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Recent results related to open charm and charmonium spectroscopy from data collected
by the Babar experiment in ete™ collisions near /s = 10.58 GeV are reviewed. New
estimates of the D*;(2317)T, D,1(2460)T, and D,1(2536)" meson properties and the
discovery of a new DJ meson at 2.86 GeV/c? decaying to DK are presented. New results
on the two charmonium candidates X (3872) and Y (4260) are discussed also.
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1. Open Charm Spectroscopy

The spectrum of known D} mesons can be summarized as follows: the D and
D*" mesons are assigned to be the lowest mass ¢g S-wave states with spin-parity
JP =07 and 17, respectively, while the D*,(2317)*%, D4;(2460)*, D4;(2536)*, and
D42(2573)% mesons can be interpreted as g P-wave states with J© = 0%, 1,1+
and 27 . For the latter two the spin-parity still needs to be fully established. However,
this picture is not universally accepted, because the D%;(2317)" and Dy (2460)"
mass values are considerably lower than predicted by potential models!. This has
led to speculation that these states are not conventional ¢s mesons but are instead
some type of exotic matter®®. In the following, new estimates of DZ,(2317)" and
D41(2460)" properties are summarized. The discovery of a new D} meson at a
mass of 2.86 GeV/c? decaying to DK is also presented.

A study? of the D*,(2317)" and Ds;(2460)" mesons produced in eTe™ — c¢
continuum events has been performed on a data sample corresponding to an
integrated luminosity of 232fb—'. The following final states have been consid-
ered: DI 7% Df~, D+l DZ%,(2317)Ty (the latter two only for Ds;(2460)T),
D% Df~vy, Dity and Drrtr~, with Df — ¢nt (¢ — KTK~) and
Df — KK+ (F*O — K~rT). Charged conjugate states are included implicitly
here and throughout. The D 7 and D} 7~ systems have been examined in search
of the partner states of the D*,(2317)" predicted by some four-quark models®?3.

The D?,(2317)7 is observed only in its decay to DF7°. The D 7 invariant mass
distribution is shown in Fig. la. Besides clear Dt and D¥,(2317)" signals a broad
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Fig. 1. Invariant mass distributions for (a) DF 7% and (b) DF 7t 7~ candidates selected from DT
signal (solid points) and sideband regions (open points). The solid curves represent the results
of the fits described in the text. The insets highlight the DZ,(2317)" mass region. In (a) the
contributions to the fit due to combinatorial background (light shading) and the reflection from
D;1(2460)t — D779 decays (dark shading) are shown.

distribution peaking at approximately 2.17 GeV/c? is apparent. This structure is
identified to be a reflection arising from D*+ — D7~ decays. A second reflection
associated with D,1(2460)" — D*T 7% decays occurs directly under the DZ,(2317)"
signal. The yield and mean of the D¥,(2317)" signal are estimated from an unbinned
maximum likelihood (ML) fit accounting for signal, reflections, combinatorial back-
ground and a hypothetical Dg;(2460)" contribution. The shapes of the signals and
reflections have been derived from Monte Carlo (MC) simulations. The Dy;(2460)"
reflection requires special care and its mean and size are adjusted according to
the results obtained from the associated analysis of the D;(2460)" — D+ 70 de-
cay. Fig. la shows the result of the fit, with the individual contributions due to
reflections and combinatorial background indicated.

The D,(2317)" mass is measured to be m = (2319.6 &+ 0.2 &+ 1.4 MeV/c?),
where the first uncertainty is statistical and the second systematic (this convention
is followed throughout this article). The 95% upper limit on the intrinsic width of
the DZ,(2317)" meson is estimated to be I' < 3.8 MeV. No indication has been
found for states near the D?;(2317)% mass decaying to DF7*. The production
cross section times branching fraction for such decays relative to D%;(2317)" decay
to D0 is found to be about 60 — 80 times smaller than predicted for an isospin
1 DK molecule?, but other four-quark models??3 cannot be excluded.

