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51Mount Holyoke College, South Hadley, Massachusetts 01075, USA

52aINFN Sezione di Napoli, I-80126 Napoli, Italy
52bDipartimento di Scienze Fisiche, Università di Napoli Federico II, I-80126 Napoli, Italy

53NIKHEF, National Institute for Nuclear Physics and High Energy Physics, NL-1009 DB Amsterdam, The Netherlands
54University of Notre Dame, Notre Dame, Indiana 46556, USA

55Ohio State University, Columbus, Ohio 43210, USA
56University of Oregon, Eugene, Oregon 97403, USA
57aINFN Sezione di Padova, I-35131 Padova, Italy

57bDipartimento di Fisica, Università di Padova, I-35131 Padova, Italy
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63bDipartimento di Fisica, Università di Roma La Sapienza, I-00185 Roma, Italy

64Universität Rostock, D-18051 Rostock, Germany
65Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, United Kingdom

66DSM/Dapnia, CEA/Saclay, F-91191 Gif-sur-Yvette, France
67University of South Carolina, Columbia, South Carolina 29208, USA
68Stanford Linear Accelerator Center, Stanford, California 94309, USA

69Stanford University, Stanford, California 94305-4060, USA
70State University of New York, Albany, New York 12222, USA
71University of Tennessee, Knoxville, Tennessee 37996, USA
72University of Texas at Austin, Austin, Texas 78712, USA

73University of Texas at Dallas, Richardson, Texas 75083, USA
74aINFN Sezione di Torino, I-10125 Torino, Italy

74bDipartimento di Fisica Sperimentale, Università di Torino, I-10125 Torino, Italy
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We present a study of hadronic transitions between �ðmSÞ (m ¼ 4, 3, 2) and �ðnSÞ (n ¼ 2, 1)

resonances based on 347:5 fb�1 of data taken with the BABAR detector at the PEP-II storage rings. We

report the first observation of �ð4SÞ ! ��ð1SÞ decay with a branching fraction Bð�ð4SÞ!��ð1SÞÞ¼
ð1:96�0:06stat�0:09systÞ�10�4 and measure the ratio of partial widths �ð�ð4SÞ!��ð1SÞÞ=�ð�ð4SÞ!
�þ���ð1SÞÞ¼2:41�0:40stat�0:12syst. We set 90% CL upper limits on the ratios �ð�ð2SÞ!
��ð1SÞÞ=�ð�ð2SÞ!�þ���ð1SÞÞ<5:2�10�3 and �ð�ð3SÞ ! ��ð1SÞÞ=�ð�ð3SÞ ! �þ���ð1SÞÞ<
1:9� 10�2. We also present new measurements of the ratios �ð�ð4SÞ ! �þ���ð2SÞÞ=�ð�ð4SÞ !
�þ���ð1SÞÞ ¼ 1:16� 0:16stat � 0:14syst and �ð�ð3SÞ ! �þ���ð2SÞÞ=�ð�ð3SÞ ! �þ���ð1SÞÞ ¼
0:577� 0:026stat � 0:060syst.

DOI: 10.1103/PhysRevD.78.112002 PACS numbers: 14.40.Gx, 13.25.Gv

I. INTRODUCTION

Hadronic transitions between bound states of heavy
quarkonia [1] are generally studied using the QCD multi-
pole expansion model (QCDME) [2]. This succeeds in
explaining the relative rates of the c ð2SÞ ! �J=c and
c ð2SÞ ! ��J=c transitions and the �� invariant mass
distributions in c ð2SÞ ! ��J=c , �ð2SÞ ! ���ð1SÞ,
�ð3SÞ ! ���ð2SÞ and the recently observed �ð4SÞ !
�þ���ð1SÞ decays [3,4]. Until recently the only feature
that QCDME could not explain was the dipion invariant
mass distribution in the �ð3SÞ ! ���ð1SÞ transition [5],
for which a number of possible explanations have been
proposed [6]. The dipion invariant mass distribution in
�ð4SÞ ! �þ���ð2SÞ [3] is also in disagreement with
the QCDME prediction and was not predicted either by
the alternative explanations proposed for the �ð3SÞ !
�þ���ð1SÞ. This implies that additional experimental
input is needed to understand hadronic transitions. In
QCDME the gluon radiation from a heavy q �q bound state
is calculated in terms of chromo-electric and chromo-
magnetic fields, in analogy to electromagnetism.
Transitions between colorless hadrons require the emission
of at least two gluons. The �ðmSÞ ! ���ðnSÞ transitions
(m3S1 ! �� n3S1 in spectroscopic notation [7]) are
E1E1, i.e. transitions where both gluons are in an E1 state.
The decays �ðmSÞ ! ��ðnSÞ (m3S1 ! �n3S1) proceed
either via E1M2 or M1M1 transitions; the E1M2 transition
is expected to dominate. The b �b system offers unique
opportunities: there are five knownm3S1 ! �� n3S1 tran-
sitions and also four kinematically allowed transitions
involving an � meson. Of the latter only the �ð2SÞ !
��ð1SÞ has been recently observed by CLEO [8], with a
branching fraction Bð�ð2SÞ ! ��ð1SÞÞ ¼ ð2:1þ0:7

