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Q:  What are heavy quark exotica?  
A:  Phenomena in the heavy quark sector that  
do not easily fit into the naive quark model picture  
of mesons and baryons.

Q:  Why are they interesting?
A:  They can be used to explore novel phenomena  
in QCD:
       hybrid mesons, tetraquarks, pentaquarks,  
        molecules, hadroquarkonium, thresholds

Q:  Why are they called XYZ?
A:  Mostly historical reasons.
          But now there are patterns:  
             Z:  electrically charged (I = 1).
             Y:  JPC = 1−−, made directly in e+e−.
             X:  whatever is leftover.
    But there are many exceptions!
   [The PDG will soon name them by IJPC.]

Q:  How many have been found?
A:  Many.
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FIG. 65 The current status of the charmonium-like spectrum. The dashed (red) horizontal lines indicate the expected states and their
masses based on recent calculations (39) based on the Godfrey-Isgur relativized potential model (40), supplemented by the calculations
in ref. (332) for high radial excitations of the P-wave states. The solid (black) horizontal lines indicate the experimentally established
charmonium states, with masses and spin-parity (JPC) quantum number assignments taken from ref. (9), and labeled by their spectroscopic
assignment. The open-flavor decay channel thresholds are shown with longer solid (brown) horizontal lines. The candidates for exotic
charmonium-like states are also shown with shorter solid (blue or magenta) horizontal lines with labels reflecting their most commonly
used names. All states are organized according to their quantum numbers given on horizontal axis. The last column includes states with
unknown quantum numbers, the two pentaquark candidates and the lightest charmonium 2�� state. The lines connecting the known
states indicate known photon or hadron transitions between them: dashed-green are � transitions; (thick E1, thin M1), solid-magenta are
⇡; thin (thick) dashed-blue are ⌘ (�); dashed-red are p; dotted-blue are ⇢0 or !; and solid-blue other ⇡⇡ transitions, respectively.

lar states are expected to be near the masses of their
constituent hadrons and have appropriate S-wave JPC

quantum numbers. This is the case for the Zb(10610)
and the Zb(10650), which are within a few MeV of the
BB̄⇤ and B⇤B̄⇤ thresholds, respectively, and applies rea-
sonably well to the Zc(3900) and Zc(4020), which are
' 10 MeV above the DD̄⇤ and D⇤D̄⇤ thresholds, re-
spectively. However, the interpretation of these states
as molecules is controversial. Peaks at masses that are
slightly above threshold are dangerously similar to expec-
tations for kinematically induced cusps (146; 147; 148)
(see Fig. 8b and related text). Anomalous triangle singu-
larities are another mechanism that can produce above-

threshold peaks that are not related to a physical res-
onance (372). Moreover, unlike the X(3872), no evi-
dence for these states have been found in lattice QCD
calculations (373; 374; 375; 376). On the other hand,
detailed studies of the BESIII’s Zc(3900) ! J/ ⇡ and
DD̄⇤ signals (149) and Belle’s corresponding Zb sig-
nals (157; 377; 378) show that the observed peaks can
be identified as virtual states with associated poles in
the complex scattering t-matrices.

The JP = 1+ Z(4430) (now with a mass near
4478 MeV) has been proposed as a radial excitation of the
Zc(3900), comprised of a molecule-like DD̄⇤(2S) configu-
ration (379; 380), where the D⇤(2S) is the radial excita-
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FIG. 66 The current status of the bottomonium-like spectrum. The current status of the bottomonium-like spectrum. The dashed (red)
lines indicate the expected states and their masses based on recent calculations (41) based on the Godfrey-Isgur relativized potential
model (40). The solid (black) horizontal lines indicate the experimentally established charmonium states, with masses and spin-parity
(JPC) quantum number assignments taken from ref. (9), and labeled by their spectroscopic assignment. The open-flavor decay channel
thresholds are shown with longer solid (brown) horizontal lines. The candidates for exotic bottomonium-like states are also shown with
shorter solid (blue or magenta) horizontal lines with labels reflecting their most commonly used names. The known photon and hadron
transitions are also indicated (see the caption of Fig. 65).

tion of the D⇤. Although the existence of the D⇤(2S)
has not been firmly established, the BaBar group re-
ported a strong candidate for this state in the D+⇡� and
D⇤+⇡� invariant mass distributions in inclusive e+e� !
D(⇤)+⇡� X reactions at Ecm = 10.58 GeV (381); LHCb
subsequently reported observations of D(⇤)⇡ invariant
mass structures with peak and width values similar to
BaBar’s that were produced in high energy pp colli-
sions (382). The averages of the BaBar and LHCb mass
and width measurements for this state, which is called
the D⇤

J(2600), are 2622 ± 12 MeV and 104 ± 20 MeV,
respectively (9). If we assume D⇤(2S) = D⇤

J(2600), the
DD̄⇤(2S) “threshold” is at ' 4490 MeV, and ' 12 MeV
above the Z(4430) mass. This association with a radially
excited D⇤ meson may account for the observed prefer-

ence for the Z(4430) to decay to  (2S)⇡ over J/ ⇡ (re-
call that  0= (2S)). The large D⇤

J(2600) width could
also explain the large Z(4430) width, although for such a
broad constituent, it is not clear whether the molecular
formalism still applies. Also, unlike the Z(4430) state,
the Zc(3900) state is not produced in B ! Z K decays
(51), which casts doubt on any model in which these two
states have essentially the same internal structure, di↵er-
ing only by a radial excitation.

Molecules are not likely explanations for most of the
other hidden-charm non-standard mesons. For example,
when the Y (4260) was first reported by BaBar with a
mass of 4259+8

�10 MeV, its interpretation as a DD̄1(2420)
molecule with a binding energy of ' 25 MeV might have
been plausible (301). But recent high-statistics measure-
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Table 2: Candidates for QCD exotica roughly organized by mass. Quantum numbers that have not been measured, but are assumed, are
listed in parentheses. Unknown quantum numbers are left blank or are indicated with a question mark. References for mass and width values
are given in the mass column. When only a single value has been measured or there is one dominant measurement, the value from the original
reference is used. Otherwise, we quote the PDG average. References for the production processes and decay modes are given in Table 1.

Particle IGJPC Mass [MeV] Width [MeV] Production and Decay

X(3823) ( 2(1D)) (0�2��) 3822.2 ± 1.2 [176] < 16
B ! KX; X ! ��

c1

e+e� ! ⇡+⇡�X; X ! ��
c1

X(3872) 0+1++ 3871.69 ± 0.17 [176] < 1.2

B ! KX; X ! ⇡+⇡�J/ 
B ! KX; X ! D⇤0D̄0

B ! KX; X ! �J/ , � (2S)
B ! KX; X ! !J/ 

B ! K⇡X; X ! ⇡+⇡�J/ 
e+e� ! �X; X ! ⇡+⇡�J/ 

pp or pp̄ ! X + any.; X ! ⇡+⇡�J/ 

Z
c

(3900) 1+1+� 3886.6 ± 2.4 [176] 28.1 ± 2.6
e+e� ! ⇡Z; Z ! ⇡J/ 
e+e� ! ⇡Z; Z ! D⇤D̄

X(3915)
0+0++ 3918.4 ± 1.9 [176] 20 ± 5

�� ! X; X ! !J/ 
Y (3940) B ! KX; X ! !J/ 

Z(3930) (�
c2(2P )) 0+2++ 3927.2 ± 2.6 [176] 24 ± 6 �� ! Z; Z ! DD̄

X(3940) 3942+7
�6 ± 6 [41] 37+26

�15 ± 8 e+e� ! J/ + X; X ! DD̄⇤

Y (4008) 1�� 3891 ± 41 ± 12 [23] 255 ± 40 ± 14 e+e� ! Y ; Y ! ⇡+⇡�J/ 

Z
c

(4020) 1+??� 4024.1 ± 1.9 [176] 13 ± 5
e+e� ! ⇡Z; Z ! ⇡h

c

e+e� ! ⇡Z; Z ! D⇤D̄⇤

Z1(4050) 1�??+ 4051 ± 14+20
�41 [133] 82+21+47

�17�22 B ! KZ; Z ! ⇡±�
c1

Z
c

(4055) 1+??� 4054 ± 3 ± 1 [148] 45 ± 11 ± 6 e+e� ! ⇡⌥Z; Z ! ⇡± (2S)

Y (4140) 0+1++ 4146.5 ± 4.5+4.6
�2.8 [125] 83 ± 21+21

�14

B ! KY ; Y ! �J/ 
pp or pp̄ ! Y + any.; Y ! �J/ 

X(4160) 4156+25
�20 ± 15 [41] 139+111

�61 ± 21 e+e� ! J/ + X; X ! D⇤D̄⇤

Z
c

(4200) 1+1+� 4196+31+17
�29�13 [46] 370+70+70

�70�132 B ! KZ; Z ! ⇡±J/ 
Y (4230) 0�1�� 4230 ± 8 ± 6 [149] 38 ± 12 ± 2 e+e� ! Y ; Y ! !�

c0

Z
c

(4240) 1+0�� 4239 ± 18+45
�10 [138] 220 ± 47+108

�74 B ! KZ; Z ! ⇡± (2S)
Z2(4250) 1�??+ 4248+44+180

�29�35 [133] 177+54+316
�39�61 B ! KZ; Z ! ⇡±�

c1

Y (4260) 0�1�� 4251 ± 9 [176] 120 ± 12 e+e� ! Y ; Y ! ⇡⇡J/ 
Y (4274) 0+1++ 4273.3 ± 8.3+17.2

�3.6 [125] 52 ± 11+8
�11 B ! KY ; Y ! �J/ 

X(4350) 0+??+ 4350.6+4.6
�5.1 ± 0.7 [170] 13+18

�9 ± 4 �� ! X; X ! �J/ 
Y (4360) 1�� 4346 ± 6 [176] 102 ± 10 e+e� ! Y ; Y ! ⇡+⇡� (2S)

Z
c

(4430) 1+1+� 4478+15
�18 [176] 181 ± 31

B ! KZ; Z ! ⇡±J/ 
B ! KZ; Z ! ⇡± (2S)

X(4500) 0+0++ 4506 ± 11+12
�15 [125] 92 ± 21+21

�20 B ! KX; X ! �J/ 
X(4630) 1�� 4634+8+5

�7�8 [150] 92+40+10
�24�21 e+e� ! X; X ! ⇤

c

⇤̄
c

Y (4660) 1�� 4643 ± 9 [176] 72 ± 11 e+e� ! Y ; Y ! ⇡+⇡� (2S)
X(4700) 0+0++ 4704 ± 10+14

�24 [125] 120 ± 31+42
�33 B ! KX; X ! �J/ 

P
c

(4380) 4380 ± 8 ± 29 [35] 205 ± 18 ± 86 ⇤
b

! KP
c

; P
c

! pJ/ 
P

c

(4450) 4449.8 ± 1.7 ± 2.5 [35] 39 ± 5 ± 19 ⇤
b

! KP
c

; P
c

! pJ/ 
X(5568) 5567.8 ± 2.9+0.9

�1.9 [175] 21.9 ± 6.4+5.0
�2.5 pp̄ ! X + anything; X ! B

s

⇡±

Z
b

(10610) 1+1+� 10607.2 ± 2.0 [176] 18.4 ± 2.4
e+e� ! ⇡Z; Z ! ⇡⌥(1S, 2S, 3S)
e+e� ! ⇡Z; Z ! ⇡h

b

(1P, 2P )
e+e� ! ⇡Z; Z ! BB̄⇤

Z
b

(10650) 1+1+� 10652.2 ± 1.5 [176] 11.5 ± 2.2
e+e� ! ⇡Z; Z ! ⇡⌥(1S, 2S, 3S)
e+e� ! ⇡Z; Z ! ⇡h

b

(1P, 2P )
e+e� ! ⇡Z; Z ! B⇤B̄⇤

Y
b

(10888) 0�1�� 10891 ± 4 [176] 54 ± 7
e+e� ! Y ; Y ! ⇡⇡⌥(1S, 2S, 3S)
e+e� ! Y ; Y ! ⇡⇡h

b

(1P, 2P )
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Table 1: Exotica organized by the way they are produced. References are given in the decay column.

Process Production Decay Particle

B and ⇤
b

Decays

B ! K + X

X ! ⇡+⇡�J/ [4, 109, 110, 111, 112, 113, 114]

X(3872)
X ! D⇤0D̄0 [115, 116, 117]

X ! �J/ [118, 119, 120, 121]
X ! � (2S) [118, 120]

X ! !J/ [106, 122, 123]
X(3872)
Y (3940)

X ! ��
c1 [124] X(3823)

X ! �J/ [125, 126, 127, 128, 129, 130, 131, 132]

Y (4140)
Y (4274)
X(4500)
X(4700)

B ! K + Z

Z ! ⇡±�
c1 [133, 134]

Z1(4050)
Z2(4250)

Z ! ⇡±J/ [46, 135]
Z

c

(4200)
Z

c

(4430)

Z ! ⇡± (2S) [30, 135, 136, 137, 138, 139]
Z

c

(4240)
Z

c

(4430)
B ! K⇡ + X X ! ⇡+⇡�J/ [140] X(3872)

⇤
b

! K + P
c

P
c

! pJ/ [35]
P

c

(4380)
P

c

(4450)

e+e� Annihilation

e+e� ! Y

Y ! ⇡⇡J/ [23, 29, 141, 142, 143, 144, 145]
Y (4008)
Y (4260)

Y ! ⇡⇡ (2S) [108, 146, 147, 148]
Y (4360)
Y (4660)

Y ! !�
c0 [149] Y (4230)

Y ! ⇤
c

⇤̄
c

[150] X(4630)
Y ! ⇡⇡⌥(1S, 2S, 3S) [151, 152]

Y
b

(10888)
Y ! ⇡⇡h

b

(1P, 2P ) [153]

e+e� ! ⇡ + Z

Z ! ⇡J/ [22, 23, 31, 32]
Z

c

(3900)
Z ! D⇤D̄ [33, 154, 155]

Z ! ⇡h
c

[156, 157]
Z

c

(4020)
Z ! D⇤D̄⇤ [158, 159]
Z ! ⇡± (2S) [148] Z

c

(4055)
Z ! ⇡⌥(1S, 2S, 3S) [160, 161, 162] Z

b

(10610)
Z ! ⇡h

b

(1P, 2P ) [160] Z
b

(10650)

Z ! BB̄⇤ [163] Z
b

(10610)

Z ! B⇤B̄⇤ [163] Z
b

(10650)
e+e� ! � + X X ! ⇡+⇡�J/ [52] X(3872)

e+e� ! ⇡+⇡� + X X ! ��
c1 [164] X(3823)

e+e� ! J/ + X
X ! DD̄⇤ [41, 165] X(3940)

X ! D⇤D̄⇤ [41] X(4160)

�� Collisions �� ! X
X ! !J/ [166, 167] X(3915)

X ! DD̄ [168, 169] Z(3930)
X ! �J/ [170] X(4350)

Hadron Collisions pp or pp̄ ! X+ anything
X ! ⇡+⇡�J/ [27, 171, 172, 173] X(3872)

X ! �J/ [174] Y (4140)
X ! B

s

⇡± [175] X(5568)
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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment Highlights Accelerator Years Institute Production

BaBar
Y (4260) [29]

PEP-II
1999–

SLAC

e+e� annihilationY (4360) [108] 2008
(Menlo Park,

(ECM ⇡ 10 GeV):
California,

USA)

e+e� ! BB̄; B ! KX

Belle

X(3872) [4]

KEKB
1998–

KEK

e+e� ! Y
b

Y (3940) [106]

2010
(Tsukuba,

e+e� ! ⇡Z
b

X(3915) [166]

Japan)

e+e�(�ISR) ! Y
Z

c

(4430) [30, 136, 137]

e+e�(�ISR) ! ⇡Z
c

Z
b

(10610),

e+e� ! J/ + X
Z

b

(10650) [160, 162, 163]

�� ! X
Y

b

(10888) [151, 152]

Belle II
Upcoming

SuperKEKB 2018–continuation of
Belle

CLEO-c
Y (4260) [142]

CESR-c
2003–

Cornell U.
e+e� annihilation

⇡+⇡�h
c

[177] 2008
(Ithaca,

(ECM ⇡ 4 GeV):New York,
USA)

e+e� ! Y

BESIII

Z
c

(3900) [22, 154]

BEPCII 2008–
IHEP

e+e� ! ⇡ZZ
c

(4020) [156, 158]
(Beijing,

e+e� ! �XY (4230) [149]
China)

X(3872) [52]

CDF
Y (4140) [126]

Tevatron
1985–

Fermilab
pp̄ collisions

Y (4274) [132]

2011
(Batavia,

(ECM ⇡ 2 TeV):
X(3872) [178, 179, 172]

Illinois,
D0

X(3872) [171]
USA)

pp̄ ! X + any
Y (4140) [174]

pp̄ ! B + any; B ! KX
X(5568) [175]

ATLAS �
b

(3P ) [180]

LHC 2010–

CERN

pp collisions

(Geneva,

(ECM = 7, 8, 13 TeV):

Switzerland)

CMS
X(3872) [28]

pp ! X + any

Y (4140),

pp ! B + any; B ! KX

Y (4274) [130]

pp ! ⇤
b

+ any; ⇤
b

! KP
cLHCb

Z
c

(4430) [138, 139]
X(3872) [109]

P
c

(4380),
P

c

(4450) [35]
Y (4140),

Y (4274) [125, 131]

COMPASS
photoproduction [181]

SPS 2002-2011

µ/⇡ beam on N target

a1(1420) [182]

(p
beam

⇡ 160, 200 GeV)

⇡N ! XN
�N ! XN

P̄ANDA Upcoming HESR
GSI

p̄ beam on p target

(Darmstadt,
(p

beam

⇡ 1.5–15 GeV):

Germany) pp̄ ! X
pp̄ ! X + any

GlueX Beginning
CEBAF 2016–

Je↵erson Lab � beam on p target

(searches for light
(Newport News, (E

beam

 11 GeV):

CLAS12 quark hybrid mesons)
Virginia,

USA) �p ! Xp
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5. Conclusions

An entirely new chapter of hadronic physics opened in 2003, with the discovery of the enigmatic X(3872). It has
since been joined by about 30 equally mysterious states, many believed to be tetraquarks or pentaquark resonances, while
others might ultimately turn out instead to be prominent e↵ects due to the opening of hadronic thresholds.

In this review we explored the history and techniques of the experiments that discovered, confirmed, and measured
the mass, JPC , and decay properties of these numerous states. Very often, the search to probe a known state led to the
discovery of new ones.

We also examined in detail the leading theoretical pictures proposed for describing these states, finding that no
single paradigm yet fits all of the candidate exotics. The eventual consensus picture may turn out to be one that is yet
undiscovered, or a hybrid of those already proposed. In any case, the rate of theoretical work has not abated, with a new
wave of excitement each time a new exotic candidate is discovered.

Many of the most prolific experiments uncovering these new results are still currently active, while a number of others
designed to be sensitive to new production processes and/or new decay modes will come online in the next few years. The
directions of both experimental and theoretical discovery can never be predicted, but only conjectured based upon past
experience. In that light, the next several years should be just as rich, if not richer, in the volume of new experimental
information and the creation of new theoretical ideas for these new classes of hadrons.
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A. Glossary of Exotic States

A.1. X(3823) (or  2(1D))

The X(3823) was discovered by the Belle Collaboration in 2013 in the reaction B ! KX with X ! ��
c1 [124].

The BESIII Collaboration later found a peak consistent with the X(3823) produced in e+e� ! ⇡+⇡�X, again with
X ! ��

c1 [164]. The X(3823) is likely the  2(1D) state of charmonium. See Sec. 2.6 for more detail.

A.2. X(3872)

Accidentally discovered by the Belle Collaboration in 2003 in the reaction B ! KX with X ! ⇡+⇡�J/ [4], the
X(3872) was both the first of the XYZ states to be discovered and is the one that has been most studied. Nevertheless,
like most of the XYZ states, there is no interpretation that is universally agreed upon. It has been produced in decays
of the B meson [4, 109, 110, 111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 140], in hadronic collisions [27,
28, 171, 172, 173, 178], and perhaps in radiative decays of the Y (4260) [52]. Besides ⇡+⇡�J/ , it has also been seen to
decay to !J/ [122], D⇤D̄ [115, 116, 117], �J/ [118, 119, 120, 121], and � (2S) [118, 120]. Its unusual features include
a mass that is currently indistinguishable from the D⇤0D̄0 threshold (the current mass di↵erence is 0.01± 0.18 MeV) and
a narrow width (< 1.2 MeV). It is has no isospin partners and has JPC = 1++. See Sec. 2.3 for more discussion of its
experimental properties.

A.3. Z
c

(3900)

The Z
c

(3900) was simultaneously discovered in 2013 by the BESIII and Belle Collaborations in the process e+e� !
⇡⌥Z±

c

with Z±
c

! ⇡±J/ . For the BESIII observation [22], the center-of-mass energy was fixed to 4.26 GeV. Belle [23]
used initial-state radiation to cover the energy region from 4.15 to 4.45 GeV, corresponding to the region of the Y (4260).
It is not yet clear whether the production of the Z

c

(3900) is associated with the Y (4260). The Z
c

(3900) has since been
seen in decays to ⇡0J/ [31, 32] (Z0

c

) and in D⇤D̄ (both charged and neutral) [33, 154, 155]. It has only been produced
in the reaction e+e� ! ⇡Z

c

. See Sec. 2.5.4 for more experimental details.

A.4. X(3915) (or �
c0(2P ))

The X(3915) was first seen by the Belle Collaboration in 2010 in the process �� ! X with X ! !J/ [166]. It was
later confirmed by the BaBar Collaboration [167]. It appears as a clear peak with little background. Its JPC is likely
0++, so there is some possibility that it is the �

c0(2P ) state of charmonium, although this assignment is controversial.
See Sec. 2.6 for more discussion.
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[PRELIM: Four foundational discoveries]
    X(3872), Y(3940), Y(4260), Zc(4430)

[Part I: X(3872)]  
    What happened to the X(3872)?
    An accumulation of experimental details.

[Part II: Y(3940)]
    What happened to the Y(3940)?
    The ongoing search for the χc0(2P).

[Part III: Y(4260)]
    What happened to the Y(4260)?
    Peaks in e+e− cross sections (“Y states”).
    Peaks in their decays (“Z states”).

[Part IV: Zc(4430)]
    What happened to the Zc(4430)?
    Peaks in B decays.
    Peaks in Λb decays.

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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X(3872)

be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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FIG. 4. B! K!J= signal yields vs M!!J= ". The curve in
(a) indicates the result of a fit that includes only a phase-space-
like threshold function. The curve in (b) shows the result of a fit
that includes an S-wave Breit-Wigner resonance term.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV

P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26
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B ! KX;X ! ⇡+⇡�J/ at Belle
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B → Kψ(2S), X(3872)
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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like threshold function. The curve in (b) shows the result of a fit
that includes an S-wave Breit-Wigner resonance term.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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[PRELIM: Four foundational discoveries]
    X(3872), Y(3940), Y(4260), Zc(4430)

[Part I: X(3872)]  
    What happened to the X(3872)?
    An accumulation of experimental details.

[Part II: Y(3940)]
    What happened to the Y(3940)?
    The ongoing search for the χc0(2P).

[Part III: Y(4260)]
    What happened to the Y(4260)?
    Peaks in e+e− cross sections (“Y states”).
    Peaks in their decays (“Z states”).

[Part IV: Zc(4430)]
    What happened to the Zc(4430)?
    Peaks in B decays.
    Peaks in Λb decays.

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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FIG. 4. B! K!J= signal yields vs M!!J= ". The curve in
(a) indicates the result of a fit that includes only a phase-space-
like threshold function. The curve in (b) shows the result of a fit
that includes an S-wave Breit-Wigner resonance term.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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[PART I: X(3872)]  What happened?
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well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψ Þ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ
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ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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More statistics!!
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[PART I: X(3872)]  Experimental Details
Properties:
1.  Its mass is really close to the D0D*0 threshold.

2.  It’s narrow.

3.  It has no isospin partners.
4.  It has JPC = 1++.

M(X)�M(D0D̄⇤0) = 0.01± 0.18 MeV

�(X) < 1.2 MeV

Production:
10.  It is produced in B decays.
11.  It is produced in hadron collisions.

12.  It’s produced in e+e− → γX(3872), maybe through the Y(4260).
13.  It might be produced in photoproduction.

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

B(X!� (2S))
B(X!�J/ ) = 2.6± 0.6

B(X!!J/ )
B(X!⇡+⇡�J/ ) = 0.8± 0.3

B(X!D0D̄⇤0)
B(X!⇡+⇡�J/ ) = 9.2± 2.9

B(X ! ⇡+⇡�J/ ) > 2.6%

Decays:
5.  It decays to ρJ/ψ.
6.  It has radiative decays to J/ψ and ψ(2S).

