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I summarise Belle results on new discoveries in meson spectroscopy.
Two broad D∗∗ mesons that are P -wave excitations of the cū system as
well as two narrow DsJ states interpreted as orbitally excited P -wave cs̄
states have been observed. Moreover, the X(3872) charmonium-like state
has been discovered. Mass of this state being very near MD +MD⋆ mass
threshold could indicate molecular nature of newly observed state.

PACS numbers: 14.40.Gx, 12.39.Mk, 13.20.He

1. Introduction

Many interesting and unexpected discoveries in meson spectroscopy have
been recently reported. I will discuss the discoveries made in B-factories
experiments. B-factories are very rich and clean source not only B mesons
but also charmed particles thus giving an excellent opportunity to search for
new states with charm quark content.

The BaBar experiment has claimed the discovery of the narrow Dsπ
0

resonance at 2317 MeV produced in a e+e− → cc̄ continuum process [1].
The CLEO collaboration has observed a nearby narrow D⋆

sπ
0 state [2] at

2463 MeV, and the Belle experiment confirmed the existence of two new
mesons, by observing their production in a continuum and B meson decays
[3, 4].

The observed decay channels indicate cs̄ quark composition of newly
found mesons. They are interpreted as orbitally excited P -wave cs̄ states,
even though these assignments contradict the potential model predictions
[5, 6]. The mass difference between the two observed states is consistent
with the expected hyperfine splitting of the P -wave Ds meson doublet with
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js = 1/2. However, the observed masses and widths are considerably lower
than those predicted by the potential model. Their decays to the D⋆K
modes are not allowed kinematically. The DsJ states are observed in isospin-

violating decays to D
(⋆)
s π0 and are very narrow. Because of these discrepan-

cies with the potential model predictions, more exotic assignments have been
also proposed for the new states such as DK molecular states, multiquark
states or mixtures of P -wave cs̄ meson and 4-quark cs̄qq̄ state [7, 8]; chiral
partners of Ds and D⋆

s , pseudoscalar and vector states [9,10]. The measure-
ments of their properties and quantum numbers are essential to determine
the nature of the newly found states.

Two new D∗∗ states that are P -wave excitations of the cū system have
been observed by Belle in B− →D(⋆)+π−π− three-body decays [11]. In a
coherent amplitude Dalitz plot analysis broad resonances have been found:
a scalar D⋆

0 in D+π−π− final state, and a pseudovector D′
1 in D(⋆)+π−π−.

Masses and widths of newly found D∗∗ states are consistent with the poten-
tial models predictions.

Another interesting discovery made by the Belle concerns the X(3872):
a narrow charmonium-like state produced in exclusive decay process B±→
K±J/ψπ+π− [12]. Mass of this state being very near MD + MD⋆ mass
threshold could indicate molecular nature of newly observed state [13]. Other
interpretations include cc̄g “hybrid charmonium” [14] or ordinary charmo-
nium state [5, 6, 15].

2. The Belle experiment

The Belle experiment, devoted to CP violation studies in B meson de-
cays, is performed at the KEKB asymmetric energy e+e− collider. The
KEKB collider operates at the centre of mass energy

√
s = 10.58 GeV equal

to the Υ(4S) mass. Its peak luminosity exceeded 1.3×1034 cm−2s−1. About
274 × 106 BB̄ pairs and 350 × 106 cc̄ events have been collected with the
Belle detector until summer 2004.

The Belle detector is a general purpose magnetic spectrometer equipped
with a 1.5 T superconducting solenoid magnet. Charged tracks are recon-
structed in a 50 layer Central Drift Chamber and in three layers of double
sided silicon strip detectors of the Silicon Vertex Detector. Photons and
electrons are identified using the CsI(Tl) Electromagnetic Calorimeter lo-
cated inside the magnet coil. Muons and K0

L’s are detected using resistive
plate chambers embedded in the iron magnetic flux return. Charged parti-
cles are identified using specific ionisation losses in the tracking chamber and
identification information from the Aerogel Cherenkov Counters and Time
of Flight Counters. The Belle detector is described in detail elsewhere [16].
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At the Υ(4S), BB̄ pairs are produced with no accompanying parti-
cles. As a result, the B meson has an energy that is equal to Ebeam =√
s/2. B mesons are identified using the beam constrained mass Mbc =

√

E2
beam − p2

B and the energy difference ∆E = Ebeam − EB , where pB is

the vector sum of the centre-of-mass (cms) momenta of the B meson decay
products and EB is their cms energy sum. The signal events for fully re-
constructed B candidates peak at ∆E ≈ 0 and have resolution of 10 MeV.
The experimental resolution in Mbc is typically a few times better than that
for invariant mass of reconstructed B meson and is determined mostly by a
precision of a measurement of Ebeam.

