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D. Côté,50 P. Taras,50 F. B. Viaud,50 H. Nicholson,51 N. Cavallo,52,‡ G. De Nardo,52 D. del Re,52 F. Fabozzi,52,‡ C. Gatto,52

L. Lista,52 D. Monorchio,52 P. Paolucci,52 D. Piccolo,52 C. Sciacca,52 M. Baak,53 H. Bulten,53 G. Raven,53 H. L. Snoek,53

C. P. Jessop,54 J. M. LoSecco,54 T. Allmendinger,55 G. Benelli,55 K. K. Gan,55 K. Honscheid,55 D. Hufnagel,55

P. D. Jackson,55 H. Kagan,55 R. Kass,55 T. Pulliam,55 A. M. Rahimi,55 R. Ter-Antonyan,55 Q. K. Wong,55 N. L. Blount,56

J. Brau,56 R. Frey,56 O. Igonkina,56 M. Lu,56 C. T. Potter,56 R. Rahmat,56 N. B. Sinev,56 D. Strom,56 J. Strube,56

PRL 96, 232001 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
16 JUNE 2006

0031-9007=06=96(23)=232001(7) 232001-1 © 2006 The American Physical Society



E. Torrence,56 F. Galeazzi,57 A. Gaz,57 M. Margoni,57 M. Morandin,57 A. Pompili,57 M. Posocco,57 M. Rotondo,57

F. Simonetto,57 R. Stroili,57 C. Voci,57 M. Benayoun,58 J. Chauveau,58 P. David,58 L. Del Buono,58 Ch. de la Vaissière,58

O. Hamon,58 B. L. Hartfiel,58 M. J. J. John,58 J. Malclès,58 J. Ocariz,58 L. Roos,58 G. Therin,58 P. K. Behera,59 L. Gladney,59

J. Panetta,59 M. Biasini,60 R. Covarelli,60 M. Pioppi,60 C. Angelini,61 G. Batignani,61 S. Bettarini,61 F. Bucci,61

G. Calderini,61 M. Carpinelli,61 R. Cenci,61 F. Forti,61 M. A. Giorgi,61 A. Lusiani,61 G. Marchiori,61 M. A. Mazur,61

M. Morganti,61 N. Neri,61 G. Rizzo,61 J. Walsh,61 M. Haire,62 D. Judd,62 D. E. Wagoner,62 J. Biesiada,63 N. Danielson,63

P. Elmer,63 Y. P. Lau,63 C. Lu,63 J. Olsen,63 A. J. S. Smith,63 A. V. Telnov,63 F. Bellini,64 G. Cavoto,64 A. D’Orazio,64

E. Di Marco,64 R. Faccini,64 F. Ferrarotto,64 F. Ferroni,64 M. Gaspero,64 L. Li Gioi,64 M. A. Mazzoni,64 S. Morganti,64

G. Piredda,64 F. Polci,64 F. Safai Tehrani,64 C. Voena,64 M. Ebert,65 H. Schröder,65 R. Waldi,65 T. Adye,66 N. De Groot,66
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We present the first measurement of ��4S� decays to ������1S� and ������2S� based on a sample
of 230� 106��4S� mesons collected with the BABAR detector. We measure the product branching
fractions B���4S� ! ������1S���B���1S� ! ����� � �2:23� 0:25stat � 0:27syst� � 10�6 and
B���4S� ! ������2S���B���2S� ! ����� � �1:69� 0:26stat � 0:20syst� � 10�6, from which we
derive the partial widths ����4S� ! ������1S�� � �1:8� 0:4� keV and ����4S� ! ������2S�� �
�2:7� 0:8� keV.

