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Recent results from on hadronic spectroscopy are presented, based on
data collected by the BaBar experiment between 1999 and 2004. The
properties of the recently discovered D*;(2317)" and D,;(2460)" states
are studied: resonance parameters and ratios of decay rates are measured
from continuum e e~ production, and production rates are measured from
B decays. A search for the D*;(2632)" state whose observation has been
recently reported by the SELEX Collaboration, and a search for a charged
partner of the charmonium-like X (3872) state, are performed, yielding neg-
ative results. Finally, extensive searches for several pentaquark candidates,
both fully inclusive and in B decays, result in no positive evidence.

PACS numbers: 13.66.Bc, 13.85.Ni, 13.85.Rm, 14.40.Gx
1. Introduction

The BaBar experiment [1], located at the PEP-II asymmetric ete™ col-
lider at SLAC, has been taking data at the energy of the 7'(4S) since 1999.
The large data samples recorded since then allow the carrying out of a large
number of studies in the field of hadronic spectroscopy. States of interest
are produced through a variety of mechanisms, including B decays, ete™
interactions, 7y fusion, initial state radiation (ISR) events. Studies on the
properties of known states can be performed, as well as searches for new
ones.

* Presented at the Cracow Epiphany Conference on Hadron Spectroscopy, Cracow,
Poland, January 6-8, 2005.
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This contribution reports recent results on the study of new states in the
charmed strange mesons sector, of the charmonium-like X (3872) state, and
of pentaquark candidates. Results are based on different subsamples of the
whole BaBar data sample at the end of 2004, corresponding to an integrated
luminosity of about 250 fb~!.

2. Properties of the new charmed strange mesons

The recent discovery |2, 3] of two new states, and the claim for a third
one [4] in the charmed strange mesons sector has triggered considerable
interest in the field, especially since the values of their masses and widths
makes it difficult to accommodate them among the existing and predicted
states [5] of the ¢s mesons [6] spectrum. For this reason, besides the favoured
¢S interpretation [7], alternative models have also been proposed [8,9]. It
is therefore of particular importance to acquire more information on their
decay and production properties, and to get constraints on the value of their
angular momentum.

2.1. D*,(2317)" and Ds;(2460)" production in continuum
ete™ interactions

The D?,(2317)" and D,;(2460)" states have been first observed by the
BaBar and CLEO Collaborations [2,3] in eTe™ interactions through the
decays D¥;(2317)" — D n® and Dy;(2460)" — D n%, respectively. Sub-
sequently, the Belle Collaboration has reported the observation of two other
decay modes for the Dy;(2460)%: Dg;(2460)" — Df~ and Ds;(2460)" —
Dfrt7~ [10]. BaBar has performed a study of all these decay modes on a
sample of et e~ events corresponding to an integrated luminosity of 125 fb=1.

A clean sample of D candidates is obtained by fitting to a common
vertex a pair of oppositely charged kaons and a charged pion, and addition-
ally requiring that either the K™ K~ invariant mass be consistent with the
¢ mass, or the K~ 7 invariant mass be consistent with the K (892) mass:
candidates whose K+ K~ 7t invariant mass lies within 13.5 MeV of the
D} mass are then retained for further analysis.

The D} candidates are combined with 7° candidates and an unbinned
maximum likelihood fit is performed on the resulting D 7¥ invariant mass
distribution, shown in Fig. 1 (left). Four contributions are considered: a

*(2317)" — Df ¥ signal component, a combinatorial background com-
ponent and two contributions arising from reflections of the D*(2112)" —
D}~ and Dg;(2460)" — DI n%y decays, where an extra random photon is
picked up, or one is missed in the reconstruction, respectively. In particu-
lar, because of a kinematical coincidence, the latter component produces a
peak close to the value of the D?*;(2317)" mass. The shape and size of this
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component and the signal shape are taken from simulated events and fixed
in the fit, while all other parameters are left free to float. After inclusion of
the systematic uncertainties, the fit yields

m(D%;(2317)7) = (2318.9 £ 0.3(stat) + 0.9(syst)) MeV/c2.