3. Theory predictions for P -wave excitations of cū and cs̄

mesons and recent experimental status

The potential models of a heavy–light Qq system employ the Heavy
Quark Symmetry [5, 6]. As the heavy quark’s mass increases its motion
in a meson decreases and the properties of meson become governed by the
dynamics of the light quark. Mesons with one heavy quark become similar
to the hydrogen atom. Heavy quark acts as a static source of chromoelec-
tric field, chromomagnetic interaction (gluon-exchange) vanishes. The light
degrees of freedom are insensitive to mQ, thus the heavy quark spin ~sQ de-
couples from the light quark. The spin quantum numbers of light degrees
of freedom (total angular momentum of the light quark ~jq = ~L + ~sq) and
that of the heavy quark (~sQ) are separately conserved and thus become
good quantum numbers. The total angular momentum of the meson is:
~J = ~jq + ~sQ = ~jq ± 1/2. States with the equal ~jq but different ~J are de-
generated. Since the heavy quark symmetry is only approximate symmetry
relativistic corrections must be taken into account. After this the hyperfine
splitting emerges for degenerated states (1/mQ effect).

There are four P -wave states with the following spin-parity (JP ) and

light quark angular momenta: 0+(~jq = 1/2), 1+(~jq = 1/2), 1+(~jq = 3/2),

2+(~jq = 1/2). For cū system they are labelled as D⋆
0, D

′
1, D1 and D⋆

2 ,
respectively. The energy levels of cū system excitations are shown in Fig. 1.
The two ~ju = 3/2 states are narrow with widths of order 20 MeV and have
been observed by ARGUS [17] and CLEO [18]. Their measured masses agree
with the potential model predictions. The products of branching fractions
of these narrow D⋆⋆ states observed in B→D⋆ππ decay have been measured
by CLEO to be:

B(B−→D0
1π

−) × B(D0
1→D⋆+π−) = (7.8 ± 1.9) × 10−4 ,

B(B−→D⋆0
2 π

−) × B(D⋆0
2 →D⋆+π−) = (4.2 ± 1.7) × 10−4 .



2966 J. Brodzicka

QCD sum rules predict [19] the dominance of a tensor D⋆⋆(~jq = 3/2) state in
B→D⋆⋆lν semileptonic decays. However the total branching fraction B(B→
D⋆πlν) = 2.6±0.5% as measured by ALEPH and DELPHI, seems to be not
saturated by the contribution of the narrow resonances, (0.86 ± 0.37)% [20]
Therefore a large contribution of broad or non-resonant D(⋆)π structures is
not excluded. Such broad structures could be the remaining ~ju = 1/2 states.
They are expected to have large widths (O(100) MeV) because of S-wave
D(⋆)π decays. They have not been observed directly till last year.
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Fig. 1. The potential model prediction for cū levels.

For cs̄ system the P -wave excitations status is similar as in the D⋆⋆

case. An experimental evidence exist [21,22] for the narrow Ds1(2536) and
DsJ(2573) states which decay dominantly to D⋆K and DK, respectively.

They are identified with the 1+ and 2+ members of the ~js = 3/2 doublet.

For the remaining two states, those with ~js = 1/2 labelled as Ds0, D
′
s1,

theoretical models typically predict masses between 2.4–2.6 GeV [5,6]. Both
states could decay by a kaon emission, therefore their widths could be large
making their observation difficult.

4. New D** resonances

The studies of B− → D+π−π− and B− → D⋆+π−π− decays in Belle
were based on 65.4 million BB̄ pairs. These reactions at the quark level are
dominated by the tree-level b→ cW− → cūd transition with an external or
internal (colour suppressed) W emission. Because of the quark content of
final states the cū mesons are expected to be easily created in such processes.

The D and D⋆ mesons are reconstructed in the decay modes: D0 →
K−π+,K−π+π+π−, D+→K−π+π+, D⋆+→D0π+. The detailed description
of the analysis can be found in [11]. B candidates events are identified by
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their beam constrained mass Mbc and cms energy difference ∆E (described
in Section 1). The Mbc and ∆E distributions for B−→D+π−π− and B−→
D⋆+π−π− are shown in Fig. 2 and Fig. 3, respectively.
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Fig. 2. The Mbc and ∆E distributions for B−→D+π−π− candidates. Mbc is plot-

ted for events satisfying selection cut: |∆E| < 25 MeV, ∆E distribution contains

only B candidates with |Mbc−MB| < 6 MeV. Vertical lines show the signal region,

superimposed curve is fit result. The hatched histogram represents background

from the D mass sideband.
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Fig. 3. The Mbc and ∆E distributions for B− → D⋆+π−π− candidates. Mbc is

plotted for events satisfying: |∆E| < 30 MeV, ∆E distribution for B candidates

with |Mbc − MB| < 6 MeV. Vertical lines show the signal region, superimposed

curve is fit result.
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Fig. 4. The Dalitz plot for B−→D+π−π− (a) and B−→D⋆+π−π− (b), for events

from the signal region.

