: Systematic uncertainties a↵ecting the measurement of �ms. Sources of
systematic uncertainties. The total systematic uncertainty is obtained by adding the contributions
in quadrature.

Description Systematic uncertainty [ ps�1]
Reconstruction e↵ects:
momentum scale uncertainty 0.0007
detector length scale 0.0018
detector misalignment 0.0020

Invariant mass fit model:
background parametrisation 0.0002
B0

s ! D⇤�
s ⇡+ and B0! D�

s ⇡
+ contributions 0.0005

Decay-time fit model:
decay-time resolution model 0.0011
neglecting correlation among observables 0.0011

Cross-checks:
kinematic correlations 0.0003

Total systematic uncertainty 0.0032

is the most precise measurement to date. The precision is further enhanced by combining
this result with the values determined in Refs. [8, 11]. Reference [8] uses B0

s ! D�
s ⇡

+

decays collected in 2011. Reference [11] 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. The
correlation between �ms and the fixed parameters ��s and �s is negligible and ignored
in the combination procedure. A covariance matrix is constructed by adding statistical
and systematic uncertainties in quadrature for each input, including correlations between
systematic uncertainties. The results are averaged by minimizing the �2 from the full
covariance matrix. The value of �ms obtained is 17.7666 ± 0.0057 ps�1. Additionally,
these results are combined with those from Refs. [9, 10] where �ms is determined using

5
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* mixtures of , , and  quarks:

* the  decays only electromagnetically (  dominant) with a 
     lifetime of   ( ) corresponding to .

* the  and  are also narrow (but not as narrow as the ):   
      and 

* important for chiral symmetry breaking, fundamental QCD calculations, 
    searches for new physics, etc.

* also important as decay products from other particles
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ū

u

d

d

13

ψ(3770)

D+

D−

c
c

c̄
c̄

d̄

d

ψ(3770)

K+

K−

c

c̄

ū
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The level scheme of meson states containing a minimal quark content of cc. The name of
a state is determined by its quantum numbers IGJPC (see the review “Naming Scheme
for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.
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open-flavor thresholds:
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* potential models work well
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(c) j cos θ!j, and (d) momentum (Pπ0), are shown in Fig. 3.
The agreement is improved for the weighted sample, and in
the following, the inclusive MC distributions will be
weighted by wπ0.

IV. INCLUSIVE PHOTON ENERGY
DISTRIBUTIONS

Inclusive photon energy distributions are obtained using
the following selection requirements. First, the event must
satisfy the inclusive ψð3686Þ selection requirements, as
described in Sec. III A, and not be a non-ψð3686Þ back-
ground event, as defined in Sec. III B, a πþπ−J=ψ event, or
a π0π0J=ψ event. The πþπ−J=ψ events are selected with
the following requirements. There are two oppositely
charged pions with momenta pπ < 0.45 GeV=c, and the
mass recoiling from the πþπ− system, RMþ−, must satisfy
3.09 < RMþ− < 3.11 GeV=c2. The π0π0J=ψ events must
have two π0s with pπ < 0.45 GeV=c, and the mass
recoiling from the π0π0 system, RM00, must satisfy
3.085 < RM00 < 3.12 GeV=c2.
The photon must be in the EMC barrel. This require-

ment is used because the energy resolution is better for
barrel photons, and there are fewer noise photons. The
photon must satisfy the requirement of δ < 14 degrees (see
Sec. III C) and not be part of a π0 candidate. In Figs. 4(a)
and 4(b), inclusive photon energy distributions after the

above selection requirements are shown for data and
inclusive MC events, respectively. The peaks from left
to right in each distribution correspond to ψð3686Þ →
γχc2; γχc1; γχc0; χc1 → γJ=ψ , and χc2 → γJ=ψ . The very
small peak at around 0.65 GeV is from the ψð3686Þ → γηc
transition. Other small peaks not seen in the spectra but
considered in the fit are J=ψ → γηc and χc0 → γJ=ψ .
The inclusive ψð3686Þ MC sample is used to obtain the

signal shapes for charmonium transitions and the shape of
the major component of the background under the signal
peaks. The signal shape for each transition is obtained by
matching the radiative photon at the generator level with
one of the photons reconstructed in the EMC. The require-
ment, which has an efficiency greater than 99%, is that the
angle between the radiative photon and the reconstructed
photon in the EMC must be less than 0.08 radians. No
requirement on the energy is used to allow obtaining the
tails of the energy distribution. The signal shapes are shown
in Fig. 5. The three large peaks from left to right in Fig. 5(a)
correspond to the ψð3686Þ → γχc2; γχc1, and γχc0 transi-
tions. The very small peak around 0.65 GeV is the
ψð3686Þ → γηc transition. The peaks in Fig. 5(b) from
left to right correspond to the χcJ → γJ=ψ transitions for
J ¼ 0, 1, and 2, where the χc0 → γJ=ψ peak at around
0.3 GeV is very small.
The background component is obtained from the