7.  It decays to ωJ/ψ.

8.  It decays to D0D*0.

9.  There are lower limits on its branching fractions.

The LHCb detector is a single-arm forward spectrometer
covering the pseudorapidity range 2 < η < 5, described
in detail in Refs. [18,19]. The Xð3872Þ candidate selec-
tion, which is based on reconstructing Bþ→ ðJ=ψ→μþμ−Þ
πþπ−Kþ candidates using particle identification informa-
tion and transverse momentum (pT) thresholds and requir-
ing separation of tracks and the Bþ vertex from the primary
pp interaction vertex, is improved relative to that of
Ref. [17]. The signal efficiency is increased by lowering
requirements on pT for muons from 0.90 to 0.55 GeV and
for hadrons from 0.25 to 0.20 GeV. The background is
further suppressed without significant loss of signal by
requiring Q < 250 MeV. The Xð3872Þ mass resolution
(σΔM) is improved from about 5.5 to 2.8 MeV by
constraining the Bþ candidate to its known mass and
requiring its momentum to point to a pp collision vertex
in the kinematic fit of its decay. The distribution of ΔM≡
Mðπþπ−J=ψÞ −MðJ=ψÞ is shown in Fig. 1. A Crystal Ball
function [20] with symmetric tails is used to model the
signal shape, while the background is assumed to be linear.
An unbinned maximum-likelihood fit yields 1011$ 38
Bþ → Xð3872ÞKþ decays and 1468$ 44 background
entries in the 725 < ΔM < 825 MeV range used in the
angular analysis. The signal purity is 80% within 2.5σΔM
from the signal peak. From studying the Kþπþπ− mass
distribution, the dominant source of the background is
found to be Bþ→J=ψK1ð1270Þþ, K1ð1270Þþ → Kþπþπ−

decays.
Angular correlations in the Bþ decay chain are analyzed

using an unbinned maximum-likelihood fit to determine the
Xð3872Þ quantum numbers and orbital angular momentum
in its decay. The probability density function (P) for each
JPC hypothesis, JX, is defined in the five-dimensional
angular spaceΩ≡ðcosθX;cosθρ;ΔϕX;ρ;cosθJ=ψ ;ΔϕX;J=ψ Þ,

where θX, θρ and θJ=ψ are the helicity angles [21–23] in the
Xð3872Þ, ρ0 and J=ψ decays, respectively, and ΔϕX;ρ,
ΔϕX;J=ψ are the angles between the decay planes of the
Xð3872Þ particle and of its decay products. The quantity P
is the normalized product of the expected decay matrix
element (M) squared and of the reconstruction
efficiency (ϵ), PðΩjJXÞ ¼ jMðΩjJXÞj2ϵðΩÞ=IðJXÞ, where
IðJXÞ ¼

R
jMðΩjJXÞj2ϵðΩÞdΩ. The efficiency is averaged

over the πþπ− mass using a simulation [24–28] of the
Xð3872Þ → ρ0J=ψ , ρ0 → πþπ− decay. The line shape of
the ρ0 resonance can change slightly depending on the
Xð3872Þ spin hypothesis. The effect on ϵðΩÞ is very small
and is neglected. The angular correlations are obtained
using the helicity formalism [16],

jMðΩjJXÞj2 ¼
X

Δλμ¼−1;þ1

j
X

λJ=ψ ;λρ¼−1;0;þ1

AλJ=ψ ;λρ DJX
0;λJ=ψ−λρð0; θX; 0Þ

&

D1
λρ;0

ðΔϕX;ρ; θρ; 0Þ&

D1
λJ=ψ ;ΔλμðΔϕX;J=ψ ; θJ=ψ ; 0Þ&j2; ð1Þ

where the λ’s are particle helicities, Δλμ ¼ λμþ − λμ− and
DJ

λ1;λ2
are Wigner functions [21–23]. The helicity cou-

plings, AλJ=ψ ;λρ , are expressed in terms of the LS couplings,
BLS, with the help of Clebsch-Gordan coefficients, where L
is the orbital angular momentum between the ρ0 and the
J=ψ mesons, and S is the sum of their spins,

AλJ=ψ ;λρ ¼
X

L

X

S

BLS

 
JJ=ψ Jρ S

λJ=ψ −λρ λJ=ψ −λρ

!

×
!
L S JX

0 λJ=ψ −λρ λJ=ψ −λρ

"
: ð2Þ

Possible values of L are constrained by parity conservation,
PX ¼ PJ=ψPρð−1ÞL ¼ ð−1ÞL. In the previous analyses
[14,16,17], only the minimal value of the angular momen-
tum, Lmin, was allowed. Thus, for the preferred JPC ¼ 1þþ

hypothesis, the D wave was neglected allowing only
S-wave decays. In this work all L values are allowed in
Eq. (2). The corresponding BLS amplitudes are listed in
Table I. Values of JX up to 4 are analyzed. Since the orbital
angular momentum in the Bþ decay equals JX, high values
are suppressed by the angular momentum barrier. In fact,
the highest observed spin of any resonance produced in B
decays is 3 [29,30]. Since P is insensitive to the overall
normalization of the BLS couplings and to the phase of the
matrix element, the BLS amplitude with the lowest L and S
is set to the arbitrary reference value (1,0). The set of
other possible complex BLS amplitudes, which are free
parameters in the fit, is denoted as α.
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FIG. 1 (color online). Distribution of ΔM for Bþ →
J=ψKþπþπ− candidates. The fit of the Xð3872Þ signal is
displayed. The solid (blue), dashed (red) and dotted (green)
lines represent the total fit, signal component and background
component, respectively.
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[PART I: X(3872)]  Experimental Details

B(X!� (2S))
B(X!�J/ ) = 2.6± 0.6

B(X!!J/ )
B(X!⇡+⇡�J/ ) = 0.8± 0.3

B(X!D0D̄⇤0)
B(X!⇡+⇡�J/ ) = 9.2± 2.9

B(X ! ⇡+⇡�J/ ) > 2.6%

Decays:
5.  It decays to ρJ/ψ.
6.  It has radiative decays to J/ψ and ψ(2S).

7.  It decays to ωJ/ψ.

8.  It decays to D0D*0.

9.  There are lower limits on its branching fractions.

Properties:
1.  Its mass is really close to the D0D*0 threshold.

2.  It’s narrow.

3.  It has no isospin partners.
4.  It has JPC = 1++.

M(X)�M(D0D̄⇤0) = 0.01± 0.18 MeV

�(X) < 1.2 MeV

Production:
10.  It is produced in B decays.
11.  It is produced in hadron collisions.

12.  It’s produced in e+e− → γX(3872), maybe through the Y(4260).
13.  It might be produced in photoproduction.

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065 (CMS)
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[PART I: X(3872)]  Experimental Details

B(X!� (2S))
B(X!�J/ ) = 2.6± 0.6

B(X!!J/ )
B(X!⇡+⇡�J/ ) = 0.8± 0.3

B(X!D0D̄⇤0)
B(X!⇡+⇡�J/ ) = 9.2± 2.9

B(X ! ⇡+⇡�J/ ) > 2.6%

Decays:
5.  It decays to ρJ/ψ.
6.  It has radiative decays to J/ψ and ψ(2S).

7.  It decays to ωJ/ψ.

8.  It decays to D0D*0.

9.  There are lower limits on its branching fractions.

Properties:
1.  Its mass is really close to the D0D*0 threshold.

2.  It’s narrow.

3.  It has no isospin partners.
4.  It has JPC = 1++.

M(X)�M(D0D̄⇤0) = 0.01± 0.18 MeV

�(X) < 1.2 MeV (CMS)
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Figure 1. (a) The invariant mass distribution of the J/ψ candidates satisfying all selection criteria
except the ±120MeV J/ψ mass window requirement indicated here by the dotted vertical lines.
The curve shows the result of a fit with a double-Gaussian function for signal and a second-order
polynomial for background. (b) Invariant mass of the selected J/ψπ+π− candidates collected over
the full pT range 10–70GeV and the rapidity range |y| < 0.75 after selection requirements. The curve
shows the results of the fit using double-Gaussian functions for the ψ(2S) and X(3872) peaks and a
fourth-order polynomial for the background. The X(3872) mass range is highlighted in the inset.

function is the sum of a fourth-order polynomial background and two double-Gaussian

functions. The double-Gaussian functions for ψ(2S) and X(3872) contain about 470 k and

30 k candidates, respectively.

Monte Carlo (MC) simulation is used to study the selection and reconstruction ef-

ficiencies. The MC samples with b-hadron production and decays are generated with

Pythia 6.4 [17], complemented, where necessary, with a dedicated extension for Bc pro-

duction based on calculations from refs. [18–21]. The decays of b-hadrons are then simulated

with EvtGen [22]. The generated events are passed through a full simulation of the detec-

tor using the ATLAS simulation framework [23] based on Geant4 [24, 25] and processed

with the same software as that used for the data.

4 Analysis method

The production cross sections of the ψ(2S) and X(3872) states decaying to J/ψπ+π−

are measured in five bins of J/ψπ+π− transverse momentum, with bin boundaries

(10, 12, 16, 22, 40, 70)GeV.

The selected J/ψπ+π− candidates are weighted in order to correct for signal loss at

various stages of the selection process. Following previous similar analyses [13, 14] a per-

candidate weight ω was calculated as

ω =
!
A(pT, y) · ϵtrig(pµ

±

T , ηµ
±
, yJ/ψ) · ϵµ(pµ+T , ηµ+) · ϵµ(pµ−T , ηµ−) · ϵπ(pπ+T , ηπ+) · ϵπ(pπ−T , ηπ−)

"−1
.

(4.1)

Here, pT and y stand for the transverse momentum and rapidity of the J/ψπ+π− candidate,

yJ/ψ is the rapidity of the J/ψ candidate, while pπ
±

T , pµ
±

T , ηπ
±

and ηµ
±

are transverse

– 4 –

pp ! X+ anything; X ! ⇡+⇡�J/ at ATLAS
JHEP 01, 117 (2017)

X(3872)

Production:
10.  It is produced in B decays.
11.  It is produced in hadron collisions.

12.  It’s produced in e+e− → γX(3872), maybe through the Y(4260).
13.  It might be produced in photoproduction.

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

ATLAS talk by I. Yeletskikh on Wednesday



18

[PART I: X(3872)]  Experimental Details

B(X!� (2S))
B(X!�J/ ) = 2.6± 0.6

B(X!!J/ )
B(X!⇡+⇡�J/ ) = 0.8± 0.3

B(X!D0D̄⇤0)
B(X!⇡+⇡�J/ ) = 9.2± 2.9

B(X ! ⇡+⇡�J/ ) > 2.6%

Decays:
5.  It decays to ρJ/ψ.
6.  It has radiative decays to J/ψ and ψ(2S).

7.  It decays to ωJ/ψ.

8.  It decays to D0D*0.

9.  There are lower limits on its branching fractions.

Properties:
1.  Its mass is really close to the D0D*0 threshold.

2.  It’s narrow.

3.  It has no isospin partners.
4.  It has JPC = 1++.

M(X)�M(D0D̄⇤0) = 0.01± 0.18 MeV

�(X) < 1.2 MeV (CMS)

Production:
10.  It is produced in B decays.
11.  It is produced in hadron collisions.

12.  It’s produced in e+e− → γX(3872), maybe through the Y(4260).
13.  It might be produced in photoproduction.

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

ATLAS talk by I. Yeletskikh on Wednesday
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Figure 6. Measured cross section times branching fractions as a function of pT for (a) prompt
X(3872) compared to NLO NRQCD predictions with the X(3872) modelled as a mixture of χc1(2P )
and a D0D̄∗0 molecular state [12], and (b) non-prompt X(3872) compared to the FONLL [28] model
prediction, recalculated using the branching fraction estimate from ref. [11] as described in the text.
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Figure 7. Measured non-prompt fractions for (a) ψ(2S) and (b) X(3872) production, compared
to CMS results at

√
s = 7TeV. The blue circles are the results shown in this paper, while the green

squares show CMS results [10, 34].
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[PART I: X(3872)]  Experimental Details

B(X!� (2S))
B(X!�J/ ) = 2.6± 0.6

B(X!!J/ )
B(X!⇡+⇡�J/ ) = 0.8± 0.3

B(X!D0D̄⇤0)
B(X!⇡+⇡�J/ ) = 9.2± 2.9

B(X ! ⇡+⇡�J/ ) > 2.6%

Decays:
5.  It decays to ρJ/ψ.
6.  It has radiative decays to J/ψ and ψ(2S).

7.  It decays to ωJ/ψ.

8.  It decays to D0D*0.

9.  There are lower limits on its branching fractions.

Properties:
1.  Its mass is really close to the D0D*0 threshold.

2.  It’s narrow.

3.  It has no isospin partners.
4.  It has JPC = 1++.

M(X)�M(D0D̄⇤0) = 0.01± 0.18 MeV

�(X) < 1.2 MeV (CMS)

Production:
10.  It is produced in B decays.
11.  It is produced in hadron collisions.

12.  It’s produced in e+e− → γX(3872), maybe through the Y(4260).
13.  It might be produced in photoproduction.

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

The ISR ψð3686Þ signal is used to calibrate the absolute
mass scale and to extract the resolution difference between
data and MC simulation. The fit to the ψð3686Þ results
in a mass shift of μψð3686Þ ¼ −ð0.34$ 0.04Þ MeV=c2, and
a standard deviation of the Gaussian resolution function of
σ ¼ ð1.14$ 0.07Þ MeV=c2. The resolution parameter of
the resolution Gaussian applied to the MC simulated signal
shape is fixed at 1.14 MeV=c2 in the fit to the Xð3872Þ.
Figure 2 shows the fit result (with M½Xð3872Þ&input ¼
3871:7 MeV=c2 as input in MC simulation), which gives
μXð3872Þ ¼ −ð0.10 $ 0.69Þ MeV=c2 and N½Xð3872Þ& ¼
20:1$ 4.5. So, the measured mass of Xð3872Þ
is M½Xð3872Þ& ¼ M½Xð3872Þ&input þ μXð3872Þ − μψð3686Þ ¼
ð3871:9 $ 0.7Þ MeV=c2, where the uncertainty includes

the statistical uncertainties from the fit and the mass
calibration. The limited statistics prevent us from measur-
ing the intrinsic width of the Xð3872Þ. From a fit with a
floating width we obtain Γ½Xð3872Þ& ¼ ð0.0þ1.7

−0.0Þ MeV, or
less than 2.4 MeV at the 90% confidence level (C.L.).
The statistical significance of Xð3872Þ is 6.3σ, estimated
by comparing the difference of log-likelihood value
[Δð−2 lnLÞ ¼ 44:5] with and without the Xð3872Þ signal
in the fit, and taking the change of the number of degrees of
freedom (Δndf ¼ 2) into consideration.
Figure 3 shows the angular distribution of the

radiative photon in the eþe− c.m. frame and the πþπ−
invariant mass distribution, for the Xð3872Þ signal events
(3.86 < Mðπþπ−J=ψÞ < 3.88 GeV=c2) and normalized
sideband events (3.83 < Mðπþπ−J=ψÞ < 3.86 or 3.88 <
Mðπþπ−J=ψÞ < 3.91 GeV=c2). The data agree with MC
simulation assuming a pure E1-transition between the
Yð4260Þ and the Xð3872Þ for the polar angle distribution,
and the Mðπþπ−Þ distribution is consistent with the
CDF observation [9] of a dominant ρ0ð770Þ resonance
contribution.
The product of the Born-order cross section times

the branching fraction of Xð3872Þ → πþπ−J=ψ is
calculated using σB½eþe− → γXð3872Þ& × B½Xð3872Þ →
πþπ−J=ψ & ¼ Nobs=Lintð1þ δÞϵB, where Nobs is the num-
ber of observed events obtained from the fit to the
Mðπþπ−J=ψÞ distribution, Lint is integrated luminosity,
ϵ is the detection efficiency, B is the branching fraction of
J=ψ → lþl− and (1þ δ) is the radiative correction factor,
which depends on the line shape of eþe− → γXð3872Þ.
Since we observe large cross sections at

ffiffiffi
s

p
¼ 4.229 and

4.260 GeV, we assume the eþe− → γXð3872Þ cross section
follows that of eþe− → πþπ−J=ψ over the full energy
range of interest and use the eþe− → πþπ−J=ψ line-shape
from published results [11] as input in the calculation of the
efficiency and radiative correction factor. The results of
these studies at different energies (

ffiffiffi
s

p
¼ 4.009, 4.229,

4.260, and 4.360 GeV) are listed in Table I. For the
4.009 and 4.360 GeV data, where the Xð3872Þ signal is
not statistically significant, upper limits for production
yield at 90% C.L. are also given. As a validation, the
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FIG. 1 (color online). The πþπ−J=ψ invariant mass distribu-
tions at

ffiffiffi
s

p
¼ 4.009 (top left), 4.229 (top right), 4.260 (bottom

left), and 4.360 GeV (bottom right). Dots with error bars are
data, the green shaded histograms are normalized J=ψ sideband
events.
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FIG. 2 (color online). Fit of theMðπþπ−J=ψÞ distribution with
a MC simulated histogram convolved with a Gaussian function
for signal and a linear background function. Dots with error bars
are data, the red curve shows the total fit result, while the blue
dashed curve shows the background contribution.
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FIG. 3 (color online). The cos θ distribution of the radiative
photon in eþe− c.m. frame (left) and the Mðπþπ−Þ distribution
(right). Dots with error bars are data in the Xð3872Þ signal region,
the green shaded histograms are normalized Xð3872Þ sideband
events, and the red open histogram in the left panel is the result
from a MC simulation that assumes a pure E1 transition.
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[PART I: X(3872)]  Experimental Details

B(X!� (2S))
B(X!�J/ ) = 2.6± 0.6

B(X!!J/ )
B(X!⇡+⇡�J/ ) = 0.8± 0.3

B(X!D0D̄⇤0)
B(X!⇡+⇡�J/ ) = 9.2± 2.9

B(X ! ⇡+⇡�J/ ) > 2.6%

Decays:
5.  It decays to ρJ/ψ.
6.  It has radiative decays to J/ψ and ψ(2S).

7.  It decays to ωJ/ψ.

8.  It decays to D0D*0.

9.  There are lower limits on its branching fractions.

Properties:
1.  Its mass is really close to the D0D*0 threshold.

2.  It’s narrow.

3.  It has no isospin partners.
4.  It has JPC = 1++.

M(X)�M(D0D̄⇤0) = 0.01± 0.18 MeV

�(X) < 1.2 MeV (CMS)

Production:
10.  It is produced in B decays.
11.  It is produced in hadron collisions.

12.  It’s produced in e+e− → γX(3872), maybe through the Y(4260).
13.  It might be produced in photoproduction.

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

measured ISR ψð3686Þ cross section at each energy,
together with the corresponding QED prediction [23] are
also listed in Table I, where there is good agreement.
We fit the energy-dependent cross section with

a Yð4260Þ resonance (parameters fixed to PDG [13]
values), a linear continuum, or a E1-transition phase space
(∝ E3

γ ) term. Figure 4 shows all the fit results, which give
χ2=ndf ¼ 0.49=3 (C.L. ¼ 92%), 5.5=2 (C.L. ¼ 6%), and
8.7=3 (C.L. ¼ 3%) for a Yð4260Þ resonance, linear con-
tinuum, and phase space distribution, respectively. The
Yð4260Þ resonance describes the data better than the other
two options.
The systematic uncertainty in the Xð3872Þ mass meas-

urement include those from the absolute mass scale and the
parametrization of the Xð3872Þ signal and background
shapes. Since we use ISR ψð3686Þ events to calibrate the
fit, the systematic uncertainty from the mass scale is
estimated to be 0.1 MeV=c2 (including statistical uncer-
tainties of the MC samples used in the calibration pro-
cedure). In the Xð3872Þmass fit, a MC simulated histogram
with a zero width is used to parameterize the signal shape.
We replace this histogram with a simulated Xð3872Þ

resonance with a width of 1.2 MeV [13] (the upper limit
of the Xð3872Þ width at 90% C.L.) and repeat the fit; the
change in mass for this new fit is taken as the systematic
uncertainty due to the signal parametrization, which is
0.1 MeV=c2. Likewise, changes measured with a back-
ground shape from MC-simulated ðγISRÞπþπ−J=ψ and
η0J=ψ events indicate a systematic uncertainty associated
with the background shape of 0.1 MeV=c2 in mass. By
summing the contributions from all sources assuming that
they are independent, we obtain a total systematic uncer-
tainty of 0.2 MeV=c2 for the Xð3872Þ mass measurement.
The systematic uncertainty in the cross section measure-

ment mainly comes from efficiencies, signal parametriza-
tion, background shape, radiative correction, and luminosity
measurement. The luminosity is measured using Bhabha
events, with an uncertainty of 1.0%. The uncertainty of
tracking efficiency for high momenta leptons is 1.0% per
track. Pions have momentum ranges from 0.1 to 0.6 GeV=c
at

ffiffiffi
s

p
¼ 4.260 GeV, and with a small change with different

c.m. energies. The momentum-weighted uncertainty is also
estimated to be 1.0% per track. In this analysis, the radiative
photons have energies that several hundreds of MeV.
Studies with a sample of J=ψ → ρπ events show that the
uncertainty in the reconstruction efficiency for photons in
this energy range is less than 1.0%.
The number of Xð3872Þ signal events is obtained

through a fit to the Mðπþπ−J=ψÞ distribution. In the
nominal fit, a simulated histogram with zero width
convolved with a Gaussian function is used to parameterize
the Xð3872Þ signal. When a MC-simulated signal shape
with Γ½Xð3872Þ& ¼ 1.2 MeV [13] is used, the difference in
the Xð3872Þ signal yield, is 4.0%; this is taken as the
systematic uncertainty due to signal parametrization.
Changing the background shape from a linear term to
the expected shape from the dominant background source
η0J=ψ results in a 0.2% difference in the Xð3872Þ yields.
The eþe− → πþπ−J=ψ line shape affects the radiative
correction factor and detection efficiency. Using the mea-
surements from BESIII, Belle, and BABAR [11] as inputs,
the maximum difference in ð1þ δÞϵ is 0.6%, which is taken
as the systematic uncertainty. The uncertainty from the
kinematic fit is estimated with the very pure ISR ψð3686Þ

TABLE I. The number of Xð3872Þ events (Nobs), radiative correction factor (1þ δ), detection efficiency (ϵ), measured Born cross
section σB½eþe− → γXð3872Þ& times B½Xð3872Þ → πþπ−J=ψ & (σB · B, where the first uncertainties are statistical and the second
systematic), measured ISR ψð3686Þ cross section (σISR, where the first uncertainties are statistical and the second systematic), and
predicted ISR ψð3686Þ cross section (σQED with uncertainties from resonant parameters) from QED [23] using resonant parameters in
PDG [13] as input at different energies. For 4.009 and 4.360 GeV, the upper limits of observed events (Nup) and cross section times
branching fraction (σup · B) are given at the 90% C.L.

ffiffiffi
s

p
(GeV) Nobs Nup ε (%) 1þ δ σB · B (pb) σup · B (pb) σISR (pb) σQED (pb)

4.009 0.0' 0.5 < 1.4 28.7 0.861 0.00' 0.04' 0.01 < 0.11 719' 30' 47 735' 13
4.229 9.6' 3.1 ( ( ( 34.4 0.799 0.27' 0.09' 0.02 ( ( ( 404' 14' 27 408' 7
4.260 8.7' 3.0 ( ( ( 33.1 0.814 0.33' 0.12' 0.02 ( ( ( 378' 16' 25 382' 7
4.360 1.7' 1.4 < 5.1 23.2 1.023 0.11' 0.09' 0.01 < 0.36 308' 17' 20 316' 5
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FIG. 4 (color online). The fit to σB½eþe− → γXð3872Þ& ×
B½Xð3872Þ → πþπ−J=ψ & with a Yð4260Þ resonance (red solid
curve), a linear continuum (blue dashed curve), or a E1-transition
phase space term (red dotted-dashed curve). Dots with error bars
are data.
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[PART I: X(3872)]  Experimental Details

B(X!� (2S))
B(X!�J/ ) = 2.6± 0.6

B(X!!J/ )
B(X!⇡+⇡�J/ ) = 0.8± 0.3

B(X!D0D̄⇤0)
B(X!⇡+⇡�J/ ) = 9.2± 2.9

B(X ! ⇡+⇡�J/ ) > 2.6%

Decays:
5.  It decays to ρJ/ψ.
6.  It has radiative decays to J/ψ and ψ(2S).