About 1100 B−→D+π−π− and 550 B−→D⋆+π−π− decays have been
reconstructed and their branching fractions have been measured to be:

B(B−→D+π−π−) = (1.02 ± 0.04 ± 0.15) × 10−3 ,

B(B−→D⋆+π−π−) = (1.25 ± 0.08 ± 0.22) × 10−3 .

Relatively large signal samples observed at moderate backgrounds en-
abled the Dalitz plot analysis for those three-body decays. Two invariant
masses are used as independent variables in the Dalitz plot. Since the final
state contains two identical pions, the pair M2

min and M2
max, a maximal and

minimal D(⋆)π mass, is used.
The M2

D(⋆)π min
versus M2

D(⋆)π max
Dalitz for B− → D(⋆)+π−π− signal

region events are shown in Fig. 4. The minimal D(⋆)π mass distributions
for the signal and sideband (30 < |∆E| < 100 MeV) events are shown in
Figs. 5(a), 6(a). Narrow peaks at ≈2.4 GeV and broad enhancements over
the backgrounds are observed.

An unbinned maximum likelihood fit to the Dalitz plot is performed
to extract the amplitudes and phases of different intermediate states. The
event density function is the sum of the signal and background functions.
The background shape is obtained from the fit of a two-dimensional function
to the sideband distribution. The number of background events in the signal
region is scaled according to relative areas of the signal and the sideband
regions.
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Fig. 5. (a) The minimal Dπ mass distribution of B−→D+π−π− candidates. The

points correspond to the signal-region events, the hatched histogram shows the

background obtained from the sidebands. The open histogram is the result of the

fit. (b) The background-subtracted Dπ mass distribution. The points correspond

to the signal-region events, hatched histograms show different contributions, the

open histogram represents the coherent sum of all contributions.

The signal-event density function S(M2
D(⋆)πmin

,M2
D(⋆)πmax

) contains
contributions of possible intermediate states, included as a coherent sum
of corresponding amplitudes together with a constant amplitude describing
possible non-resonant D(⋆)π component.

In the D+π−π− final state a combination of the Dπ can form either a
tensor meson D⋆0

2 or a scalar state D⋆0
0 . The axial vector mesons D0

1 and

D
′0
1 cannot decay to two pseudoscalars because of the angular momentum

and parity conservation. Also the virtual hadrons can be produced in this
combinations, such as virtual D⋆0

v (the real D⋆0 cannot decay to D+π− be-
cause of its mass that is lower than that of D+π−) and B⋆

v (B→B⋆
vπ and

B⋆
v → Dπ). Resonances are described by a relativistic Breit–Wigner (A)

with a mass dependent width and an angular dependence that corresponds
to the spin of the intermediate and final state particles. The signal-events
density function is:

S(M2
Dπmin,M

2
Dπmax) =

∣

∣

∣

∣

∣

∑

i

aie
iφiA(i)(M2

Dπmin,M
2
Dπmax) + a3e

iφ3

∣

∣

∣

∣

∣

2

⊗R ,

where ai and φi denote amplitudes for the intermediate states and their
relative phases. ⊗R represents a convolution of the signal function with the
experimental resolution that is obtained from MC simulation.
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Fig. 6. (a) The minimal D⋆π mass distribution of B− → D⋆+π−π− candidates.

The points correspond to experimental data from the signal region, the hatched

histogram shows the background obtained from the sidebands, the open histogram

is MC simulation with the amplitudes and parameters obtained from the fit, the

dashed histogram shows contribution of the broad resonance. (b) The background-

subtracted D⋆π mass distribution. The points correspond to the signal-region

events, hatched histograms show different contributions, the open histogram rep-

resents the coherent sum of all contributions.

The D⋆⋆ resonances parameters, as well as the amplitudes for the inter-
mediate states and relative phases, are free parameters of the fit. Adding
the virtual D⋆0

v and B⋆
v amplitudes improves the likelihood significantly. A

constant non-resonant term (a3) does not substantially change the likeli-
hood, thus it is neglected. The maximum likelihood values are significantly
worse if the broad scalar resonance is excluded from the fit or its spin 6= 0
is assumed. The scalar state mass and width are found to be:

MD⋆0
0

= (2308 ± 17 ± 15 ± 28) MeV/c2 ,

ΓD⋆0
0

= (276 ± 21 ± 18 ± 60) MeV .