�0:6 �
0:5Þ � 10�4.

In this paper we present improved measurements of the
�ð4SÞ ! �ðnSÞ transitions, a search for �ðmSÞ !

��ð1SÞ and new measurements of �ð3SÞ !
�þ���ðnSÞ and �ð2SÞ ! �þ���ð1SÞ partial widths.
We also measure the ratios of partial widths �ð�ðmSÞ !
��ð1SÞÞ=�ð�ðmSÞ ! �þ���ð1SÞÞ and �ð�ðmSÞ !
�þ���ð2SÞÞ=�ð�ðmSÞ ! �þ���ð1SÞÞ (m ¼ 3, 4), for
which a number of systematic uncertainties cancel.
The �ðmSÞ ! �þ���ðnSÞ and �ðmSÞ ! ��ðnSÞ

transitions, denoted by mS ! �� nS and mS ! � nS,
respectively, are studied by reconstructing the �ðnSÞ me-
sons via their leptonic decay to �þ�� or eþe�. The �
meson is reconstructed via its �þ���0 decay. With the
choice of this particular � decay mode all final states
contain the same charged particles, resulting in larger
cancellations of the systematic uncertainties for the ratios
of partial widths. Events where the � decays to �� are not
considered in this work because the ‘‘�� final state has a
smaller signal to background ratio than the ‘þ‘��þ���0

final state.

II. DATA SAMPLES AND DETECTOR

We search for �ð4SÞ hadronic transitions using a sample
of ð383:2� 4:2Þ � 106 �ð4SÞ decays corresponding to an
integrated luminosity, Lint

on , of 347:5 fb�1 acquired near the
peak of the �ð4SÞ resonance (‘‘on-peak,’’ nominal center-
of-mass energy,

ffiffiffi
s

p
of about 10.58 GeV) with the BABAR

detector at the PEP-II asymmetric-energy eþe� storage
rings at SLAC. In addition, a data sample corresponding to
Lint
off ¼ 36:6 fb�1, collected approximately 40 MeV below

the resonance (‘‘off-peak’’) is used to study some of the
backgrounds. Decays of �ð3SÞ and �ð2SÞ are studied in
events recorded ‘‘on-peak’’ and selected with an initial
state radiation (ISR) photon. The ISR photon, preferen-
tially emitted at small angle along the beam direction, is
not required to be detected.
The BABAR detector is described in detail elsewhere [9].

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**Also with Università di Sassari, Sassari, Italy.

B. AUBERT et al. PHYSICAL REVIEW D 78, 112002 (2008)

112002-4

http://dx.doi.org/10.1103/PhysRevD.78.112002


(DCH), both embedded in a 1.5-T axial magnetic field.
Charged-particle identification is based on the specific
energy loss measured in the SVT and DCH, and on a
measurement of the photons produced in the 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).

Simulated Monte Carlo (MC) events are generated using
the EvtGen package [10]. The angular distribution of gen-
erated dilepton decays incorporates the�ðnSÞ polarization,
while dipion transitions are generated according to phase
space. In the simulation of mS ! � 1S we use the angular
distribution dictated by the quantum numbers for a vector
decay to a pseudoscalar and a vector. Secondary photon
emission is taken into account in the simulation of �ðmSÞ
produced in ISR. Simulated events are passed through a
detector simulation based on GEANT4 [11], and analyzed
in the same manner as data.

III. EVENT SELECTION

The events of interest have a lepton pair from the decay
of the �ðnSÞ resonance of invariant mass,M‘‘, compatible
with the known mass values of the �ðnSÞ [12],MðnSÞ, and
a pair of oppositely charged pions.