7.  It decays to ωJ/ψ.

8.  It decays to D0D*0.

9.  There are lower limits on its branching fractions.

6 The COMPASS Collaboration

was found to be unlikely for reaction (2). We also investigated the possibility to obtain the observed
two-pion spectrum from the decay X(3872) ! J/yw ! J/yp+p�p0 where the p0 has been lost, and
excluded it.
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Fig. 6: (a) Invariant mass spectra for the p+p� subsystem from the decay of X(3872) (red squares) and y(2S)

(blue circles) produced in reaction (2). The corresponding distributions for three body phase-space decays are
shown by the curves. (b) Invariant mass spectra for the p+p� subsystem from the decay of X(3872) measured by
COMPASS (red squares) and by ATLAS [22] (blue points).

In order to determine the cross section of exclusive X(3872) production in reaction (2), we use the
exclusive production of J/y off the target nucleon,

µ+
N ! µ+

J/y N, (6)

as normalization. The same data are used and the same selection criteria are applied as for reactions (2)
and (5). The method used to determine the cross section for reaction (2) relies on the assumption of the
same fluxes of virtual photons for reactions (2) and (6). This assumption is supported by similar shapes
of the Q

2 and p
sgN

distributions in both cases. In this case, we can relate the photo- and leptoproduction
cross sections as follows:

sµ N!µX(3872)p N

0

sµ N!µJ/y N

=
sg N!X(3872)p N

0

sg N!J/y N

. (7)

The cross section of the reaction g N ! J/y N is known for our range of psgN; it is 14.0± 1.6(stat)
±2.5(syst) nb at psgN=13.7 GeV [41]. Since this value was obtained for the production by a real-photon
beam, we reduce it by a factor of 0.8 in order to take into account the Q

2 dependence of the cross
section [42] and the average photon virtuality in our samples of about 1 GeV/c2. Since the three charged
pions appear only in the final state of reaction (2), the ratio of acceptances of the two reactions is in
first approximation equal to the pion acceptance ap cubed. Based on previous COMPASS measurements
and Monte Carlo simulations, we estimate ap = 0.6±0.1(syst) as average over the geometrical detector
acceptance and both target configurations. Thus we set

sgN!X(3872)pN

0 ⇥B
X(3872)!J/ypp

sgN!J/yN

=
N

X(3872)

a

3
pN

J/y
, (8)

where N

X(3872) and N

J/y are the respective numbers of observed X(3872) and J/y events from exclusive
production on quasi-free nucleons. The number N

J/y is determined as 9.6⇥ 103, with a systematic un-
certainty of about 10% due to non-exclusive background in our data sample. The amount of COMPASS
data used in this analysis is equivalent to about 14 pb�1 of the integrated luminosity, when considering

�⇤N ! X⇡±N 0;X ! ⇡+⇡�J/ at COMPASS
arXiv:1707.01796 (2017)

X(3872) photoproduction at COMPASS 3

The statistical significance for y(2S) and X(3872), expressed in terms of the Gaussian standard de-
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Fig. 2: (a) The J/yp+p� invariant mass distribution for the J/yp+p�p± final state (two entries per event)
for exclusive events (|DE| < 4 GeV). The fitted curve is shown in red. The blue dashed line shows a fit of the
background contribution [Eq. (3)] to the data excluding the signal range. (b) The probability to obtain the observed
or a larger number of events due to statistical fluctuation of the Poissonian background with a mean value described
by Eq. (3). (c) The J/yp+p� invariant mass distributions for the J/yp+p�p± final state (two entries per event)
for non-exclusive events (�12 GeV < DE <�4 GeV) and (d) for exclusive events (�4 GeV < DE < 4 GeV) with
missing mass Mmiss above 3 GeV/c2.

viation, is 6.9s and 4.5s , respectively. We have repeated the fit keeping the mass separation of the
two Gaussians fixed to the value from Ref. [24], which did not significantly alter neither the mass
value for the y(2S) nor the number of observed events for either state: My(2S) = 3680.9±5.7 MeV/c2,
Ny(2S) = 24.9± 5.7 and N

X(3872) = 13.6± 4.8 events. We investigated several systematic uncertainties
of the production yield for both states by varying the selection cuts and found that they are much smaller
than the statistical uncertainty of N

X(3872).

In order to select a non-exclusive data sample for process (2), we require a larger missing energy, i.e.
�12 GeV < DE < �4 GeV. The resulting invariant mass distribution is shown in Fig. 2(c). Except for
y(2S), we observe no statistically significant signal of charmonium(-like) production.

In parallel to reaction (2), we investigate the reaction with neutral exchange,

µ+
N ! µ+

X

0
N

0 ! µ+(J/yp+p�)N0 ! µ+(µ+µ�p+p�)N0, (5)

X(3872)?

Properties:
1.  Its mass is really close to the D0D*0 threshold.

2.  It’s narrow.

3.  It has no isospin partners.
4.  It has JPC = 1++.

M(X)�M(D0D̄⇤0) = 0.01± 0.18 MeV

�(X) < 1.2 MeV (CMS)

Production:
10.  It is produced in B decays.
11.  It is produced in hadron collisions.

12.  It’s produced in e+e− → γX(3872), maybe through the Y(4260).
13.  It might be produced in photoproduction.

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065

�(pp!X + anything)⇥B(X!⇡+⇡�J/ )
�(pp! (2S) + anything)⇥B( (2S)!⇡+⇡�J/ ) = 0.0656± 0.0029± 0.0065
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[PRELIM: Four foundational discoveries]
    X(3872), Y(3940), Y(4260), Zc(4430)

[Part I: X(3872)]  
    What happened to the X(3872)?
    An accumulation of experimental details.

[Part II: Y(3940)]
    What happened to the Y(3940)?
    The ongoing search for the χc0(2P).

[Part III: Y(4260)]
    What happened to the Y(4260)?
    Peaks in e+e− cross sections (“Y states”).
    Peaks in their decays (“Z states”).

[Part IV: Zc(4430)]
    What happened to the Zc(4430)?
    Peaks in B decays.
    Peaks in Λb decays.

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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FIG. 4. B! K!J= signal yields vs M!!J= ". The curve in
(a) indicates the result of a fit that includes only a phase-space-
like threshold function. The curve in (b) shows the result of a fit
that includes an S-wave Breit-Wigner resonance term.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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[OUTLINE]  A Tour through the XYZ
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[PRELIM: Four foundational discoveries]
    X(3872), Y(3940), Y(4260), Zc(4430)

[Part I: X(3872)]  
    What happened to the X(3872)?
    An accumulation of experimental details.

[Part II: Y(3940)]
    What happened to the Y(3940)?
    The ongoing search for the χc0(2P).

[Part III: Y(4260)]
    What happened to the Y(4260)?
    Peaks in e+e− cross sections (“Y states”).
    Peaks in their decays (“Z states”).

[Part IV: Zc(4430)]
    What happened to the Zc(4430)?
    Peaks in B decays.
    Peaks in Λb decays.

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0

0.40 0.80 1.20

M(π+π-l+l-) - M(l+l-) (GeV)

0

100

200

300

E
ve

nt
s/

0.
01

0 
G

eV

0.40 0.80 1.20

M(π+π-l+l-) - M(l+l-) (GeV)

0

4000

8000

12000

FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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FIG. 4. B! K!J= signal yields vs M!!J= ". The curve in
(a) indicates the result of a fit that includes only a phase-space-
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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Its mass shifted
to ~3915 MeV/c2.

It was found in
γγ collisions  
with JPC = 0++.

[PART II: Y(3940)]  What happened?

be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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FIG. 4. B! K!J= signal yields vs M!!J= ". The curve in
(a) indicates the result of a fit that includes only a phase-space-
like threshold function. The curve in (b) shows the result of a fit
that includes an S-wave Breit-Wigner resonance term.
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FIG. 3. Mbc distributions for B& ! K&!J= candidates in
the "E signal region for 40 MeV-wide !J= invariant mass
intervals. The curves are the results of fits described in the text.

PRL 94, 182002 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
13 MAY 2005

182002-4

B ! KX;X ! !J/ at Belle
PRL94,182002 (2005)

Y (3940)

in each m3! interval to obtain the Gaussian and ARGUS
normalization parameter values, and hence to extract the
B-meson signal.

In Fig. 1 there is a small, but clear, "-meson signal, a
large !-meson signal, and nothing of significance in be-
tween. The J=c" mass distribution shows no significant
structure, and will not be discussed any further.

In the !-meson region, the signal extends down to
!0:74 GeV=c2; there is also a high-mass tail above
!0:8 GeV=c2, and possibly some small nonresonant con-
tribution in this region. When we assign !-Dalitz-plot
weights [29] to the events in the region 0:74–
0:80 GeV=c2, the sum of weights (1030" 90) is consistent
with the signal size (1160" 60), indicating that any non-!
background is small, and so we ignore such contributions.
Similar behavior is observed for B0 decay, but with a
selected-event sample which is about 6 times smaller. In
the following, we define the lower limit of the !-meson
mass region as 0:74 GeV=c2, but leave the upper limit at
0.7965 and 0:8055 GeV=c2 for the Bþ and B0 samples
[23], respectively, in order to focus on the impact of this
one change on the observed J=c! mass distribution. The
extension of the m3! region toward lower values increases
the efficiency slightly.

The J=c! mass distributions for B0;þ ! J=c!K0;þ

candidates are obtained by using the same fit procedure
used to obtain the m3! distribution. We then correct the
observed signal yields for selection efficiency. Events cor-
responding to B0;þ ! J=c!K0;þ decay are created by
MC simulation, based on GEANT4 [30], in order to provide
uniform coverage of the entiremJ=c! range. The generated
events are subjected to the reconstruction and selection
procedures applied to the data. For Bþ (B0) decay it is
found that the efficiency increases (decreases) gradually
from !6% (! 5%) close to mJ=c! threshold to !7%
(! 4%) for mJ=c! ! 4:8 GeV=c2. Comparison of gener-
ated and reconstructed mJ=c! values within each recon-
structed mJ=c! mass interval enables the measurement of
the mJ=c! dependence of the mass resolution. From a
single-Gaussian fit to each distribution, the rms deviation
is found to degrade gradually from 6:5 MeV=c2 at
mJ=c! ! 3:84 GeV=c2, to 9 MeV=c2 at mJ=c! !
4:8 GeV=c2.

The mJ=c! distributions for Bþ ! J=c!Kþ and B0 !
J=c!K0 decay, after efficiency correction in each mass
interval, are shown in Figs. 2(a) and 2(b) respectively. For
the latter, corrections for K0

L production and K0
S ! !0!0

decay have been incorporated. The mJ=c! range from
3.8425 to 3:9925 GeV=c2 is divided into 10 MeV=c2 in-
tervals, while beyond this 50 MeV=c2 intervals are used.
The same choice of intervals was used in Ref. [23], where
the first two were inaccessible, and the third was only
partly accessible, because of the value of the lower limit
onm3!. Clear enhancements are observed in the vicinity of
the X and Y mesons in the Bþ distribution, and similar

effects are present in the B0 distribution, with lower statis-
tical significance.
The function used to fit the distributions of Fig. 2 is a

sum of three components. The X meson component is a
Gaussian resolution function with fixed rms deviation # ¼
6:7 MeV=c2 obtained from MC simulation; the intrinsic
width of the X meson (estimated to be & 3 MeV [27]) is
ignored. The Y-meson intensity contribution is represented
by a relativistic S-wave Breit-Wigner (BW) function [23].
The nonresonant contribution is described empirically by a
Gaussian function multiplied by mJ=c!. The Y-meson and
nonresonant intensity contributions are multiplied by the
phase space factor p% q, where p is the K momentum in
the B rest frame, and q is the J=c momentum in the rest
frame of the J=c 3! system. A simultaneous $2 fit to the
distributions of Figs. 2(a) and 2(b) is carried out, in which
only the normalization parameters of the three contribu-
tions are allowed to differ between Figs. 2(a) and 2(b). The
fit describes the data well ($2=NDF ¼ 54:7=51, NDF ¼
number of degrees of freedom), as shown by the solid
curves in Fig. 2. The dashed and dotted curves show the
X- and Y-meson contributions, respectively, while the dot-
dashed curves represent the nonresonant distribution.
For the X meson, the fitted mass is 3873:0þ1:8

&1:6ðstatÞ "
1:3ðsystÞ MeV=c2, while the mass and width values for the
Y meson are 3919:1þ3:8

&3:4ðstatÞ " 2:0ðsystÞ MeV=c2 and
31þ10

&8 ðstatÞ " 5ðsystÞ MeV, respectively. These results are
consistent with earlier BABAR measurements [6,23].
From the fits of Fig. 2, we obtain product branching

fraction measurements for B0;þ ! XK0;þ, X ! J=c!.
The resulting Bþ and B0 product branching fraction values
are ½0:6" 0:2ðstatÞ " 0:1ðsystÞ* % 10&5, and ½0:6"
0:3ðstatÞ " 0:1ðsystÞ* % 10&5, respectively.
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FIG. 2 (color online). The corrected mJ=c! distribution for
(a) Bþ, (b) B0 decays; (c) (inset) shows the low-mass region
of (a) in detail. The curves indicate the results of the fit.
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wi ¼ 5
2 ð1# 3cos2!iÞ. The sum of the !-Dalitz-plot

weights is consistent with the number of events in the
J=c! signal region, thus consistent with the hypothesis
that most of the observed events do indeed arise from true
! ! "þ"#"0 decays.

To improve the mass resolution, we define the recon-
structed J=c!mass asmðJ=c!Þ ¼ mð‘þ‘#"þ"#"0Þ #
mð‘þ‘#Þ þmðJ=c ÞPDG. The non-J=c! background is
estimated from the J=c and ! sidebands defined in
Fig. 2. The ! sidebands are defined as ½0:55; 0:59' and
½1:00; 1:04' GeV=c2. The J=c sidebands are defined as
½2:805; 2:900' and ½3:170; 3:265' GeV=c2 for the eþe#

channel and ½2:970; 3:015' and ½3:170; 3:215' GeV=c2 for
the #þ## channel. With these definitions, each sideband
size is half of the signal size. The mðJ=c!Þ spectrum of
this background in the J=c! signal region is obtained by
Bð5Þ¼Bð2ÞþBð4ÞþBð6ÞþBð8Þ#ðBð1ÞþBð3ÞþBð7Þþ
Bð9ÞÞ, where BðiÞ is the mðJ=c!Þ spectrum in the ith
region shown in Fig. 2. The estimated background from
this method is 5( 3 in good agreement with the estimate
from the fit to the pT distribution. The residual background
from c ð2SÞ ! J=c"þ"# decay is estimated by using the
values of the integrated luminosity, MC efficiencies, the
cross section for c ð2SÞ production in ISR events [20], and
the nominal branching fractions for the relevant c ð2SÞ
and J=c decays [8]. The expected number of background
events from such process is smaller than 0.9 at 90% con-
fidence level (C.L.).

The detection efficiency depends on mðJ=c!Þ and !)‘,
where !)‘ is the angle between the direction of the posi-
tively charged lepton from J=c decay (‘þ) and the beam
axis in the J=c! rest frame. Since we select events in
which the eþ and e# beam particles are scattered at small
angles, the two-photon axis is approximately the same
as the beam axis. Therefore we use the beam axis to
determine !)‘.

We parameterize the efficiency dependence with a two-
dimensional [mðJ=c!Þ, !)‘] histogram. We label MC
events where the reconstructed decay particles are success-
fully matched to the generated ones as truth-matched
events. The detection efficiency in each histogram bin is
defined as the ratio between the number of truth-matched
MC events that satisfy the selection criteria and the number
of MC events that were generated for that bin.

The mðJ=c!Þ spectrum is shown in Fig. 4, where each
event is weighted to account for detector efficiency, which
is almost uniform as a function of the J=c! mass. The
event weight is equal to !"="ðmðJ=c!Þ; !)‘Þ, where
"ðmðJ=c!Þ; !)‘Þ is the mðJ=c!Þ- and !)‘-dependent effi-
ciency value and !" is a common scaling factor that ensures
all the weights areOð1Þ, since weights far from 1 can cause
the estimate of the statistical uncertainty to be incorrect
[21]. We observe a prominent peak near 3915 MeV=c2

over a small background. No evident structure is observed
around 3872 MeV=c2.

We perform an extended unbinned maximum-likelihood
fit to the efficiency-corrected mðJ=c!Þ spectrum to ex-
tract the resonance yield and parameters. In the likelihood
functionL there are two components: one for the Xð3915Þ
signal and one for the nonresonant (NR) J=c! contribu-
tion. The probability density function (PDF) for the signal
component is defined by the convolution of an S-wave
relativistic Breit-Wigner distribution with a detector-
resolution function. The NR contribution is taken to be
proportional to P bgðmÞ ¼ p)ðmÞ * exp½#$p)ðmÞ', where
p)ðmÞ is the J=c momentum in the rest frame of a J=c!
system with an invariant mass m, $ is a fit parameter, and
m ¼ mðJ=c!Þ. The signal and NR yields, the Xð3915Þ
mass and width, and $ are free parameters in the fit.
We use truth-matched MC events to determine the signal

PDF detector-resolution function. The signal detector-
resolution PDF is described by the sum of two Gaussian
shapes for the Xð3915Þ and the sum of a Gaussian plus a
Crystal Ball function [22] for the Xð3872Þ. The parameters
of the resolution functions are determined from fits to
truth-matched MC events. The widths of the Gaussian
core components are 5.7 and 4.5 MeV, respectively, for
Xð3915Þ and Xð3872Þ. No significant difference in the
resolution function parameters is observed for the different
J=c decay modes. The parameters of the resolution func-
tions are fixed to their MC values in the maximum-
likelihood fit.
The fitted distribution from the maximum-likelihood fit

to the efficiency-corrected mðJ=c!Þ spectrum is shown in
Fig. 4. We observe 59( 10 signal events; the measured
Xð3915Þ mass and width are ð3919:4( 2:2Þ MeV=c2 and
ð13( 6Þ MeV, respectively, where the uncertainties are
statistical only. We add an Xð3872Þ component, modeled
as a P-wave relativistic Breit-Wigner with mass
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FIG. 4 (color online). The efficiency-corrected mðJ=c!Þ dis-
tribution of selected events (solid points). The solid line repre-
sents the total fit function. The dashed line is the NR
contribution. The shaded histogram is the non-J=c! back-
ground defined in the text as Bð5Þ and estimated from sidebands.
The vertical dashed (red) line is placed at mðJ=c!Þ ¼
3:872 GeV=c2.
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X(3915)
Its name changed
to X(3915).

Does X(3915)
= χc0(2P)??
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Studies of γγ → DD show the χc2(2P),
but where is the χc0(2P)?

[PART II:  Y(3940)] Where is the χc0(2P)?

Problems with X(3915)/Y(3940) = χc0(2P):
*  why isn’t it in DD?
*  why is the χc0(2P)/χc2(2P) mass splitting  

so small?

is used, corresponding to the value given in Ref. [33]. The
mass-dependent width is given by

!m ¼ !r

!
pm

pm0

"
2Lþ1

!
m0

m

"
F2
r (13)

with !r the total width of the resonance. Here the existence
of other possible decay modes is ignored. The momentum
of a given D candidate in the D "D center of mass frame is
denoted by pm; pm0

is the corresponding value for m ¼
m0. In the standard fit, spin J ¼ 2 (L ¼ 2) is chosen on the
basis of the angular distribution analysis described in
Sec. IX.

The signal function is convolved with the mass- and
decay-mode-dependent resolution model parametrized as
discussed previously in this section. The background is
parametrized by the function

DðmÞ /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 %m2

t

q
ðm%mtÞ! exp½%"ðm%mtÞ' (14)

which takes theD "D thresholdmt into account. In the lower
mass region, the line shape does not describe the back-
ground exactly. Other functional forms were tried
(Sec. XI), but no improvement was obtained. The data
and the curves which result from the standard (J ¼ 2) fit
are shown in Fig. 10.

From the unbinned maximum likelihood fit to the five
mass spectra the Zð3930Þ values m0 ¼ ð3925:8(
2:7Þ MeV=c2 and !r ¼ ð21:3( 6:8Þ MeV are obtained
for the mass and total width, respectively (all errors in
this section are statistical only). The mass is corrected by
þ0:9 MeV=c2 as described above, resulting in a final mass
value of ð3926:7( 2:7Þ MeV=c2. The efficiency-corrected
yield amounts to N ¼ ð76( 17Þ signal events. This value
is based on weights around 1 as discussed in Sec. VII;
taking the constant used to scale the efficiency into account
[see Eq. (8)], this corresponds to a total Zð3930Þ signal of
N#B ¼ ð285( 64Þ ) 103 events.

The statistical significance of the peak is 5:8$ and is
derived from the difference # lnL between the negative
logarithmic likelihood of the nominal fit and that of a fit
where the parameter for the signal yield is fixed to zero.
This is then used to evaluate a p value:

p ¼
Z 1

2# lnL
fðz;ndÞdz; (15)

where fðz; ndÞ is the %2 probability density function and nd
is the number of degrees of freedom, 3 in this case. We then
determine the equivalent one-dimensional significance
from this p value.

IX. ANGULAR DISTRIBUTION AND SPIN OF THE
Zð3930Þ STATE

General conservation laws limit the possibilities for the
JPC values of the Zð3930Þ state. For two-photon production
the initial state has positive C parity and hence the final
state must have positive C parity also. For the D "D final
state, C ¼ ð%1ÞLþS ¼ ð%1ÞL since the total spin S is zero.
Positive C parity then implies that the D "D system must
have orbital angular momentum L which is even, and
hence have even parity. It follows that for the Zð3930Þ state
JPC ¼ Jþþ with J ¼ 0; 2; 4; . . . In order to investigate the
possible values of J, we have compared the decay angular
distribution measured in the Zð3930Þ signal region to the
distributions expected for J ¼ 0 and J ¼ 2; higher spin
values are very unlikely for a state only 200 MeV=c2

above threshold.
The decay angle & is defined as the angle of theDmeson

in theD "D system relative to theD "D lab momentum vector.
Figure 11 shows the Zð3930Þ signal yield obtained from fits
to the D "D mass spectrum for ten regions of j cos&j. The
data have been weighted by a cos&-dependent efficiency,
which was determined in a similar manner as described in
Sec. VII for the mass-dependent efficiency (Fig. 12). In
these fits, the mass and width of the resonance have been
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FIG. 10 (color online). Efficiency-corrected mean D "D mass
distribution with standard fit. The dashed curve shows the
background line shape (see Sec. VIII).
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FIG. 11. Signal yield as a function of j cos&j derived from fits
to the efficiency-corrected D "D spectrum. The solid curve is the
expected distribution for spin 2 with dominating helicity-2
contribution, the dotted straight line is for spin 0.

B. AUBERT et al. PHYSICAL REVIEW D 81, 092003 (2010)

092003-12

�� ! Z;Z ! DD̄ at BaBar
PRD81,092003 (2010)

Z(3930) =

�c2(2P )

Possible solution:  the broad part includes  
the χc0(2P).
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Reanalysis of e+e− → J/ψ(DD) shows a
new X(3860), with 0++ favored.

If the X(3860) is the χc0(2P),  
what is the X(3915)/Y(3940)??
Also, what are the X(3940) and X(4160)??

[PART II:  Y(3940)] Where is the χc0(2P)?

in the likelihood value when the signal and its three asso-
ciated degrees of freedom are removed from the fit. The
nonresonant contributions are consistent with zero within
1! in all fits, except for the case D!rec

!Dassoc (1:6! from
zero). The fit results are shown in Fig. 2 as the solid curves;
the dashed curves are the background functions. The insets
in Figs. 2(a) and 2(b) show the background subtracted
spectra with the signal functions superimposed.

