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Results are presented on χb1;2ð2PÞ → ωϒð1SÞ transitions from eþe− → ϒð3SÞ → γχb1;2ð2PÞ decays.
The data were collected with the BABAR detector at the PEP-II asymmetric-energy eþe− collider at SLAC.
The integrated luminosity of the data sample is 28.0 fb−1, corresponding to 121.3 × 106 ϒð3SÞ decays.
Signals of χb1;2ð2PÞ are observed over a negligible background. Improved precision measurements of
branching fractions are obtained. First measurements of the χb1;2ð2PÞ angular distributions are performed.
No evidence is found for the presence of a χb0ð2PÞ → ωϒð1SÞ decay mode.

DOI: 10.1103/sn5h-c2t9

I. INTRODUCTION

The strongly bound bb̄ meson system, bottomonium,
exhibits a rich positroniumlike structure that is a laboratory
for verifying perturbative and nonperturbative QCD cal-
culations [1–3]. Potential models and lattice calculations
provide good descriptions of the mass structure and
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radiative transitions below the open-flavor threshold.
Precision spectroscopy probes spin-dependent and relativ-
istic effects. Quark-antiquark potential formulations have
been successful at describing the bottomonium system
phenomenologically [1–3].
In 2004, the CLEO Collaboration [4] reported the first

observation of the transitions χbJð2PÞ → ωϒð1SÞ, pro-
duced in radiative decays of ð5.81� 0.12Þ × 106ϒð3SÞ
mesons. The χbð2PÞ branching fractions of the J ¼ 1 and
J ¼ 2 states were measured to be ð1.63þ0.35þ0.16

−0.31−0.15 Þ% and
ð1.10þ0.32þ0.11

−0.28−0.10 Þ%, respectively. The implications of these
results are discussed in Ref. [5].
The observation of the near-threshold transition of the cc̄

state χc1ð3872Þ → ωJ=ψ by the Belle Collaboration [6] is
of particular interest. Although it is a narrow state,
Γðχc1ð3872ÞÞ ¼ 1.19� 0.21 MeV [7], that lies nearly
8 MeV below the nominal kinematic ωJ=ψ threshold,
the observed branching fraction is nearly as large as that of
the discovery channel χc1ð3872Þ → πþπ−J=ψ .
A similar decay mode could exist for the bb̄ state

χb0ð2PÞ → ωϒð1SÞ given the predicted width of about
2.6 MeV for this resonance [8]. Given the low signifi-
cance of the reconstructed signal, no search was per-
formed by CLEO for a χb0ð2PÞ contribution, expected to
be strongly suppressed by the ωϒð1SÞ mass threshold.
More recently, χbJð2PÞ → ωϒð1SÞ decay modes have
been confirmed by Belle [9] with additional evidence
for a χb0ð2PÞ decay to this final state. Precise measure-
ments of branching fractions for radiative decays between
bottomonium states have been reported, recently, by the
BABAR Collaboration [10].

II. THE BABAR DETECTOR AND DATASET

The results presented here are based on a data sample
of 28.0 fb−1 of integrated luminosity [11] collected at the
ϒð3SÞ resonance with the BABAR detector at the PEP-II
asymmetric-energy eþe− collider at SLAC. The BABAR
detector is described in detail elsewhere [12]. The
momenta of charged particles are measured by means
of a five-layer, double-sided microstrip detector and a 40-
layer drift chamber, both operating in the 1.5 T magnetic
field of a superconducting solenoid. Photons are mea-
sured and electrons are identified in a CsI(Tl) crystal
electromagnetic calorimeter (EMC). Charged-particle
identification is provided by the measurement of specific
energy loss in the tracking devices and by an internally
reflecting, ring-imaging Cherenkov detector. Muons
and K0

L mesons are detected in the instrumented flux
return of the magnet. Decays of unstable particles are
described by EvtGen [13]. Monte Carlo (MC) simulated
events [14], with sample sizes around 20 times larger
than the corresponding data samples, are used to evaluate
the signal efficiency. Final-state radiation effects are
described by PHOTOS [15].