The Dg1(2460)T is observed in its decays to Di*tn% D¥y, and Dfrtr—.
For the decay to DI 7%y the two subresonant D*Tn% and D*,(2317)"y decay
modes, which overlap in their kinematics and are thus difficult to disentangle, have
been considered. The decay to DI 7’y is found to be consistent with proceed-
ing entirely through D** 7" within error. However, the two modes are included
in the analysis and the following ratios of branching fractions have been mea-



sured: B(D41(2460)" — Df~)/B(D41(2460)" — D}Fn%y) = (33.7 £ 3.6 = 3.8)%
and B(Ds1(2460)" — Dfntn)/B(Ds1(2460)t — DFnY%) = (7.7 £ 1.3 £ 0.8)%.
These values may be compared to previous measurements® e.g., B(Dg;(2460)T —
DFv)/B(Ds1(2460)" — Dt xY), although it should be pointed out that the possi-
bility of a D%,(2317)"v decay mode was not explicitly included in that analysis.

The D7t~ final state involves only charged particles. Since the performance
of the tracking system is well understood a precise measurement of the Dg; (2460)"
mass is provided by this decay mode. The invariant Df7t7~ mass distribution
is shown in Fig. 1b. Clear signals for D;(2460)" and Ds(2536)" production are
visible. The signal yields and mean values have been determined from an unbinned
ML fit accounting for the two signals, a hypothetical D*,(2317)" contribution and
combinatorial background. The signal line shapes have been derived from MC sim-
ulations. The result of the fit is shown in Fig. 1b, and the fit yields D, (2460)%
mass m = (2460.2 + 0.2 & 0.8) MeV /c?>. Combined with the less precise results
from the Dt 7% and DI~ decay channels the Dy;(2460)% mass is measured to be
m = (2460.1 & 0.2 £ 0.8) MeV/c2. For the Dg;(2460)" intrinsic width a 95% CL
upper limit I' < 3.5 MeV has been set. In addition the mass and limit on the in-
trinsic width of the D41 (2536)" have been estimated from the DI 7+t~ mode to
be m = (2534.6 + 0.3 £ 0.7) MeV/c? and T' < 2.5 MeV, respectively.

In a previous Babar analysis® exclusive B — D,D®) (D, = D% (2317)",
D41(2460)") decays have been studied and products of branching fractions for the
B and successive Dy meson decays have been measured. Absolute B branching
fractions can be measured from inclusive B — D D) decays in T(4S) — BB
events, where one B meson is fully reconstructed as is the D*) meson. The miss-
ing mass corresponding to the Dy is calculated from the kinematic properties of
the eTe~ initial state and the reconstructed B and D) candidates. Analyzing
a data sample of 210.5fb™! signals for D;(2460)T, but not DZ)(2317)", have
been found”. Combining the measured absolute B — Dg;(2460)T D) branching
fractions and the products of branching fractions from exclusive measurements®
the absolute Dg;(2460)" branching fractions B(Ds1(2460)T — Dt 7% = (56 +
13 + 9)% and B(Ds(2460)" — Df~v) = (16 + 4 £ 3)% are inferred. Along
with the ratio B(Ds1(2460)" — Dfnt7)/B(Ds1(2460)" — DFr%) this yields
B(D;1(2460)" — Dfntn~) = (4 £1)%, where the quoted error represents the
combined statistical and systematic uncertainties.