A fit to the M"D !D# distribution finds a broad resonance
near the threshold, which is tentatively denoted asX"3880#,
with a statistical significance of only 3:8!. However, the fit
is not stable under variation of background parameteriza-

tion as well as variation of the bin width. The fit with two
resonances better describes the spectrum and is more sta-
ble, but the significance of the second resonance is lower
than 3!. We conclude that the observed threshold enhance-
ment is not consistent with nonresonant e$e% ! J= D !D
production, but with the present statistics the resonant
structure in this process cannot be reliably determined.
The significance of the X"3940# signal found by the fit to
the M"Drec

!D!assoc# spectrum is 6:0!. The fitted width of
X"3940# is slightly higher than that obtained in our pre-
vious analysis [5]. The mass of the state is in good agree-
ment with the previously reported mass; the signal yield
scales in proportion to luminosity. The X"3940# signal is
also seen in the M"D!rec

!Dassoc# spectrum with a significance
of 2:8!, with parameters in good agreement with those
from the M"Drec

!D!assoc# fit. As this sample is a small sub-
sample of the Drec

!D!assoc case, we use the latter fit only as a
cross check. The M"D! !D!# spectrum has a clear broad
enhancement near threshold, which is seen above the small
combinatorial background and the X"3940# reflection. We
interpret the observed enhancement, which has a statistical
significance of 5:5!, as a new resonance and denote it as
X"4160#. Contamination of this peak due to the process
e$e% ! "!"! ! J=  "4160# is found to be negligible.
Because of the requirement that both the J= and aD!$ be
reconstructed, the efficiency falls to zero for j cos"#!#j *
0:8, where #! is the J= production angle in the c.m.
frame. Any contribution from annihilation via two virtual
photons is strongly concentrated in this region and thus
suppressed. Based on the predicted e$e% ! J=  "2S#
cross section [10], and the ratio of dielectron widths of
the  "2S# and  "4160# [11], we expect only 0:5& 0:3
events due to the e$e% ! J=  "4160# process in our final
sample. Theoretical predictions for two-virtual-photon
processes appear reliable: e$e% ! $0$0 and %$0 cross
sections [12] are consistent with expected values, and
J= J= and J=  "2S# signals are not seen [2], again
consistent with the predicted cross sections [10]. The
present data sample does not allow us to exclude the
possibility that the X"4160# is the result of more than one
state.

The Born cross sections for the processes e$e% !
J= X"3940# [X"4160#] multiplied by BD"!# !D! ' B"X !
D"!# !D!# are calculated from the fitted X"3940# and
X"4160# yields with the procedure used in the previous
analysis [2]:

 !!e$e% ! J= X"3940#"BD! !D ( "13:9$6:4
%4:1 & 2:2# fb;

!!e$e% ! J= X"4160#"BD! !D! ( "24:2$12:8
%8:3 & 5:0# fb:

(1)

From the fits to the Figs. 2(a) and 2(b) distributions includ-
ing an X"4160# term, we find the following upper limits:

TABLE II. Summary of the signal yields, masses [MeV=c2],
widths [MeV] and significances for e$e% ! J= "D"!# !D"!##res.

State Nevents M " N !

X"3880#"Drec
!Dassoc# 63$31

%25 3878& 48 347$316
%143 3.8

X"3940#"Drec
!D!assoc# 52$24

%16 3942$7
%6 37$26

%15 6.0
X"3940#"D!rec

!D!assoc# 5:2$3:4
%2:7 3934$23

%17 57$62
%34 2.8

X"4160#"D!rec
!D!assoc# 23:8$12:3

%8:0 4156$25
%20 139$111

%61 5.5
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--
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FIG. 2. The M"D"!#rec !D"!#assoc# spectra for events tagged and con-
strained as (a) e$e% ! J= D !D, (b),(c) e$e% ! J= D! !D and
(d) e$e% ! J= D! !D! in the data. The solid lines represent the
fit results; the dashed lines are background functions.
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X(3940)

X(4160)

nonresonant-amplitude model dependence. We perform a
fit with all nonresonant-amplitude models and consider the
maximal variations of the X!ð3860Þ mass and width as the
systematic uncertainty. Note that there are two solutions for
both fits with the NRQCD and M−4

DD̄ nonresonant ampli-
tudes in the case of JPC ¼ 0þþ; all solutions are included in
the calculation of the maximal variations. The systematic
error related to the alternative signal model defined in
Eq. (20) is included separately.
A different fit-related systematic uncertainty source is

the fit bias. The fit bias is estimated from the mass and
width distributions in MC pseudoexperiments generated in
accordance with the default fit result. We find that the
position of the peak of the mass distribution is in good
agreement with the fit result in data, while the position of
the peak of the width distribution is shifted from the value
in data. Thus, a fit bias uncertainty is assigned only to the
X!ð3860Þ width.
Another systematic uncertainty source considered in the

previous analysis [20] is the variation of selection require-
ments. There is no straightforward analog of this uncer-
tainty in the new analysis because of the complex selection
optimization procedure. However, its last stage (the
global optimization) can be varied. We change the target
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FIG. 6. Projections of the signal fit results in the default model ontoMDD̄ and angular variables. The points with error bars are the data,
the hatched histograms are the background, the blue solid line is the fit with a new X! resonance (JPC ¼ 0þþ), and the red dashed line is
the fit with nonresonant amplitude only.

TABLE III. Comparison of the X!ð3860Þ and known charmo-
niumlike states: exclusion levels for the hypotheses of the
X!ð3860Þ being the indicated state for different nonresonant-
amplitude models.

Nonresonant amplitude

State JPC Constant NRQCD M−4
DD

Xð3915Þ 0þþ 5.2σ 4.3σ 3.3σ
Xð3915Þ 2þþ 6.1σ 6.1σ 4.9σ
χc2ð2PÞ 2þþ 6.8σ 7.0σ 6.2σ
Xð3940Þ 2þþ 6.0σ 5.6σ 5.2σ
Xð4160Þ 0þþ 6.8σ 6.3σ 5.8σ
Xð4160Þ 2þþ 10.7σ 11.0σ 13.5σ
χc0ð2PÞ (lattice) 0þþ 4.3σ 3.6σ 2.7σ

TABLE II. The X!ð3860Þ (JPC ¼ 0þþ) amplitudes in the
default model.

Amplitude Value

ℜH00 1 (fixed)
ℑH00 0 (fixed)
ℜH10 1.00& 0.38
ℑH10 0.01& 0.93

OBSERVATION OF AN ALTERNATIVE χc0ð2PÞ … PHYSICAL REVIEW D 95, 112003 (2017)

112003-11

X(3860)

e+e� ! J/ X; X ! DD̄ at Belle
PRD 95, 112003 (2017)
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[PRELIM: Four foundational discoveries]
    X(3872), Y(3940), Y(4260), Zc(4430)

[Part I: X(3872)]  
    What happened to the X(3872)?
    An accumulation of experimental details.

[Part II: Y(3940)]
    What happened to the Y(3940)?
    The ongoing search for the χc0(2P).

[Part III: Y(4260)]
    What happened to the Y(4260)?
    Peaks in e+e− cross sections (“Y states”).
    Peaks in their decays (“Z states”).

[Part IV: Zc(4430)]
    What happened to the Zc(4430)?
    Peaks in B decays.
    Peaks in Λb decays.

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV

P H Y S I C A L R E V I E W L E T T E R S week ending
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X(3872)

be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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intervals. The curves are the results of fits described in the text.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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Rec. The points represent the
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and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

3.6 3.8 4 4.2 4.4 4.6 4.8 51

10

210

310

410

FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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[OUTLINE]  A Tour through the XYZ
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[PRELIM: Four foundational discoveries]
    X(3872), Y(3940), Y(4260), Zc(4430)

[Part I: X(3872)]  
    What happened to the X(3872)?
    An accumulation of experimental details.

[Part II: Y(3940)]
    What happened to the Y(3940)?
    The ongoing search for the χc0(2P).

[Part III: Y(4260)]
    What happened to the Y(4260)?
    Peaks in e+e− cross sections (“Y states”).
    Peaks in their decays (“Z states”).

[Part IV: Zc(4430)]
    What happened to the Zc(4430)?
    Peaks in B decays.
    Peaks in Λb decays.

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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FIG. 4. B! K!J= signal yields vs M!!J= ". The curve in
(a) indicates the result of a fit that includes only a phase-space-
like threshold function. The curve in (b) shows the result of a fit
that includes an S-wave Breit-Wigner resonance term.
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FIG. 3. Mbc distributions for B& ! K&!J= candidates in
the "E signal region for 40 MeV-wide !J= invariant mass
intervals. The curves are the results of fits described in the text.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for

) 4/c2 (GeV2
Recm

0 5

4
/c2

E
ve

nt
s 

/ 0
.1

 G
eV

-10

0

10

20

FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

3.6 3.8 4 4.2 4.4 4.6 4.8 51

10

210

310

410

FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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[PART III: Y(4260)]  What happened?

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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calculated using the KKMC [30] program. To get the correct
ISR photon energy distribution, we use the

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ is what we measure in this study, the ISR correction

procedure needs to be iterated, and the final results are
obtained when the iteration converges. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ data with Gaussian uncertainties and the

scan data with Poisson uncertainties. The PDF is para-
meterized as the coherent sum of three Breit-Wigner
functions, together with an incoherent ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ is the phase of the amplitude. The
fit has four solutions with equally good fit quality [34] and
identical masses and widths of the resonances (listed in
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
As an alternative description of the data, we use an

exponential [35] to model the cross section near 4 GeVas in
Ref. [4] instead of the resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
resonance [3], is not necessary to explain the data. The fit
has four solutions with equally good fit quality [34] and
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FIG. 1. Measured cross section σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ data (left) and scan data (right) with the
coherent sum of three Breit-Wigner functions (red solid curves) and the coherent sum of an exponential continuum and two Breit-
Wigner functions (blue dashed curves). Dots with error bars are data.

TABLE I. The measured masses and widths of the resonances
from the fit to the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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Important Note:  Old and new data are consistent!!
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[PART III:  Y(4260)] Peaks in e+e− cross sections (“Y”)

A clean  !2S" signal is apparent in Fig. 1. An examina-
tion of the !#!$ !2S" combinations reveals that about
half the background results from recombinations within the
same 2!!#!$"J= system where at least one of the pri-
mary pions is combined with the J= to form a !#!$J= 
candidate. After subtracting the self-combinatorial back-
ground, we estimate 3:8% 1:1 non- !2S" background
events in the final sample of 78 events within the  !2S"
mass window.

In Fig. 2 the distributions of (a) !p& and (b) cos"& for
2!!#!$"J= candidates, where "& is the angle between
the positron beam and the (!#!$!#!$J= ) momentum
in the e#e$ c.m. frame, are shown and compared to
expectations from simulations. There are 16 events that
have a well-reconstructed gamma with energy greater than
3 GeV, while the Monte Carlo simulation predicts 16.4 for
the same total number of ISR !#!$ !2S" candidates.
Furthermore, all events within j cos"&j< 0:9 are accom-
panied by a reconstructed gamma with energy greater than
3.0 GeV. We find excellent agreement in the ISR character-
istics between the data and signal Monte Carlo sample. The

good agreement in the !p& distribution rules out any
significant feed down from higher mass charmonia de-
caying to the  !2S" with one or more undetected particles.
As an example, the !p& distribution for  !4415"!
!#!$!0 !2S" events would peak around $0:2 GeV=c
with a long tail extending to well below $0:2 GeV=c.
We estimate the non-ISR !#!$ !2S" background to be
less than 1 event.

The track quality, particle identification information,
and kinematic variables of all pion candidates are exam-
ined, and displays of the events are scanned visually to
check for possible track duplications and other potential
problems. No evidence for improper reconstruction or
event quality problems is found.

The 2!!#!$"J= invariant-mass spectrum up to
5:7 GeV=c2 for the final sample is represented as data
points in Fig. 3. A structure around 4:32 GeV=c2 is ob-
served in the mass spectrum.

To clarify the peaking structure observed in Fig. 3, we
perform an unbinned maximum likelihood fit to the mass
spectrum up to 5:7 GeV=c2 in terms of a single resonance
with the following probability density function (PDF):

 P!m" ' Na"!m"!W!s; x"2m=s" 12!
m2

( M2"ee"f!#!m"=#!M""
!M2 $m2"2 # !M"tot"2

# B!m"; (2)

whereM, "tot, "ee, "f,N are the nominal mass, total width,
partial width to e#e$, partial width to !#!$ !2S", and
yield for a resonance, respectively, and m is the
2!!#!$"J= invariant mass, "!m" is the mass-dependent
efficiency, #!m" is the mass-dependent phase-space factor
for a S-wave three-body !#!$ !2S" system, a is a nor-
malization factor, and B!m" is the PDF (the shaded histo-
gram in Fig. 3) for the non- !2S" background. The shape
of B was obtained from  !2S" sideband events with its
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FIG. 2 (color online). The distributions of (a) !p& and
(b) cos"& of the 2!!#!$"J= combination in the e#e$ c.m.
frame are shown for data (solid dots) and Monte Carlo simula-
tion of the signal (histogram) normalized to the total number of
the observed data events.
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FIG. 3 (color online). The 2!!#!$"J= invariant-mass spec-
trum up to 5:7 GeV=c2 for the final sample. The shaded histo-
gram represents the fixed background and the curves represent
the fits to the data (see text).
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curve). The arrows indicate the  !2S" mass window.
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number of events observed in data, the number of back-
ground events estimated from the fit to the events in the
sidebands and scaled to the signal region, the detection
efficiency of the jth mode, the effective luminosity in the
ith πþπ−ψð2SÞmass bin, and the branching fractions of the
jth mode [21], respectively. The resulting cross sections in
the full solid angle are shown in Fig. 11 and Appendix B,
where the error bars include statistical uncertainties in the
signal and the subtracted background and all the systematic
errors. The systematic error for the cross-section measure-
ment is 4.8% and is the same for all data points.

V. SYSTEMATIC ERRORS

The systematic uncertainties in the cross-section mea-
surements are summarized in Table IVand discussed below.
The particle identification uncertainty is 3.3% for the

πþπ−J=ψ mode and 1.4% for the μþμ− mode. The
uncertainty in the tracking efficiency is 0.35% per track

and is additive. The efficiency differences between data and
MC due to the corresponding resolutions in the J=ψ mass,
ψð2SÞ mass, and M2

rec requirements are measured with the
control sample eþe− → ψð2SÞ → πþπ−J=ψ [9]. The MC
efficiency is found to be higher than in data by ð4.3$
0.7Þ% for the πþπ−J=ψ mode and ð4.4$ 0.3Þ% for the
μþμ− mode. A correction factor of 1.043 (1.044) is applied
to the πþπ−J=ψ (μþμ−) mode, leaving 0.7% (0.3%) as the
residual systematic error.
The luminosity uncertainty of 1.4% is due mainly to the

uncertainty from the Bhabha generator. The trigger effi-
ciency for the events surviving the selection criteria is
ð98.7$ 0.1ðstatÞÞ% for the πþπ−J=ψ mode and ð91.4$
0.6ðstatÞÞ% for the μþμ− mode, based on the trigger
simulation. A value of 1.0% is taken as a conservative
estimate of the systematic error for the πþπ−J=ψ mode;
1.5% is used for the μþμ− mode.
Uncertainties in the simulation of the ISR process with

PHOKHARA contributes less than 1.0%, and the largest
uncertainty in the MC generation of signal events is from
the simulation of the Mπþπ− from Y decays. We generate
another MC sample with mf0ð500Þ ¼ 0.7 GeV=c2 and
Γf0ð500Þ ¼ 0.2 GeV in order to check the efficiency varia-
tion. The efficiency changes by 2.0% at 4.4 GeV=c2 and
3.8% at 4.7 GeV=c2; half of the larger efficiency differ-
ence, 1.9%, is taken as the systematic error. The possible
existence of the Zc structure in π$ψð2SÞ system does not
affect the efficiency significantly and is thus neglected.
The uncertainties in the intermediate decay branching

fractions taken from Ref. [21] contribute systematic errors
of 1.0% for the πþπ−J=ψ mode and 10.4% for the μþμ−

mode. The statistical error in the MC determination of the
efficiency is less than 0.1%.
Assuming all the sources are independent and adding them

in quadrature, we obtain total systematic errors in the cross-
section measurement of 5.0% for the πþπ−J=ψ mode and
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FIG. 11 (color online). The measured eþe− → πþπ−ψð2SÞ
cross section for

ffiffiffi
s

p
¼ 4.0 to 5.5 GeV. The errors are the sum

in quadrature of the summed statistical errors of the numbers of
signal and background events and the systematic errors.

TABLE III. Results of the alternative fits to the πþπ−ψð2SÞ invariant-mass spectra using three resonances:
Yð4260Þ, Yð4360Þ, and Yð4660Þ. The parameters are the same as in Table I, except that, here, ϕ1 is the relative phase
between the Yð4360Þ and Yð4260Þ (in degrees) and ϕ2 is the relative phase between the Yð4360Þ and Yð4660Þ (in
degrees).

Parameters Solution III Solution IV Solution V Solution VI

MYð4260Þ 4259 (fixed)
ΓYð4260Þ 134 (fixed)
B½Yð4260Þ → πþπ−ψð2SÞ' · Γeþe−

Yð4260Þ 1.5$ 0.6$ 0.4 1.7$ 0.7$ 0.5 10.4$ 1.3$ 0.8 8.9$ 1.2$ 0.8
MYð4360Þ 4365$ 7$ 4
ΓYð4360Þ 74$ 14$ 4

B½Yð4360Þ → πþπ−ψð2SÞ' · Γeþe−
Yð4360Þ 4.1$ 1.0$ 0.6 4.9$ 1.3$ 0.6 21.1$ 3.5$ 1.4 17.7$ 2.6$ 1.5

MYð4660Þ 4660$ 9$ 12
ΓYð4660Þ 74$ 12$ 4

B½Yð4660Þ → πþπ−ψð2SÞ' · Γeþe−
Yð4660Þ 2.2$ 0.4$ 0.2 8.4$ 0.9$ 0.9 9.3$ 1.2$ 1.0 2.4$ 0.5$ 0.3

ϕ1 304$ 24$ 21 294$ 25$ 23 130$ 4$ 2 141$ 5$ 4
ϕ2 26$ 19$ 10 238$ 14$ 21 329$ 8$ 5 117$ 23$ 25
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change on ð1þ δvÞϵ is taken as an uncertainty. The
uncertainty in the vacuum polarization factor is 0.5% taken
from a QED calculation [33]. The uncertainty on the
integrated luminosity is 1%, determined with large angle
Bhabha events [19]. The uncertainties in the decay branch-
ing fractions of intermediate states are quoted from the
PDG [27]. The uncertainty from others sources, such as
lepton separation, trigger efficiency, and FSR are negli-
gible, and are conservatively taken to be 1.0%. Assuming
all sources of systematic are independent, the total

uncertainties are obtained by adding the individual values
in quadrature, and are in a range between 7.7% to 14.1%
and 7.4% to 20.1%, depending on c.m. energy, for mode I
and II, respectively.
The measured Born cross sections of eþe− →

πþπ−ψð3686Þ at individual c.m. energies for the two
ψð3686Þ decay modes are consistent with each other within
their uncertainties. The measurements are therefore com-
bined by considering the correlated and uncorrelated
uncertainties between the two modes, according to
Refs. [34,35]. The comparison of the combined Born cross
section of eþe− → πþπ−ψð3686Þ with those from previous
experimental results is shown in Fig. 2. The results are
consistent with former experiments, and have much
improved precision.

V. FIT TO THE CROSS SECTION

To study the possible resonant structures in
eþe− → πþπ−ψð3686Þ, a binned χ2 fit is applied to
describe the cross section obtained in this analysis in a
energy region from 4.085 to 4.600 GeV. Assuming that
three resonances exist, the PDF can be parametrized as

A ¼ f1eiϕ1 þ f2 þ f3eiϕ2 ; ð2Þ

where f1 is for the Yð4220Þ, f2 is for the Yð4390Þ, f3 is for
the Yð4660Þ, ϕ1 is the phase angle between Yð4390Þ and
Yð4220Þ, and ϕ2 is the phase angle between Yð4390Þ
and Yð4660Þ.
The amplitude fiði ¼ 1; 2; 3Þ for each resonance is a

P-wave Breit-Wigner function, defined as

TABLE I. Summary of the measurement of the Born cross section σB at individual c. m. energies. The subscript 1 or 2 denotes mode I
or II, respectively. The first uncertainties are statistical, and the second systematic. An upper limit at the 90% confidence level (C.L.) is
determined by a profile likelihood method [29] for data samples with low signal significance.
ffiffiffi
s

p
(GeV) L (pb−1) Nobs

1 ϵ1 (%) Nobs
2 ϵ2ð%Þ ð1þ δrÞ ð1þ δvÞ σB1 (pb) σB2 (pb) σB (pb)

4.008 482 0.0% 0.6 22.6 0.2% 2.3 4.7 0.70 1.056 < 0.9 < 23.3 < 0.9
4.085 52.6 4.0% 2.0 36.1 1.0% 1.0 20.9 0.75 1.056 6.5% 3.2% 0.9 3.9% 3.9% 0.3 5.4% 2.5% 0.6
4.189 43.1 3.8% 2.0 39.2 2.8% 2.2 27.7 0.76 1.056 6.8% 3.6% 0.7 9.9% 7.8% 1.5 7.3% 3.3% 0.7
4.208 54.6 8.9% 3.3 40.7 7.0% 3.0 27.5 0.76 1.057 12.2% 4.5% 1.7 20.0% 8.4% 1.9 14.0% 4.0% 1.5
4.217 54.1 13.0% 3.6 40.9 0.0% 0.7 27.3 0.76 1.057 17.8% 4.9% 1.5 < 30.4 17.8% 4.9% 1.5
4.226 1092 315% 18 39.2 141% 14 28.1 0.76 1.056 22.3% 1.3% 1.7 19.4% 1.9% 2.0 21.3% 1.1% 1.6
4.242 55.6 11.0% 3.3 41.4 7.9% 3.1 28.0 0.76 1.053 14.6% 4.4% 1.3 21.5% 8.4% 1.8 16.0% 3.9% 1.2
4.258 826 241% 16 40.3 84% 11 23.5 0.76 1.054 22.0% 1.4% 1.7 18.3% 2.5% 1.8 20.9% 1.2% 1.5
4.308 44.9 17.0% 4.2 41.6 15.0% 4.1 27.3 0.74 1.053 28.2% 6.9% 2.6 53.2% 14.5% 7.4 32.1% 6.2% 2.8
4.358 540 439% 21 41.2 275% 19 29.8 0.79 1.051 57.8% 2.8% 4.4 69.8% 4.8% 5.2 61.0% 2.4% 4.3
4.387 55.2 56.6% 7.6 39.4 25.7% 6.1 29.4 0.86 1.051 70.1% 9.4% 6.7 59.4% 14.1% 5.6 66.4% 7.8% 5.5
4.416 1074 693% 27 37.8 415% 24 27.4 0.96 1.053 41.0% 1.6% 3.2 47.3% 2.7% 3.7 42.8% 1.4% 3.0
4.467 110 15.1% 4.2 32.6 8.3% 4.2 23.9 1.10 1.055 8.8% 2.5% 1.0 9.2% 4.7% 1.9 8.9% 2.2% 0.9
4.527 110 13.4% 4.0 29.1 7.0% 3.6 20.8 1.25 1.055 7.7% 2.3% 0.9 7.8% 4.0% 1.2 7.7% 2.0% 0.8
4.575 47.7 4.5% 2.3 28.3 5.7% 3.2 20.2 1.23 1.055 6.2% 3.2% 0.8 15.4% 8.7% 1.8 7.3% 3.0% 0.8
4.600 567 106% 11 31.8 71% 10 21.5 1.08 1.055 12.6% 1.3% 1.2 17.2% 2.4% 1.6 14.6% 1.1% 1.1
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FIG. 2. Born cross section of eþe− → πþπ−ψð3686Þ. The dots
(red) are the results obtained in this analysis, the triangles (green)
and squares (blue) are from BELLE and BABAR’s latest updated
results, respectively. The solid curve is the fit to BESIII results
with the coherent sum of three Breit-Wigner functions. The
dashed curve (pink) is the fit to BESIII results with the coherent
sum of two Breit-Wigner functions without the Yð4220Þ hypoth-
esis. The arrows mark the locations of four energy points with
large luminosities.
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[PART III:  Y(4260)] Peaks in e+e− cross sections (“Y”)
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Important Note:  Masses and widths (and numbers of peaks) depend on parametrization!!  A global analysis is needed.
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[PART III:  Y(4260)] Peaks in e+e− cross sections (“Y”)
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scenario are likely. To account for near-threshold behavior,
the fitting function is multiplied by Φnð

ffiffiffi
s

p
Þ, the ratio of

phase-space volumes of eþe− → ΥðnSÞππ to eþe− →
ΥðnSÞγγ. The fit function is thus

F 0
nð

ffiffiffi
s

p
Þ ¼ Φnð

ffiffiffi
s

p
Þ · fjA5S;nf5Sj2 þ jA6S;nf6Sj2

þ 2knA5S;nA6S;nℜ½eiδnf5Sf&6S'g: ð3Þ

In fitting RΥðnSÞππ , the Υð5SÞ and Υð6SÞ masses, widths,
and relative phases are allowed to float, constrained to the
same values for the three channels. Due to limited statistics,
floating the three kn and δn did not produce a stable fit, so
we allow the three kn to float and constrain the three δn
to a common value. We find k1 ¼ 1.04( 0.19, k2 ¼
0.87( 0.17, k3 ¼ 1.07( 0.23, and δn ¼ −1.0( 0.4.
The results of the fit are shown in Table I and Fig. 1.
As a systematic check, we fit with kn fixed to unity and the
three δn allowed to float independently; we find δ1 ¼
−0.5( 1.9, δ2 ¼ −1.1( 0.5, and δ3 ¼ 1.0þ0.8

−0.5 , while the
resonance masses and widths change very little.
To measure Rb, we select bb̄ events by requiring at least

five charged tracks with transverse momentum pT >
100 MeV=c that satisfy track quality criteria based on
their impact parameters relative to the IP. Each event must
have more than one ECL cluster with energy above
100 MeV, a total energy in the ECL between 0.1 and
0.8 ×

ffiffiffi
s

p
, and an energy sum of all charged tracks and

photons exceeding 0.5 ×
ffiffiffi
s

p
. We demand that the recon-

structed event vertex be within 1.5 and 3.5 cm of the IP in
the transverse and longitudinal dimensions (perpendicular
and parallel to the eþ beam), respectively. To suppress
events of non-bb̄ origin, events are further required to
satisfy R2 < 0.2, where R2 is the ratio of the second and
zeroth Fox-Wolfram moments [14].
The selection efficiency ϵbb̄;i for the ith scan set is

estimated via MC simulation based on EvtGen [15] and
GEANT3 [16]. Efficiencies are determined for each type of
open bb̄ event found at

ffiffiffi
s

p
¼ 10.866 GeV: Bð&ÞB̄ð&ÞðπÞ and

Bð&Þ
s B̄ð&Þ

s . As the relative rates of the different event types are
only known at the on resonance point, we take the average
of the highest and lowest efficiencies as ϵbb̄ and the
difference divided by

ffiffiffiffiffi
12

p
as its uncertainty. The value

of ϵbb̄ increases approximately linearly from about 70% to
74% over the scan region. The value at the on resonance
point is in good agreement with ϵbb̄ determined with the
known event mixture [11].
Events passing the above criteria include direct bb̄, qq̄

continuum (q ¼ u; d; s; c), and bottomonia produced via
ISR: eþe− → γΥðnSÞ (n ¼ 1, 2, 3). The number of selected
events is

Ni ¼ Li ×
"
σbb̄;iϵbb̄;i þ σqq̄;iϵqq̄;i þ

X
σISR;iϵISR;i

#
ð4Þ

FIG. 1. (From top) RΥðnSÞππ data with results of our nominal fit
for Υð1SÞ; Υð2SÞ; Υð3SÞ; R0

b, data with components of fit: total
(solid curve), constants jAicj2 (thin), jAcj2 (thick); for Υð5SÞ
(thin) and Υð6SÞ (thick): jfj2 (dot-dot-dash), cross terms with Ac
(dashed), and two-resonance cross term (dot-dash). Error bars
include the statistical and uncorrelated systematic uncertainties.