DOI: 10.1103/PhysRevLett.96.232001 PACS numbers: 13.25.Gv, 14.40.Gx

The ��4S� meson is known to decay predominantly to
B �B, with small, but as of yet unobserved, decays to other
bottomonium states or to light hadrons. Partial widths for
hadronic transitions in heavy quarkonia have been exten-
sively studied both experimentally and theoretically over
the past decades [1]. In particular, the values of the partial
widths for dipion transitions between vector states
 �2S� ! ����J= and ��mS� ! ������nS�, where
the principal quantum number m> n, can be related to
the radial wave function within the framework of the QCD
multipole expansion [2]. This picture may be significantly
altered by mixing and coupled channel effects [3] when
states are close to the threshold for open charm or bottom
production. Hence these states are the ideal laboratory to
investigate these effects. Exclusive non-D �D decays of the
 �3770� (believed to be predominantly 3D1) have recently
been observed [4–6], but only upper limits have been
published for exclusive non-B �B decays of the ��4S� [7].

We search for the decays ��4S� ! ������nS�, where
n � 1; 2 [the ��4S� ! ����3S� transition is kinemati-
cally not allowed], using a sample of 230� 106��4S�
events corresponding to an integrated luminosity of
211 fb�1 acquired near the peak of the ��4S� resonance
with the PEP-II asymmetric-energy e�e� storage rings at
SLAC. An additional 22 fb�1 sample collected approxi-
mately 40 MeV below the resonance is used as a control
sample.

The BABAR detector is described in detail elsewhere [8];
here we summarize only the features relevant to this analy-
sis: charged-particle momenta are measured in a tracking
system consisting of a five-layer double-sided silicon ver-
tex tracker (SVT) and a 40-layer central drift chamber
(DCH), both situated in a 1.5-T axial magnetic field.
Charged-particle identification is based on the dE=dx
measured in the SVT and DCH, and on a measurement
of the photons produced in the synthetic fused-silica bars
of the ring-imaging Cherenkov detector (DIRC). A CsI(Tl)
electromagnetic calorimeter (EMC) is used to detect and
identify photons and electrons, while muons are identified
in the instrumented flux return of the magnet (IFR).

An ��mS� ! ������nS� transition, denoted by
mS! nS, is detected by reconstructing the ��nS� meson
via its leptonic decay to ����. The sensitivity to 4S!
nS transitions is much smaller in the ����e�e� final
state due to the presence of larger backgrounds, and to a
trigger-level inefficiency introduced by the prescaling of
Bhabha scattering events. Data collected at a nominal

center-of-mass energy
���
s
p

near 10.58 GeV include 3S!
nS (n � 1; 2) and 2S! 1S events from initial state radia-
tion (ISR) production that are used as control samples. The
signature for mS! nS transition events, where the nS
decays to muons, is a ���� invariant mass, M��, that
is compatible with the known mass [9] of the ��nS� reso-
nance, M�nS�, and an invariant mass difference �M �
M���� �M�� that is compatible with M�mS� �M�nS�.
The rms values of the reconstructed �M and M�� distri-
butions are, respectively, �7 MeV=c2 and � 75 MeV=c2.
The center-of-mass momentum p	cand should be compatible
with 0 for 4S! nS candidates, or with 
s�M2�mS��=
�2

���
s
p
� for mS! nS candidates from ISR.

Simulated Monte Carlo (MC) events are generated using
the EVTGEN package [10]. The angular distribution of
generated dilepton decays incorporates the ��nS� polar-
ization, while dipion transitions are generated according to
phase space. These events are passed through a detector
simulation based on GEANT4 [11], and analyzed in the same
manner as data. The events in the data sample whose values
of �M and M�� are within 60 MeV=c2 and 300 MeV=c2,
respectively, of the values expected for any known mS!
nS transition were not examined until the event selection
criteria were finalized. Events outside these regions were
used to understand the background.

We select events having at least 4 charged tracks with a
polar angle � within the fiducial volume of the tracking
system (0:41< �< 2:54 rad). Each muon candidate is
required to have a center-of-mass momentum greater
than 4 GeV=c, and to be compatible with the muon hy-
pothesis based on the energy deposited in the EMC and the
hit pattern in the IFR along the track trajectory. A dipion
candidate is formed from a pair of oppositely charged
tracks. The two pion candidates are each required to have
a transverse momentum greater than 100 MeV=c. The
dimuon and the dipion are constrained to a common vertex,
and the vertex fit is required to have a �2 probability larger
than 10�3.