The signature for mS ! �� nS transition events is an
invariant mass difference�M ¼ M��‘‘ �M‘‘ compatible
with the difference of the masses of the two � resonances,
MðmSÞ �MðnSÞ, where M��‘‘ is the �

þ��‘þ‘� invari-
ant mass.

The mS ! � nS events have two additional photons
from the �0 decay, a �þ���0 invariant mass, m3�, com-
patible with the known � mass, Mð�Þ, and an invariant
mass difference, �M� ¼ M3�‘‘ �M‘‘ �m3� compatible

with MðmSÞ �MðnSÞ �Mð�Þ, where M3�‘‘ is the
�þ���0‘þ‘� invariant mass.

The rms widths of the reconstructedM‘‘, m3�, �M, and
�M� distributions are of the order of 75 MeV=c2,

12 MeV=c2, 7 MeV=c2 and 10 MeV=c2, respectively.
Events in the data sample withM‘‘ within 350 MeV=c2

of the known MðnSÞ values and �M within 60 MeV=c2 of
the values expected for any of themS ! �� nS transitions
were not examined until the event selection criteria were
finalized. Events outside these regions were used to under-
stand the background. Simulated MC events were used to
model the signal.

Candidate events have at least 4 charged tracks with a
polar angle � within the fiducial volume of the tracking
system (0:41< �< 2:54 rad). Each lepton candidate is
required to have a center-of-mass momentum between
4:20 GeV=c and 5:25 GeV=c. At least one of the muons
of �ðnSÞ ! �þ�� candidates must be compatible with
the muon hypothesis based on the energy deposited in the
EMC and the hit pattern in the IFR along the track trajec-

tory. Similarly at least one of the electrons of �ðnSÞ !
eþe� candidates must be compatible with the electron
hypothesis based on the energy deposit in the EMC, the
ratio of energy in the EMC to the track momentum, and the
energy loss in the detector material. We requireM��½Mee�
to be within �200½�350;þ200� MeV=c2 of the nominal
�ð1SÞ or �ð2SÞ mass. The asymmetric cut in the eþe�
sample is due to bremsstrahlung, which causes a long tail
in the reconstructed Mee distribution at low invariant
masses and that is partially recovered by an algorithm
that combines the energy of electron tracks with the energy
of nearby photons.
Pairs of oppositely charged tracks, not identified as

electrons and whose Cherenkov angle in the DIRC, when
measured, is within 3� of the value expected for a pion, are
selected to form a dipion candidate. The dilepton 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 remaining background is due to

eþe�� and �þ��� events where a photon converts in the
detector material and the leptons are reconstructed as
pions. To reduce this background we reject events where
the opening angle of the charged pion candidates in the
laboratory reference frame has cos��þ�� > 0:95, or where
the invariant mass of the charged tracks associated with the
pion candidates, calculated assuming the e� mass hypothe-
sis, satisfies mconv < 50 MeV=c2. The distribution of M‘‘

vs �M for candidate events after the preliminary selection
is shown in Fig. 1.
In the case of �ð4SÞ ! �ðnSÞ transitions the back-

ground is larger and the expected signal smaller. For this
reason we further restrict our selection to events where at
least one of the two charged pions has a transverse mo-
mentum greater than 100 MeV=c, mconv > 100 MeV=c2,
and the polar angle in the laboratory system of the e� from
�ðnSÞ ! eþe� is larger than 0.7 rad, to reject radiative
Bhabha events.
Events with at least two candidate photons of E� >

50 MeV and invariant mass 110<m�� < 150 MeV=c2

are considered to be � nS candidates if the �þ���0

invariant mass is within 35 MeV=c2 of the known �
mass. To suppress possible cross-feed from the high sta-
tistics mS ! �� nS transitions we require that mS !
� nS candidates have �M more than 20 MeV=c2 ( �
3�) from any of the known MðmSÞ �MðnSÞ values.
We select �ð2SÞ and �ð3SÞ states produced via ISR,

requiring that the momentum of the reconstructed
‘þ‘��þ��½�0� in the center-of-mass rest frame, p�

cand,

is within �150 MeV=c of the expected value of ðs�
M2ðmSÞÞ=ð2 ffiffiffi

s
p Þ. For �ð4SÞ decays p�

cand is required to be

<200 MeV=c.
The average efficiency for each of the transitions is

given in Table I. The efficiency for the �þ��½�0�eþe�
final state is in all cases smaller than for the
�þ��½�0��þ�� final state due to a trigger-level ineffi-
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ciency introduced by the prescaling of Bhabha scattering
events, whose signature is given by two electrons of large
invariant mass and no additional charged track of trans-
verse momentum greater than 250 MeV=c. Because of the
limited phase-space available in the 2S ! � 1S and 3S !
�� 2S decays, the momentum of the charged pions is
always below the threshold, thus the efficiency for these
two transitions is nearly zero when the �ðnSÞ decays to
eþe�.