The mass and width of the narrow tensor state are determined to be:

MD⋆0
2

= (2461.6 ± 2.1 ± 0.5 ± 3.3) MeV/c2 ,

ΓD⋆0
2

= (45.6 ± 4.4 ± 6.5 ± 1.6) MeV .

The error values correspond to statistical, systematic and model-dependent
errors respectively. The value of the D⋆0

2 width is larger than the world
average of 23±5 MeV [23]. The measurements included in the world average
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assumed no interference effects. The width is consistent with the recent
result of FOCUS [24]: 30.5±4.2 MeV. The background subtracted Dπ mass
distribution is shown in Fig. 5(b), together with the fit predictions.

The D⋆π final state can include contribution from the narrow D⋆0
2 and

D0
1 states and the broad D

′0
1 state. Since D⋆ is a vector particle the two

additional (besides M2
D⋆π min and M2

D⋆π max) variables are needed to describe
final states. The variables are chosen to be the angle α between pions from
the D⋆⋆ and D⋆ in the D⋆ rest frame, and the azimuthal angle γ of the
pion from the D⋆ decay relative to the B→D⋆ππ decay plane. The signal
function is a function of four parameters: S(M2

D⋆π min,M
2
D⋆π max, α, γ) and

includes amplitudes of intermediate tensor D⋆
2 and two axial vector mesons

D
′

1 and D1. Observed 1+ states can be a mixture of two pure states. The
possibility of the mixing is accounted for in the fit by introducing the mixing
angle between the two 1+ states and the relative phase between pure states
amplitudes.

The amplitudes and phases of the intermediate states are obtained from
the unbinned maximum likelihood fit in the four-dimensional space. Also in
this case adding of a virtual Dv and B⋆

v improves the likelihood, the non-
resonant term does not influence the result. Inclusion of a broad resonance
with the 1+ quantum numbers improves the likelihood significantly. A fit
with contribution of broad resonance with other quantum number such as
0−, 1− or 2− makes likelihood significantly worse. The D⋆

2 mass and width
have been fixed to the values obtained from Dππ analysis. The new broad
1+ D

′0
1 state is observed with a statistical significance exceeding 10σ. Its

mass and width are determined to be:

MD
′0
1

= (2427 ± 26 ± 20 ± 15) MeV/c2 ,

ΓD
′0
1

= (384+107
−75 ± 24 ± 70) MeV .

Observation of a similar state was reported by CLEO [25] with parameters:
M
D

′0
1

= (2461+48
−42) MeV/c2, Γ

D
′0
1

= (290+110
−90 ) MeV. For the D1 meson the

following parameters have been obtained:

MD0
1

= (2421.4 ± 1.5 ± 0.4 ± 0.8) MeV/c2 ,

ΓD0
1

= (23.7 ± 2.7 ± 0.2 ± 4.0) MeV .

The background-subtracted D⋆π mass distribution, together with a coherent
sum of all amplitudes and contributions from separate states superimposed,
is shown in Fig. 6(b).
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The products of the branching fractions for the D⋆⋆ states are measured:

B(B−→D⋆0
2 π

−) × B(D⋆0
2 →D+π−) = (3.4 ± 0.3 ± 0.6 ± 0.4) × 10−4 ,

B(B−→D⋆0
0 π

−) × B(D⋆0
0 →D+π−) = (6.1 ± 10.6 ± 0.9 ± 1.6) × 10−4 ,

B(B−→D⋆0
2 π

−) × B(D⋆0
2 →D⋆+π−) = (1.8 ± 0.3 ± 0.3 ± 0.2) × 10−4 ,

B(B−→D0
1π

−) × B(D0
1→D⋆+π−) = (6.8 ± 0.7 ± 1.3 ± 0.3) × 10−4 ,

B(B−→D
′0
1 π

−) × B(D
′0
1 →D⋆+π−) = (5.0 ± 0.4 ± 1.0 ± 0.4) × 10−4 .

These measurements show that the narrow resonances comprise (36 ± 6)%
of Dππ decays and (63 ± 6)% of D⋆ππ decays. This result is inconsistent
with the QCD sum rule that predicts the dominance of the narrow states in
B→D⋆ππ decays [19].

5. Observation of new DsJ states

The measurements of quantum numbers and production properties of
the new DsJ mesons is crucial for understanding of their nature. Belle has
observed the D+

sJ(2317) and D+
sJ(2457) states in continuum cc̄ production

process and in decays of B mesons. Their masses, widths and branching
fractions in dipion and radiative decay modes have been determined.