Similarly, D candidates are combined with energetic photons, and a fit
to the resulting D}~ invariant mass distribution, shown in Fig. 1 (right), is
performed. Along with the signal D;;(2460)" — D~ and the combinatorial
background components, three contributions from reflections are considered:
one from D ;(2317)" — Dfx% one from D;;(2460)" — DFn% and one
from hypothetical D*;(2317)" — D/~ decays. The lineshapes of all but the
first of these, as well as the signal shape, are taken from simulated events.
After inclusion of the systematic uncertainties, the fit yields

m(D,7(2460)T) = (2457.2.9 + 1.6(stat) + 1.3(syst)) MeV/c?.
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Fig. 1. Invariant mass distributions for combinations including D} candidates re-
constructed in eTe™ interactions. The solid curves show the results of unbinned
maximum likelihood fits. Left: the D 7¥ invariant mass distribution for all se-
lected candidates; the light (dark) shaded region represents the contribution from
the (Ds;(2460)% — DFn%, D*(2112)* — DJ7) reflection; the inset shows an
expanded view around the D*;(2317)" mass. Right: the D}~ invariant mass for
all selected candidates; in the lower plot the combinatorial contribution estimated
by the fit is subtracted, and contributions from signal and reflections are shown in
dashed lines.
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The study of the D 7% spectrum is then studied. In this case the
D,;(2460)" — Dfn% decay can be expected to proceed via the
D, ;(2460)" — D?(2112)" 7% or Dy;(2460)" — DZ;(2317)T~ intermedi-
ate decay modes. However, the available phase space for the decay is such
that the D}~ invariant mass must lie close to the D*(2112)" mass in all
cases. In order to separate the different components of signal and reflec-
tions, a fit is performed in three different regions of m(DJ~): one around
the D¥(2112)" mass and two in upper and lower mass sidebands (Fig. 2
(left)). The reflections come from mis-reconstructed D*(2112)" — D}~
and D?;(2317)" — D 7° decays. The fit uses shapes derived from simu-
lated events, and yields (after inclusion of the systematic uncertainties)

m(Dy;(2460)T) = (2459.1 + 1.3(stat) + 1.2(syst)) MeV/c?.

In order to disentangle the contributions from D, ;(2460)" — D?(2112)*#°
and D, ;(2460)T — D*;(2317)"~, a second, two-dimensional unbinned like-
lihood fit to the D 7" and D}~ invariant mass distributions is performed,
with all possible contributions included. The results of this fit are consis-
tent with the Dy ;(2460)" — DF 7% proceeding entirely via Ds;(2460)" —
D*(2112) 70,
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Fig. 2. Invariant mass distributions for combinations including D candidates re-
constructed in e*e” interactions. The solid curves show the results of unbinned
maximum likelihood fits. Left: the DI 7%y invariant mass distribution for selected
candidates in the signal region (center) and in the DF~v high mass (top) and low
mass (bottom) sidebands; the light (dark) shaded region represents the contribu-
tion from the DZ(2112)" — Dfv (D:,(2317)% — D7) reflection. Right: the
Dfntx~ invariant mass for all selected candidates.
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Finally, the D} 7" 7~ spectrum is studied. The invariant mass distri-
bution, shown in Fig. 2 (right), is fitted to the sum of three signal compo-
nents for the D*;(2317)", D;;(2460)", D41(2536)7 states, plus a combina-
torial background component. Signal shapes are determined from simulated
events. The fit finds significant signals for D;;(2460)" and D (2536)", and
gives for their masses the values (after inclusion of the systematic uncertain-
ties)

m(Dy;(2460)7) = (2460.1 + 0.3(stat) % 1.2(syst)) MeV/c?,

m(Ds1(2536)7) = (2534.3 + 0.4(stat) + 1.2(syst)) MeV/c?.
Combining all results for the D;;(2460)" mass yields

m(D,(2460)T) = (2459.4 + 0.3(stat) + 1.0(syst)) MeV/c2.

Moreover, ratios of decay branching fractions for the Dy;(2460)" can be
calculated:
B(D,(2460) — D)
B(D,;(2460)* — DF r0)

= 0.375 =+ 0.054(stat) £ 0.057(syst),

B(Ds;(2460)" — Dfwt7r™)
B(D,;(2460)" — DF r0)

For more details on this analysis, see [11].

= 0.082 = 0.018(stat) & 0.011(syst).

2.2. D*;(2317)" and D,;(2460)" production in B decays

The Belle Collaboration first observed D¥;(2317)" and D, ;(2460)* pro-

duction in B — DS,HE decays [12]. BaBar has performed a similar study,

looking for B — DS]HE(*) decays on a sample corresponding to an inte-
grated luminosity of about 113 fb~!.

D and D mesons are reconstructed in the modes

D’ - Ktn, Ktn 7% Kt ntn~, D > Ktnn,
DY — ¢nt (¢ — KTK™), Df - KKT(E" - K n1).