IV. SIGNAL YIELDS

A. �ðmSÞ ! �þ���ðnSÞ
The �M distributions of events in the final sample for

the mS ! �� nS transitions are shown in Fig. 2.
We determine the efficiency-corrected signal yield for

the mS ! �� nS transitions without any assumption on
the angular distributions of the decays. We divide the 2S !

�� 1S and 3S ! �� 1S samples into 10� 6 bins of m��

and cos�h, where m�� is the �þ�� invariant mass and �h
is the helicity angle of the�þ, defined as the angle between
the�þ direction in the�� rest frame and the�� direction
in the candidate �ðmSÞ rest frame. The 3S ! �� 2S and
4S ! �� nS samples are divided into 6� 4 bins of m��

and cos�h.
The signal yield in each bin is determined by a fit to the

�M distribution, by maximizing the unbinned extended
likelihood to the sum of a background probability density
function (PDF) and a signal PDF. The signal PDF is
parametrized by a Voigtian function (convolution of a
Lorentzian with a Gaussian function), that is found to
describe well the measured �M distribution for simulated
events. The background is parametrized by a linear func-
tion. The resolution parameters for the signal PDF are fixed
to the values determined by the simulation, thus the free
parameters in the fits for bin i are �Mi

sig, the peak position

TABLE I. Selection efficiencies for all studied transitions, separately for �ðnSÞ ! �þ�� and eþe� as determined by MC
simulation. For the mS ! �� nS transitions we quote both the efficiency averaged over phase space, "PS, and the effective efficiency,
"eff , calculated according to Eq. (3).

Transition Selection efficiency (%)

�� ee
"PS "eff "PS "eff

2S ! �� 1S 34:46� 0:05 36:62� 0:08 11:17� 0:03 11:45� 0:14
3S ! �� 1S 41:23� 0:05 34:18� 0:20 24:48� 0:05 23:96� 0:24
3S ! �� 2S 14:76� 0:04 17:2� 0:6 � 0 � � �
4S ! �� 1S 41:53� 0:23 44:2� 1:2 18:04� 0:18 19:7� 2:4
4S ! �� 2S 32:69� 0:22 30:2� 0:8 6:17� 0:12 7:9� 3:4

" "

2S ! � 1S 8:25� 0:09 � 0
3S ! � 1S 9:42� 0:10 3:91� 0:06
4S ! � 1S 10:07� 0:10 3:77� 0:06
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of the signal distribution, Ni
sig and Ni

bkg, the number of

signal and background events, and the background shape
parameters. The efficiency-corrected signal yield for each
mS ! �� nS transition is then obtained as

Ncorr ¼
Xnbins
i¼1

Ni
sig="i; (1)

where nbins is the number of bins (60 or 24) and "i is the
efficiency in each bin determined from MC simulation.

B. �ðmSÞ ! ��ð1SÞ
Figure 3 shows the m3� vs �M� distributions for events

selected as mS ! � 1S candidates. The widths of the
signal boxes have been chosen as��3� in both variables
based on MC simulation: jm3��m�j<35MeV=c2 and

jMðmSÞ�Mð1SÞ�Mð�Þ��M�j<30MeV=c2. For the

2S ! � 1S transition we require �M� < 30 MeV=c2 be-

cause the signal for this transition is expected close to the
kinematic limit.
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FIG. 2 (color online). �M distributions of events in the final sample for themS ! �� nS transitions. Data are shown as crosses. The
solid lines are the best fit to the data and are only for illustration purposes: they are performed using the signal PDF described in the
text with resolution parameters fixed to the values determined on MC events. Dashed lines show the background contribution.
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The numbers of candidates in the 2S ! � 1S and 3S !
� 1S signal boxes, shown in Table II, are compatible with
the backgrounds extrapolated from the sidebands defined
in Fig. 3. Thus, we have no signal for the 2S ! � 1S and
3S ! � 1S transitions.