5.1. Production in continuum processes e+e−→DsJX

The DsJ resonances are studied in D+
s π

0 and D⋆+
s π0 final states as well

as in dipion D+
s π

+π− and radiative D+
s γ decay modes. The D+

s is recon-
structed in D+

s → φπ+ and φ→ K+K− decay chain, D⋆+
s mesons in the

D+
s γ final state. To remove combinatorial background from BB̄ events only

the high-momenta D
(⋆)+
s π0 combinations are considered (p⋆(D

(⋆)+
s π0) >

3.5 GeV in the Υ(4S) rest frame).

The ∆M(D
(⋆)+
s π0) = M(D

(⋆)+
s π0) −M(D

(⋆)+
s ) mass difference distri-

butions shown in Fig. 7. The peaks corresponding to D+
sJ(2317) →D+

s π
0

(a) and D+
sJ(2457)→D⋆+

s π0 are seen. The cross-feed between both states is
possible because the signal peaks in both decays modes appear at nearly the
same ∆M , thus an average π0 momentum is similar in both decays. The
D+

sJ(2317) produces a reflection of a few MeV above D+
sJ(2457) (Fig. 7(b))

if D+
s and π0 from D+

sJ(2317) are combined with a random photon. The

D+
sJ(2457) produces a reflection peak just below the mass of D+

sJ(2317),
when a photon from the D⋆+

s decay is not reconstructed (the smaller peak
in Fig. 8(a)). The cross-feed background in the D+

sJ(2317) region is sepa-
rated using the background shape modelled from the Monte Carlo. In the
D+

sJ(2457) case the feed-down background is removed by subtracting from
the D⋆+

s signal distribution the background estimated from the D⋆+
s side-

band.
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Fig. 7. (a) The ∆M(D+
s π

0) mass difference distribution. The histograms show

data from D+
s (solid) and π0 (dotted) sideband regions. (b) The ∆M(D⋆+

s π0) mass

difference distribution. Data from D⋆+
s sideband are represented by histogram.

Figure 8 shows the ∆M(D
(⋆)+
s π0) distributions together with the results

of the fit. The signal yields of 761±44(stat)±30(syst) and 126±25(stat)±
12(syst) have been obtained for the D+

sJ(2317) and D+
sJ(2457), respectively.

The widths obtained in the fit are consistent with MC expectations for a
zero intrinsic width. Upper limits for the natural widths have been set to be
Γ (D+

sJ (2317)) ≤ 4.6 MeV/c2 and Γ (D+
sJ(2317)) ≤ 5.5 MeV/c2 (90%C.L.).

The results for the masses are the following:

M(DsJ (2317)) = 2317.2 ± 0.5(stat) ± 0.9(syst) MeV/c2 ,

M(DsJ (2457)) = 2456.5 ± 1.3(stat) ± 1.3(syst) MeV/c2 .

The M(D+
sJ(2317)) result is consistent with the BaBar [1] and CLEO [2]

results. The M(D+
sJ (2457)) measurement agrees with the BaBar result [26]

and is significantly lower than that found in CLEO.
No significant signal in the D+

sJ(2457) region of the ∆M(D+
s π

0) distri-
bution indicates an absence of the DsJ(2457) decay to a pseudoscalar pair.
Such decay is allowed for states with a parity P = (−1)J , thus 0+ and 1−

assignments are ruled out for the DsJ(2457).
The ∆M(D+

s γ) = MD+
s γ

− MD+
s

distribution is shown in Fig. 9(a).

No signal is found in the DsJ(2317) region. The peak at ∆M(D+
s γ) ≈

490 MeV/c2 corresponds to the DsJ(2457) signal. The fit predicts 152 ±
18(stat) DsJ(2457)→D+

s γ events. From this the branching fraction ratio is
determined:

BR(D+
sJ (2457) → D+

s γ)

BR (D+
sJ (2457) → D⋆+

s π0)
= 0.55 ± 0.13(stat) ± 0.08(syst) .
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Fig. 8. (a) The ∆M(D+
s π

0) mass difference distribution. The narrow Gaussian

peak is the D+
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The existence of the D+
sJ(2457) → D+

s γ radiative decay rules out the

JP = 0± assignment to DsJ(2457). In the D⋆+
s γ decay mode no significant

signal is observed for the DsJ(2317) as well as the DsJ(2457) state. Fig-
ure 9(b) shows the ∆M(D+

s π
+π−) = MD+

s π+π− − MD+
s

mass difference

distribution. A peak near ∆M(D+
s π

+π−) ≈ 490 MeV/c2 corresponding to
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DsJ(2457) and an evidence of additional peak at ≈ 570 MeV/c2 associated
with Ds1(2536), are visible. In the DsJ(2317) region no peak is observed.
The signal of 60± 12(stat) events is obtained for the D+

sJ(2457)→D+
s π

+π−

and the branching fraction ratio has been determined:

BR(D+
sJ (2457) → D+

s π
+π−)

BR (D+
sJ(2457) → D+

⋆sπ0)
= 0.14 ± 0.04(stat) ± 0.02(syst) .