TABLE I. Υð5SÞ and Υð6SÞmasses, widths, and phase difference, extracted from fits to data. The errors are statistical and systematic.
The 1 MeV uncertainty on the masses due to the systematic uncertainty in

ffiffiffi
s

p
is not included.

M5S (MeV=c2) Γ5S (MeV) M6S (MeV=c2) Γ6S (MeV) ϕ6S − ϕ5SðδÞ (rad) χ2=dof

R0
b 10881.8þ1.0

−1.1 ( 1.2 48.5þ1.9þ2.0
−1.8−2.8 11003.0( 1.1þ0.9

−1.0 39.3þ1.7þ1.3
−1.6−2.4 −1.87þ0.32

−0.51 ( 0.16 56=50
RΥðnSÞππ 10891.1( 3.2þ0.6

−1.7 53.7þ7.1 þ1.3
−5.6 −5.4 10987.5þ6.4þ9.0

−2.5−2.1 61þ9 þ2
−19−20 −1.0( 0.4þ1.4

−0.1 51=56
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scenario are likely. To account for near-threshold behavior,
the fitting function is multiplied by Φnð
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Þ, the ratio of
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In fitting RΥðnSÞππ , the Υð5SÞ and Υð6SÞ masses, widths,
and relative phases are allowed to float, constrained to the
same values for the three channels. Due to limited statistics,
floating the three kn and δn did not produce a stable fit, so
we allow the three kn to float and constrain the three δn
to a common value. We find k1 ¼ 1.04( 0.19, k2 ¼
0.87( 0.17, k3 ¼ 1.07( 0.23, and δn ¼ −1.0( 0.4.
The results of the fit are shown in Table I and Fig. 1.
As a systematic check, we fit with kn fixed to unity and the
three δn allowed to float independently; we find δ1 ¼
−0.5( 1.9, δ2 ¼ −1.1( 0.5, and δ3 ¼ 1.0þ0.8

−0.5 , while the
resonance masses and widths change very little.
To measure Rb, we select bb̄ events by requiring at least

five charged tracks with transverse momentum pT >
100 MeV=c that satisfy track quality criteria based on
their impact parameters relative to the IP. Each event must
have more than one ECL cluster with energy above
100 MeV, a total energy in the ECL between 0.1 and
0.8 ×

ffiffiffi
s

p
, and an energy sum of all charged tracks and

photons exceeding 0.5 ×
ffiffiffi
s

p
. We demand that the recon-

structed event vertex be within 1.5 and 3.5 cm of the IP in
the transverse and longitudinal dimensions (perpendicular
and parallel to the eþ beam), respectively. To suppress
events of non-bb̄ origin, events are further required to
satisfy R2 < 0.2, where R2 is the ratio of the second and
zeroth Fox-Wolfram moments [14].
The selection efficiency ϵbb̄;i for the ith scan set is

estimated via MC simulation based on EvtGen [15] and
GEANT3 [16]. Efficiencies are determined for each type of
open bb̄ event found at

ffiffiffi
s

p
¼ 10.866 GeV: Bð&ÞB̄ð&ÞðπÞ and

Bð&Þ
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s . As the relative rates of the different event types are
only known at the on resonance point, we take the average
of the highest and lowest efficiencies as ϵbb̄ and the
difference divided by

ffiffiffiffiffi
12

p
as its uncertainty. The value

of ϵbb̄ increases approximately linearly from about 70% to
74% over the scan region. The value at the on resonance
point is in good agreement with ϵbb̄ determined with the
known event mixture [11].
Events passing the above criteria include direct bb̄, qq̄

continuum (q ¼ u; d; s; c), and bottomonia produced via
ISR: eþe− → γΥðnSÞ (n ¼ 1, 2, 3). The number of selected
events is

Ni ¼ Li ×
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σbb̄;iϵbb̄;i þ σqq̄;iϵqq̄;i þ
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FIG. 1. (From top) RΥðnSÞππ data with results of our nominal fit
for Υð1SÞ; Υð2SÞ; Υð3SÞ; R0

b, data with components of fit: total
(solid curve), constants jAicj2 (thin), jAcj2 (thick); for Υð5SÞ
(thin) and Υð6SÞ (thick): jfj2 (dot-dot-dash), cross terms with Ac
(dashed), and two-resonance cross term (dot-dash). Error bars
include the statistical and uncorrelated systematic uncertainties.

TABLE I. Υð5SÞ and Υð6SÞmasses, widths, and phase difference, extracted from fits to data. The errors are statistical and systematic.
The 1 MeV uncertainty on the masses due to the systematic uncertainty in

ffiffiffi
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p
is not included.

M5S (MeV=c2) Γ5S (MeV) M6S (MeV=c2) Γ6S (MeV) ϕ6S − ϕ5SðδÞ (rad) χ2=dof
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b 10881.8þ1.0
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scenario are likely. To account for near-threshold behavior,
the fitting function is multiplied by Φnð

ffiffiffi
s

p
Þ, the ratio of

phase-space volumes of eþe− → ΥðnSÞππ to eþe− →
ΥðnSÞγγ. The fit function is thus

F 0
nð

ffiffiffi
s

p
Þ ¼ Φnð

ffiffiffi
s

p
Þ · fjA5S;nf5Sj2 þ jA6S;nf6Sj2

þ 2knA5S;nA6S;nℜ½eiδnf5Sf&6S'g: ð3Þ

In fitting RΥðnSÞππ , the Υð5SÞ and Υð6SÞ masses, widths,
and relative phases are allowed to float, constrained to the
same values for the three channels. Due to limited statistics,
floating the three kn and δn did not produce a stable fit, so
we allow the three kn to float and constrain the three δn
to a common value. We find k1 ¼ 1.04( 0.19, k2 ¼
0.87( 0.17, k3 ¼ 1.07( 0.23, and δn ¼ −1.0( 0.4.
The results of the fit are shown in Table I and Fig. 1.
As a systematic check, we fit with kn fixed to unity and the
three δn allowed to float independently; we find δ1 ¼
−0.5( 1.9, δ2 ¼ −1.1( 0.5, and δ3 ¼ 1.0þ0.8

−0.5 , while the
resonance masses and widths change very little.
To measure Rb, we select bb̄ events by requiring at least
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100 MeV=c that satisfy track quality criteria based on
their impact parameters relative to the IP. Each event must
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100 MeV, a total energy in the ECL between 0.1 and
0.8 ×
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photons exceeding 0.5 ×
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and parallel to the eþ beam), respectively. To suppress
events of non-bb̄ origin, events are further required to
satisfy R2 < 0.2, where R2 is the ratio of the second and
zeroth Fox-Wolfram moments [14].
The selection efficiency ϵbb̄;i for the ith scan set is

estimated via MC simulation based on EvtGen [15] and
GEANT3 [16]. Efficiencies are determined for each type of
open bb̄ event found at
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of ϵbb̄ increases approximately linearly from about 70% to
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point is in good agreement with ϵbb̄ determined with the
known event mixture [11].
Events passing the above criteria include direct bb̄, qq̄

continuum (q ¼ u; d; s; c), and bottomonia produced via
ISR: eþe− → γΥðnSÞ (n ¼ 1, 2, 3). The number of selected
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FIG. 1. (From top) RΥðnSÞππ data with results of our nominal fit
for Υð1SÞ; Υð2SÞ; Υð3SÞ; R0

b, data with components of fit: total
(solid curve), constants jAicj2 (thin), jAcj2 (thick); for Υð5SÞ
(thin) and Υð6SÞ (thick): jfj2 (dot-dot-dash), cross terms with Ac
(dashed), and two-resonance cross term (dot-dash). Error bars
include the statistical and uncorrelated systematic uncertainties.

TABLE I. Υð5SÞ and Υð6SÞmasses, widths, and phase difference, extracted from fits to data. The errors are statistical and systematic.
The 1 MeV uncertainty on the masses due to the systematic uncertainty in

ffiffiffi
s

p
is not included.

M5S (MeV=c2) Γ5S (MeV) M6S (MeV=c2) Γ6S (MeV) ϕ6S − ϕ5SðδÞ (rad) χ2=dof

R0
b 10881.8þ1.0

−1.1 ( 1.2 48.5þ1.9þ2.0
−1.8−2.8 11003.0( 1.1þ0.9

−1.0 39.3þ1.7þ1.3
−1.6−2.4 −1.87þ0.32

−0.51 ( 0.16 56=50
RΥðnSÞππ 10891.1( 3.2þ0.6

−1.7 53.7þ7.1 þ1.3
−5.6 −5.4 10987.5þ6.4þ9.0

−2.5−2.1 61þ9 þ2
−19−20 −1.0( 0.4þ1.4

−0.1 51=56
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hbð1PÞ and ð6.15# 0.22Þ MeV=c2 for the hbð2PÞ. The
resolution is dominated by c.m. energy smearing. The
hbðnPÞmasses are fixed at the previous Belle measurement
[18]. We normalize the signal density functions in such a
way that the measured hbðnPÞ yields include the ISR
correction 1þ δISR and can be used directly to measure the
Born cross sections. The combinatorial background is
described by a fourth-order Chebyshev polynomial in both
fit intervals. The order is chosen by maximizing the
confidence level of the fit.
Using MC simulation, we find that combining a random

pion that satisfies the Zb mass requirement and a signal
pion from Zb → hbðnPÞπ produces a broad bump under the
hbðnPÞ signal. This background is absorbed in the poly-
nomial of the combinatorial background and results in
minor corrections in the hbð1PÞ and hbð2PÞ yields of
0.99# 0.01 and 0.995# 0.005, respectively. The πþπ−

pairs originating from the ϒð2SÞ → ϒð1SÞπþπ− transitions
with the ϒð2SÞ produced inclusively or via ISR result in a
peak at Ec:m: − ½mϒð2SÞ −mϒð1SÞ& that is inside the hbð2PÞ
fit interval for the c.m. energies close to the ϒð5SÞ.
The shape of this peaking background is found from
exclusively reconstructed ϒð1SÞ → μþμ− data to be a
Gaussian with σ ¼ 11 MeV=c2. Its normalization is floated
in the fit.
To determine the reconstruction efficiency, we use

phase-space-generated MC events, weighted in MmissðπÞ
according to the fit results for the ϒð5SÞ → hbð1PÞπþπ−
transitions [14] and in angular variables according to the
expectations for the Zb spin parity JP ¼ 1þ [22]. The
efficiencies for the hbð1PÞπþπ− and hbð2PÞπþπ− channels
are in the range 40%–55% and 35%–50%, respectively;
they rise with c.m. energy. At the lowest energy point, there
is a drop of efficiency by a factor of 2, since this point is
close to the kinematic boundary and the pion momenta
are low.
At each energy, the Born cross section is determined

according to the formula

σB(eþe− → hbðnPÞπþπ−) ¼
N

Lεj1 − Πj2
; ð2Þ

whereN is the number of signal events determined from the
MmissðππÞ fit that includes the ISR correction, L is the
integrated luminosity, ε is the reconstruction efficiency,
and j1 − Πj2 is the vacuum polarization correction [23],
which is in the range 0.927–0.930. The resulting cross
sections are shown in Fig. 1. The cross sections, averaged
over the three high statistics on-resonance points at
Ec:m: ¼ ð10865.6# 2.0Þ MeV, are

σB(eþe− → hbð1PÞπþπ−) ¼ 1.66# 0.09# 0.10 pb; ð3Þ

σB(eþe− → hbð2PÞπþπ−) ¼ 2.70# 0.17# 0.19 pb: ð4Þ

The ratio of the cross sections is 0.616# 0.052# 0.017.
Here and elsewhere in this Letter, the first uncertainties are
statistical and the second are systematic.
The systematic uncertainties in the signal yields originate

from the signal and background shapes. The uncertainties
due to the hbðnPÞ masses and ISR tail shapes are found to
be negligible. The relative uncertainty due to theMmissðππÞ
resolution is correlated among different energy points and
is equal to 1.4% for the hbð1PÞ and 3.3% for the hbð2PÞ.
The background-shape contribution is the only uncorre-
lated systematic uncertainty. It is estimated by varying the
fit interval limits by about 50 MeV and the polynomial
order for each fit interval. The corresponding uncertainties
are 1.1% and 2.5% for the on-resonance cross sections in
Eqs. (3) and (4), respectively.
A relative uncertainty in the efficiency contributes to the

correlated systematic uncertainty. An uncertainty due to
the Zb mass requirement of þ1.0

−1.8% is estimated by varying
the Zb parameters by #1σ and taking into account
correlations among different parameters. The efficiency
of the R2 requirement is studied using inclusively recon-
structed ϒð5SÞ → ϒðnSÞπþπ− decays. We find good
agreement between data and MC simulation and assign
the 5% statistical uncertainty in the data as a systematic
uncertainty due to the R2 requirement. Finally, we assign a
1% uncertainty per track due to possible differences in
the reconstruction efficiency between the data and MC
simulation.
An uncertainty in the luminosity of 1.4% is primarily due

to the simulation of Bhabha scattering that is used for its
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FIG. 1. The cross sections for the eþe− → hbð1PÞπþπ− (top)
and eþe− → hbð2PÞπþπ− (bottom) as functions of c.m. energy.
Points with error bars are the data; outer error bars indicate
statistical uncertainties, and inner red error bars indicate un-
correlated systematic uncertainties. The solid curves are the fit
results.
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Zb(10610)
Zb(10650)

Zb(10650)

where Mmissð!þ!#Þ is the missing mass recoiling

against the !þ!# system calculated as Mmissð!þ!#Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEc:m: # E&

!þ!#Þ2 # p&2
!þ!#

q
, Ec:m: is the center-of-mass

(c.m.) energy, and E&
!þ!# and p&

!þ!# are the energy

and momentum of the !þ!# system measured in the
c.m. frame. Candidate !ð5SÞ ! !ðnSÞ!þ!# events
are selected by requiring jMmissð!þ!#Þ #m!ðnSÞj<
0:05 GeV=c2, where m!ðnSÞ is the mass of an !ðnSÞ state
[7]. Sideband regions are defined as 0:05 GeV=c2 <
jMmissð!þ!#Þ #m!ðnSÞj< 0:10 GeV=c2. To remove
background due to photon conversions in the innermost
parts of the Belle detector we require M2ð!þ!#Þ>
0:20; 0:14; 0:10 GeV=c2 for a final state with an !ð1SÞ,
!ð2SÞ, !ð3SÞ, respectively.

Amplitude analyses of the three-body !ð5SÞ !
!ðnSÞ!þ!# decays reported here are performed by means
of unbinned maximum likelihood fits to two-dimensional
M2½!ðnSÞ!þ( vs M2½!ðnSÞ!#( Dalitz distributions.
The fractions of signal events in the signal region are
determined from fits to the corresponding Mmissð!þ!#Þ
spectrum and are found to be 0:937) 0:015ðstatÞ, 0:940)
0:007ðstatÞ, 0:918) 0:010ðstatÞ for final states with!ð1SÞ,
!ð2SÞ,!ð3SÞ, respectively. The variation of reconstruction
efficiency across the Dalitz plot is determined from a
GEANT-based MC simulation [8] and is found to be small
except for the higherM½!ðnSÞ!)( region. The distribution
of background events is determined using events from the
!ðnSÞ sidebands and found to be uniform (after efficiency
correction) across the Dalitz plot.

Dalitz distributions of events in the!ð2SÞ sidebands and
signal regions are shown in Figs. 1(a) and 1(b), respec-
tively, where M½!ðnSÞ!(max is the maximum invariant
mass of the two !ðnSÞ! combinations. This is used to
combine !ðnSÞ!þ and !ðnSÞ!# events for visualization
only. Two horizontal bands are evident in the !ð2SÞ!
system near 112:6 GeV2=c4 and 113:3 GeV2=c4, where
the distortion from straight lines is due to interference with
other intermediate states, as demonstrated below. One-
dimensional invariant mass projections for events in the

!ðnSÞ signal regions are shown in Fig. 2, where two peaks
are observed in the !ðnSÞ! system near 10:61 GeV=c2

and 10:65 GeV=c2. In the following we refer to these
structures as Zbð10 610Þ and Zbð10 650Þ, respectively.
We parametrize the !ð5SÞ ! !ðnSÞ!þ!# three-body

decay amplitude by

M ¼ AZ1
þ AZ2

þ Af0 þ Af2 þ Anr; (1)

where AZ1
and AZ2

are amplitudes to account for contribu-
tions from the Zbð10 610Þ and Zbð10 650Þ, respectively.
Here we assume that the dominant contributions come
from amplitudes that preserve the orientation of the spin
of the heavy quarkonium state and, thus, both pions in the
cascade decay !ð5SÞ ! Zb! ! !ðnSÞ!þ!# are emitted
in an S wave with respect to the heavy quarkonium system.
As demonstrated in Ref. [9], angular analyses support this
assumption. Consequently, we parametrize the observed
Zbð10 610Þ and Zbð10 650Þ peaks with an S-wave Breit-

Wigner function BWðs;M;"Þ ¼
ffiffiffiffiffiffi
M"

p

M2#s#iM"
, where we do

not consider possible s dependence of the resonance width.
To account for the possibility of !ð5SÞ decay to both
Zþ
b !

# and Z#
b !

þ, the amplitudes AZ1
and AZ2

are symme-
trized with respect to !þ and !# transposition. Using
isospin symmetry, the resulting amplitude is written as
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FIG. 1. Dalitz plots for !ð2SÞ!þ!# events in the (a) !ð2SÞ
sidebands; (b) !ð2SÞ signal region. Events to the left of the
vertical line are excluded.
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FIG. 2. Comparison of fit results (open histogram) with ex-
perimental data (points with error bars) for events in the !ð1SÞ
(a),(b), !ð2SÞ (c),(d), and !ð3SÞ (e),(f) signal regions. The
hatched histogram shows the background component.
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suppressed by a requirement on the ratio of the second to
zeroth Fox-Wolfram moments R2 < 0:3 [13]. The fit func-
tion is a sum of peaking components due to dipion
transitions and combinatorial background. The positions
of all peaking components are fixed to the values measured
in Ref. [3]. In the case of the hbð1PÞ the peaking compo-
nents include signals from !ð5SÞ ! hbð1PÞ and !ð5SÞ !
!ð2SÞ transitions, and a reflection from the !ð3SÞ !
!ð1SÞ transition, where the !ð3SÞ is produced inclusively
or via initial state radiation. Since the !ð3SÞ ! !ð1SÞ
reflection is not well constrained by the fits, we determine
its normalization relative to the !ð5SÞ ! !ð2SÞ signal
from the exclusive !þ!$"þ"$ data for every Mmissð"Þ
bin. In case of the hbð2PÞ we use a smaller Mmissð"þ"$Þ
range than in Ref. [3], Mmissð"þ"$Þ< 10:34 GeV=c2,
to exclude the region of the K0

S ! "þ"$ reflection.
The peaking components include the !ð5SÞ ! hbð2PÞ
signal and a !ð2SÞ ! !ð1SÞ reflection. To constrain the
normalization of the !ð2SÞ ! !ð1SÞ reflection we use
exclusive !þ!$"þ"$ data normalized to the total yield
of the reflection in the inclusive data. Systematic uncer-
tainty in the latter number is included in the error
propagation. The combinatorial background is parame-
trized by a Chebyshev polynomial. We use orders between
6 and 10 for the hbð1PÞ [the order decreases monotonically
with the Mmissð"Þ] and orders between 6 and 8 for the
hbð2PÞ.

The results for the yield of !ð5SÞ ! hbðmPÞ"þ"$

(m ¼ 1, 2) decays as a function of the Mmissð"Þ are shown
in Fig. 3. The distribution for the hbð1PÞ exhibits a clear
two-peak structure without a significant nonresonant con-
tribution. The distribution for the hbð2PÞ is consistent with
the above picture, though the available phase space is
smaller and uncertainties are larger. We associate the two
peaks with the production of the Zbð10 610Þ and
Zbð10 650Þ. To fit the Mmissð"Þ distributions we use the
expression

jBW1ðs;M1;"1Þ þ aei#BW1ðs;M2;"2Þ þ beic j2 qpffiffiffi
s

p :

(4)

Here
ffiffiffi
s

p & Mmissð"Þ; the variablesMk, "k (k ¼ 1, 2), a,#,
b, and c are free parameters; qpffiffi

s
p is a phase-space factor,

where p (q) is the momentum of the pion originating from
the !ð5SÞ (Zb) decay measured in the rest frame of the
corresponding mother particle. The P-wave Breit-Wigner

amplitude is expressed as BW1ðs;M;"Þ ¼
ffiffiffiffiffiffi
M"

p
Fðq=q0Þ

M2$s$iM"
.