The D°K* (D° — K—7", K n*7x’) and DYK2 (D* — K ntn—, K3 —
nt7~) systems have been reconstructed from 240 fb~! of ete™ — cé data in search
for new D¢ mesons. The invariant mass distributions for the reconstructed DK sys-
tems are shown in Fig. 2. All three spectra show four common structures: a reflec-
tion at about 2.4 GeV/c? coming from D;1(2536) — D*K decays, a prominent and
narrow D2(2573)% signal, a broad structure peaking at approximately 2.7 GeV/c?
and an enhancement at 2.86 GeV/c?. No significant structures are present in the
distributions obtained for D sideband regions.
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Fig. 2. Invariant mass distributions for DK candidates selected from D signal (solid points) and
sideband regions (shaded) for the (a) D°K+ (D° — K+n~), (b) D°K* (D° — K*+7~x%) and
(¢) DYKY (DT — K—nt7T) systems. Overlaid is the result of the fit (solid line) described in
the text. The insets highlight the 2.86 GeV /c? region. The dotted histogram in a), derived from
MC simulation accounting for all previously known charm states, is arbitrarily scaled to data.

The structure at 2.86 GeV/c? is interpreted as evidence for a new state, denoted
as D*,(2860)". The possibility that the signal results from reflections from D*
decays or misidentification of kaons and pions has been investigated carefully and
excluded. Possible reflections from other charm particle decays can be ruled out
as the source of the signal, as is apparent in the invariant DK+ (D — K—7t)
mass distribution derived from MC simulation of ete™ — c¢ events including all
known charm particles and decays (dotted histogram in Fig. 2a). The possibility
that the broad structure at 2.7 GeV/c? results from kinematic reflections cannot
be excluded entirely, and further investigation is required. In the following this
structure is labelled tentatively as the X (2690)7.

The D?*;(2860)" mass and width are derived from a fit to the sum of the three
mass spectra shown in Fig. 2. The fit accounts for the Dy»(2573)" and D7 ,;(2860)"
signals, the X (2690)" structure and combinatorial background. The Dy (2573)%
and D*;(2860)" signals are parameterized by relativistic Breit-Wigner functions
for spin 2 and 0, respectively. The result was found to be insensitive to the assumed

*,(2860)" spin. The X (2690)" structure can be best described by a Gaussian.
The fit yields D*;(2860)" mass m = (2856.6 + 1.5 £ 5.0) MeV/c? and width I' =
(474+7410) MeV. The corresponding values for the D (2573)" are m = (2572.2+
0.341.0)MeV/c? and I’ = (27.1 £ 0.6 + 5.6) MeV. Consistent results are obtained
when the fit is applied to the individual DK mass spectra. The results of these fits
are shown in Fig. 2. The corresponding invariant mass distributions for the Dfn
and D*K systems have been investigated also, but no evidence for a D*;(2860)"
signal has been found in these modes.

The decay of the D*;(2860)" meson to DK implies that it has natural-spin
parity. It has been suggested that this state could be a radial excitation of the
D?,(2317)" meson®, but other interpretations cannot be excluded.



2. Charmonium Spectroscopy and New States

As for the charm meson sector, potential models have had success in describing
the charmonium spectrum®. However, the discovery of the X (3872) and Y (4260)
resonances, with mass values in the ¢¢ mass region above the 1(3770), has com-
plicated the situation. It is difficult to interpret these resonances as conventional
charmonium states, and alternative scenarios'! have been proposed, including sug-
gestions that these two states are exotic matter. In the following recent experimental
results, which provide experimental tests for some of the proposed scenarios, are
summarized.

The X (3872) was discovered in BT — X (3872)K ™ decays, with X (3872) —
JApmT ™. Its narrow width, mass very close to the DD threshold and small
radiative transition rate to x.y have made it difficult to identify the X (3872)
with a conventional charmonium state. Numerous exotic interpretations have been
suggested, including the S-wave DYD™ molecule model of Ref. 10 and diquark-
antidiquark model of Ref. 12. The molecule model considers the X (3872) to be a
loosely bound S-wave p'D*’ system with JP¢ = 17+ produced in B — DD K
decays. It is predicted that the decay B® — X (3872) K2 is suppressed by more than
an order of magnitude with respect to BT — X (3872)K ™" decay. The diquark-
antidiquark model predicts two neutral states in the mass range of the X (3872)
with JP¢ = 17+ and a quark content of X,, = [eu][cu] and X, = [ed][cd], which
can mix. It is expected that one of the two mixed states is produced predominantly
in charged B meson decay, while the other is produced predominantly in neutral B
decay at the same rate. A mass difference of (7 4= 2) MeV/c? is expected between
the two states. In addition charged partner states are predicted by the model at a
level which could not be excluded by a previous Babar analysis!3.