D* and D?¥(2112)" candidates are reconstructed in the decay modes D** —
Dozt D*0 — D70 DO D*(2112)* — Dt~.

The selected pairs of Dg*H and ﬁ(*) are then combined with a photon or
79 to form a B candidate; a veto on events consistent with B — Dg*Hﬁ(*)
decays is applied. The B selection is based on a pair of kinematical variables:
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the beam-energy-substituted mass, mgs = /s/4 — p} B , and the difference

between the reconstructed energy of the B candidate and the beam energy,
AE = Ej,—+/s/2, where /s is the total energy in the 7°(45) center-of-mass
frame and E% (pj) is the energy (momentum) of the B candidate in the
same frame.

A signal region is defined in the mgg-AFE plane: for each of the twelve
modes considered, the signal yield is then determined from fits to the D 7°
(for D¥;(2317)™), and D (2112)" 7%, D~ (for Dy;(2460)") invariant mass
distributions for events in the mgg-AFE signal region. The fits include a
Gaussian signal and a smooth background component. Cross-feed contri-
butions between different DS])JF decay modes are taken into account. The
resulting branching fractions, after including systematic uncertainties, are
listed in Table I. A significant signal is seen in nearly all modes; in particu-
lar, the D* modes are observed for the first time.

TABLE 1

Branching fractions and signal significance for B — DS]HE(*) decays. The first

error on BB is statistical, the second is systematic, the third is from the D and Df
branching fractions.

B mode B(1073) Significance

0 »D*,(2317)*D~  [Dfn° 1.8+0.4+0.3708 5.5
—>D;J(2317)+D** [Df7%] 154044021535 5.2
Bt—D: (2317)+D° [Df 7% 1.04+£0340.1755 3.1
B+—>D* L2317 D" [DFr% 09406402708 2.5
—>DSJ(2460)+D* [D:+7%] 2.84+0.8+0.5750 4.2

D, ;(2460)*D*~ [D:t7% 55+1.24+1.071) 7.4

B+—>D J(2460)+D° (D70 2.740.7+0.5709 5.1
B+—>D (2460 D D70 7.6+ 1.7+ 1.8728 7.7
Dy;(2460)*D~  [Diy]  0.8+£0.2+0.1703 5.0
Dy;(2460)*D*~  [Diy]  2.3+£0.3+0.370% 11.7

B*—»D J(2460)+D0 [Dfy]  0.640.2+0.170%3 4.3
B*—D,;(2460)*D" [D¥y]  1.4+04+0.3%03 6.0

From the measured branching fractions for B — Dy J(2460)+§(*) in the
Dz(2112)* 7% and in the D}~ final states, one gets the ratio

B(Ds;(2460)T — D7)
B(D,;(2460)" — D*(2112)*79)

= 0.274 4 0.045(stat) =+ 0.020(syst).
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A helicity analysis of the Dy ;(2460)" state is performed using the decays
B* — D,;(2460)* D and B® — D, ;(2460)* D™, with D, ;(2460)* — Di~.
The helicity angle 6}, is defined as the angle between the D} and the parent
B momenta in the Dy ;(2460)" rest frame: fits to m(DZ ) are performed for
five different cos(},) regions. The resulting angular distribution is shown in
Fig. 3: it is in good agreement with the J = 1 hypothesis, while the J = 2
hypothesis is excluded. For more details on this analysis, see [13].
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Fig.3. The helicity distribution for B — D,;(2460)*D, D,;(2460)* — D~
events, obtained from fits to m (D7) in different bins of cos(#y). The solid (dashed)
line shows the expected distribution for a J =1 (J = 2) D,;(2460)7 state.

2.8. Search for the D¥;(2632)" state

The SELEX Collaboration has recently reported evidence for the exis-
tence of a narrow state at a mass of 2632 MeV/c? decaying to D}n and
DK™ [4]. Using D® and D} mesons produced in ete™ interactions from
a sample corresponding to an integrated luminosity of 125 fb~!, BaBar has
searched for evidence of resonant structures in this mass region.

D7 mesons are reconstructed as described in Sec. 2.1; 7 mesons are recon-
structed from photon pairs, with the requirement that they do not overlap
with 70 or D}(2112)* — D}~ candidates. The D7 invariant mass spec-
trum is studied by subtracting background contributions from m(K+ K~ 7t)
and m(vy) sidebands from the spectrum observed in the m(D})-m(n) re-
gion. The resulting distribution is shown in Fig. 4 (left): there is no evidence
for enhancements around 2632 MeV/c?.