Here F is the P-wave Blatt-Weisskopf form factor F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðq0RÞ2
1þðqRÞ2

r
[14], q0 is a daughter momentum calculated with

pole mass of its mother, R ¼ 1:6 GeV$1. The function
[Eq. (4)] is convolved with the detector resolution function
($ ¼ 5:2 MeV=c2), integrated over the 10 MeV=c2 histo-
gram bin and corrected for the reconstruction efficiency.
The fit results are shown as solid histograms in Fig. 3
and are summarized in Table I. We find that the nonreso-
nant contribution is consistent with zero [significance is
0:3$ both for the hbð1PÞ and hbð2PÞ] in accord with
the expectation that it is suppressed due to heavy-quark
spin flip. In case of the hbð2PÞ we improve the stability
of the fit by fixing the nonresonant amplitude to zero.
The C.L. of the fit is 81% (61%) for the hbð1PÞ [hbð2PÞ].
The default fit hypothesis is favored over the phase-space
fit hypothesis at the 18$ [6:7$] level for the hbð1PÞ
[hbð2PÞ].
To estimate the systematic uncertainty we vary the order

of the Chebyshev polynomial in the fits to the
Mmissð"þ"$Þ spectra; to study the effect of finite
Mmissð"Þ binning we shift the binning by half bin size; to
study the model uncertainty in the fits to the Mmissð"Þ
distributions we remove [add] the nonresonant contribu-
tion in the hbð1PÞ [hbð2PÞ] case; we increase the width of
the resolution function by 10% to account for possible
difference between data and MC simulation. The maxi-
mum change of parameters for each source is used as
an estimate of its associated systematic error. We estimate
an additional 1 MeV=c2 uncertainty in mass measure-
ments based on the difference between the observed
!ðnSÞ peak positions and their world averages [3]. The
total systematic uncertainty presented in Table I is the sum
in quadrature of contributions from all sources. The sig-
nificance of the Zbð10 610Þ and Zbð10 650Þ including sys-
tematic uncertainties is 16:0$ [5:6$] for the hbð1PÞ
[hbð2PÞ].
In conclusion, we have observed two charged bottomo-

niumlike resonances, the Zbð10 610Þ and Zbð10 650Þ, with
signals in five different decay channels, !ðnSÞ"' (n ¼ 1,
2, 3) and hbðmPÞ"' (m ¼ 1, 2). The parameters of the
resonances are given in Table I. All channels yield consis-
tent results. Weighted averages over all five channels give
M ¼ 10 607:2' 2:0 MeV=c2, " ¼ 18:4' 2:4 MeV for
the Zbð10 610Þ and M ¼ 10 652:2' 1:5 MeV=c2, " ¼
11:5' 2:2 MeV for the Zbð10 650Þ, where statistical
and systematic errors are added in quadrature. The
Zbð10 610Þ production rate is similar to that of the

-2000

0

2000

4000

6000

8000

10000

12000

10.4 10.5 10.6 10.7
Mmiss(π), GeV/c2

E
ve

nt
s 

/ 1
0 

M
eV

/c
2

(a)

0

2500

5000

7500

10000

12500

15000

17500

10.4 10.5 10.6 10.7
Mmiss(π), GeV/c2

E
ve

nt
s 

/ 1
0 

M
eV

/c
2

(b)

FIG. 3. The (a) hbð1PÞ and (b) hbð2PÞ yields as a function of
Mmissð"Þ (points with error bars) and results of the fit (histo-
gram).
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position as BB!π events, where the reconstructed B is the
primary one. To remove the correlation betweenMmissðBπÞ
and MðBÞ and to improve the resolution, we use M!

miss ¼
MmissðBπÞ þMðBÞ −mB instead of MmissðBπÞ. The M!

miss
distribution for the RS combinations is shown in Fig. 1(b),
where peaks corresponding to the BB!π and B!B!π signals
are evident. Combinations with πþ—the wrong-sign (WS)
combinations—are used to evaluate the shape of the
combinatorial background. (The B → J=ψK0 mode is
not included in the WS sample, but both combinations
with πþ and π− are added to the RS sample.) We apply a
factor of 1.19& 0.01 [12] to the WS distribution to
normalize it to the expected number of the background
events in the RS sample. There is also a hint for a peaking
structure in the WS M!

miss distribution, shown as a hatched
histogram in Fig. 1(b). Because of B0 − B̄0 oscillations, we
expect a fraction of the produced B0 mesons to decay as B̄0

given by 0.5x2d=ð1þ x2dÞ ¼ 0.1861& 0.0024, where xd is
the B0 mixing parameter [11].
Note that the momentum spectrum of B mesons produced

in events with initial-state radiation (ISR), eþe− → γBB̄,
overlaps significantly with that for B mesons from the three-
body eþe− → Bð!ÞBð!Þπ processes. However, ISR events do
not produce peaking structures in the M!

miss distribution.
A binned maximum likelihood fit is performed to fit the

M!
miss distribution to the sum of three Gaussian functions to

represent three possible signals and two threshold compo-
nents Akðxk −M!

missÞαk expfðM!
miss − xkÞ=δkg (k ¼ 1, 2) to

parametrize the qq̄ and two-body Bð!ÞB̄ð!Þ backgrounds.
The means and widths of the signal Gaussian functions are
fixed from the signal MC simulation. The parameters Ak,
αk, δk of the background functions are free parameters of
the fit; the threshold parameters xk are fixed from the
generic MC simulations. ISR events produce an M!

miss
distribution similar to that for qq̄ events; these two
components are modeled by a single threshold function.
The resolution of the signal peaks in Fig. 1(b) is dominated
by the c.m. energy spread and is fixed at 6.5 and
6.2 MeV=c2 for the BB!π and B!B!π, respectively as
determined from the signal MC simulations. The fit to
the RS spectrum yields NBBπ¼13&25, NBB!π¼357&30,
and NB!B!π ¼ 161& 21 signal events. The statistical sig-
nificance of the observed BB!π and B!B!π signal is 9.3σ
and 8.1σ, respectively. The statistical significance is calcu-
lated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LsigÞ

p
, where Lsig and L0 denote the

likelihood values obtained with the nominal fit and with the
signal yield fixed at zero, respectively.
For the subsequent analysis, we require jM!

miss −mB! j <
15 MeV=c2 to select BB!π signal events and jM!

miss−
ðmB! þ ΔmBÞj < 12 MeV=c2, where ΔmB ¼ mB! −mB,
to select B!B!π events. For the selected Bð!ÞB!π candidates,
we calculate MmissðπÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð

ffiffiffi
s

p
− EπÞ2=c4 − P2

π=c2
p

,
where Eπ and Pπ are the reconstructed energy and
momentum, respectively, of the charged pion in the c.m.

frame. The MmissðπÞ distributions are shown in Fig. 2 [13].
We perform a simultaneous binned maximum likelihood fit
to the RS and WS samples, assuming the same number
(after normalization) and distribution of background events
in both samples and known fraction of signal events in the
RS sample that leaks to theWS sample due to mixing. To fit
the MmissðπÞ spectrum, we use the function

FðmÞ ¼ ½fsigSðmÞ þ BðmÞ(ϵðmÞFPHSPðmÞ; ð1Þ

where m≡MmissðπÞ, fsig ¼ 1.0 (0.1366& 0.0032 [14])
for the RS (WS) sample, SðmÞ and BðmÞ are the signal
and background probability density function, respectively,
and FPHSPðmÞ is the phase space function. To account for
the instrumental resolution, we smear the function FðmÞ
with a Gaussian function with σ ¼ 6.0 MeV=c2 that is
dominated by the c.m. energy spread. The reconstruction
efficiency is parametrized as ϵðmÞ ∼ exp½ðm −m0Þ=
Δ(ð1 −m=m0Þ3=4, where m0 ¼ 10.718& 0.001 GeV=c2

is an efficiency threshold and Δ ¼ 0.094& 0.002 GeV=c2.
The distribution of background events is parametrized as

BBð!ÞB!πðmÞ ¼ b0e−βδm , where b0 and β are fit parameters
and δm ¼ m − ðmBð!Þ þmB!Þ. A general form of the signal
probability density function is written as

SðmÞ ¼ jAZbð10610Þ þAZbð10650Þ þAnrj2; ð2Þ

where Anr ¼ anreiϕnr is the nonresonant amplitude para-
metrized as a complex constant and the two Zb amplitudes,

(a)

(b)

FIG. 2. The MmissðπÞ distribution for the (a) BB!π and
(b) B!B!π candidate events. Normalization factor is applied
for the WS distributions.
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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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select the Dþ candidates. We use events in 30 MeV=c2-
wide sideband regions centered at 40 MeV=c2 above
and below the D mass peaks to evaluate non-D meson
backgrounds.
Figure 1(a) shows the distribution of masses recoiling

against the detected πþD0 system [23], where a prominent
peak at mD"− is evident. The solid-line histogram shows the
same distribution for MC-simulated eþe− → πþD0D"−,
D0 → K−πþ three-body phase-space events. Because of
the limited phase space, some events from the isospin part-
ner decay πþZcð3885Þ−, Zcð3885Þ− → D−D"0, where the
detected D0 is from the D"0 decay, also peak near mD"−, as
shown by the dashed histogram for MC-simulated
eþe− → πþZcð3885Þ−, Zcð3885Þ− → D−D"0, D"0 → γ
or π0D0 decays with the mass and width of the
Zcð3885Þ set to our final measured values. Since the
DD̄" invariant mass distribution is equivalent to the bach-
elor pion recoil mass spectrum, the shape of the
Zcð3885Þ → DD̄" signal peak is not sensitive to the parent-
age of the D meson that is used for the event tagging.
Figure 1(b) shows the corresponding plot for π−Dþ-tag
events, where the solid histogram shows the contribution
from MC-simulated eþe− → π−DþD̄"0 three-body
phase-space events and the dashed histogram shows the
cross feed from MC-simulated eþe− → π−Zcð3885Þþ,
Zcð3885Þþ → D̄0D"þ, D"þ → π0Dþ events.
We apply a two-constraint (2C) kinematic fit to the

selected events that constrains the invariant mass of the
D0 (Dþ) candidate to be equal to mD0 (mDþ) and the mass
recoiling from the πþD0 (π−Dþ) to be equal to mD"−

(mD̄"0). If there is more than one bachelor pion candidate
in an event, we retain the one with the smallest χ2 from
the 2C fit. Events with χ2 < 30 are retained for further
analysis. For the πþD0-tag analysis, we require
MðπþD0Þ > 2.02 GeV=c2 to reject eþe− → D"þD"−,
D"þ → πþD0 events. Figure 2(a) [2(b)] shows the distribu-
tion ofD0D"− (DþD̄"0) invariant masses recoiling from the
bachelor pion for the πþD0- (π−Dþ-) tag events. Both dis-
tributions have a distinct peak near the mD þmD̄" mass
threshold. For cross-feed events, the reconstructed D
meson is not, in fact, recoiling from a D̄", and the efficiency
for these events decreases with increasing DD̄" mass. This
acceptance variation is not sufficient to produce a peaking

structure, and its influence on the signal parameter deter-
mination is small compared to other sources of systematic
error.
To characterize the observed enhancement and determine

the signal yield, we fit the histograms of Figs. 2(a) and 2(b)
using a mass-dependent-width Breit-Wigner (BW) line
shape using the parametrization described in Ref. [24] to
model the signal and smooth threshold functions to re-
present the nonpeaking background. In the default fits,
we assume S waves for Zcð3885Þ production and decay,
and leave the Zcð3885Þ mass, width, and yield as free
parameters. We multiply the BW by the mass-dependent
efficiency to form the signal probability density function.
Mass resolution effects are less than 1 MeV=c2 and
ignored. For the default nonpeaking background, we
use: fbkgðmDD̄" Þ∝ ðmDD̄" −MminÞcðMmax−mDD̄"Þd, where
Mmin and Mmax are the minimum and maximum kinemat-
ically allowed masses, respectively, and c and d are free
parameters.
The solid curves in Fig. 2 show the fit results and the

dashed curves show the nonresonant background. The
Zcð3885Þ signal significance for each fit is greater than
18σ. The fitted BW mass and width from the πþD0

(π−Dþ)-tag sample are 3889:2% 1.8 MeV=c2 and 28:1%
4.1 MeV (3891:8% 1.8 MeV=c2 and 27:8% 3.9 MeV),
respectively, where the errors are statistical only. Since
the mass and width of a mass-dependent-width BW are
model dependent [26], we solve for the corresponding com-
plex quantities P ¼ Mpole − iΓpole=2 for which the BW
denominators are zero, and useMpole and Γpole to character-
ize the Zcð3885Þ. These are listed in Table I.
Monte Carlo studies indicate that the process

eþe− → DD̄1ð2420Þ, D̄1ð2420Þ → D̄"π, where D1ð2420Þ
is the lightest established D"π resonance with
MD1

¼ 2421:3% 0.6 MeV=c2 and ΓD1
¼ 27:1%

2.7 MeV [6], would produce a near-threshold reflection
peak in the DD̄" mass distribution. The D1ð2420Þ peak
mass is 30 MeV=c2 above the

ffiffiffi
s

p −mD kinematic boun-
dary, which suggests that contributions from DD̄1ð2420Þ
final states would be small. However, some models for
the Yð4260Þ attribute it to a bound DD̄1 molecular state
[13], in which case subthreshold D̄1 → D̄"π decays
might be important and, possibly, produce a reflection peak
in the DD̄" mass distribution that mimics a Zcð3885Þ
signal.
We study this possibility by separating the events into

two samples according to j cos θπDj > 0.5 and

FIG. 2 (color online). The (a) MðD0D"−Þ and
(b) MðDþD̄"0Þ distributions for selected events. The curves
are described in the text.

TABLE I. The pole mass Mpole and width Γpole, signal yields
and fit quality (χ2=ndf) for the two tag samples.

Tag Mpole ðMeV=c2Þ Γpole (MeV) Zc signal (evts) χ2=ndf

πþD0 3882:3% 1.5 24:6% 3.3 502% 41 54=54
π−Dþ 3885:5% 1.5 24:9% 3.2 710% 54 60=54
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Gaussian with a mass resolution determined from the data
directly. Assuming the spin parity of the Zcð4020Þ JP ¼
1þ, a phase space factor pq3 is considered in the partial
width, where p is the Zcð4020Þ momentum in the eþe%

c.m. frame and q is the hc momentum in the Zcð4020Þ c.m.
frame. The background shape is parametrized as an
ARGUS function [18]. The efficiency curve is considered
in the fit, but possible interferences between the signal and
background are neglected. Figure 4 shows the fit results;
the fit yields a mass of ð4022:9& 0:8Þ MeV=c2 and a width
of ð7:9& 2:7Þ MeV. The goodness of fit is found to be
!2=n:d:f: ¼ 27:3=32 ¼ 0:85 by projecting the events into

a histogram with 46 bins. The statistical significance of the
Zcð4020Þ signal is calculated by comparing the fit like-
lihoods with and without the signal. Besides the nominal
fit, the fit is also performed by changing the fit range, the
signal shape, or the background shape. In all cases, the
significance is found to be greater than 8:9".
The numbers of Zcð4020Þ events are determined to be

N½Zcð4020Þ&( ¼ 114& 25, 72& 17, and 67& 15 at 4.23,
4.26, and 4.36 GeV, respectively. The cross sections are
calculated to be"½eþe% ! #&Zcð4020Þ) ! #þ#%hc( ¼
ð8:7& 1:9& 2:8& 1:4Þ pb at 4.23 GeV, ð7:4&1:7&2:1&
1:2Þ pb at 4.26 GeV, and ð10:3& 2:3& 3:1& 1:6Þ pb at
4.36 GeV, where the first errors are statistical, the second
ones systematic (described in detail below), and the third
ones from the uncertainty in Bðhc ! $%cÞ [14]. The
Zcð4020Þ production rate is uniform at these three energy
points.
Adding a Zcð3900Þ with the mass and width fixed to the

BESIII measurement [1] in the fit results in a statistical
significance of 2:1" (see the inset in Fig. 4). We set upper
limits on the production cross sections as "½eþe% !
#&Zcð3900Þ) ! #þ#%hc(< 13 pb at 4.23 GeV and
<11 pb at 4.26 GeV, at the 90% confidence level (C.L.).
The probability density function from the fit is smeared by
a Gaussian function with a standard deviation of "sys to

include the systematic error effect, where "sys is the rela-

tive systematic error in the cross section measurement
described below. We do not fit the 4.36 GeV data, as the
Zcð3900Þ signal overlaps with the reflection of the
Zcð4020Þ signal.
The systematic errors for the resonance parameters of

the Zcð4020Þ come from the mass calibration, parametri-
zation of the signal and background shapes, possible exis-
tence of the Zcð3900Þ and interference with it, fitting range,
efficiency curve, and mass resolution. The uncertainty
from the mass calibration is estimated by using the differ-
ence between the measured and known hc masses and D0

masses (reconstructed from K%#þ). The differences are
(2:1& 0:4) and %ð0:7& 0:2Þ MeV=c2, respectively. Since
our signal topology has one low momentum pion and many
tracks from the hc decay, we assume these differences
added in quadrature, 2:6 MeV=c2, is the systematic error
due to the mass calibration. Spin parity conservation for-
bids a zero spin for the Zcð4020Þ, and, assuming that
contributions from D wave or higher are negligible, the
only alternative is JP ¼ 1% for the Zcð4020Þ. A fit under
this scenario yields a mass difference of 0:2 MeV=c2 and a
width difference of 0.8 MeV. The uncertainty due to the
background shape is determined by changing to a second-
order polynomial and by varying the fit range. A difference
of 0:1 MeV=c2 for the mass is found from the former, and
differences of 0:2 MeV=c2 for mass and 1.1MeV for width
are found from the latter. Uncertainties due to the mass
resolution are estimated by varying the resolution differ-
ence between the data and MC simulation by one standard
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distribution for the WS events, shown in Fig. 3(a), is
compatible with an ARGUS-function [20] shape fit to the
sidebands of the signal peak in the data. As shown in
Figs. 3(b) and 3(c), the WS events with a scaling factor of
1.9 well represent the combinatorial backgrounds in the
recoil mass spectra of the bachelor π−. This scaling is
verified by an analysis of the inclusive MC data.
Backgrounds from the soft π− from D!− decays in the
eþe− → D!þD!−ðπ0; γISRÞ processes are not well
described by the WS background; its RMðπ−Þ distribution
peaks in the region above 4.1 GeV=c2, which is excluded
in this analysis.
In Fig. 3(c), a clear enhancement above the WS back-

ground is evident. To study the enhancement, the events of
the D!þD̄!0π− final states within the signal region
ð2.135; 2.175Þ GeV=c2 in Fig. 3(a) are selected and dis-
played in Fig. 4. The enhancement cannot be attributed to
the PHSP eþe− → D!þD̄!0π− process. We simulate the
processes of eþe− → D!!D̄ð!Þ; D!! → Dð!ÞπðπÞ, where
D!! denotes neutral and charged highly excited D states,
such as D!

0ð2400Þ, D1ð2420Þ, D1ð2430Þ, and D!
2ð2460Þ.

Among these processes, only those with D!þD̄!0π− final
states, which are not components of the WS backgrounds,
would contribute to the difference between data and the WS
backgrounds. No peaking structure in the π− recoil mass
spectra for these simulated events is seen in Fig. 4. Since
the energy

ffiffiffi
s

p
¼ 4.26 GeV is much lower than the pro-

duction thresholds of D!!D̄!, we neglect the possibility of
backgrounds relevant to D!!D̄! processes.
The observed enhancement is very close to the

mðD!þÞ þmðD̄!0Þ mass threshold. We assume that the
enhancement is due to a particle, labeled as Zþ

c ð4025Þ, and
parameterize its line shape by the product of an S-wave
Breit-Wigner (BW) shape and a phase space factor p · q

""""
1

M2 −m2 þ imΓ=c2

""""
2

· p · q: (1)

Here,M is the reconstructed mass;m is the resonance mass;
Γ is the width; pðqÞ is the D!þðπ−Þ momentum in the rest
frame of the D!þD̄!0 system (the initial eþe− system).
The signal yield of Zþ

c ð4025Þ is estimated by an
unbinned maximum likelihood fit to the spectrum of
RMðπ−Þ. The fit results are shown in Fig. 4. Possible
interference between the Zþ

c ð4025Þ signals and the PHSP
processes is neglected. The Zþ

c ð4025Þ signal shape is taken
as an efficiency-weighted BW shape convoluted with a
detector resolution function, which is obtained from MC
simulation. The detector resolution is about 2 MeV=c2 and
is asymmetric due to the effects of ISR. The shape of the
combinatorial backgrounds is taken from the kernel esti-
mate [21] of the WS events and its magnitude is fixed to the
number of the fitted background events within the signal
window in Fig. 3(a). The shape of the PHSP signal is taken
from the MC simulation and its amplitude is taken as a free
parameter in the fit. By using the MC shape, the smearing
due to effects of ISR and the detector resolution are taken
into account. From the fit, the parameters of m and Γ in
Eq. (1) are determined to be

mðZþ
c ð4025ÞÞ ¼ ð4026.3& 2.6Þ MeV=c2;

ΓðZþ
c ð4025ÞÞ ¼ ð24.8& 5.6Þ MeV:

A goodness-of-fit test gives a χ2=d.o.f. ¼ 30.4=33 ¼ 0.92.
The Zþ

c ð4025Þ signal is observed with a statistical signifi-
cance of 13σ, as determined by the ratio of the maximum
likelihood value and the likelihood value for a fit with a
null-signal hypothesis. When the systematic uncertainties
are taken into account, the significance is evaluated to
be 10σ.
The Born cross section is determined from

σ ¼ ðnsig=Lð1þ δÞεBÞ, where nsig is the number of
observed signal events, L is the integrated luminosity, ε
is the detection efficiency, 1þ δ is the radiative correction
factor, and B is the branching fraction ofD!þ → Dþðπ0; γÞ,
Dþ → K−πþπþ. From the fit results, we obtain 560.1&
30.6 D!þD̄!0π− events, among which 400.9& 47.3 events
are Zþ

c ð4025Þ candidates. With the input of the observed
center-of-mass energy dependence of σðD!þD̄!0π−Þ, the
radiative correction factor is calculated to second order in
QED [22] to be 0.78& 0.03. The efficiency for
the Zþ

c ð4025Þ signal process is determined to be 23.5%,
while the efficiency of the PHSP signal process is 17.4%.
The total cross section σðeþe− → ðD!D̄!Þ∓π&Þ is mea-
sured to be ð137& 9Þpb, and the ratio R ¼ ðσðeþe− →
Z&
c ð4025Þπ∓ → ðD!D̄!Þ&π∓Þ=σðeþe− → ðD!D̄!Þ&π∓ÞÞ

is determined to be 0.65& 0.09.
Sources of systematic error on the measurement of the

Zþ
c ð4025Þ resonance parameters and the cross section are

listed in Table I. The main sources of systematic uncer-
tainties relevant for determining the Zþ

c ð4025Þ resonance
parameters and the ratio R include the mass scale, the signal
shape, background models, and potentialD!! backgrounds.
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[PART III:  Y(4260)] Peaks in “Y” decays (“Z”)

e+e� ! ⇡±Z; Z ! ⇡⌥ (2S) at BESIII
PRD 96, 032004 (2017)

For data at
ffiffiffi
s

p
¼ 4.416 GeV, a prominent narrow

structure is observed around 4030 MeV=c2 in the
Mðπ#ψð3686ÞÞ spectrum. The structure is also evident
in the corresponding Dalitz plot, but it appears to be more
complex when looking at high and lowMðπþπ−Þ ranges. In
the low Mðπþπ−Þ region, there seem to be two separate
π#ψð3686Þ structures, presumably corresponding to a
physical structure and its kinematic reflection. But in the
highMðπþπ−Þ region, only one broad π#ψð3686Þ structure

is seen. For data at
ffiffiffi
s

p
¼ 4.358 GeV, there is no obvious

structure observed in the Mðπ#ψð3686ÞÞ spectrum, but a
cluster of events appear in the low Mðπþπ−Þ region on
the corresponding Dalitz plot. It is worth noting that, at
this c.m. energy, a physical structure with a mass of
4030 MeV=c2 in the Mðπ#ψð3686ÞÞ spectrum has a
reflection at the same mass position. For data atffiffiffi
s

p
¼ 4.258 GeV, two bumps around 3900 and 4030

MeV=c2 are visible in both the Dalitz plot and in the
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FIG. 3. Dalitz plots of M2ðπ#ψð3686ÞÞ versus M2ðπþπ−Þ, distributions of M2ðπ#ψð3686ÞÞ (two entries per event), and M2ðπþπ−Þ
for data at

ffiffiffi
s

p
¼ 4.416, 4.358, 4.258 and 4.226GeV,with integrated luminosities of 1074, 540, 826 and 1092 pb−1, respectively.Dotswith

errors are data. For the plots at
ffiffiffi
s

p
¼ 4.416, 4.358 and 4.258 GeV, the solid curves (red) are projections from the fit; the dashed curves

(pink) show the shape of the intermediate state; the dash-dotted curves (blue) show the shape from the direct process eþe− →
πþπ−ψð3686Þ obtained from the Jpipi MC model; the shaded histograms (green) show the non-ψð3686Þ background estimated with the
ψð3686Þ sideband. For plots at

ffiffiffi
s

p
¼ 4.226 GeV, the dashed (pink) and dash-dotted (blue) curves show the shapes from the intermediate

state and the direct process eþe− → πþπ−ψð3686Þ (with arbitrary scale). In all plots, the two ψð3686Þ decay modes are combined.
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Mðπ"ψð3686ÞÞ spectrum. For data at
ffiffiffi
s

p
¼ 4.258 GeV,

the possible structures with masses of 3900 and 4030
MeV=c2 in the Mðπ"ψð3686ÞÞ spectrum have kinematic
reflections at each other’s mass positions. For data atffiffiffi
s

p
¼ 4.226 GeV, no structure is clearly seen, which is

very different from the behavior at the energy point close
by,

ffiffiffi
s

p
¼ 4.258 GeV. A further striking feature for data atffiffiffi

s
p

¼ 4.226 GeV is a very different Mðπþπ−Þ distribution
from those at the other three energy points.
To characterize the structure observed on the

Mðπ"ψð3686ÞÞ spectrum for data at
ffiffiffi
s

p
¼ 4.416 GeV, an

unbinned maximum likelihood fit is carried out on the Dalitz
plot ofM2ðπþψð3686ÞÞ versusM2ðπ−ψð3686ÞÞ (denoted as
x and y in formula (4). Assuming an intermediate state with
spin parity 1þ, the Dalitz plot is parametrized by the coherent
sum of the process with an intermediate state and the direct
process eþe− → πþπ−ψð3686Þ. The PDFof the intermediate
state is described with an S-wave Breit-Wigner function
without considering interference among the charged con-
jugate modes,

p ·q=c2

ðM2
R− xÞ2þM2

R ·Γ2=c4
þ p ·q=c2

ðM2
R− yÞ2þM2

R ·Γ2=c4
; ð4Þ

wherep (q) is theψð3686Þ (intermediate state) momentum in
the π"ψð3686Þ (initial eþe−) rest frame, and MR and Γ are
the mass and width of the intermediate state. The two-
dimensional mass resolution and the detection efficiency,
determined from MC simulations, are incorporated in the
PDF for the intermediate states in the fit. The PDF of the
direct process eþe− → πþπ−ψð3686Þ is taken from a MC-
simulated shape using the Jpipi model, and that of the non-
ψð3686Þ background is described with the distribution of
events in the ψð3686Þ sideband region. A simultaneous fit
constraining the mass and width of the intermediate state is
carried out by maximize the product of the likelihood values
of the two ψð3686Þ decay modes. The fit process is validated

using MC samples. The distributions of mass resolution and
detection efficiency are provided in the appendix.
The fit yields amass ofM ¼ 4032.1" 2.4 MeV=c2 and a

width of Γ ¼ 26.1" 5.3 MeV for the intermediate state
with a significance of 9.2σ, evaluated by comparing the
likelihood values with or without the intermediate states
included. The fit projections on M2ðπ"ψð3686ÞÞ and
M2ðπþπ−Þ for data at

ffiffiffi
s

p
¼ 4.416 GeV are shown in

Fig. 3. It can be seen that the overall fit curve does not
match the peaking structure on theMðπ"ψð3686ÞÞ spectrum
in data, and the corresponding confidence level (C.L.) of
the fit is only 8%, as estimated by toy-MC tests. Alternative
fits with different assumptions of the spin parity of the
intermediate state, including the interference among the
charge conjugated modes, and including the contribution of
Zcð3900Þ" are explored. In these fits the parameters of the
intermediate state are close to the norminal fit result and the
fit qualities are not improved significantly. As shown in the
Dalitz plot, the behavior of the structure is very different
between the high Mðπþπ−Þ region and the low Mðπþπ−Þ
region. A similar fit to data with the additional requirement
M2ðπþπ−Þ > 0.3ðGeV=c2Þ2 is performed, which yields a
mass of M ¼ 4030.3" 0.1 MeV=c2 and a width of
Γ ¼ 5.1" 0.2 MeV. The corresponding projection of the
fit and data on theM2ðπ"ψð3686ÞÞ distribution is shown in
Fig. 4, and the fit C.L. is 50%.
Similar fits are carried out to data at

ffiffiffi
s

p
¼ 4.358 and

4.258 GeV, where the parameters of the intermediate state
are fixed to those from the fit to data at

ffiffiffi
s

p
¼ 4.416 GeV.