To investigate the predictions made by the two models exclusive BT —
X(3872) K+ and BY — X(3872)K2 (X (3872) — Jiyntnw~) decays have been
reconstructed!* from a data sample of 211 fb~!. Signals for the X (3872) from the
BT and B decay modes are observed with a significance of 6.1¢ and 2.5¢0, respec-
tively. The mass difference obtained, Am = (2.7 4+ 1.3 4+ 0.2) MeV/c?, is consistent
both with zero and with the prediction of the diquark-antidiquark model within
two standard deviations of the combined statistical and systematic uncertainties.
For these decays the values of the product branching fractions are found to be
Bt =B(BT — X(3872)K*)-B(X (3872) /7t 7)) = (10.1+£2.5+£1.0) x 10~% and
BY = B(BT — X(3872)K2) - B(X(3872)J/yy7Tn~) = (5.1 £2.840.7) x 1076. The
90% CL interval for the ratio of branching fractions R = B%/B* is estimated to be
0.13 < R < 1.10. This is consistent with isospin conserving decays (where R =1 is
expected) but does not entirely exclude the molecule model (R < 0.1).

In a complementary approach!® absolute branching fractions of inclusive two-
body B — ccK decays have been measured, where c¢ denotes any charmonium state
or the X (3872). Just as for the measurements of absolute B — D, D) branching
fractions mentioned previously, the kinematic properties of B — c¢K decays in



Y (45) — BB events with one fully-reconstructed B meson are exploited to measure
the momentum of the other B meson. The K momentum measured in the rest frame
of this recoil B meson defines the invariant mass of the ¢¢ system. Inspecting the K
momentum distribution, significant signals are found for J/, 7., x.1 and ¥(25),
but not for X (3872). The 90% CL upper limit of the branching fraction is estimated
to be B(BT — X (3872)KT) < 3.2-10~%. Combined with the product of branching
fractions BT a 90% CL lower limit B(X (3872) — J/ynTn™) > 4.2% is derived.

The existence of radiative X (3872) — J/i~ decays is crucial for the nature
of the X (3872), since the presence of this decay mode would imply positive C-
parity for the X (3872). From a data sample of 260 fb=! the exclusive decay chain
Bt — ceK* with ¢¢ — J/b~y has been reconstructed'®, where ¢¢ denotes any
state of positive C-parity, for which decay to J/i~ is allowed. The number of
reconstructed B decays is extracted as a function of the invariant mass m(J/i)~)
of the c¢ candidates by a series of unbinned ML fits in 10 MeV/c? intervals of
m(J/~). Fig. 3 shows the number of signal events as a function of m(J/i)) in the
X (3872) mass region. An enhancement at about 3.87 GeV/c? is clearly visible. The
number of signal events N = 19.2 £ 5.7 is estimated from a fit to this distribution,
where the line shape and position of the X (3872) signal have been derived from MC
simulations and only the signal yield is allowed to vary. The statistical significance is
determined to be 3.40. The product branching fraction is measured to be B(B*T —
X(3872)K+) - B(X(3872)J/wy) = (3.3 £1.0 4 0.3) x 1075. A relative branching
fraction value B(X (3872)J/1~y)/B(X (3872)J/yyntn~) = 0.344+0.14 is inferred from
this result and the value B' dicussed previously.