The existence of theD+
sJ(2457)→D+

s π
+π− excludes theDsJ(2457) being the

0+ state. The absence of other than D+
s π

0 decay modes for the DsJ(2317)
is consistent with the 0+ spin-parity assignment.

5.2. The DsJ in B meson decays

If the newly observed DsJ states are ordinary cs̄ mesons they should be
easily produced in B meson decays. The decays of the type B → D̄DsJ

are expected to be the dominant exclusive DsJ production mechanisms in
B decay. These decays proceed via a b → cW transition, where the W
materialises in the DsJ . Since the spin of the parent B meson is fixed, the
angular analysis of this decay can be performed to unambiguously determine
the spin-parity of the DsJ states. HQET predicts that P -wave mesons with
the light-quark angular momentum jq = 1/2 should be more frequently
produced in B decays than mesons with jq = 3/2 [27]. Thus, the observation
of B → D̄DsJ would provide additional support for the P -wave nature of
these states.

Search for the B → D̄DsJ(2317) and B → D̄DsJ (2457) is based on a
sample of 124 × 106BB̄ pairs collected with the Belle detector. The D̄
denotes D̄0 (reconstructed in K+π−, K+π−π+π−, K+π−π0 decay channels)

or D− (in K+π−π− mode). The DsJ candidates are reconstructed from D
(⋆)
s

mesons and a π0, γ or π+π− pair. The mass difference M(DsJ ) −M(D
(⋆)
s )

is used to select candidates. The B mesons are formed by combining D̄
and DsJ and are identified by their c.m. energy difference ∆E and the
beam constrained mass Mbc. Only the events with |∆E| < 0.02 GeV and
5.272 < Mbc < 5.288GeV/c2 are selected. The ∆E and M(DsJ ) invariant
mass distributions of DsJ candidates for B→D̄DsJ are shown in Fig. 10.

Clear signals are observed for the B→ D̄DsJ(2317) [DsJ(2317)→Dsπ
0]

and B→ D̄DsJ(2457) [DsJ(2457)→D⋆
s π

0, Dsγ] final states. The measured
masses for the DsJ(2317) and DsJ(2457) are (2319.8±2.1±2.0) MeV/c2 and
(2459.2 ± 1.6 ± 2.0) MeV/c2, respectively. The fitted widths are consistent
with zero intrinsic width. For other DsJ decay channels significant signals
are not seen.
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The branching fractions (or 90 % C.L. upper limits) measured for B→
D̄DsJ(2317) and B→D̄DsJ(2317) are presented in the Table.

TABLE

The measured branching fractions with corresponding statistical significances.

Decay channel B, 10−4 Significance

B→D̄DsJ(2317) [DsJ (2317)→Dsπ
0] 8.5+2.1

−1.9 ± 2.6 6.1σ

B→D̄DsJ(2317) [DsJ (2317)→D⋆
sγ] 2.5+2.0

−1.8 (< 7.5) 1.8σ

B→D̄DsJ(2457) [DsJ (2457)→D⋆
sπ

0] 17.8+4.5
−3.9 ± 5.3 6.4σ

B→D̄DsJ(2457) [DsJ (2457)→Dsγ] 6.7+1.3
−1.2 ± 2.0 7.4σ

B→D̄DsJ(2457) [DsJ (2457)→D⋆
sγ] 2.7+1.8

−1.5 (< 7.3) 2.1σ

B→D̄DsJ(2457) [DsJ (2457)→Dsπ
+π−] < 1.6 —

B→D̄DsJ(2457) [DsJ (2457)→Dsπ
0] < 1.8 —

The helicity distribution for the DsJ(2457)→Dsγ decay has been studied.
The helicity angle θDsγ is defined as the angle between the DsJ(2457) mo-
mentum in the B meson rest frame and the Ds momentum in the DsJ(2457)
rest frame. The θDsγ distribution (shown in Fig. 11) is consistent with ex-
pectations for the J = 1 hypothesis for the DsJ(2457) (χ2/n.d.f. = 5/6),
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and it is not for the J = 2 hypothesis(χ2/n.d.f. = 44/6). The J = 0 is
already ruled out by the conservation of angular momentum and parity in
DsJ(2457)→Dsγ.
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Fig. 11. The DsJ (2457)→Dsγ helicity distribution. The points with error bars are

the results of fits to δE spectra for experimental events. Solid and dashed curves

are MC predictions for the J = 1 and J = 2 hypotheses, respectively.