A large fraction of the background is due to �����
events where a photon converts in the detector material. To
reduce this background we apply an ‘‘electron veto,’’ re-
jecting events where any of the following is true: either of
the two pion candidates is positively identified as an elec-
tron; the e�e� invariant mass of the two charged tracks
associated with the pion candidates satisfies Mee <
100 MeV=c2; or the dipion opening angle satisfies
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cos����� > 0:95. The distribution of �M vs M�� for the
final sample is shown in Fig. 1. The clusters of events in the
boxes centered at ��M;M��� � �1:120; 9:460� GeV=c2

and �0:558; 10:023� GeV=c2 constitute, respectively, the
first observation of 4S! 1S and of 4S! 2S transitions.
We also observe signals for 2S! 1S, 3S! 2S, and 3S!
1S from ISR at ��M;M��� � �0:563; 9:460�GeV=c2,
�0:332; 10:023� GeV=c2, and �0:895; 9:460� GeV=c2, re-
spectively. The diagonal band is predominantly due to
��� events, while the cluster at ��M;M��� �

�0:332; 9:460� GeV=c2 is due to ��3S� ! ������2S�
decays, where ��2S� ! ��1S�X.

The number of signal events Nsig is extracted by an
unbinned extended maximum likelihood fit to the �M
distribution for events with p	cand < 200 MeV=c and
jM�� �M�1S�j< 200 MeV=c2 for the 4S! 1S mode
or jM�� �M�2S�j< 150 MeV=c2 for the 4S! 2S
mode (Fig. 2). In each case, the background is parame-
trized as a linear function, and the signal as the convolution
of a Gaussian with standard deviation � and a Cauchy
function with width �, which is found to adequately de-
scribe the non-Gaussian tails of the �M distribution. The
values for � and � are, for each mode, fixed to the values
determined from a fit to a MC signal sample subjected to
the detector simulation and reconstruction algorithms. We
verify that the experimental �M resolution is well de-
scribed by the MC simulation for 2S! 1S and 3S! nS
(n � 1; 2) ISR samples. The values of �M returned
by the fit, 1:1185� 0:0009 GeV=c2 and 0:5571�
0:0010 GeV=c2, where the errors are statistical only, are
in excellent agreement with the world averages M�4S� �
M�1S� � 1:1197� 0:0035 GeV=c2 and M�4S� �
M�2S� � 0:5567� 0:0035 GeV=c2 [9]. These values can-

not be interpreted as a new measurement of the ��4S�
mass: the data were collected at

���
s
p

equal to the world
average value of M�4S�. Since the ��4S� width is larger
than the spread in the

���
s
p

of the e�e� collisions, a scan of
the ��4S� line shape would be needed to measure the mass.
The cuts described above are also applied to ����e�e�

candidates, with the additional requirement on the polar
angle of the electron, ��e��> 0:75 radians, to reject
Bhabha events. The fits to the electron samples are also
shown in Fig. 2, and give yields and �M values consistent
with expectations based on the fits to the muon samples.

The significance, estimated from the likelihood ratio

n� ’
������������������������������������������
2 log
L�Nsig�=L�0��

q
between a fit that includes a

signal function and a fit with only a background hypothe-
sis, is 10:0� for 4S! 1S and 7:3� for 4S! 2S in the
�������� final states. The significance of the signals in
the ����e�e� final states is 3:6� and 2:5� for 4S! 1S
and 4S! 2S, respectively.