simulated inclusive photon energy distribution after all
selection requirements but with energy deposits from
radiative photons for charmonium radiative transition
events [ψð3686Þ → γχcJ, ψð3686Þ → γηc, χcJ → γJ=ψ ,
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FIG. 4. Inclusive photon energy distributions for (a) data and
(b) inclusive MC events, where the shaded region in (b) has the
radiative photons removed. Peaks from left to right are
ψð3686Þ → γχc2, γχc1, γχc0 and χc1 and χc2 → γJ=ψ . The
χc0 → γJ=ψ peak is not visible. The very small peak around
0.65 GeV is ψð3686Þ → γηc.
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FIG. 5. Photon energy line shapes from inclusiveMC. (a) Peaks
from left to right are ψð3686Þ → γχc2, γχc1, and γχc0. (b) Peaks
from left to right are χc0, χc1, and χc2 → γJ=ψ .
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Observation of the χ b1ð3PÞ and χ b2ð3PÞ and Measurement of their Masses

A.M. Sirunyan et al.*

(CMS Collaboration)

(Received 28 May 2018; revised manuscript received 8 July 2018; published 29 August 2018)

The χb1ð3PÞ and χb2ð3PÞ states are observed through their ϒð3SÞγ decays, using an event sample of
proton-proton collisions collected by the CMS experiment at the CERN LHC. The data were collected at a
center-of-mass energy of 13 TeV and correspond to an integrated luminosity of 80.0 fb−1. The ϒð3SÞ
mesons are identified through their dimuon decay channel, while the low-energy photons are detected after
converting to eþe− pairs in the silicon tracker, leading to a χbð3PÞ mass resolution of 2.2 MeV. This is the
first time that the J ¼ 1 and 2 states are well resolved and their masses individually measured: 10513.42%
0.41ðstatÞ % 0.18ðsystÞ MeV and 10524.02% 0.57ðstatÞ % 0.18ðsystÞ MeV; they are determined with
respect to the world-average value of the ϒð3SÞ mass, which has an uncertainty of 0.5 MeV. The mass
splitting is measured to be 10.60% 0.64ðstatÞ % 0.17ðsystÞ MeV.

DOI: 10.1103/PhysRevLett.121.092002

Although quantum chromodynamics (QCD) is well
established as the theory of the strong interaction, a complete
understanding of the (nonperturbative) processes that lead to
the binding of quarks and gluons into hadrons is still lacking
[1–3]. The bottomonium family, composed of beauty quark-
antiquark bound states bb̄, plays a special role in under-
standing how the strong force binds quarks into hadrons
because the large quark mass allows two important theo-
retical simplifications. First, the hard-scattering production
of a protoquarkonium quark-antiquark pair can be described
in perturbation theory [4–6]. Second, the binding of the
quark-antiquark pair can be described in terms of lattice-
calculable nonrelativistic potentials [7–9]. Particularly strin-
gent tests of current theories of quarkonium production can
be achieved by examining the individual spin states of the
quarkonium multiplets [10–14].
The χbð3PÞ, observed at a mass of 10.5 GeV by the

ATLAS, D0, and LHCb Collaborations [15–18], is espe-
cially interesting given that its properties could be affected
by the proximity of the open-beauty (BB̄) threshold.
Measurements of the masses of the χbJð3PÞ triplet states,
with total angular momentum J ¼ 0, 1, and 2, probe details
of the bb̄ interaction and test theoretical treatments of the
influence of open-beauty states on the bottomonium spec-
trum. These measurements may also help clarify the nature
of several unexpected charmoniumlike states, including the
enigmatic Xð3872Þ [19]. Contending interpretations include

the possibility that it is a mixture of a χc1ð2PÞ state and a
DD̄& molecule or a compact tetraquark [20–22] or that it is
the χc1ð2PÞ, modified by strong-interaction effects associ-
ated with the coincident DD̄& threshold [23]. The bottomo-
nium analogs of the χc1ð2PÞ and Xð3872Þ states would be
the (bb̄) χb1ð3PÞ state and a possible Xb state at the BB̄&