The projections onM2ðπ"ψð3686ÞÞ andM2ðπþπ−Þ are also
shown in Fig. 3. The statistical significance of the inter-
mediate state is 3.6σ and 9.6σ for data at

ffiffiffi
s

p
¼ 4.358 and

4.258 GeV, respectively. For data at
ffiffiffi
s

p
¼ 4.358 GeV, as

shown in the Dalitz plot, a cluster of events appears in the
M2ðπ"ψð3686ÞÞ spectrum at low M2ðπþπ−Þ, which also
shows a hint of an intermediate structure. As mentioned
previously, for data at

ffiffiffi
s

p
¼ 4.258 GeV, the structures with

masses of 3900 and 4030 MeV=c2 on the Mðπ"ψð3686ÞÞ
spectrum are kinematic reflections of each other, so the fit
results are strongly dependent on whether the Zcð3900Þ" is
included in the fit or not. For data at

ffiffiffi
s

p
¼ 4.226 GeV, an

intermediate state with a mass of 4030MeVand its reflection
are very close to the kinematic boundary of the three-body
decay, so no obvious peak is observed in theMðπ"ψð3686ÞÞ
spectrum. The anomalous distribution on the Mðπþπ−Þ
spectrum is, however, discussed in Ref. [39]. For the other
energy points with high statistics, such as

ffiffiffi
s

p
¼ 4.387 and

4.600 GeV, the Dalitz plots and the distribution of
M2ðπ"ψð3686ÞÞ and M2ðπþπ−Þ are shown in Fig. 5.

VII. SUMMARY

In summary, based on 5.1 fb−1 of eþe− collision data
with c.m. energies between 4.008 and 4.600 GeV, collected
with the BESIII detector, the Born cross sections of
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FIG. 4. Projection of M2ðπ"ψð3686ÞÞ at
ffiffiffi
s

p
¼ 4.416 GeV

with a requirement of M2ðπþπ−Þ > 0.3 ðGeV=c2Þ2.
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[PRELIM: Four foundational discoveries]
    X(3872), Y(3940), Y(4260), Zc(4430)

[Part I: X(3872)]  
    What happened to the X(3872)?
    An accumulation of experimental details.

[Part II: Y(3940)]
    What happened to the Y(3940)?
    The ongoing search for the χc0(2P).

[Part III: Y(4260)]
    What happened to the Y(4260)?
    Peaks in e+e− cross sections (“Y states”).
    Peaks in their decays (“Z states”).

[Part IV: Zc(4430)]
    What happened to the Zc(4430)?
    Peaks in B decays.
    Peaks in Λb decays.

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV

P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2003VOLUME 91, NUMBER 26

262001-3 262001-3

B ! KX;X ! ⇡+⇡�J/ at Belle
PRL91,262001 (2003)

X(3872)

be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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FIG. 4. B! K!J= signal yields vs M!!J= ". The curve in
(a) indicates the result of a fit that includes only a phase-space-
like threshold function. The curve in (b) shows the result of a fit
that includes an S-wave Breit-Wigner resonance term.
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intervals. The curves are the results of fits described in the text.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

)2) (GeV/cψJ/-π+πm(
3.8 4 4.2 4.4 4.6 4.8 5

2
E

ve
nt

s 
/ 2

0 
M

eV
/c

0

10

20

30

40

3.6 3.8 4 4.2 4.4 4.6 4.8 51

10

210

310

410

FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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[PRELIM: Four foundational discoveries]
    X(3872), Y(3940), Y(4260), Zc(4430)

[Part I: X(3872)]  
    What happened to the X(3872)?
    An accumulation of experimental details.

[Part II: Y(3940)]
    What happened to the Y(3940)?
    The ongoing search for the χc0(2P).

[Part III: Y(4260)]
    What happened to the Y(4260)?
    Peaks in e+e− cross sections (“Y states”).
    Peaks in their decays (“Z states”).

[Part IV: Zc(4430)]
    What happened to the Zc(4430)?
    Peaks in B decays.
    Peaks in Λb decays.

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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FIG. 4. B! K!J= signal yields vs M!!J= ". The curve in
(a) indicates the result of a fit that includes only a phase-space-
like threshold function. The curve in (b) shows the result of a fit
that includes an S-wave Breit-Wigner resonance term.
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the "E signal region for 40 MeV-wide !J= invariant mass
intervals. The curves are the results of fits described in the text.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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[PART IV:  Zc(4430)] What happened?

mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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positive parity rules out the possibility that the Zð4430Þ−
state is a D̄#ð2007ÞD1ð2420Þ threshold effect as proposed
in Refs. [4,14].
In the amplitude fit, the Z−

1 is represented by a Breit-
Wigner amplitude, where the magnitude and phase vary
with m2

ψ 0π− according to an approximately circular trajec-
tory in the (ReAZ−

, ImAZ−
) plane (Argand diagram [38]),

where AZ−
is the m2

ψ 0π− dependent part of the Z
−
1 amplitude.

We perform an additional fit to the data, in which we
represent the Z−

1 amplitude as the combination of inde-
pendent complex amplitudes at six equidistant points in the
m2

ψ 0π− range covering the Z−
1 peak, 18.0–21.5 GeV2. Thus,

the K# and the Z−
1 components are no longer influenced

in the fit by the assumption of a Breit-Wigner amplitude for
the Z−

1 . The resulting Argand diagram, shown in Fig. 3, is
consistent with a rapid change of the Z−

1 phase when its
magnitude reaches the maximum, a behavior characteristic
of a resonance.
If a second Z− resonance is allowed in the amplitude

with JP ¼ 0− (Z−
0 ) the pχ2 of the fit improves to 26%.

The Z−
0 significance from the Δð−2 lnLÞ is 6σ including

the systematic variations. It peaks at a lower mass
4239% 18þ45

−10 MeV, and has a larger width 220%
47þ108

−74 MeV , with a much smaller fraction, fZ−
0
¼ ð1.6%

0.5þ1.9
−0.4Þ% ðfIZ−

0
¼ ð2.4% 1.1þ1.7

−0.2Þ%Þ than the Z−
1 . With the

defaultK# model, 0− is preferred over 1−, 2−, and 2þ by 8σ.
The preference over 1þ is only 1σ. However, the width
in the 1þ fit becomes implausibly large, 660% 150 MeV.
The Z−

0 has the same mass and width as one of the χc1π−

states reported previously [21], but a 0− state cannot decay
strongly to χc1π−. Figure 4 compares the m2

ψ 0π− projections

of the fits with both Z−
0 and Z−

1 , or the Z
−
1 component only.

The model-independent analysis has a large statistical
uncertainty in the Z−

0 region and shows no deviations of
the data from the reflections of the K# degrees of freedom
(Fig. 1). Argand diagram studies for the Z−

0 are incon-
clusive. Therefore, its characterization as a resonance will
need confirmation when larger samples become available.
In summary, an amplitude fit to a large sample of B0 →

ψ 0Kþπ− decays provides the first independent confirmation
of the existence of the Zð4430Þ− resonance and establishes
its spin parity to be 1þ, both with very high significance.
The positive parity rules out the interpretation in terms
of D̄#ð2007ÞD1ð2420Þ [4,14] or D̄#ð2007ÞD#

2ð2460Þ
threshold effects, leaving the four-quark bound state as
the only plausible explanation. The measured mass
4475% 7þ15

−25 MeV, width 172% 13þ37
−34 MeV, and ampli-

tude fraction ð5.9% 0.9þ1.5
−3.3Þ%, are consistent with, but

more precise than, the Belle results [28]. An analysis of the
data using the model-independent approach developed by
the BABAR collaboration [25] confirms the inconsistencies
in the Zð4430Þ− region between the data and Kþπ− states
with J ≤ 2. The D-wave contribution is found to be
insignificant in Zð4430Þ− decays, as expected for a true
state at such mass. The Argand diagram obtained for the
Zð4430Þ− amplitude is consistent with the resonant behav-
ior; among all observed candidates for charged four-quark
states, this is the first to have its resonant character confirmed
in this manner.

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,
and FINEP (Brazil); NSFC (China); CNRS/IN2P3 and

−ZRe A
-0.6 -0.4 -0.2 0 0.2

−
Z

Im
 A

-0.6

-0.4

-0.2

0

0.2 LHCb

FIG. 3 (color online). Fitted values of the Z−
1 amplitude in six

m2
ψ 0π− bins, shown in an Argand diagram (connected points with

the error bars, m2
ψ 0π− increases counterclockwise). The red curve

is the prediction from the Breit-Wigner formula with a resonance
mass (width) of 4475 (172) MeV and magnitude scaled to
intersect the bin with the largest magnitude centered at
ð4477 MeVÞ2. Units are arbitrary. The phase convention assumes
the helicity-zero K#ð892Þ amplitude to be real.
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FIG. 4 (color online). Distribution of m2
ψ 0π− in the data (black

points) for 1.0 < m2
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region] compared with the fit with two, 0− and 1þ (solid-line
red histogram) and only one 1þ (dashed-line green histogram)
Z− resonances. Individual Z− terms (blue points) are shown for
the fit with two Z− resonances.
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positive parity rules out the possibility that the Zð4430Þ−
state is a D̄#ð2007ÞD1ð2420Þ threshold effect as proposed
in Refs. [4,14].
In the amplitude fit, the Z−

1 is represented by a Breit-
Wigner amplitude, where the magnitude and phase vary
with m2

ψ 0π− according to an approximately circular trajec-
tory in the (ReAZ−

, ImAZ−
) plane (Argand diagram [38]),

where AZ−
is the m2

ψ 0π− dependent part of the Z
−
1 amplitude.

We perform an additional fit to the data, in which we
represent the Z−

1 amplitude as the combination of inde-
pendent complex amplitudes at six equidistant points in the
m2

ψ 0π− range covering the Z−
1 peak, 18.0–21.5 GeV2. Thus,

the K# and the Z−
1 components are no longer influenced

in the fit by the assumption of a Breit-Wigner amplitude for
the Z−

1 . The resulting Argand diagram, shown in Fig. 3, is
consistent with a rapid change of the Z−

1 phase when its
magnitude reaches the maximum, a behavior characteristic
of a resonance.
If a second Z− resonance is allowed in the amplitude

with JP ¼ 0− (Z−
0 ) the pχ2 of the fit improves to 26%.

The Z−
0 significance from the Δð−2 lnLÞ is 6σ including

the systematic variations. It peaks at a lower mass
4239% 18þ45

−10 MeV, and has a larger width 220%
47þ108

−74 MeV , with a much smaller fraction, fZ−
0
¼ ð1.6%

0.5þ1.9
−0.4Þ% ðfIZ−

0
¼ ð2.4% 1.1þ1.7

−0.2Þ%Þ than the Z−
1 . With the

defaultK# model, 0− is preferred over 1−, 2−, and 2þ by 8σ.
The preference over 1þ is only 1σ. However, the width
in the 1þ fit becomes implausibly large, 660% 150 MeV.
The Z−

0 has the same mass and width as one of the χc1π−

states reported previously [21], but a 0− state cannot decay
strongly to χc1π−. Figure 4 compares the m2

ψ 0π− projections

of the fits with both Z−
0 and Z−

1 , or the Z
−
1 component only.

The model-independent analysis has a large statistical
uncertainty in the Z−

0 region and shows no deviations of
the data from the reflections of the K# degrees of freedom
(Fig. 1). Argand diagram studies for the Z−

0 are incon-
clusive. Therefore, its characterization as a resonance will
need confirmation when larger samples become available.
In summary, an amplitude fit to a large sample of B0 →

ψ 0Kþπ− decays provides the first independent confirmation
of the existence of the Zð4430Þ− resonance and establishes
its spin parity to be 1þ, both with very high significance.
The positive parity rules out the interpretation in terms
of D̄#ð2007ÞD1ð2420Þ [4,14] or D̄#ð2007ÞD#

2ð2460Þ
threshold effects, leaving the four-quark bound state as
the only plausible explanation. The measured mass
4475% 7þ15

−25 MeV, width 172% 13þ37
−34 MeV, and ampli-

tude fraction ð5.9% 0.9þ1.5
−3.3Þ%, are consistent with, but

more precise than, the Belle results [28]. An analysis of the
data using the model-independent approach developed by
the BABAR collaboration [25] confirms the inconsistencies
in the Zð4430Þ− region between the data and Kþπ− states
with J ≤ 2. The D-wave contribution is found to be
insignificant in Zð4430Þ− decays, as expected for a true
state at such mass. The Argand diagram obtained for the
Zð4430Þ− amplitude is consistent with the resonant behav-
ior; among all observed candidates for charged four-quark
states, this is the first to have its resonant character confirmed
in this manner.

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,
and FINEP (Brazil); NSFC (China); CNRS/IN2P3 and
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FIG. 3 (color online). Fitted values of the Z−
1 amplitude in six

m2
ψ 0π− bins, shown in an Argand diagram (connected points with

the error bars, m2
ψ 0π− increases counterclockwise). The red curve

is the prediction from the Breit-Wigner formula with a resonance
mass (width) of 4475 (172) MeV and magnitude scaled to
intersect the bin with the largest magnitude centered at
ð4477 MeVÞ2. Units are arbitrary. The phase convention assumes
the helicity-zero K#ð892Þ amplitude to be real.
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FIG. 4 (color online). Distribution of m2
ψ 0π− in the data (black

points) for 1.0 < m2
Kþπ− < 1.8 GeV2 [K#ð892Þ, K#
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region] compared with the fit with two, 0− and 1þ (solid-line
red histogram) and only one 1þ (dashed-line green histogram)
Z− resonances. Individual Z− terms (blue points) are shown for
the fit with two Z− resonances.
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[PART IV:  Zc(4430)] Peaks in B decays
B ! KX;X ! �J/ at LHCb

PRL118,022003 (2017)

(5.6σ), with parameters given in Table II. The resonances
interfere with a nonresonant JPC ¼ 0þþJ=ψϕ contribution
that is also significant (6.4σ). The significances of the
quantum number determinations for the high mass states
are 4.0σ and 4.5σ, respectively.
In summary, we have performed the first amplitude

analysis of Bþ → J=ψϕKþ decays. We have obtained a

good description of the data in the 6D phase space composed
of invariant masses and decay angles. The K#þ amplitude
model extracted fromour data is consistentwith expectations
from the quark model and from the previous experimental
results on such resonances. We determine the JPC quantum
numbers of theXð4140Þ structure to be 1þþ. This has a large
impact on its possible interpretations, in particular ruling
out the 0þþ or 2þþ D#þ

s D#−
s molecular models [3–8]. The

Xð4140Þ width is substantially larger than previously deter-
mined. The below-J=ψϕ-thresholdD&

s D
#∓
s cusp [9,18] may

have an impact on the Xð4140Þ structure, but more data will
be required to address this issue, as discussed in more detail
in the companion article [30]. The existence of the Xð4274Þ
structure is established and its quantum numbers are deter-
mined to be 1þþ. Molecular bound states or cusps cannot
account for these JPC values. A hybrid charmonium state
would have 1−þ [15,16]. Some tetraquark models expected
0−þ, 1−þ [11] or 0þþ, 2þþ [12] state(s) in this mass range.
A tetraquark model implemented by Stancu [10] not only
correctly assigned 1þþ to Xð4140Þ, but also predicted a
second 1þþ state at amass notmuch higher than theXð4274Þ
mass. Calculations by Anisovich et al. [13] based on the
diquark tetraquark model predicted only one 1þþ state at a
somewhat higher mass. Lebed and Polosa [14] predicted
the Xð4140Þ peak to be a 1þþ tetraquark, although they
expected the Xð4274Þ peak to be a 0−þ state in the same
model. A lattice QCD calculation with diquark operators
found no evidence for a 1þþ tetraquark below 4.2 GeV [45].
ThehighJ=ψϕmass region is investigated for the first time

with good sensitivity and shows very significant structures,
which can be described as two 0þþ resonances: Xð4500Þ
and Xð4700Þ. The work of Wang et al. [46] predicted a
virtual 0þþ D#þ

s D#−
s state at 4.48& 0.17 GeV. None of

the observed J=ψϕ states is consistent with the state seen
in two-photon collisions by the Belle Collaboration [27].
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accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
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(Russia); MinECo (Spain); SNSF and SER (Switzerland);
NASU (Ukraine); STFC (United Kingdom); NSF (USA).
We acknowledge the computing resources that are provided
by CERN, IN2P3 (France), KIT and DESY (Germany),
INFN (Italy), SURF (The Netherlands), PIC (Spain),
GridPP (United Kingdom), RRCKI and Yandex LLC
(Russia), CSCS (Switzerland), IFIN-HH (Romania),
CBPF (Brazil), PL-GRID (Poland) and OSC (USA). We
are indebted to the communities behind the multiple open
source software packages on which we depend. Individual
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fore provide a useful cross-check. For the !c1 in the
helicity zero state the expected angular distribution for
!c1 ! J=c" and J=c ! ‘þ‘" decay is P0 ¼ 9

32 $
ð1þ 2cos2#!c1

cos2#J=c " cos2#J=c Þ, while for the !c1 in
the helicity '1 state the expected angular distribution is
P1 ¼ 9

32 ð1" cos2#!c1
cos2#J=c Þ. Here it is assumed that

different J=c helicity states do not interfere. We integrate
the helicity zero and helicity '1 components of the fit
function over the Dalitz plot and find the relative contri-
butions w0 and w'1. The expected angular distribution is
then P ¼ w0P0 þ w'1P'1.

The cos#!c1
and cos#J=c distributions for the entire

Dalitz plot are presented in Fig. 11; for the leftmost vertical
slice containing the K(ð892Þ signal in Fig. 12; and for the
middle horizontal slice dominated by the Zþ resonances in
Fig. 13. The agreement with predictions is good. It is
evident that the different models give very similar predic-
tions and these angular distributions are not useful for
discriminating between them.

X. CONCLUSIONS

A broad doubly peaked structure is observed in the
$þ!c1 invariant mass distribution in exclusive !B0 !
K"$þ!c1 decays. When fitted with two Breit-Wigner
resonance amplitudes, the resonance parameters are
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We check if the Zcð4200Þþ signal can be explained by a
resonance in the J=ψK− system by adding a J=ψK−

resonance, which is referred to as the Z−
cs instead of the

Zcð4200Þþ. The preferred quantum numbers of the Z−
cs are

also JP ¼ 1þ; the mass and width in the default model for
the 1þ hypothesis are 4228% 5 MeV=c2 and 30%
17 MeV, respectively. The Wilks significance is only
4.3σ. The hypothesis of the existence of a J=ψπþ resonance
is preferred over the hypothesis of the existence of a
J=ψK− resonance at the level of 7.4σ. The Z−

cs becomes
insignificant if the Zcð4200Þþ is added to the model.

Separate results from J=ψ → eþe− and J=ψ → μþμ−

decay samples agree with each other and with the results
from the combined sample. The Zcð4200Þþ mass, width
and significance for the JP ¼ 1þ hypothesis for each J=ψ
decay channel are shown in Table IV.
We also consider other amplitude models: without one of

the insignificant K& resonances [K&ð1680Þ, K&
0ð1950Þ];

with the addition of S-, P- and D-wave nonresonant K−πþ

amplitudes; with free Blatt-Weisskopf r parameters; with
free masses and widths of K& resonances (with Gaussian
constraints to their known values [22]) and with the LASS
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FIG. 7 (color online). The fit results with (solid line) and without (dashed line) the Zcð4200Þþ (JP ¼ 1þ) in the default model. The
points with error bars are data; the hatched histograms are the J=ψ sidebands. The slices are defined in Fig. 4.
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FIG. 8 (color online). The fit results with the Zcð4200Þþ (JP ¼ 1þ) in the default model. The points with error bars are data; the solid
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positive parity rules out the possibility that the Zð4430Þ−
state is a D̄#ð2007ÞD1ð2420Þ threshold effect as proposed
in Refs. [4,14].
In the amplitude fit, the Z−

1 is represented by a Breit-
Wigner amplitude, where the magnitude and phase vary
with m2

ψ 0π− according to an approximately circular trajec-
tory in the (ReAZ−

, ImAZ−
) plane (Argand diagram [38]),

where AZ−
is the m2

ψ 0π− dependent part of the Z
−
1 amplitude.

We perform an additional fit to the data, in which we
represent the Z−

1 amplitude as the combination of inde-
pendent complex amplitudes at six equidistant points in the
m2

ψ 0π− range covering the Z−
1 peak, 18.0–21.5 GeV2. Thus,

the K# and the Z−
1 components are no longer influenced

in the fit by the assumption of a Breit-Wigner amplitude for
the Z−

1 . The resulting Argand diagram, shown in Fig. 3, is
consistent with a rapid change of the Z−

1 phase when its
magnitude reaches the maximum, a behavior characteristic
of a resonance.
If a second Z− resonance is allowed in the amplitude

with JP ¼ 0− (Z−
0 ) the pχ2 of the fit improves to 26%.