We observe 56 candidates for the 4S ! � 1S transition
in the ‘‘on-peak’’ data sample, and no candidates in the

‘‘off-peak’’ data sample. We test the hypothesis that the
eþe� ! � 1S cross section is the same in the ‘‘on-peak’’
and ‘‘off-peak’’ samples by calculating the binomial proba-
bility, P , of observing, respectively, 56 and 0 events for a
binomial coefficient of p ¼ Lint

on=ðLint
on þ Lint

offÞ ¼ 0:905,
based on the integrated luminosities of the two samples.
We obtain P ¼ 4� 10�3 and thus we attribute the ob-
served ��ð1SÞ events to �ð4SÞ decays.
The event yields for the 4S ! � 1S transition in the ee

and �� final states are determined by unbinned extended
maximum likelihood fits to the �M� distribution of the

sample of events in Fig. 3 having m3� within 35 MeV=c2

of the known � mass. The signal PDF is parametrized by a
Voigtian function, with resolution parameters fixed to the
values determined from MC events, while the background
is assumed to be constant. The free parameters in the fits
are �M� sig, the peak position of the signal distribution,

Nsig andNbkg, the number of signal and background events.

The efficiency and acceptance are determined from MC
samples. The fits are shown in Fig. 4. The significance,
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FIG. 3 (color online). Distributions of m3� vs �M� for the
mS ! � 1S transitions studied. Crosses are for the �ð1SÞ !
eþe� sample and dots are for the �ð1SÞ ! �þ�� sample. Solid
lines delimit the signal box region. Dashed lines delimit the
sideband regions used for background extrapolation. The signal
box for the 2S ! � 1S transition (top left) is at the boundary of
the kinematically allowed region of �M� and only one sideband

can be defined.

TABLE II. Results for the products of partial widths and branching fractions for the �ðmSÞ hadronic transitions. Ncand is the number
of candidates in the signal box, Nbck is the number of background events from the fit or estimated from data sidebands as described in
the text, Ncorr is the efficiency-corrected number of signal events. The first error is statistical, the second is systematic. All upper limits
are 90%CL.

Transition Our Measurement Ncand Nbck Ncorr

�eeð2SÞ �Bð�ð2SÞ ! �þ���ð1SÞÞ �Bð�ð1SÞ ! �þ��Þ (meV) 2582� 28� 94 9036 156� 11 24319� 268
�eeð2SÞ �Bð�ð2SÞ ! �þ���ð1SÞÞ �Bð�ð1SÞ ! eþe�Þ (meV) 2618� 60� 97 3139 230� 9 25202� 574

�eeð2SÞ �Bð�ð2SÞ ! ��ð1SÞÞ �Bð�ð1SÞ ! �þ��Þ �Bð� ! �þ���0Þ (meV) <3:1 0 2:5� 1:1 <28
�eeð3SÞ �Bð�ð3SÞ ! �þ���ð1SÞÞ �Bð�ð1SÞ ! �þ��Þ (meV) 457� 8� 18 4198 207� 10 9945� 174
�eeð3SÞ �Bð�ð3SÞ ! �þ���ð1SÞÞ �Bð�ð1SÞ ! eþe�Þ (meV) 441� 12� 18 36041234� 20 9821� 261

�eeð3SÞ �Bð�ð3SÞ ! �þ���ð2SÞÞ �Bð�ð2SÞ ! eþe�Þ (meV) 206� 11� 12 975 180� 21 4477� 241
�eeð3SÞ �Bð�ð3SÞ ! ��ð1SÞÞ �Bð�ð1SÞ ! �þ��Þ �Bð� ! �þ���0Þ (meV) <2:0 1 0:8� 0:4 <41
�eeð3SÞ �Bð�ð3SÞ ! ��ð1SÞÞ �Bð�ð1SÞ ! eþe�Þ �Bð� ! �þ���0Þ (meV) <9:6 4 2:8� 0:8 <210

Bð�ð4SÞ ! �þ���ð1SÞÞ �Bð�ð1SÞ ! �þ��Þ (� 10�6) 1:99� 0:16� 0:07 687 378� 11 739� 60
Bð�ð4SÞ ! �þ���ð1SÞÞ �Bð�ð1SÞ ! eþe�Þ (� 10�6) 1:76� 1:05� 0:06 1057 934� 17 676� 397
Bð�ð4SÞ ! �þ���ð2SÞÞ �Bð�ð2SÞ ! �þ��Þ (� 10�6) 1:65� 0:21� 0:11 377 204� 8 615� 78
Bð�ð4SÞ ! �þ���ð2SÞÞ �Bð�ð2SÞ ! eþe�Þ (� 10�6) 1:76� 1:03� 0:11 251 206� 8 669� 392