III. EVENT RECONSTRUCTION

The following decay chain is reconstructed

ϒð3SÞ → γsχbð2PÞ
→ ωϒð1SÞ; ð1Þ

where ω → πþπ−π0, ϒð1SÞ → lþl−, l ¼ e, μ, and γs
indicates the “signal” γ to distinguish it from background
γ’s and those from the π0 decay. Only events containing
exactly four well-measured tracks with transverse
momentum greater than 0.1 GeV=c and a total net charge
equal to zero are considered. The four tracks are fitted to a
common vertex, with the requirements that the fitted
vertex be within the eþe− interaction region and have a χ2

fit probability greater than 0.001. Well-reconstructed γ’s
in the EMC with an energy greater than 30 MeV are
reconstructed, retaining up to 20 candidates per event.
They are combined to form π0 candidates. Combinations
having an invariant mass in the ð0.115–0.155Þ MeV=c2

range are fitted using the π0 mass constraint, retaining up
to 10 candidates. The presence of at least one well-
reconstructed γs with an energy greater than 50 MeV is
required. This higher threshold for γs is motivated by
signal MC simulations but also reduces background from
random soft γ’s originating from final-state radiation
effects and beam background.
In the following, particle momenta are always evaluated

in the laboratory frame. Signal MC simulations of reaction
(1) indicate that the four charged tracks have well-defined
kinematics, with the two lepton candidates from ϒð1SÞ
decay each having a momentum greater than 2.9 GeV=c
and the two pion candidates from theω decay each having a
momentum less than 0.7 GeV=c. Muons, electrons, and
pions can be identified by applying high-efficiency particle
identification criteria [16]. However, for this analysis, to
minimize systematic uncertainties, it is assumed that the
two tracks with the largest momenta are leptons and that the
other two are pions.
Particle identification is only used to tag the events as

belonging to the ϒð1SÞ → μþμ− or ϒð1SÞ → eþe− decay
mode. To test the performance of the tagging, signal MC
events with ϒð1SÞ decaying to μþμ− or eþe− are selected
using a very loose muon and a very loose electron
identification. It is found that the requirement that at least
one of the two tracks be positively identified as an electron
correctly separates the two hypotheses: 99.99% of μþμ−
and 99.94% of eþe− events are correctly classified.
To limit the level of combinations in the signal

reconstruction, the distributions of the number of recon-
structed γ and π0 candidates in signal MC and data from
inclusive ϒð3SÞ decays are compared. It is found that an
acceptable initial rejection of the combinatorial background
is achieved by allowing no more than six γs candidates and
no more than five π0 candidates.
The MC description of the soft photon background is

studied using the ϒð3SÞ → πþπ−ϒð1SÞ control sample,
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with ϒð1SÞ → μþμ−. Data and MC simulations from this
ϒð3SÞ decay mode are reconstructed with high purity
without any requirement on the presence of γ’s or π0’s.
Good agreement is found between the data and MC
simulation for the distributions of the number of soft
reconstructed γ’s and π0’s as well as for the γ energy
distribution. Details are given in the Appendix.

A. Background suppression

Backgrounds from udsc quark pairs are expected to be
very small because of theϒð1SÞ → lþl− lepton requirement.
There are two significant backgrounds fromϒð3SÞ cascades:

ϒð3SÞ → γ1χbð2PÞ
→ γ2ϒð2SÞ

→ πþπ−ϒð1SÞ ð2Þ
and

ϒð3SÞ → π0π0ϒð2SÞ
→ πþπ−ϒð1SÞ; ð3Þ

where, in both processes, ϒð1SÞ → lþl−. In cascade (2) the
final state of interest can be produced if a π0 is reconstructed
from one of the two photons and a spurious shower in the
calorimeter, and in cascade (3) by the loss of one γ in the
decays of the two π0’s.
Background channel (2) is studied using MC simulation

with χbð2PÞ≡ χb0;1;2ð2PÞ. To isolate this decay, first the
ϒð1SÞ signal is selected in the ð9.2–9.7Þ GeV=c2 region of
the μþμ− mass spectrum, then the ϒð2SÞ signal is selected
in the ð10–10.45Þ GeV=c2 region of the ϒð1SÞπþπ− mass
spectrum. For each pair of distinct γ1 and γ2 candidates, the
Δm2 variable is computed