threshold. Confirming that the χb1ð3PÞ is well below the
open-beauty threshold would suggest differences with the
charmonium system, where the χc1ð2PÞ state is expected
approximately 100 MeV above the DD̄ threshold [24].
Among various possibilities, the 10.5 GeV peak could be
the Xb or a mixture of the χb1ð3PÞ and the Xb [25]; it could
also simply be the conventional (unresolved) χbð3PÞ, in
which case a hypothetical Xb might exist with a mass close
to the BB̄& threshold. The observation of a doublet structure
in the 10.5 GeV peak and a precise measurement of the mass
splitting should confirm the nature of the state and clarify the
existence or absence of effects induced by the nearby open-
beauty threshold.
This Letter reports the first observation of resolved

χb1ð3PÞ and χb2ð3PÞ states, and the measurement of their
masses. The analysis uses the ϒð3SÞγ decay channel, with
the ϒð3SÞ decaying to a dimuon and the photon converting
into an eþe− pair. It is based on pp data samples collected
at the CERN LHC by the CMS experiment, at a center-
of-mass energy of 13 TeV, in 2015, 2016, and 2017,
corresponding to integrated luminosities of 2.7, 35.2, and
42.1 fb−1, respectively [26–28]. As happens in the χc,
χbð1PÞ, and χbð2PÞ cases, the J ¼ 0 state of the χbð3PÞ
multiplet is expected to have a negligible radiative-decay
branching fraction and not be observable in the present
data sample.
The central feature of the CMS apparatus is a super-
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magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two
end-cap sections. Forward calorimeters extend the pseu-
dorapidity coverage provided by the barrel and end-cap
detectors. Muons are detected in gas-ionization chambers
embedded in the steel flux-return yoke outside the solenoid.
A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Ref. [29].
The data used in this analysis were collected using a two-

level trigger system [30]. The first level consists of custom
hardware processors and uses information from the muon
system to select events with two muons. The high-level
trigger requires an opposite-sign muon pair of invariant
mass within 8.5–11.5 GeV, a dimuon vertex-fit χ2 prob-
ability larger than 0.5%, and a distance of closest approach
between the two muons smaller than 0.5 cm. The trigger
also requires dimuon transverse momentum pT > 7.9 GeV
(2015–2016) or 11.9 GeV (2017), and dimuon rapidity
jyj < 1.25 (2015–2016) or jyj < 1.5 (2017). The analysis
uses photons detected through their conversions to eþe−

pairs, following the data reconstruction and selection
procedures used in Refs. [31,32].
The muon track must have more than five hits in the

tracker, at least one of them being in a pixel detector layer.
The muons selected off-line must match, in pseudorapidity
and azimuthal angle, those that triggered the detector read-
out. They are combined to form ϒ candidates, which are
kept for further processing if jyj < 1.2 and pT > 14 GeV.
The selected dimuon sample contains about 10 × 106

ϒð1SÞ, 3.9 × 106 ϒð2SÞ, and 2.6 × 106 ϒð3SÞ. Figure 1
shows the invariant mass distributions of the selected

dimuons, in two halves of the covered rapidity range.
Fitting such distributions in fine jyj bins reveals that the
dimuon mass resolution σm varies quadratically from
60 MeVat y ¼ 0 to 120 MeVat jyj ¼ 1.2. The background
in the mass distribution of the χbð3PÞ candidates is reduced
by selecting dimuons with invariant mass between
M½ϒð3SÞ& − nσσmðyÞ and M½ϒð3SÞ& þ 2.5σmðyÞ, where
M½ϒð3SÞ& is the world-average ϒð3SÞ mass [33]. The
low-mass edge of the ϒð3SÞ signal window is defined by
nσ ¼ 2 for jyj < 0.9 and nσ ¼ 1.5 for 0.9 < jyj < 1.2, to
minimize the contamination from the ϒð2SÞ resonance.
Photon candidates are formed from two oppositely

charged tracks, of which one has at least four tracker hits
and the other at least three. The tracks must have a small
angular separation, a small distance of closest approach, a
conversion vertex at least 1.5 cm away from the beam axis,
and a χ2 probability of the kinematic fit imposing zero mass
and a common vertex that exceeds 0.05%. A more detailed
account of the selection criteria is given in Ref. [32]. Only
photons with pseudorapidity jηj < 1.2 and pT > 500 MeV
are kept.
The dimuon is combined with the converted photon to

form the χbð3PÞ candidate. A kinematic fit of the dimuon-
photon system is performed with the following conditions:
the mass of the dimuon is fixed to theϒð3SÞworld-average
mass, 10.3552 GeV [33]; the electron-positron pair is
constrained to have a common vertex and zero mass;
and the two muons and the photon are constrained to have
a common vertex. The χbð3PÞ candidate is kept if the χ2

probability of the kinematic fit exceeds 1%. Two or more
candidates are found in about 1% of the events; only the
one with the best fit is retained.
To accurately measure the invariant mass of the χbð3PÞ

candidate, the photon energy scale (PES) must be calibrated.
The PES, defined as the ratio between the reconstructed
and true energy, is measured using a sample of χc1 →
J=ψγ → μþμ−γ events, through the ratio ½m2