The event selection efficiency �sel is determined using
the MC samples. The largest source of systematic uncer-
tainty (10%) is due to the unknown distribution of the
dipion invariant mass in the ��4S� ! ������nS� tran-
sition, and is estimated by comparing the acceptance for a
phase space distribution to that obtained using the QCD
multipole model [2]. The second largest source of system-
atic uncertainty is due to uncertainty in the track recon-
struction efficiency, which is 1.3% per track, resulting in a
5.2% uncertainty in �sel. The systematic uncertainties as-

)
2

M (GeV/c∆
1.06 1.08 1.1 1.12 1.14 1.16

2
E

ve
nt

s/
0.

00
4 

G
eV

/c

0

20

40

60

)
2

M (GeV/c∆
1.06 1.08 1.1 1.12 1.14 1.16

2
E

ve
nt

s/
0.

00
4 

G
eV

/c

0

20

40

60 BABAR
-µ+µ

1S→ 4S

)
2

M (GeV/c∆
0.5 0.52 0.54 0.56 0.58 0.6

2
E

ve
nt

s/
0.

00
4 

G
eV

/c

0

10

20

30

40

50

)
2

M (GeV/c∆
0.5 0.52 0.54 0.56 0.58 0.6

2
E

ve
nt

s/
0.

00
4 

G
eV

/c

0

10

20

30

40

50
BABAR

-µ+µ
2S→ 4S

)
2

M (GeV/c∆
1.06 1.08 1.1 1.12 1.14 1.16

2
E

ve
nt

s/
0.

00
8 

G
eV

/c

0

20

40

60

80

100

120

140

)
2

M (GeV/c∆
1.06 1.08 1.1 1.12 1.14 1.16

2
E

ve
nt

s/
0.

00
8 

G
eV

/c

0

20

40

60

80

100

120

140

BABAR
-e+e1S→ 4S

)
2

M (GeV/c∆
0.5 0.52 0.54 0.56 0.58 0.6

2
E

ve
nt

s/
0.

00
8 

G
eV

/c

0

10

20

30

40

50

)
2

M (GeV/c∆
0.5 0.52 0.54 0.56 0.58 0.6

2
E

ve
nt

s/
0.

00
8 

G
eV

/c

0

10

20

30

40

50

BABAR
-e+e2S→ 4S

FIG. 2 (color online). The �M distribution for events with
jM‘�‘� �M�1S�j< 200 MeV=c2 (left column) and jM‘�‘� �
M�2S�j< 150 MeV=c2 (right column). The solid lines show the
best fit to the data. Dashed lines show the background contribu-
tion. The two upper plots are for �������� candidates and
the two lower plots for ����e�e� candidates.
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sociated with the event selection (4.3%) and muon identi-
fication (1.4%) criteria are estimated by comparing the
efficiency of each selection criterion determined from
MC samples to the corresponding efficiency measured
with the ISR control samples. We have also considered
the systematic uncertainties due to the choice of signal and
background parametrizations by using different functions
or different parameters, and the systematic uncertainties
due to the choice of the fit range. The contributions from
these sources are negligible in comparison to the previ-
ously mentioned sources.

The product branching fraction (Table I) is determined
from the �������� sample using:

B���4S�!������nS��B���nS�!������
Nsig

"selN�4S�
;

(1)

where N�4S� � �230:0� 2:5� � 106 is the total number of
��4S� mesons produced.

The event yields observed for 3S! nS and 2S! 1S are
compatible with Particle Data Group’s averaged values of
the ISR cross section and branching fractions for those
resonances. The number of signal events observed in the
����e�e� final state is compatible with the branching
fractions we measure in the �������� sample. No
4S! nS signal is observed for �������� or
����e�e� final states in the data collected at center-of-
mass energies 40 MeV below the ��4S� resonance. In the
off-resonance dimuon (dielectron) control samples we find
19 (50) ������1S� candidates with j

���
s
p
�M�1S�j<

20 MeV, with an expected background from �M side-
bands of 18:1� 2:8�63:3� 5:2� events, and 14 (14) di-
muon (dielectron) ������2S� candidates with
j
���
s
p
�M�2S�j< 20 MeV, with an expected background

of 13:1� 2:4�13:5� 2:4�. The number of candidates in
the off-resonance control samples are also compatible to
better than 1 standard deviation with the background yields
measured at the ��4S�.