Δm2 ¼ m2
recðγ1Þ −m2ðϒð2SÞγ2Þ; ð4Þ

with

mrecðγ1Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jpðϒð3SÞÞ − pðγ1Þj2

q
ð5Þ

and

pðϒð3SÞÞ ¼ pðeþÞ þ pðe−Þ; ð6Þ
where the symbol p refers to the four-momentum of the
particles considered. Events in background channel (2) are
identified by requiring jΔm2j < 0.5 GeV2=c4. For these
events, Fig. 1(a) shows the recoil mass to the πþπ− system,

mrecðπþπ−Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jpðeþÞþpðe−Þ−pðπþÞ−pðπ−Þj2

q
: ð7Þ

The background is seen to cluster around a mass
of 9.79 GeV=c2.
Background channel (3) is studied using data where the

ϒð2SÞ signal is reconstructed as for decay channel (2). A

double loop is then performed over the list of π0 candidates,
taking care that the two π0’s do not share any γ. The variable

Δm2 ¼ m2
recðπ0π0Þ −m2ðϒð2SÞÞ ð8Þ

is then evaluated. The recoil mass mrecðπþπ−Þ is shown in
Fig. 1(b) for events inside the squared mass window
jΔm2j < 1 GeV2=c4. Similarly to background channel (2),
the events from background channel (3) are seen to
accumulate at values around 9.79 GeV=c2.
Figure 2(a) shows the mrecðπþπ−Þ distribution for all

signal candidate events in the decay channel (1) for the
mass region around 9.79 GeV=c2. The expected narrow
structure from the background decay channels (2) and (3) is
observed.
The mrecðπþπ−Þ distribution shown in Fig. 2(a) is fitted

using two Gaussian functions sharing the same mean on top
of a linear background. Fitted parameters are m¼
ð9.7931�0.0001ÞGeV=c2 and σe ¼ð4.4�0.4ÞMeV=c2.
Here and below, in fits performed using two Gaussian
functions, the effective σe is defined as

σe ¼ fσ1 þ ð1 − fÞσ2; ð9Þ
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simulation of the decay channel (2), and (b) reconstructed events
from data selection of the decay channel (3).

STUDY OF χb1;2ð2PÞ → ωϒð1SÞ … PHYS. REV. D 113, 052010 (2026)

052010-3



where σ1 and σ2 are the two fitted Gaussian widths and f is
the fitted fraction of the first Gaussian contribution.
A veto is applied to events havingmrecðπþπ−Þ in the m�

2σe mass region. Figure 2(b) shows the mrecðπþπ−Þ distri-
bution from MC for signal channel (1) events. The region
of the veto, which eliminates around 12% of the signal
events, is indicated. The background channels (2) and (3)
have branching fractions, for the χb1ð2PÞ case, of ð3.23�
0.34Þ% and ð0.33� 0.03Þ%, respectively. It is found that
the combination of the mrecðπþπ−Þ veto and the criteria
used for selecting the signal (1), described in the follow-
ing, suppresses the two background channels by a factor
≈2 × 10−3 and therefore their contributions become neg-
ligible. After vetoing the background channels, events are
further processed through the event selection procedure.