Bð�ð4SÞ ! ��ð1SÞÞ �Bð�ð1SÞ ! �þ��Þ �Bð� ! �þ���0Þ (� 10�6) 1:08� 0:17� 0:05 40 0:2� 0:4 387� 60
Bð�ð4SÞ ! ��ð1SÞÞ �Bð�ð1SÞ ! eþe�Þ �Bð� ! �þ���0Þ (� 10�6) 1:15� 0:29� 0:05 16 0:7� 0:6 424� 106
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FIG. 4 (color online). Fits to the �M� distribution for 4S !
� 1S candidates with �ð1SÞ ! �þ�� (left) and �ð1SÞ ! eþe�
(right). Data are shown as crosses. The solid lines show the best
fit to the data. Dashed lines show the background contribution.
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estimated from the likelihood ratio n� ’ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 log½LðNsigÞ=Lð0Þ�

q
between a fit that includes a signal

function and a fit with only a background hypothesis, is
11� and 6:2�, respectively, in the �� and the ee samples.

The 90% CL upper limits on the signal yields for the
3S ! � 1S and 2S ! � 1S transitions are conservatively
estimated from the numbers of events in the signal boxes,
taking into account the uncertainties in the efficiencies
[13]. The background level in the �þ�� sample is negli-
gible, and background subtraction in the eþe� sample,
which also has a lower efficiency, would not affect the
result.

V. SYSTEMATIC UNCERTAINTIES

We have considered a number of possible sources of
systematic uncertainties, in addition to the number of
�ð4SÞ [14] and the calculated luminosity for ISR events.
The uncertainties in charged track and �0 reconstruction
efficiencies are determined by a comparison of data and
MC events on independent control samples. The system-
atic uncertainties associated with the event selection, the
cut on p�

cand, the M‘‘ invariant mass cut, and the lepton

identification criteria are estimated by comparing the effi-
ciencies determined from MC samples to the correspond-
ing efficiencies measured with the ISR mS ! �� nS
samples in the modes where there are sufficiently high

statistics and low background to allow the comparison.
The efficiencies are determined from the numbers of signal
events which pass or fail any given cut, after all other cuts
are applied.
The systematic uncertainties due to the choice of signal

and background parametrizations are estimated by using
different functions or different parameters, and by varying
the �M or �M� fit ranges. The uncertainty in the accep-

tance correction for the mS ! �� nS transitions is deter-
mined by the change in the signal yields when using
different m�� and cos�h binnings.
The systematic uncertainties from all these sources are

summarized in Table III for each transition. The total
systematic uncertainty is estimated by adding in quadrature
all different contributions. We apply correction factors to
the efficiency determined from MC events, accounting for
differences between data and MC samples in the �0 re-
construction, in lepton identification, and in the M‘‘ cut.

VI. RESULTS

The products of branching fractions and partial widths
for each transition are given Table II. They are determined
from the efficiency-corrected yield in each mode, after
correcting for small differences between data and MC
samples and taking into account the number of �ð4SÞ or
the equivalent ISR luminosity, K. For a narrow vector
resonance produced in ISR

TABLE III. Sources of systematic uncertainties on partial widths or branching fractions and ratios of partial widths, separated into
errors that cancel in ratios, errors due to lepton identification (ID) and invariant mass that are common to all transitions, but differ for
electrons and muons, and errors that are specific to individual decay modes. All errors are relative and given in percent. We also list the
corrections applied to account for differences between data and simulation.

Source Data/MC corr. �ð2SÞ ! �ð3SÞ ! �ð4SÞ !
���ð1SÞ ��ð1SÞ ���ð1SÞ ���ð2SÞ ��ð1SÞ ���ð1SÞ ���ð2SÞ ��ð1SÞ
Common systematic errors (cancel in all ratios) (%)

Number of �ð4SÞ � � � � � � 1.1

ISR luminosity 3.0 3.0 � � �
Tracking 1.0 1.0 1.0

Selection 0.3 0.3 0.3

p�
cand cut 0.3 0.3 0.3

Systematic errors associated to lepton identification or invariant mass (%)