To establish clearly the existence of the decay X (3872) — J/i+y, significantly
more data are required. A recent Belle analysis'?, which combines angular distribu-
tions and kinematic properties of the 747~ system in X (3872) — JAapn+tn~ decays
favors JPC = 177 for the X (3872), in agreement with C' = +1. If confirmed, this
greatly restricts the possible charmonium state assignments, but remains compati-
ble with the diquark-antidiquark and molecule interpretations.

In a recent analysis'® the initial state radiation (ISR) process e
ysrJ/p 7w~ has been investigated using a data sample of 233 fb~!. The invari-
ant J/p 7T~ mass distribution (Fig. 4a) has been inspected over the charmonium
mass range. In addition to a clear ¢(2S) signal (see inset in Fig. 4a) a broad
structure at about 4.26 GeV/c? is evident. Treating the structure as a resonance
described by a relativistic Breit-Wigner function a fit to the data yields mass m =
(4259 + 818)MeV/c? and intrinsic width T' = (88 & 231%) MeV. With the observed
statistics, the presence of two interfering resonances cannot be excluded as a source
of the structure at 4.26 GeV/c?. The significance of the structure is estimated to
be approximately 8. The partial width times branching fraction of the Y (4260) is
measured to be T'(Y (4260) — ete™) - B(Y (4260) — Jipntn~) = (5.5+1.070 %) eV.

The observation of the Y (4260) structure has been confirmed!® by the
CLEO collaboration in direct ete™ — Y (4260) reactions, with Y (4260) —
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Fig. 3. Number of extracted Bt — JiapyK™T signal events versus the invariant mass m(J/p )
in the region of the X (3872) mass. The solid line represents the result of the fit explained in the
text.
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Fig. 4. (a) Invariant mass distribution of Ji) 77~ candidates selected from J/i) signal (points
with error bars) and sideband (shaded histogram) regions. The solid line represents the result of
the fit, and the dashed line the background component. In the inset the spectrum is extended to
include the ¢(2S) mass region. (b) Invariant mass spectrum of the DD system overlaid by the
result of the fit (solid line) described in the text.

Jppata=, Jpm%70. Due to the production mechanism the Y (4260) is constrained
to be a JPY = 17 state, while the presence of the J/i)7%7® decay mode indicates
isospin 0, as expected for a charmonium state. In contrast to these observations the
total eTe™ hadronic cross section exhibits a local minimum at the Y (4260) mass?°.
This is in contradiction with expectations for a conventional charmonium state and
has led to speculation that the Y (4260) is an exotic object!!.

In search for the DD decay mode of the Y (4260) a study?' of exclusive pro-
duction of the DD system in ISR procebseb has been performed exploiting a data
sample of 288.5fb~!. The three DD’ systems with D° — K—r+, DO — K—ntn0,
DY — K-mtrtr~ and D’ — K*n~ as well as the DY D~ system with D¥ —
K~—ntrt and D~ — K*n~ 7~ have been investigated. The invariant DD mass



spectrum for the complete sample is shown in Fig. 4b. A clear ¢(3770) signal is
visible, and there are enhancements in the 1(4040), 1(4160) and ¥ (4415) mass re-
gions. The broad structure at 3.9 GeV/c? is found to be consistent with predictions
from coupled-channel models. An unbinned ML fit is applied to extract a possible
Y (4260) contribution. The fit accounts for ¢ and Y (4260) contributions and in-
cludes a Gaussian function to describe the structure at 3.9 GeV/c? and a constant
background. The ), Y (4260) and Gaussian functions are allowed to interfere. The
mass and width of the Breit-Wigner term describing the Y (4260) contribution are
fixed to values observed from the J/pntm~ decay mode. The fit result is shown in
Fig. 4b. A Y (4260) contribution of 7 & 13 £ 8 events is obtained, yielding a 95%
CL upper limit B(Y (4260) — DD)/B(Y (4260) — Jipntn~) < 7.6. This value is
at least one order of magnitude smaller than the value found for +(3770), which
might indicate that the Y (4260) is not a conventional ¢¢ meson.
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