B. Event selection

The data selection begins with a loop over γs candi-
dates, followed by a loop over π0 candidates excluding
π0’s reconstructed with the γs. Momentum balance is

required, using the distributions of Δpi, i≡ x, y, z, the
missing three-momentum components of the initial and
final-state particles

Δpi ¼ piðeþÞ þ piðe−Þ −
X6

j¼1

piðjÞ: ð10Þ

In Eq. (10), pi indicates the three components of the
laboratory momenta of the six particles in the final state
and of the two incident beams, with the z axis along the beam
direction. The Δpi distributions are evaluated for data and
signal MC simulations and are fitted using two or three
Gaussian functions centered at zero.Whenmultiple Gaussian
functions are used, the quoted widths σ are the effective σe
evaluated using Eq. (9). The fitted values are σxy ¼ 75 and
σz ¼ 85 MeV=c. Combinations within �3σ are selected.
Figure 3 shows the recoil mass mrecðπþπ−π0γsÞ

mrecðπþπ−π0γsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jpðϒð3SÞÞ − pðπþπ−π0γsÞj2

q
; ð11Þ

where p indicates the 4-momenta of the initial- and final-
state particles. The mass spectrum is dominated by the
ϒð1SÞ signal on top of a significant combinatorial back-
ground. Due to the large combinatorial and peaking back-
grounds, the ϒð1SÞ parameters are obtained from signal
MC for which the combinatorial background is suppressed
using MC information (MC truth). The fit yields
mðϒð1SÞÞ¼9.4633GeV=c2 and σðϒð1SÞÞ¼ 8.4MeV=c2.
The ϒð1SÞ signal is selected within �3σ. The resulting
πþπ−π0 mass spectrum is shown in Fig. 4. It is dominated
by the ω signal, which is selected in the range 0.75<
mðπþπ−π0Þ< 0.8GeV=c2.
The reconstruction of the signal is completed by

adding the two candidate lepton three-vectors and comput-
ing the ϒð1SÞ energy using its known mass [7]. Similarly,
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FIG. 2. (a) Distribution of the recoil mass against the πþπ−
system, for events selected as candidates for the signal decay
channel (1). The lines are the results from the fit described in the
text. (b) Recoil mass to the πþπ− system for signal MC decay
channel (1) events. The vertical lines indicate the region removed
by the veto on background events from channels (2) and (3).

)2c (GeV/)
s
�0���+�(recm

9.3 9.4 9.5

)2 c
en

tr
ie

s/
(2

.7
 M

eV
/

0

100

200

300
BABAR (1S)�

FIG. 3. Combinatorial recoil mass mrecðπþπ−π0γsÞ. The
shaded area shows the region of selected ϒð1SÞ candidates.
The enhancement above the ϒð1SÞ mass region is produced by
the combinatorial.

J. P. LEES et al. PHYS. REV. D 113, 052010 (2026)

052010-4



the ω four-vector is obtained by adding the πþ, π−, and π0

three-momenta and computing the ω energy using its
known mass.
The procedure is tested using MC simulations from

the decay channel Eq. (2). The invariant mass resolution in
the region of the ϒð2SÞ is measured as σeðϒð2SÞ→
ϒð1SÞπþπ−Þ ¼ 67.9� 2.8 MeV=c2. A significant improve-
ment of the ϒð2SÞ mass resolution, σe¼2.7�0.1MeV=c2,
is obtained by adding the two leptons momenta from the
ϒð1SÞ decay and computing its energy using its knownmass.
This method has been found to significantly improve

invariant mass resolutions in charmonium decays involving
η, η0 [17] or K0

S decays [18], where an approximately 6%
worse resolution was estimated with respect to that
obtained by a mass constrained fit. In the present analysis
MC simulations show that the effect of the procedure on the
ω reconstruction is to symmetrize the distribution of the Δ2

variable defined below.
The variable Δ2 is then evaluated as

Δ2 ¼ m2
recðγsÞ −m2ðϒð1SÞωÞ ð12Þ

and is shown in Fig. 5.
The Δ2 variable is used to (a) remove background

combinations having jΔ2j > Δ2
lim and (b) select the candi-

date having the lowest jΔ2j value in the case of two
combinations. Using signal MC events,Δ2

lim¼0.4GeV2=c4

is selected as the optimal value to reduce the combinatorial
background without affecting the size of the χb1;2ð2PÞ
signals. The selected interval is shown as the shaded region
in Fig. 5. For this selection, 78.8%, 17.6%, and 3.6% of
candidates have one, two, or more than two combinations,
respectively. Events having more than two combinations
are discarded.
As stated in the beginning of Sec. III B, the ϒð3SÞ decay