6. Discovery of the X(3872) and its properties studies

The narrow charmonium like state decaying to π+π−J/ψ has been ob-
served by Belle in B±→K±π+π−J/ψ using a 152× 106 BB̄ events sample.
The J/ψ is reconstructed from well identified e+e− or µ+µ− pairs with an
invariant mass 3.077 < Ml+l− < 3.117 GeV. Candidate B±→K±π+π−J/ψ
mesons are identified using their c.m. energy difference ∆E and the beam
constrained mass Mbc. The signal region is defined as |∆E| < 0.03 GeV
and 5.271 < Mbc < 5.289 GeV/c2. Fig. 12(a) shows the distribution of
∆M = M(π+π−l+l−) −M(l+l−) for events in the ∆E–Mbc signal region.
In addition to a large peak at 0.589 GeV corresponding to ψ′→π+π−J/ψ,
a significant spike at 0.775 GeV is visible. Its ∆M corresponds to a mass
M(π+π−J/ψ) ≈ 3.872 MeV. Fig. 12(b) shows the same distribution for
sample of generic MC events where all known particles are simulated. The
prominent ψ′ peak is observed and the smaller peak is not seen, therefore it
cannot be due to a reflection from known states.

A simultaneous unbinned maximum likelihood fit to the ∆E, Mbc and
Mπ+π−J/ψ distributions is made for the data in the M = 3872 MeV region.

The Mbc, Mπ+π−J/ψ and ∆E distributions for the X(3872) → π+π−J/ψ
signal region are shown in Fig. 13, together with the fit result. The signal
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posed.

yield of 35.7 ± 6.8 with a statistical significance of 10.3σ has been obtained
for the X(3872) state. A similar fit has been performed to the data in the ψ′

region to obtain the mass scale calibration. The X(3872) mass is determined
relative to the ψ′ mass and is found to be:

MX = 3872.0 ± 0.6(stat) ± 0.5(syst) MeV .

The measured width of the X(3872) peak is σ = 2.5 ± 0.5 MeV, which
is consistent with the MC-determined resolution and the mass resolution
obtained from the fit to the ψ′ signal. A 90%C.L. upper limit on the width is
determined to be Γ < 2.3 MeV. The π+π− invariant masses for the X(3872)
events tend to cluster near kinematic boundary, which is around the ρ0
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meson mass. Similar clustering has been observed for ψ′→π+π−J/ψ decays.
The following ratio of products of branching fractions has been measured:

B(B±→K±X(3872)) × B(X(3872)→π+π−J/ψ)

B(B±→K±ψ′) × B(ψ′→π+π−J/ψ)

= 0.063 ± 0.012(stat) ± 0.007(syst) .

The mass of newly observed state agrees within errors with the D0D̄⋆0

mass threshold (3871.1 ± 1.0 MeV). This suggests that the state can be a
loosely bound DD̄⋆ multiquark “molecular state”. There are also potential
model predictions [5,6,15] for charmonium states with masses in theX(3872)
region. Thus the charmonium interpretation of the X(3872) is not excluded.

Although the X(3872) is above the DD̄ mass threshold, its width is
narrow and decays to DD̄ are not seen. The following 90%C.L. upper limits
have been determined [28]:

B(B±→K±X(3872)) ×B(X(3872)→D0D̄0) < 6 × 10−5 ,

B(B±→K±X(3872)) ×B(X(3872)→D+D−) < 4 × 10−5 .

So possible charmonium assignments are only those where decays to DD̄ are
forbidden or strongly suppressed.

If the π+π− system in X(3872) → π+π−J/ψ has JP = 0++ the most
likely charmonium candidates for the X(3872) are: the h′c(2

1P1) and two
triplet D-wave states, the ψ2(

3D2) and ψ3(
3D3). For the 1−− dipion case,

there are three charmonium possibilities : the η′′c (3
1S0), the χ′

c1(2
3P1) and

the ηc2(
1D2), but for these assignments the π+π−J/ψ decay would violate

isospin and should be strongly suppressed. The possible charmonium state
assignments for the X(3872) have been analysed using ≈ 270 million BB̄
sample [29].

For the ψ2(
3D2) the partial width ψ2→γχc1 (an allowed E1 transition) is

expected to be more than five times larger than that for ψ2→π+π−J/ψ [30].
Similarly for the ψ3(

3D3) a partial width for the decay of the ψ3 charmonium
state to γχc2 is expected to be more than twice that for the π+π−J/ψ final
state.