Muon ID 1.025 0.6 0.6 0.6

Mð�þ��Þ cut 1.006 0.2 0.2 0.2

Electron ID 1.011 0.7 0.7 0.7

Mðeþe�Þ cut 0.998 0.5 0.5 0.5

Systematic errors specific to each mode (%)

�0 efficiency 1.033 � � � 3.6 � � � � � � 3.6 � � � � � � 3.6

Acceptance 0.3 � � � 1.7 4.7 � � � 2.6 6.0 � � �
Fitting 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6

Total eþe� (%) 3.7 � � � 4.1 � � � 5.1 3.5 6.5 4.4

Total �þ�� (%) 3.7 5.1 4.0 5.9 5.1 3.5 6.5 4.3

Total on ratios (%) � � � 4.3 � � � 5.5 4.6 � � � 6.9 5.0
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K ¼ Lint
on

12�2

MðmSÞsW
�
s; 1�M2ðmSÞ

s

�
(2)

where the QED ‘‘radiator’’ functionWðs; xÞ is calculated to
second order following [15–17].

Averaging the results from the eþe� and the�þ�� final
states, taking into account the common systematic errors,
and using the world average values of Bð� ! �þ���0Þ
and Bð�ðnSÞ ! ‘þ‘�Þ [12] we obtain the partial widths
and ratios of partial widths listed in Table IV. In this table,
we also compare our results to the values expected for each
quantity based on previous measurements of�ðmSÞwidths
and branching fractions. The measured values of the�ð2SÞ
and �ð3SÞ total widths are used to derive the theoretical
expectations for branching fractions from the predicted
partial widths in [2].

The values of Bð�ð4SÞ ! �þ���ð1SÞÞ �Bð�ð1SÞ !
�þ��Þ and Bð�ð4SÞ ! �þ���ð2SÞÞ �Bð�ð2SÞ !
�þ��Þ supersede our previously reported values based
on a fraction of the current sample [3]. Part of the differ-
ence in the central values is due to the different methods
used to determine the acceptance, which was calculated in
our previous paper assuming a phase-space distribution in
the �ð4SÞ ! �þ���ðnSÞ decay. The efficiency is not
uniform over the Dalitz plot; thus the impact on the central
value between the two methods depends on the angular
distributions peculiar of each transition. The difference can
be estimated by comparing the value of the phase-space
averaged efficiencies "PS, and the effective efficiencies "eff
calculated from the observed event yields in each region of

the Dalitz plot

"eff ¼
P

nbins
i¼1 Ni

sigP
nbins
i¼1 Ni

sig="i
: (3)

Notice that the uncertainty in the calculated effective effi-
ciency is due to the statistical uncertainty in the event yield.
As shown in Table I the effective efficiency for �ð4SÞ !
�þ���ð1SÞ, when the �ð1SÞ decays to �þ��, is �7%
larger than the value estimated using a phase-space distri-
bution. Accounting for this difference, the results presented
here are statistically compatible with the ones previously
reported.
From our result we derive new values for

Bð�ð3S; 2SÞ ! �þ���ð1SÞÞ that are of comparable pre-
cision to the previous world averages, and compatible with
them. The value of Bð�ð3SÞ ! �þ���ð2SÞÞ derived
from our measurement has an error that is smaller than
the current world average.

VII. CONCLUSIONS

We have presented a study of hadronic transitions be-
tween the � states: new measurements of the branching
fractions Bð�ð4SÞ ! �þ���ð1S; 2SÞÞ, Bð�ð3SÞ !
�þ���ð2SÞÞwhich have smaller errors than current world
averages, and new measurements of Bð�ð3S; 2SÞ !
�þ���ð1SÞÞ whose precision is comparable to present
world averages. We have also presented measurements of
the ratios of partial widths �ð�ðmSÞ !
�þ���ð2SÞÞ=�ð�ðmSÞ ! �þ���ð1SÞÞ (m ¼ 3, 4)

TABLE IV. Our measurements for the products and ratios of partial widths and branching fractions of �ðmSÞ hadronic transitions,
with comparisons to previous measurements and theoretical expectations. We also report the values of the branching fractions that are
derived from our measurements using world average values for �eeðnSÞ. All upper limits are 90% CL. The values of the last seven
branching fractions in this table (reported below the horizontal line) are not independent from the values reported above. The values of
Bð�ð4SÞ ! �þ���ðnSÞÞ from Ref. [12] and indicated with an asterisk are based on our previous measurement [3] performed on a
subset of the current sample. As discussed in the text, part of the difference in the central values is ascribed to a more accurate estimate
of the acceptance.