chain under study contains two high and two low momen-
tum charged tracks in addition to three soft photons. It is
found that, in this particular kinematical configuration,

invariant mass resolutions are rather poor. Using signal MC
simulation, resolution functions are evaluated as the
differences between the MC-generated and reconstructed
invariant masses. The resulting distributions are fitted by
the sum of two Gaussian functions. The resulting σe
[Eq. (9)] is found to be 5.8� 0.2 MeV=c2 for the ω (to
be compared with the known width of 8.68� 0.13 [7]) and
68.0� 2.9 MeV=c2 for the ϒð1SÞ → lþl− invariant mass.
For these reasons, the established procedure to obtain the

χbð2PÞ line shapes is to evaluate the distribution of the
center-of-mass γs momentum in the ϒ decays [7,10]. Due
to the well measured eþe− beam energies, the resulting
resolution depends only on the measured γs energy. In the
present analysis the recoil mass mrecðγsÞ is used, defined
below, which is obtained from the same variables used by
the center-of-mass γs momentum and therefore has the
same resolution.
Figure 6(a) shows the mrecðγsÞ distribution, defined by

mrecðγsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jpðϒð3SÞÞ − pðγsÞj2

q
; ð13Þ

for the 1651 selected candidates (81% μþμ− and
19% eþe−).
In the BABAR dataset, trigger-level prescaling of Bhabha

events is employed. These events are characterized by two
electrons of large invariant mass and no additional charged
track with transverse momentum > 250 MeV=c. The
prescaling causes the efficiency to be smaller for events
with electrons than for events with muons. Therefore, since
the efficiency dependence on angular variables for both
samples is similar, the combined dataset is used to measure
the χb1;2ð2PÞ angular distributions, but only the μþμ− data
are used to evaluate the branching fractions. This choice is
motivated by the small size of the eþe− dataset and the
larger systematic uncertainties associated with the simu-
lation of the trigger and the electron reconstruction.
Overlapping χb1ð2PÞ and χb2ð2PÞ signals are observed,

while the possible presence of a χb0ð2PÞ signal is strongly
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suppressed by the ωϒð1SÞ invariant mass threshold. To test
for the possible presence of a χb0ð2PÞ arising from the ω
low-mass tail, the selection on the πþπ−π0 invariant mass is
removed, as well as the assignment of the known ωmass to
the sum of the three-pion system. The resulting mrecðγsÞ
distribution is shown in Fig. 6(b). Again, there is no
evidence for a χb0ð2PÞ signal.

C. Efficiency

To compute the efficiency, signalMCevents fromcascade
(1) are generated using a detailed detector simulation [14].
The kinematics of the simulation are governed by phase
space [13] except for the expected spin-one ω angular
distribution. These simulated events are reconstructed and
analyzed in the same manner as data. The efficiency is then
computed as the ratio between reconstructed and generated
events and projected over several kinematic variables.
The following angles are defined.
(a) In the ω signal region, θω is defined as the angle, in

the πþπ− rest frame, between the direction of the πþ
and the boost from the πþπ− system [Fig. 7(a)].

(b) In the ϒð1SÞ rest frame, θ is defined as the angle
formed by one of the two leptons from the ϒð1SÞ
decay with the normal nω to the ω plane boosted in
the ϒð1SÞ rest frame [Fig. 7(b)].

(c) In the γsϒð1SÞω signal region, θγ is defined as the
angle, in the ϒð1SÞω rest frame, between the
direction of the ω and the boost from the ϒð1SÞω
system [Fig. 7(c)].

Figure 8 shows the efficiency projected onto the three
angles, separately for the μþμ− and eþe− simulations. A
weak dependence on the three angles can be seen, with the
eþe− efficiency significantly smaller than that for μþμ−.