The X(3872) signal has been searched for in the γχc1 and γχc2 decay
channels, where χc1, χc2→γJ/ψ. No apparent signals have been found and
upper limits on the ratios of partial widths have been determined to be:

Γ (X(3872) → γχc1)

Γ (X(3872) → π+π−J/ψ)
< 0.89 (90%C.L.) ,

Γ (X(3872) → γχc2)

Γ (X(3872) → π+π−J/ψ)
< 1.1 (90%C.L.) .
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These limits on the decay widths contradict expectations for the ψ2 and ψ3,
thus these states are ruled out as the assignments for the X(3872).

The h′c (JPC = 1+−) hypothesis can be tested by studying the angu-
lar distribution for the X → π+π−J/ψ. The comparison of the measured
| cos θJ/ψ| distribution (θJ/ψ is the J/ψ angle in the X(3872) helicity frame)

with the h′c hypothesis has χ2/d.o.f. = 75/9 and thus is ruled out with a
high confidence.

The χ′
c1 is expected to be near 3968 MeV, which is well above DD̄⋆

threshold, and its width is expected to be hundreds of MeV. It could be
the candidate for the X(3872) if the potential model predictions are wrong.
In this case, the γJ/ψ transition would be dominant and its partial widths
much larger than that for the isospin-violating the π+π−J/ψ mode. Search
forX(3872)→γJ/ψ has yielded no evidence for a signal. The 90%C.L. upper

limit: Γ (X(3872)→γJ/ψ)
Γ (X(3872)→π+π−J/ψ) < 0.40 rules out the possibility that X(3872) is

the 1++χ′
c1.

The η′′c width is expected to be similar to that of the ηc, much larger
than the 2.3 MeV upper limit for the X(3872). For the ηc2 the π+π−ηc
and γhc decays are allowed and are expected to have widths in the range of
100’s of keV, again much larger than that for the isospin-violating π+π−J/ψ
mode. Moreover, if theX(3872) were the ηc2 the observed branching fraction
for B+ →K+X(3872) would indicate anomalously large ηc2 production in
B decays. Thus, none of the six possible charmonium candidate states fit
the measured properties of X(3872).

In the context of the possibility that the X(3872) might be a weakly
bound 1++D0D̄⋆0 molecular state, it was suggested [31] that the decay
X(3872)→ωJ/ψ should occur at about half of the strength of X(3872)→
π+π−J/ψ. Although the X(3872) is below the MJ/ψ + Mω mass thresh-
old, these decays could occur via the low-mass tail of the ω. The signature
of the decay would be B→KX(3872), X(3872) → π+π−π0J/ψ, where all
events have π+π−π0 invariant mass near the kinematic upper limit. Search
for B→KX(3872), X(3872)→π+π−π0J/ψ has yielded 15.4± 6.3 of signal
events. The Mbc and ∆E distributions for B→Kπ+π−π0J/ψ candidates
and π+π−π0 invariant mass are shown in Fig. 14. The Mbc and ∆E distribu-
tions for events with M(π+π−π0) > 0.75 GeV are shown in Fig. 15. A simul-
taneous to Mbc and ∆E distributions for those events has yielded 10.0± 3.6
signal events. The statistical significance of the signal, determined as a differ-
ence between the likelihood values for the best-fit and for zero-signal-yield, is
5.8σ. The ratio of X(3872)→ωJ/ψ and X(3872)→π+π−J/ψ partial widths

has been determined to be Γ (X(3872)→ωJ/ψ)
Γ (X(3872)→π+π−J/ψ)

= 0.8± 0.3(stat)± 0.1(syst).

Therefore the ratio is in good agreement with expectations of Ref. [31] and
provides strong support for the DD̄⋆ molecular state interpretation.
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(c) M(π+π−π0) distribution for events in the Mbc–∆E signal region.

5.200 5.250 5.300

Mbc (GeV)

0

2

4

6

E
ve

nt
s/

bi
n

-0.20  0.00 0.20

∆E (GeV)

0

2

4

6

Fig. 15. (a) The Mbc and (b) ∆E distributions for candidate B→Kπ+π−π0J/ψ

decays with M(π+π−π0) > 0.75 GeV.

7. Summary

Recent discoveries of new mesons in B-factories experiments contribute
to the revival of spectroscopic studies. While the properties of the two newly
observed D⋆⋆ states agree well with the potential models predictions, the two
new DsJ mesons cannot be easily accommodated within the potential model
multiplets. Several non-qq̄ assignments have been proposed for them. Their
interpretation within the concept of chiral doublers is most appealing, since
it is applicable to both cū (cd̄) and cs̄ mesons and can be tested by observing
the doublers for higher excitation states.

Further studies of the properties of the X(3872) are needed, but it is not
excluded that this state is the first DD⋆ molecule observed.
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