The dipion invariant mass distribution, M���� (Fig. 3),
is determined by fitting the �M distribution in equal
intervals of M���� , and dividing the number of signal
events in each interval by the corresponding selection
efficiency. The measured distribution for the 4S! 1S
transition has a shape similar to the prediction of the

Kuang-Yan model [2]. This model provides a good de-
scription of the observed distributions for 2S! 1S, 3S!
2S, and also  �2S� ! ����J= , but fails to describe the
3S! 1S distribution. Our measured distribution for the
4S! 2S transition has a marked enhancement at low
M���� that is incompatible with this model.

The 4S! nS branching ratios and partial widths can be
derived using the world average values for B���nS� !
����� [9] and a recent BABAR measurement of ����4S��
[12]. We obtain

B���4S� ! ������1S�� � �0:90� 0:15� � 10�4;

B���4S� ! ������2S�� � �1:29� 0:32� � 10�4;

����4S� ! ������1S�� � �1:8� 0:4� keV;

and

����4S� ! ������2S�� � �2:7� 0:8� keV:

We add in quadrature the statistical and systematic un-
certainties on the derived quantities. With the most re-
cent CLEO measurement of B���2S� ! ����� [13],
we obtain smaller values: B���4S� ! ������2S�� �
�0:83� 0:16� � 10�4 and ����4S� ! ������2S�� �
�1:7� 0:5� keV.

The branching fractions are compatible with previous
upper limits on these decays [7]. The ��4S� partial widths
are within the range spanned by other dipion transitions in

TABLE I. Number of signal events, significance, efficiency, and measured values of the
products of branching ratios for the 4S! nS transitions. The error on the efficiency is obtained
adding in quadrature the systematic uncertainties. The errors on the product branching fractions
are statistical and systematic, respectively.

Transition Nsig significance "sel (%) B4S!nS�BnS!�� (10�6)

4S! 1S 167� 19 10:0� 32:5� 3:9 2:23� 0:25� 0:27
4S! 2S 97� 15 7:3� 24:9� 3:0 1:69� 0:26� 0:20

)
2

 (GeV/c-π+πM
0.4 0.6 0.8 1 1.2

2
E

ve
nt

s/
0.

1 
G

eV
/c

0

50

100

150

E
ff

ic
ie

nc
y 

(%
)

0

20

40

60

80
1S→ 4S

BABAR

)
2

 (GeV/c-π+πM
0.3 0.4 0.5

2
E

ve
nt

s/
0.

04
 G

eV
/c

0

50

100

150
E

ff
ic

ie
nc

y 
(%

)

0

20

40

60

80

2S→ 4S
BABAR

FIG. 3 (color online). The efficiency-corrected M���� distri-
bution for 4S! 1S transition (left panel) and 4S! 2S transition
(right panel). The solid line shows the distribution predicted in
Ref. [2]. The dotted histogram shows the selection efficiency in
each bin. The experimental resolution in M���� is less than
5 MeV=c2, much smaller than the bin size.
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the b �b system [9]: ����2S� ! ������1S�� �
�8:1� 2:1� keV; ����3S� ! ������1S�� � �1:2�
0:2� keV; ����3S� ! ������2S�� � �0:6� 0:2� keV.

In conclusion, we measure

B���4S� ! ������1S��

�B���1S� ! ����� � �2:23� 0:25� 0:27� � 10�6

and

B���4S� ! ������2S��

�B���2S� ! ����� � �1:69� 0:26� 0:20� � 10�6:

The dipion invariant mass distribution is measured for
��4S� ! ������1S� and ��4S� ! ������2S� transi-
tions; the latter is found to be incompatible with predic-
tions from QCD multipole expansions.
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