The Z−
0 significance from the Δð−2 lnLÞ is 6σ including

the systematic variations. It peaks at a lower mass
4239% 18þ45

−10 MeV, and has a larger width 220%
47þ108

−74 MeV , with a much smaller fraction, fZ−
0
¼ ð1.6%

0.5þ1.9
−0.4Þ% ðfIZ−

0
¼ ð2.4% 1.1þ1.7

−0.2Þ%Þ than the Z−
1 . With the

defaultK# model, 0− is preferred over 1−, 2−, and 2þ by 8σ.
The preference over 1þ is only 1σ. However, the width
in the 1þ fit becomes implausibly large, 660% 150 MeV.
The Z−

0 has the same mass and width as one of the χc1π−

states reported previously [21], but a 0− state cannot decay
strongly to χc1π−. Figure 4 compares the m2

ψ 0π− projections

of the fits with both Z−
0 and Z−

1 , or the Z
−
1 component only.

The model-independent analysis has a large statistical
uncertainty in the Z−

0 region and shows no deviations of
the data from the reflections of the K# degrees of freedom
(Fig. 1). Argand diagram studies for the Z−

0 are incon-
clusive. Therefore, its characterization as a resonance will
need confirmation when larger samples become available.
In summary, an amplitude fit to a large sample of B0 →

ψ 0Kþπ− decays provides the first independent confirmation
of the existence of the Zð4430Þ− resonance and establishes
its spin parity to be 1þ, both with very high significance.
The positive parity rules out the interpretation in terms
of D̄#ð2007ÞD1ð2420Þ [4,14] or D̄#ð2007ÞD#

2ð2460Þ
threshold effects, leaving the four-quark bound state as
the only plausible explanation. The measured mass
4475% 7þ15

−25 MeV, width 172% 13þ37
−34 MeV, and ampli-

tude fraction ð5.9% 0.9þ1.5
−3.3Þ%, are consistent with, but

more precise than, the Belle results [28]. An analysis of the
data using the model-independent approach developed by
the BABAR collaboration [25] confirms the inconsistencies
in the Zð4430Þ− region between the data and Kþπ− states
with J ≤ 2. The D-wave contribution is found to be
insignificant in Zð4430Þ− decays, as expected for a true
state at such mass. The Argand diagram obtained for the
Zð4430Þ− amplitude is consistent with the resonant behav-
ior; among all observed candidates for charged four-quark
states, this is the first to have its resonant character confirmed
in this manner.

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of
the LHC. We thank the technical and administrative staff at
the LHCb institutes. We acknowledge support from CERN
and from the national agencies: CAPES, CNPq, FAPERJ,
and FINEP (Brazil); NSFC (China); CNRS/IN2P3 and
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[PART IV:  Zc(4430)] Peaks in Λb decays

higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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analysis by the Bonn-Gatchina group [22,23] and is used to
estimate systematic uncertainties.
The limited number of signal events and the large

number of free parameters in the amplitude fits prevent
an open-ended analysis of J=ψp and J=ψπ− contributions.
Therefore, the data are examined only for the presence of
the previously observed Pcð4380Þþ, Pcð4450Þþ states [5]
and the claimed Zcð4200Þ− resonance [16]. In the fits, the
mass and width of each exotic state are fixed to the reported
central values. The LS couplings describing Pþ

c → J=ψp
decays are also fixed to the values obtained from the
Cabibbo-favored channel. This leaves four free parameters
per Pþ

c state for the Λ0
b → Pþ

c π− couplings. The nominal
fits are performed for the most likely ð3=2−; 5=2þÞ JP

assignment to the Pcð4380Þþ, Pcð4450Þþ states [5]. All
couplings for the 1þ Zcð4200Þ− contribution are allowed to
vary (ten free parameters).
The fits show a significant improvement when exotic

contributions are included. When all three exotic

contributions are added to the EM N$-only model, the
Δð−2 lnLÞ value is 49.0, which corresponds to their
combined statistical significance of 3.9σ. Including the
systematic uncertainties discussed later lowers their sig-
nificance to 3.1σ. The systematic uncertainties are included
in subsequent significance figures. Because of the ambi-
guity between the Pcð4380Þþ, Pcð4450Þþ and Zcð4200Þ−
contributions, no single one of them makes a significant
difference to the model. Adding either state to a model
already containing the other two, or the two Pþ

c states
to a model already containing the Zcð4200Þ− contribution,
yields significances below 1.7σ [0.4σ for adding the
Zcð4200Þ− after the two Pþ

c states]. If the Zcð4200Þ−
contribution is assumed to be negligible, adding the two Pþ

c
states to a model without exotics yields a significance of
3.3σ. On the other hand, under the assumption that no Pþ

c
states are produced, adding the Zcð4200Þ− to a model
without exotics yields a significance of 3.2σ. The signifi-
cances are determined using Wilks’ theorem [24], the
applicability of which has been verified by simulation.
A satisfactory description of the data is already reached

with the RMN$ model if either the two Pþ
c , or the Z−

c , or all
three states, are included in the fit. The projections of the
full amplitude fit onto the invariant masses and the decay
angles reasonably well reproduce the data, as shown in
Figs. 2–5. The EM N$-only model does not give good
descriptions of the peaking structure in mJ=ψp observed for
mpπ > 1.8 GeV [Fig. 3(b)]. In fact, all contributions to
Δð−2 lnLÞ favoring the exotic components belong to this
mpπ region. The models with the Pþ

c states describe the
mJ=ψp peaking structure better than with the Zcð4200Þ−
alone (see Supplemental Material [25]).
The model with all three exotic resonances is used when

determining the fit fractions. The sources of systematic
uncertainty are listed in Table II. They include varying the
masses and widths of N$ resonances, varying the masses
and widths of the exotic states, considering N$ model
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[PRELIM: Four foundational discoveries]
    X(3872), Y(3940), Y(4260), Zc(4430)

[Part I: X(3872)]  
    What happened to the X(3872)?
    An accumulation of experimental details.

[Part II: Y(3940)]
    What happened to the Y(3940)?
    The ongoing search for the χc0(2P).

[Part III: Y(4260)]
    What happened to the Y(4260)?
    Peaks in e+e− cross sections (“Y states”).
    Peaks in their decays (“Z states”).

[Part IV: Zc(4430)]
    What happened to the Zc(4430)?
    Peaks in B decays.
    Peaks in Λb decays.

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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the "E signal region for 40 MeV-wide !J= invariant mass
intervals. The curves are the results of fits described in the text.

PRL 94, 182002 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
13 MAY 2005

182002-4

B ! KX;X ! !J/ at Belle
PRL94,182002 (2005)

Y (3940)

detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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[OUTLINE]  A Tour through the XYZ
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[PRELIM: Four foundational discoveries]
    X(3872), Y(3940), Y(4260), Zc(4430)

[Part I: X(3872)]  
    What happened to the X(3872)?
    An accumulation of experimental details.

[Part II: Y(3940)]
    What happened to the Y(3940)?
    The ongoing search for the χc0(2P).

[Part III: Y(4260)]
    What happened to the Y(4260)?
    Peaks in e+e− cross sections (“Y states”).
    Peaks in their decays (“Z states”).

[Part IV: Zc(4430)]
    What happened to the Zc(4430)?
    Peaks in B decays.
    Peaks in Λb decays.

well as the specific ionization in the CDC. This classi-
fication is superseded if the track is identified as a lepton:
electrons are identified by the presence of a matching
ECL cluster with energy and transverse profile consistent
with an electromagnetic shower; muons are identified by
their range and transverse scattering in the KLM.

For the B! K!!!"J= study we use events that have
a pair of well identified oppositely charged electrons or
muons with an invariant mass in the range 3:077<
M‘!‘" < 3:117 GeV, a loosely identified charged kaon,
and a pair of oppositely charged pions. In order to reject
background from " conversion products and curling
tracks, we require the !!!" invariant mass to be greater
than 0.4 GeV. To reduce the level of e!e" ! q !qq (q #
u; d; s, or c quark) continuum events in the sample, we
also require R2 < 0:4, where R2 is the normalized Fox-
Wolfram moment [8], and j cos#Bj< 0:8, where #B is the
polar angle of the B-meson direction in the CM frame.

Candidate B! ! K!!!!"J= mesons are recon-
structed using the energy difference "E $ ECM

B "
ECM
beam and the beam-energy constrained mass
Mbc $

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

%ECM
beam&2 " %pCM

B &2
q

, where ECM
beam is the beam

energy in the CM system, and ECM
B and pCM

B are the
CM energy and momentum of the B candidate. The sig-
nal region is defined as 5:271 GeV<Mbc < 5:289 GeV
and j"Ej< 0:030 GeV.

Figure 1(a) shows the distribution of "M $
M%!!!"‘!‘"& "M%‘!‘"& for events in the "E-Mbc
signal region. Here a large peak corresponding to  0 !
!!!"J= is evident at 0.589 GeV. In addition, there is a
significant spike in the distribution at 0.775 GeV.
Figure 1(b) shows the same distribution for a large sample
of generic B- !BB Monte Carlo (MC) events. Except for the
prominent  0 peak, the distribution is smooth and fea-
tureless. In the rest of this Letter we use M%!!!"J= &
determined from "M!MJ= , whereMJ= is the PDG [9]
value for the J= mass. The spike at "M # 0:775 GeV
corresponds to a mass near 3872 MeV.

We make separate fits to the data in the  0

(3580 MeV<M!!!"J= < 3780 MeV) and the M #

3872 MeV (3770 MeV<M!!!"J= < 3970 MeV) re-
gions using a simultaneous unbinned maximum likeli-
hood fit to the Mbc, "E, and M!!!"J= distributions [10].
For the fits, the probability density functions (PDFs) for
the Mbc and M!!!"J= signals are single Gaussians; the
"E signal PDF is a double Gaussian composed of a
narrow ‘‘core’’ and a broad ‘‘tail.’’ The background
PDFs for "E and M!!!"J= are linear functions, and
the Mbc background PDF is the ARGUS threshold func-
tion [11]. For the  0 region fit, the peak positions and
widths of the three signal PDFs, the "E core fraction, as
well as the parameters of the background PDFs, are left as
free parameters. The values of the resolution parameters
that are returned by the fit are consistent with MC-based
expectations. For the fit to theM # 3872 MeV region, the
Mbc peak and width, as well as the "E peak, widths, and
core fraction (96.5%) are fixed at the values determined
from the  0 fit.

The results of the fits are presented in Table I.
Figures 2(a)–2(c) show the Mbc, M!!!"J= , and "E
signal-band projections for the M # 3872 MeV signal
region, respectively. The superimposed curves indicate
the results of the fit. There are clear peaks with consistent
yields in all three quantities. The signal yield of 35:7'
6:8 events has a statistical significance of 10:3$, deter-
mined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

"2 ln%L0=Lmax&
p

, where Lmax and L0 are
the likelihood values for the best-fit and for zero-signal
yield, respectively. In the following we refer to this as the
X%3872&.

We determine the mass of the signal peak relative to
the well measured  0 mass:

MX # Mmeas
X "Mmeas

 0 !MPDG
 0

# 3872:0' 0:6%stat& ' 0:5%syst& MeV:

Since we use the precisely known value of the  0 mass [9]
as a reference, the systematic error is small. The M 0

measurement, which is referenced to the J= mass that
is 589 MeV away, is "0:5' 0:2 MeV from its world-
average value [12]. Variation of the mass scale from M 0

toMX requires an extrapolation of only 186 MeVand, thus,
the systematic shift in MX can safely be expected to be
less than this amount.We assign 0.5 MeVas the systematic
error on the mass.

The measured width of the X%3872& peak is $ # 2:5'
0:5 MeV, which is consistent with the MC-determined
resolution and the value obtained from the fit to the  0
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FIG. 1. Distribution of M%!!!"‘!‘"& "M%‘!‘"& for se-
lected events in the "E-Mbc signal region for (a) Belle data
and (b) generic B- !BB MC events.

TABLE I. Results of the fits to the  0 and M # 3872 MeV
regions. The errors are statistical only.

Quantity  0 region M # 3872 MeV region

Signal events 489' 23 35:7' 6:8
Mmeas
!!!"J= peak 3685:5' 0:2 MeV 3871:5' 0:6 MeV
$M!!!"J= 3:3' 0:2 MeV 2:5' 0:5 MeV
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be equal. The curves in Fig. 3 indicate the results of the
Mbc fits.

The fitted B-meson signal yields are plotted vs
M!!J= " in Figs. 4(a) and 4(b). An enhancement is evi-
dent around M!!J= " # 3940 MeV. The curve in
Fig. 4(a) is the result of a fit with a threshold function of
the form f!M" # A0q$!M", where q$!M" is the momentum
of the daughter particles in the !J= rest frame. This
functional form accurately reproduces the threshold behav-
ior of Monte Carlo simulated B! K!J= events that are
generated uniformly over phase space. The fit quality to the
observed data points is poor (!2=d:o:f: # 115=11), indi-
cating a significant deviation from phase space; the integral
of f!M" over the first three bins is 16.8 events, where the
data total is 55.6 events.

In Fig. 4(b) we show the results of a fit where we include
an S-wave Breit-Wigner (BW) function [15] to represent
the enhancement. The fit, which has !2=d:o:f: # 15:6=8
(C:L: # 4:8%), yields a Breit-Wigner signal yield of 58%
11 events with mass M # 3943% 11 MeV and width ! #
87% 22 MeV (statistical errors only). The statistical signi-
ficance of the signal, determined from

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

&2 ln!L0=Lmax"
p

,
where Lmax and L0 are the likelihood values for the best fit
and for zero signal yield, respectively, is 8:1".

The K! invariant mass distribution for Mbc-"E signal
region events in the region of the M!!J= " enhancement
are distributed uniformly across the available phase space
and there is no evident K! mass structure that might be
producing the observed mass enhancement by a kinematic
reflection. Nevertheless, the possibility that different high-
mass K! partial waves might interfere in a way that
produces some peaking in the !J= mass distribution
cannot be ruled out.

The M!#'#&#0" distributions for different M!!J= "
mass regions exhibit !! #'#&#0 signals that track the
Mbc-"E signal yields. There are no significant !!
#'#&#0 signals in the "E or Mbc sidebands. A compari-
son of the ! signal strengths in the Mbc-"E signal region
and the Mbc and "E sidebands is used to infer that !90%
18"% of the B! K#'#&#0J= events in the M #
3943 MeV enhancement are produced via !! #'#&#0

decays.
We study potential systematic errors on the yield, mass,

and width by repeating the fits with different signal pa-
rametrizations, background shapes, and bin sizes. For ex-
ample, when we change the background function to
include terms up to third order in q$, the yield increases
to 75% 10 events, the mass changes to 3948% 9 MeV, the
width changes to ! # 100% 23 MeV, and the fit quality
improves: !2=d:o:f: # 10:0=6 (C:L: # 12:4%). However,
the resulting background shape is very different from that
of phase space. For different bin sizes, fitting ranges,
M!K!" requirements, and signal line shapes we see similar
variations.

For the systematic uncertainties we use the largest de-
viations from the nominal values for the different fits. In
the following, we assume that all of the 3# systems are due
to !! #'#&#0 decays and include the possibility of a
nonresonant contribution in the systematic error. This is the
main component of the negative side systematic error; the
change in yield for different background shapes contributes
a positive side error of comparable size. The effects of
possible acceptance variation as a function ofM!!J= " on
the mass and width values are found to be negligibly small.

To determine a branching fraction, we use the BW fit
shown in Fig. 4(b) to establish the event yield of the
observed enhancement. Monte Carlo simulation is used
to estimate detection efficiencies of 2:4%% 0:1% and
0:42%% 0:02% for B! K'!J= and K0!J= , respec-
tively. We find a product branching fraction [here we
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FIG. 4. B! K!J= signal yields vs M!!J= ". The curve in
(a) indicates the result of a fit that includes only a phase-space-
like threshold function. The curve in (b) shows the result of a fit
that includes an S-wave Breit-Wigner resonance term.
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FIG. 3. Mbc distributions for B& ! K&!J= candidates in
the "E signal region for 40 MeV-wide !J= invariant mass
intervals. The curves are the results of fits described in the text.
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detected in the EMC since it is produced preferentially
along the beam direction.

Candidate !!!"‘!‘" tracks are refitted, constrained
to a common vertex, while the lepton pair is kinemati-
cally constrained to the J= mass. The resulting
!!!"J= mass-resolution function is well described by
a Cauchy distribution [10] with a full width at half maxi-
mum of 4:2 MeV=c2 for the  #2S$ and 5:3 MeV=c2 at
4:3 GeV=c2.

The !!!"J= invariant-mass spectrum for candidates
passing all criteria is shown in Fig. 1 as points with error
bars. Events that have an e!e" ("!"") mass in the J= 
sidebands %2:76; 2:95& or %3:18; 3:25& (%2:93; 3:01& or
%3:18; 3:25&) GeV=c2 but pass all the other selection crite-
ria are represented by the shaded histogram after being
scaled by the ratio of the widths of the J= mass window
and sideband regions. An enhancement near 4:26 GeV=c2

is clearly observed; no other structures are evident at the
masses of the quantum number JPC ' 1"" charmonium
states, i.e., the  #4040$,  #4160$, and  #4415$ [11], or the
X#3872$. The Fig. 1 inset includes the  #2S$ region with a
logarithmic scale for comparison; 11 802( 110  #2S$
events are observed, consistent with the expectation of
12 142( 809  #2S$ events. We search for sources of back-
grounds that contain a true J= and peak in the !!!"J= 
invariant-mass spectrum. The possibility that one or both
pion candidates are misidentified kaons is checked by
reconstructing the K!K"J= and K(!)J= final states;
we observe featureless mass spectra. Similar studies of ISR
events with a !!!"J= candidate plus one or more addi-
tional pions reveal no structure that could feed down to

produce a peak in the !!!"J= mass spectrum. Two-
photon events are studied directly by reversing the require-
ment on the missing mass; the number of events inferred
for the signal region is a small fraction of those observed
and their mass spectrum shows no structure. Hadronic
e!e" ! q !q events produce J= at a rate that is surpris-
ingly large [12–15], but no structure is observed for this
background.

We evaluate the statistical significance of the enhance-
ment using unbinned maximum likelihood fits to the
!!!"J= mass spectrum. To evaluate the goodness of
fit, the fit probability is determined from the #2 and the
number of degrees of freedom for bin sizes of 5, 10, 20, 40,
and 50 MeV=c2. Bins are combined with higher mass
neighbors as needed to ensure that no bin is predicted to
have fewer than seven entries. We try first-, second-, and
third-order polynomials as null-hypothesis fit functions.
The #2-probability estimates for these fits range from
10"16 to 10"11. No substantial improvement is obtained
by including  #4040$,  #4160$, or  #4415$ [11] terms in
the fit. We conclude that the structure near 4:26 GeV=c2 is
statistically inconsistent with a polynomial background.
Henceforth, we refer to this structure as the Y#4260$.

It is important to test the ISR-production hypothesis
because the JPC ' 1"" assignment for the Y#4260$ fol-
lows from it. The ISR photon is reconstructed in #24( 8$%
of the Y#4260$ events, in agreement with the 25% observed
for ISR #2S$ events. Kinematic distributions for the signal
are obtained by subtracting scaled distributions for events
with !!!"J= mass in the regions %3:86; 4:06& GeV=c2

and %4:46; 4:66& GeV=c2 from those with !!!"J= mass
in the signal region, defined as %4:16; 4:36& GeV=c2. The
distribution of m2

Rec is shown in Fig. 2, along with corre-
sponding distributions for ISR  #2S$ data events and for
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FIG. 2. The distribution of m2
Rec. The points represent the

data events passing all selection criteria except that on m2
Rec

and having a !!!"J= mass near 4260 MeV=c2, minus the
scaled distribution from neighboring !!!"J= mass regions
(see text). The solid histogram represents ISR Y Monte Carlo
events, and the dotted histogram represents the ISR  #2S$ data
events.
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FIG. 1 (color online). The !!!"J= invariant-mass spec-
trum in the range 3:8–5:0 GeV=c2 and (inset) over a wider
range that includes the  #2S$. The points with error bars repre-
sent the selected data and the shaded histogram represents the
scaled data from neighboring e!e" and "!"" mass regions
(see text). The solid curve shows the result of the single-
resonance fit described in the text; the dashed curve represents
the background component.
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mass to be greater than 0.44 GeV and jM!!"!#‘"‘#$ #
M!‘"‘#$ # 0:589 GeVj< 0:0076 GeV, which is %2:5",
where " is the rms resolution.

We suppress continuum e"e# ! q !q events, where q &
u, d, s or c, by requiring R2 < 0:4, where R2 is the second
normalized Fox-Wolfram event-shape moment [19]. We
also require j cos#Bj< 0:9, where #B is the angle between
the B meson and e" beam directions [20].

We identify B mesons using the beam-constrained mass

Mbc &
!!!!!!!!!!!!!!!!!!!!!!!!
E2

beam # p2
B

q
and the energy difference "E &

Ebeam # EB, where Ebeam is the c.m.s. beam energy, pB
is the vector sum of the c.m.s. momenta of the B meson
decay products and EB is their c.m.s. energy sum. We
select events with jMbc #mBj< 0:0071 GeV (mB &
5:279 GeV, is the world-average B-meson mass [21]) and
j"Ej< 0:034 GeV, which are%2:5"windows around the
nominal peak values.

The invariant mass of the selected B! K! 0 candidate
tracks is kinematically constrained to equal mB. This im-
proves the  0 ! ‘"‘# (J= ! ‘"‘#) mass resolution to
" & 4:4 MeV (5.3 MeV). We require M!‘"‘#$ computed
with the fitted lepton four-vectors to be within %2:5" of
m 0 (mJ= ), the world-average  0 (J= ) mass [21].

For the  0 ! ‘"‘# mode we compute M!! 0$
as M!!‘"‘#$ #M!‘"‘#$ "m 0 ; for  0 ! !"!#J= 
decays, we use M!! 0$ & M!!!"!#J= $ #
M!!"!#J= $ " m 0 . Simulations of the two  0 decay
modes indicate that the experimental resolution for
M!!" 0$ is " ’ 2:5 MeV for both modes.

Figure 1 shows a Dalitz plot of M2!K!"$ (horizontal)
vs: M2!!" 0$ (vertical) for the B! K!" 0 candidate

events. Here, a distinct band at M2
K! ’ 0:8 GeV2, corre-

sponding to B! K'!890$ 0; K'!890$! K!, is evident.
In addition, there are signs of a K'2!1430$ signal near
M2
K! & 2:0 GeV2. The B! K'!890$ 0 events are used

to calibrate the Mbc and "E peak positions and widths.
Some clustering of events in a horizontal band is evident

in the upper half of the Dalitz plot near M2!! 0$ ’
20 GeV2. To study these events with the effects of the
known K! resonant states minimized, we restrict our
analysis to the events with jM!K!$ #mK'!890$j (
0:1 GeV and jM!K!$ #mK'2!1430$j ( 0:1 GeV. In the fol-
lowing, we refer to this requirement as the K' veto.

The open histogram in Fig. 2 shows the M!!" 0$ dis-
tribution for selected events with the K' veto applied. The
bin width is 10 MeV. The shaded histogram shows the
scaled distribution from "E sidebands (j"E% 0:070j<
0:034 GeV). Here a strong enhancement is evident near
M!! 0$ ) 4:43 GeV.

We perform a binned maximum-likelihood fit to the
M!! 0$ invariant mass distribution using a relativistic
S-wave Breit Wigner (BW) function to model the peak
plus a smooth phase-space-like function fcont!M$, where
fcont!M$ &N contq'!Q1=2 " A1Q3=2 " A2Q5=2$. Here q'

is the momentum of the !" in the ! 0 rest frame and Q &
Mmax #M, where Mmax & 4:78 GeV is the maximum
M!! 0$ value possible for B! K! 0 decay. The normal-
ization N cont and two shape parameters A1 and A2 are free
parameters in the fit. This form for fcont!M$ is chosen
because it mimics two-body phase-space behavior at the
lower and upper mass boundaries. [Since the M!! 0$

FIG. 1. The M2!K!$ (horizontal) vs M2!! 0$ (vertical)
Dalitz-plot distribution for B0 ! K#!" 0 candidate events.
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FIG. 2 (color online). The M!!" 0$ distribution for events in
the Mbc # "E signal region and with the K' veto applied. The
shaded histogram show the scaled results from the "E sideband.
The solid curves show the results of the fit described in the text.
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We are making progress!

(1) The field is characterized by:
      *  experimental results that are unexpected but robust.
      *  theoretical developments that are unsettled but productive.
      *  many avenues left to explore.

(2) The flow of experimental results has no end in sight:
         BESIII and LHC experiments will continue…   
         Belle II will soon be online…

(3)  Further progress will require more interchange between experiment and theory.

(4)  New production mechanisms need to be explored 
         (e.g. PANDA, COMPASS).

(5)  We should also test ideas beyond charmonium and bottomonium  
         (e.g. GlueX, LHC).