The DY K+ mass spectrum is investigated using the D° — K—7t decay
mode. The invariant mass distribution resulting from pairing reconstructed
D° mesons with charged kaons is shown in Fig. 4 (center): a clear peak is
seen at the mass of the Dy (2573)" state, but no other structure is visible.

Finally, D*t mesons are reconstructed from a D° and a charged pion,
requiring that the mass difference m(D°7 ") —m(DP) be consistent with that
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for a D*', and combined with Kg candidates reconstructed from pairs of
oppositely charged pions. The mass difference distribution m(D*+K§) -
m(D*") is shown in Fig. 4 (right): a large peak corresponding to the
D41(2536)" state is visible, but again no evidence is found for structures
around 2632 MeV/c?. For more details on this analysis, see [14].
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Fig.4. The Dfn (left), DK™ (center), D*TKQ (right) invariant mass distributions
for selected candidates in eTe™ interactions. The arrow and dashed lines indicate
the position where a D?*;(2632)" signal should appear.

3. The X (3872) state

Since the discovery of the X (3872) state, observed by the Belle Collab-
oration [15] in the J/y ©F 7~ spectrum in B decays, several confirmations,
from CDF [16], DO [17] and BaBar [18] have appeared. Nevertheless, the
true nature of this state is still not understood, and the “natural” assignment
to a charmonium state is put in doubt by several observations disfavouring
all specific quantum number assignments [19]|. Several other interpretations
have been proposed, including a D* D bound state [20], a hybrid charmonium
state [21], a diquark—antidiquark state [9].

3.1. Search for a charged partner

The invariant mass distribution of the dipion system in X (3872) —
Jhpmt ™ decays has been shown to peak close to its upper kinematic limit,
and is consistent with a X (3872) — J/ip° decay. If this were the case, and
if the decay were isospin-conserving, then the X (3872) would be an isovector
state, and a charged X (3872) partner should exist, decaying to J/y 7~ 7.
A search for such a state has been conducted by BaBar in B meson decays
from a sample corresponding to an integrated luminosity of 212 fb~!.

The search is performed in the neutral B® — J/n~ 7K+ and charged
B~ — Jipn n°K$ decay modes. J/ip are reconstructed from ete” and

pu~ pairs, K from 77 7~ pairs. The B candidate selection relies on the
mgs and AE variables.
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The Jip 7~ 7¥ invariant mass distribution for candidates lying in a
signal region defined in the mgs-AF plane is shown in Fig. 5 for the neutral
(left) and charged (right) mode. No peaks are seen around 3872 MeV/c?.
Upper limits for the production rates are extracted after estimating the
contributions from combinatorial background and non-resonant B decays in
the X (3872) mass region:

B(B® — X(3872)" K, X(3872)” — Jipm ) < 5.4 x 1075 (90%CL),

B(B~ — X(3872) K°, X (3872)" — Jhpr 7°) < 22 x 10~6 (90%CL).

For more details on this analysis, see [22].
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Fig.5. The Jjipm~7° invariant mass distribution for reconstructed B® —
Jfpr~mO KT (left) and B~ — Jipn~ 7w’ K{ (right) events.

4. Pentaquark searches

A large number of experiments have recently reported evidence for peaks
in invariant mass spectra of final states containing a baryon, whose quark
content is not consistent with coming from the decay of a conventional
hadronic state. In particular, more than 10 evidences have been reported for
a narrow structure around 1540 MeV/c?, in nK* or ng spectra; a single
experiment (NA49) finds evidence for narrow peaks at 1862 MeV/c? in the
E~7 and 7" spectra; another single evidence (from H1) is reported for
a narrow enhancement around 3100 MeV/c? in the D*~p spectrum. All these
states can be considered as candidates for pentaquark states, composed of
four quarks and an antiquark; they are commonly referred to as ©(1540)%,
Z5(1860)~, Z5(1860)°, 6.(3100)°. Several theoretical models [23] have
been proposed to describe possible pentaquark structures.

On the other hand, a number of experiments that observe large samples
of strange baryons with mass similar to that of the ©(1540)" see no evidence
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for it; and a number of experiments that observe large samples of the non-
exotic £~ baryon do not observe the Z5(1860)~~, Z5(1860)" states. A fairly
recent review of positive and negative results can be found in [24].

4.1. Inclusive searches for pentaquark candidates

BaBar has performed an inclusive search for ©(1540)% — pKJQ,
Z5(1860)™~ — EZ~7~ and 55(1860)° — Z~7T on a data sample corre-
sponding to 123 fb~!.