This work PDG [12] Prediction

�eeð2SÞ �Bð�ð2SÞ ! �þ���ð1SÞÞ (eV) 105:4� 1:0� 4:2 115� 5
�ð�ð2SÞ ! ��ð1SÞÞ=�ð�ð2SÞ ! �þ���ð1SÞÞ (� 10�3) <5:2 <11 2.5 [2]

�eeð3SÞ �Bð�ð3SÞ ! �þ���ð1SÞÞ (eV) 18:46� 0:27� 0:77 19:8� 1:0
�ð�ð3SÞ ! �þ���ð2SÞÞ=�ð�ð3SÞ ! �þ���ð1SÞÞ 0:577� 0:026� 0:060 0:63� 0:14 0.3 [2]

�ð�ð3SÞ ! ��ð1SÞÞ=�ð�ð3SÞ ! �þ���ð1SÞÞ (� 10�2) <1:9 <5 1.7 [2]

Bð�ð4SÞ ! �þ���ð1SÞÞ (� 10�4) 0:800� 0:064� 0:027 0:90� 0:15ð�Þ � � �
�ð�ð4SÞ ! �þ���ð2SÞÞ=�ð�ð4SÞ ! �þ���ð1SÞÞ 1:16� 0:16� 0:14 � � �
�ð�ð4SÞ ! ��ð1SÞÞ=�ð�ð4SÞ ! �þ���ð1SÞÞ 2:41� 0:40� 0:12 � � � � � �
Bð�ð2SÞ ! �þ���ð1SÞÞ (%) 17:22� 0:17� 0:75 18:8� 0:6 27� 2 [2]

Bð�ð2SÞ ! ��ð1SÞÞ (� 10�4) <9 <20 8:1� 0:8 [18]

Bð�ð3SÞ ! �þ���ð1SÞÞ (%) 4:17� 0:06� 0:19 4:48� 0:21 3:3� 0:3 [2]

Bð�ð3SÞ ! �þ���ð2SÞÞ (%) 2:40� 0:10� 0:26 2:8� 0:6 1:0� 0:1 [2]

Bð�ð3SÞ ! ��ð1SÞÞ (� 10�4) <8 <22 6:7� 0:7 [18]

Bð�ð4SÞ ! �þ���ð2SÞÞ (� 10�4) 0:86� 0:11� 0:07 0:88� 0:19ð�Þ � � �
Bð�ð4SÞ ! ��ð1SÞÞ (� 10�4) 1:96� 0:06� 0:09 � � � � � �
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where a number of systematic uncertainties cancel. Our
results for the branching fractions of the �ð2SÞ and
�ð3SÞ ! ��ð1SÞ transitions represent improvements
over the current published upper limits, and are compatible
with the recent results from CLEO [8]: Bð�ð2SÞ !
��ð1SÞÞ ¼ ð2:1þ0:7

�0:6 � 0:5Þ � 10�4, Bð�ð3SÞ !
��ð1SÞÞ< 2:9� 10�4 at 90% CL.

We observe a significant number of ��ð1SÞ candidates
at the formation energy of the �ð4SÞ. We can exclude the
hypothesis that they are due to continuum eþe� !
��ð1SÞ with a probability of 99.6% and we attribute
them to �ð4SÞ decays. The branching fraction for the
�ð4SÞ ! ��ð1SÞ decay is larger than the branching frac-
tion for �ð4SÞ ! �þ���ð1SÞ, which is unexpected when
compared to all other known charmonium and bottomo-
nium transitions. There are no predictions for this specific
decay mode. In the QCDME calculation for hadronic
transitions, the effect of the nodes in the wave functions
in the overlap integrals between the initial and final states
and the intermediate states can be large for radial excita-
tions. But even that should not significantly affect the ratio
of partial widths �ð�ð4SÞ ! ��ð1SÞÞ=�ð�ð4SÞ !
�þ���ð1SÞÞ, at least if the �ð4SÞ ! ��ð1SÞ transition
is E1M2 [2]. It is possible that accidental cancellations
suppress the E1M2 term with respect to M1M1, or perhaps
QCDME becomes unreliable for higher gluon momenta.
These results, together with the recent CLEOmeasurement
of the matrix elements in �ð3SÞ ! �þ���ð1S; 2SÞ and

�ð2SÞ ! �þ���ð1SÞ transitions [19] could provide a
tool to understand the hadronic transitions better.
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