IV. DATA ANALYSIS

A. Measurement of the χ b1;2ð2PÞ fractions
To measure the χb1ð2PÞ and χb2ð2PÞ fractional contri-

butions in the selected data, described by the mrecðγsÞ
variable, the method of channel likelihood [19] is used. An
unbinned maximum likelihood fit to the data is performed,
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using an iterative procedure. The convergence criterion is
defined by the difference in the fractions between the last
two iterations and can be set to an arbitrary value (typically
10−5 after about 25 iterations). The total pdf (L) is
described by

L ¼ c1 · fðχb1ð2PÞÞ þ c2 · fðχb2ð2PÞÞ þ ps ð14Þ

where c1 and c2 are the fractional contributions for χb1ð2PÞ
and χb2ð2PÞ. The symbol ps indicates the residual

contribution (in this case the background), normalized as
ps ¼ ð1 − c1 − c2Þ · b with the factor b fixed to a constant
value (b ¼ 1). The symbols fðχb1ð2PÞÞ and fðχb2ð2PÞÞ
indicate the functional line shapes describing the χb1ð2PÞ
and χb2ð2PÞ contributions, integrated over the mrecðγsÞ fit
range. The method assigns, after the fit, weights
wðχb1ð2PÞÞ, wðχb2ð2PÞÞ, and wðpsÞ to each event for it
to belong to the different components included in the
definition of the pdf function. Examples of the use of the
channel likelihood method can be found in Refs. [20,21].
The χb1;2ð2PÞ functional line shapes are described by the

Breit-Wigner functions (BW)

BWðmÞ ¼ 1

ðm0 −mÞ2 þ Γ2=4
ð15Þ

convolved with the detector resolution functions and them0

values fixed to known values for χb1;2ð2PÞ [7]. The χbJð2PÞ
total widths are not experimentally measured, but are
expected to be small. Reference [8] predicts values of
232.5 keV, 117.0 keV, and 2.6 MeV for the χb2;b1;b0ð2PÞ
states, respectively. The value of Γ is set to an arbitrary
value of Γ ¼ 0.1 MeV in the range of the small expected
widths of these states.
The resolution functions δðmrecðγsÞÞ are evaluated sep-

arately for the χb1ð2PÞ and χb2ð2PÞ as the difference
between the MC-generated and reconstructed mrecðγsÞ.
To remove multiple combinations, MC truth information
is used. The distributions are fitted by the sum of a
Gaussian function (G, c ¼ 57%, with σ ¼ 7.5 MeV=c2)
and a Crystal Ball function (CB, with σ ¼ 3 MeV=c2),

BWcðxÞ ¼ BWðxÞ ⊗ ½ð1 − cÞ · CBðxÞ þ c ·GðxÞ�; ð16Þ

similarly for both χbð2PÞ states. The fitting model is
validated on signal μþμ− MC simulations by performing
fits with known χb1;2ð2PÞ contributions. Good agreement is
found, within the uncertainties, between the input and fitted
fractional contribution values. The results from the like-
lihood fits to the simulated samples are listed in Table I,
which summarizes the generated and reconstructed yields
for the χb1ð2PÞ and χb2ð2PÞ together with the resulting
efficiencies, separated for χb1ð2PÞ and χb2ð2PÞ and for the
μþμ− and eþe− simulations.
The summed μþμ− and eþe− data are first processed

through the channel likelihood fit setting Γ ¼ 0.1 MeV in
Eq. (15) for both χb1ð2PÞ and χb2ð2PÞ. The fit quality is
assessed by evaluating the χ2=ndf value for the mrecðγsÞ
distribution by comparing the data with the fitted function
given by Eq. (14).
Figure 9(a) shows the mrecðγsÞ distribution for the total

sample with the fitting function superimposed. The fit
yields χ2=ndf ¼ 75=77, which statistically provides a good
description of the data, but the visual comparison between
the data and the fitting function may indicate room for
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separately for μþμ− and eþe− simulations.
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improvement. Therefore, the assumption of Γ ¼ 0.1 MeV
in the BW function Eq. (15) is relaxed and a scan of the fit
χ2 as a function of Γ is performed, with the result shown in