Ké) reconstructed from 7" 7~ pairs are combined with tracks identified
as protons, with a vertex close to the interaction point. The ng invariant
mass spectrum for these candidates is shown in Fig. 6 (top): a clear peak
corresponding to the AT state is visible above a smooth background, but no
enhancement is seen in the region of the ©(1540)".
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reported.
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In order to increase the sensitivity to production mechanisms favouring
certain momentum ranges, the sample is divided in 10 subsamples according
to the center-of-mass momentum of the ng system, from 0 to 5 GeV. No
evidence for a ©(1540)" candidate is found in any of the resulting spectra.
Upper limits for the production cross section are calculated for each p* bin,
by means of a fit to the invariant mass spectrum, and assuming for ©(1540)"
a total width equal to 1 MeV or to the current upper limit of 8 MeV. In the
hypothesis that the ©(1540)" decays strongly, the decay branching fraction
is assumed to be B(©(1540)" — pKQ) = 0.25. These results are shown in
the upper part of Fig. 7.

400F -, O(1540)° —er = 1MeVic’ 1
300F —-——— ——or=8MeVic’ ]

—————— =(1860) —er = 1Mevic’
——or =18 Mevic’

Differential Cross Section fb/(GeV/c)

L, 3 4
p (GeVic)

Fig.7. The measured differential production cross sections (symbols) and corre-
sponding 95% CL upper limits (lines) for ©(1540)* (top) and Z5(1860)~~ (bot-
tom), assuming natural widths of I' = 1 MeV (solid) and at the current experimen-
tal upper limit (dashed), as functions of the CM momentum.

Z~ baryons are reconstructed through the decay chain 5~ — A%,
A% — pr~. Particle identification, vertexing and flight distance require-
ments are applied. They are combined with charged tracks coming from the
interaction vertex: the resulting £~ 7~ and Z~ 7" invariant mass spectra
are shown in Fig.6. Again, clear peaks for the conventional =(1530)° and
Z.(2470)° baryons can be seen in the =~ spectrum, but no enhancement
is found around 1860 MeV/c2.

As for the ©(1540)", the sample is divided in 10 p* bins, and upper
limits to the production cross section are extracted in each of them from
fits to the invariant mass distribution. The total width of the Z5(1860)~—
state is fixed to 1 MeV or the current upper limit of 18 MeV. The decay
branching fraction is assumed in this case to be B(Z5(1860)"~ — = 7 ) =
0.5. Results are shown in the lower part of Fig. 7. For more details on this

analysis, see [25].
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4.2. Searches in B decays

Following the observation of the B~ — ppK™ decay [26], it has been
suggested that this process might receive a contribution from B~ — @*T1p,
O*t+ — pK™T, where ©*T" would be a pentaquark member of the baryon
27-plet, predicted to lie in the region 1.43-1.70 GeV/c?. Such a hypothesis
has been tested by BaBar on a data sample corresponding to an integrated
luminosity of 81 fb™1.

B candidates are selected based on cuts on the mgg, AFE kinematic vari-
ables and on shape variables used to reduce the large continuum background.
The pK ™ invariant mass distribution for events in the signal region is shown
in Fig. 8 up to 3.4 GeV/c?. Out of the 212 selected events, none lies below
1.85 GeV/c?. Upper limits for the product of branching ratios are calculated
for different regions of m(©**+). For the range 1.43-1.85 GeV/c? one gets

B(B~ —pO* ™t 0t - pKt) < 1.5 x 1077 (90%CL) .
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Fig.8. The pK ™ invariant mass distribution for selected B~ — ppK ™ events in the
charmonium region 2.85 < m(pp) < 3.15GeV/c? (solid line) and outside (dashed
line).

The observation of B — 3(*) pp, BY — 5(*) ppr decays allows the search
for resonant structures in the D™ (p) invariant mass spectra. These would
indicate the presence of heavy charmed baryons or charmed pentaquarks,
such as the one observed by H1. BaBar has performed such a study on a
data sample corresponding to an integrated luminosity of 113 fb—1.

D candidates are reconstructed in the D™ — Ktrn 7, D’ = Ktn
decay modes; D* candidates are reconstructed from D*~ — 3077_, DY -
D'x0. mgs and AFE are used to select B candidates.
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Two of the eight D™ (p) resulting spectra are shown in Fig. 9: none of

them shows evidence of significant peaking structures. For more details on
these analyses, see [27] and [28].
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