μμγ −m2
μμ&=

½Mðχc1Þ2 −MðJ=ψÞ2&, where mμμγ and mμμ are the μμγ
and μμ invariant masses, and Mðχc1Þ and MðJ=ψÞ are the
world-average masses [33] of the χc1 and J=ψ states. The
values are obtained in several bins of photon energy, profiting
from a large J=ψ → μμ data sample collected in the same
running periods as theϒ → μμ data. The energy spectrum of
the χc1 → J=ψγ photons covers the range relevant for theϒγ
analysis. The PES values, shown in Fig. 2 as a function of
the measured photon energy Eγ, are parametrized with the
function p0 þ p1 expð−Eγ=p2Þ, where p0, p1, and p2 are
free parameters in the fit. The resulting function is then used
for the event-by-event correction of the photon energy in the
computation of the ϒγ invariant mass.
Figure 3 shows the PES-corrected ϒðnSÞ-photon invari-

ant mass distributions, with n ¼ 1, 2, 3. The ϒð1SÞγ and
ϒð2SÞγ events are selected with the same criteria as used
for the ϒð3SÞγ events, except that the dimuon invariant
mass is required to be between M½ϒð1SÞ& − 2.5σmðyÞ
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and M½ϒð1SÞ$ þ 2σmðyÞ and within M½ϒð2SÞ$ & 2σmðyÞ,
respectively.
The prominent χbð1PÞ and χbð2PÞ peaks seen in the

ϒð1SÞγ and ϒð2SÞγ distributions in Fig. 3 are fit using a
procedure analogous to the one described in the next
paragraph. The resulting χb1ð1PÞ and χb1ð2PÞ masses
are in agreement with the world-average values [33], as
shown in the inset, confirming the validity of the PES
correction function.
Figure 4 shows the ϒð3SÞγ invariant mass distribution

along with the result of an unbinned extended maximum-
likelihood fit. The background is described by ðm − q0Þλ
exp ½νðm − q0Þ$, where m is the χbð3PÞ candidate invariant
mass, λ and ν are free parameters, and q0 is fixed to
10.4 GeV. The χb1ð3PÞ and χb2ð3PÞ signal peaks are
modeled with a double-sided crystal ball function [34],
which complements a Gaussian core with low- and high-
mass power-law tails, defined by the transition points
(αL;H) and the power-law exponents (nL;H). The tails of
the signal functions, identical for both peaks, are defined by
the parameters nL ¼ 3 and αL ¼ 0.6, for the low-mass tail,
and by nH ¼ 2 and αH ¼ 1.4, for the high-mass tail. These
values reflect studies of simulated distributions, generated
with PYTHIA 8.230 [35], complemented by EVTGEN 1.6.0
[36] to simulate the quarkonium decays and by PHOTOS

3.61 [37] for the modeling of final-state radiation. The
generated events undergo a full simulation of the detector
response, according to the implementation of the CMS
detector within GEANT4 [38]; the samples include multiple
pp interactions in the same or nearby beam crossings. The
simulation studies show that the resolution of the ϒγ mass
measurement is linearly proportional to the difference
between the mass of the parent P-wave state and the mass
of the daughter S-wave state, so that one can impose a

linear relationship between the Gaussian widths of the
two signal shapes: σ2=σ1 ¼ fM½χb2ð3PÞ$ −M½ϒð3SÞ$g=
fM½χb1ð3PÞ$ −M½ϒð3SÞ$g. This relation assumes that the
natural widths of the resonances are negligible with respect
to the instrumental resolution. Fitting without this constraint
gives a σ2=σ1 ratio in agreement with the assumption, albeit
with a large uncertainty.
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We study the decays of the J/ψ and ψ ′ mesons to π+π−π0 using data samples at both resonances
collected with the BES III detector in 2009. We measure the corresponding branching fractions with
unprecedented precision and provide mass spectra and Dalitz plots. The branching fraction for J/ψ −→
π+π−π0 is determined to be

(
2.137 ± 0.004 (stat.)+0.058

−0.056 (syst.)+0.027
−0.026 (norm.)