Fig. 10. The distribution exhibits a well defined minimum
for Γ ¼ 1.4� 0.5 MeV.
Similar disagreements between simulated and recon-

structed χb line shapes have been observed in the study of
several radiative ϒð2SÞ and ϒð3SÞ to χbJð1P; 2PÞ states
[10]. In this case the center-of-mass momentum of the γs
has been used and the broadening of the distributions with
respect to the expected line shapes from resolution func-
tions was attributed to a Doppler effect due to the different
rest frames involved in the decay chains.
The corresponding fit projections performed using this

optimized Γ are shown in Fig. 9(b). The χb1ð2PÞ and
χb2ð2PÞ contributions, obtained using the weights
wðχb1ð2PÞÞ and wðχb2ð2PÞÞ generated by the channel
likelihood on the fit components are also shown.
Table II gives the fractional contributions for this fit, which
has a χ2=ndf ¼ 66=77. The correlations between the
different contributions are found to be χb2ð2PÞ=χb1ð2PÞ ¼
−0.90 and ps=χb1ð2PÞ; ps=χb2ð2PÞ ¼ −0.22.
To quantitatively evaluate the possible presence of a

χb0ð2PÞ contribution, the dataset selection with no require-
ment on the presence of an ω signal is used, as discussed in
Sec. III B. The description of the χb0ð2PÞ is similar to that
used for the χb1;2ð2PÞ states but with a BW width fixed to
2.6 MeVas predicted in Ref. [8]. The fit returns zero events
for the χb0ð2PÞ contribution with an uncertainty of 25
events for the total dataset and 22 events for the μþμ−
sample. These estimates are used to evaluate 90% confi-
dence level upper limits on the χb0ð2PÞ yield of 41 and 36
events for the total and μþμ− sample, respectively. The
χb0ð2PÞ upper limit contribution on the total dataset is
indicated by the shaded region in Fig. 6(b).

B. Measurement of the χ b1;2ð2PÞ angular distributions

The fractional weights produced by the channel like-
lihood fit can be used to obtain information on the angular
distributions describing the χb1;2ð2PÞ → ωϒð1SÞ decay.

TABLE I. Results from the fits to signal MC events. The
numbers of generated and reconstructed events and the corre-
sponding efficiencies for the separated χb1ð2PÞ and χb2ð2PÞ
states, and the combined efficiencies, are reported for the μþμ−

and eþe− channels.

χb1ð2PÞ χb2ð2PÞ
μþμ−

Generated 191 959 128 443
Reconstructed 22 722� 171 14 399� 146
Efficiency (%) 11.84� 0.09 11.21� 0.12
Average (%) 11.60� 0.07

eþe−
Generated 125 342 84 175
Reconstructed 9184� 109 5719� 92
Efficiency (%) 7.33� 0.09 6.79� 0.11
Average (%) 7.12� 0.07
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Efficiency distributions as functions of cos θω and cos θ are
evaluated separately for μþμ− and eþe− and for χb1ð2PÞ
and χb2ð2PÞ MC samples. A smooth behavior is observed
with little variations among the χb1ð2PÞ and χb2ð2PÞ mass
regions, which are then combined also to reduce fluctua-
tions due to the limited MC statistics. The resulting
efficiency distributions are then smoothed by fitting forth
order and sixth order polynomials as functions of cos θω
and cos θ, respectively. Angular efficiencies describing the
total dataset are then obtained by averaging the μþμ− and
eþe− efficiencies according to their data sizes. The angular
distribution for the ω → πþπ−π0 decay, a spin-one reso-
nance, is expected to be described by [13]