)
× 10−2,

and the branching fraction for ψ ′ −→ π+π−π0 is measured as

(
2.14 ± 0.03 (stat.)+0.08

−0.07 (syst.)+0.09
−0.08 (norm.)

)
× 10−4.

The J/ψ decay is found to be dominated by an intermediate ρ(770) state, whereas the ψ ′ decay is
dominated by di-pion masses around 2.2 GeV/c2, leading to strikingly different Dalitz distributions.
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Fig. 2. ππ invariant mass distribution (left) and Dalitz plot (right) with backgrounds subtracted and corrected for efficiency. Top and bottom graphs show the results for the
J/ψ −→ π+π−π0 and ψ ′ −→ π+π−π0 analysis, respectively.
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Fig. 2. ππ invariant mass distribution (left) and Dalitz plot (right) with backgrounds subtracted and corrected for efficiency. Top and bottom graphs show the results for the
J/ψ −→ π+π−π0 and ψ ′ −→ π+π−π0 analysis, respectively.
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We study the decays of the J/ψ and ψ ′ mesons to π+π−π0 using data samples at both resonances
collected with the BES III detector in 2009. We measure the corresponding branching fractions with
unprecedented precision and provide mass spectra and Dalitz plots. The branching fraction for J/ψ −→
π+π−π0 is determined to be

(
2.137 ± 0.004 (stat.)+0.058

−0.056 (syst.)+0.027
−0.026 (norm.)

)
× 10−2,

and the branching fraction for ψ ′ −→ π+π−π0 is measured as

(
2.14 ± 0.03 (stat.)+0.08

−0.07 (syst.)+0.09
−0.08 (norm.)

)
× 10−4.

The J/ψ decay is found to be dominated by an intermediate ρ(770) state, whereas the ψ ′ decay is
dominated by di-pion masses around 2.2 GeV/c2, leading to strikingly different Dalitz distributions.

 2012 Elsevier B.V. All rights reserved.
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,  ,  ,  ud̄ uū dd̄ ss̄ cc̄ bb̄ , ds̄ us̄ cs̄ , db̄ ub̄ sb̄, cū cd̄
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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

Event display for:

   

   with:

      

e+e− → π+π−J/ψ

J/ψ → μ+μ−

BESIII Experiment
(Beijing, China)

IC.  A Tour of Meson Families:  the  familyZc(3900)
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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

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.

)2) (GeV/c-µ+µM(
3 3.05 3.1 3.15 3.2

2
E

ve
nt

s 
/ 0

.0
02

 G
eV

/c

0

20

40

60

80

100

120

140

160

)2) (GeV/c-+
3 3.05 3.1 3.15 3.2

2
E

ve
nt

s 
/ 0

.0
02

 G
eV

/c

0

20

40

60

80

100

120

140

160
Data
Fit
Background

)2) (GeV/c-e+M(e
3 3.05 3.1 3.15 3.2

2
E

ve
nt

s 
/ 0

.0
02

 G
eV

/c

0

20

40

60

80

100

120

)2-+
3 3.05 3.1 3.15 3.2

2
E

ve
nt

s 
/ 0

.0
02

 G
eV

/c

0

20

40

60

80

100

120 Data
Fit
Background

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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       minimal quark content is Zc(3900)+ → π+J/ψ ⟹ cc̄ud̄

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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FIG. 4 (color online). Fit to the Mmaxð"&J=c Þ distribution as
described in the text. Dots with error bars are data; the red solid
curve shows the total fit, and the blue dotted curve the back-
ground from the fit; the red dotted-dashed histogram shows the
result of a phase space (PHSP) MC simulation; and the green
shaded histogram shows the normalized J=c sideband events.
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LECTURE I.  A Field Guide to Meson Families

Mesons are hadrons made from equal numbers 
of quarks and antiquarks.

The gross behavior of a meson is determined by 
whether it decays weakly (e.g. the  and ), 
electromagnetically (e.g. the ), or strongly 
(e.g. the  and ):

*  and if weakly, whether it can mix with its 
antiparticle (e.g. the ) or not (e.g. the ).

*  and if strongly, if it’s above open-flavor 
threshold (e.g. the ) or not (e.g. the ).

There are also meson candidates with exotic 
flavors that are hard to classify (e.g. the 

).

K+ K0

π0

J/ψ ρ

K0 K+

ρ J/ψ

Zc(3900)
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