WðθωÞ ¼ 1 − cos2 θω; ð17Þ

with the angle θω illustrated in Fig. 7(a). Figures 11(a) and
11(b) show the distribution of cos θω, obtained by weight-
ing the events with the sum of the χb1ð2PÞ and χb2ð2PÞ
weights wðχb1ð2PÞÞ þ wðχb2ð2PÞÞ.
The superimposed curve is evaluated as

fω ¼ WðθωÞ · εðθωÞ; ð18Þ

where εðθωÞ indicates the total efficiency function. An
acceptable description of the data is obtained, with a
resulting χ2=ndf of 42=19. The deviations of the data from
the curve may be due to the presence of higher order
physical effects, such as interfering intermediate ρπ con-
tributions [22] not considered in the MC simulation.
The angular distribution for χb1ð2PÞ → ωϒð1SÞ is

expected to be described by [5]

W1ðθÞ ¼ 1þ cos2 θ; ð19Þ

with the angle θ illustrated in Fig. 7(b). Figures 11(c) and
11(d) shows the distribution of cos θ obtained from
weighting the events by the χb1ð2PÞ weight wðχb1ð2PÞÞ.
The superimposed curve fχb1ð2PÞ, given by Eq. (20), is
obtained by multiplying the expected functional form given
by Eq. (19) by the efficiency εðθÞ.

fχb1ð2PÞ ¼ W1ðθÞ · εðθÞ: ð20Þ

The model describes the data well with χ2=ndf ¼ 15=19.

The angular distribution for χb2ð2PÞ → ωϒð1SÞ is
expected to be described by [5]

W2ðθÞ ¼ 1 −
1

7
cos2 θ: ð21Þ

The χb2ð2PÞ signal is small and partially overlapping with
the χb1ð2PÞ signal. To better separate the two channels, the
description of the χb1ð2PÞ is modified as

fðχb1ð2PÞÞ ¼ BWcðxÞ ·W1ðθÞ · εðθÞ: ð22Þ

TABLE II. Fitted fractions and events yields from the channel likelihood analysis of data, separately for the total, μþμ−, and eþe−
samples with Γ ¼ 1.4 MeV.

Data Total events c1 χb1ð2PÞ events c2 χb2ð2PÞ events ps χ2=ndf

Total 1651 0.748� 0.017 1236� 41 0.223� 0.017 369� 29 0.028� 0.007 66=77
μþμ− 1334 0.769� 0.018 1026� 37 0.203� 0.018 270� 26 0.028� 0.008 62=74
eþe− 317 0.648� 0.038 205� 17 0.305� 0.037 97� 13 0.048� 0.019 23=31
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FIG. 11. (a) Distribution of cos θω for the sum of χb1ð2PÞ and
χb2ð2PÞ weights. The curve is described by Eq. (18). (b) Corre-
sponding efficiency distribution in arbitrary units (arb. units).
(c) Distribution of cos θ weighted by the χb1ð2PÞ weight. The
curve is described by Eq. (20). (d) Corresponding efficiency
distribution. (e) Distribution of cos θ weighted by the χb2ð2PÞ
weight. The curve is described by Eq. (23). (f) Corresponding
efficiency distribution.
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Figures 11(e) and 11(f) show the distribution of cos θ
obtained from weighting the events by the χb2ð2PÞ weight
wðχb2ð2PÞÞ. The superimposed curve is found by multi-
plying the expected functional form Eq. (21) by the
efficiency εðθÞ

fχb2ð2PÞ ¼ W2ðθÞ · εðθÞ: ð23Þ

Within the limited yield, the model describes the data well
with χ2=ndf ¼ 4=9.
As a further test, the cos θ efficiency corrected distribu-

tions are evaluated by dividing the measured distributions
shown in Fig. 11(c) [Fig. 11(e)] by the corresponding
efficiency shown in Fig. 11(d) [Fig. 11(f)] for χb1ð2PÞ and
χb2ð2PÞ, respectively. The distributions are fitted using the
function WðθÞ ¼ 1þ αJ cos2 θ obtaining values of α1 ¼
0.85� 0.16 and α2 ¼ −0.12� 0.16 for χb1ð2PÞ and
χb2ð2PÞ, respectively, in good agreement with the expected
values of α1 ¼ 1 and α2 ¼ −0.14.
Table II presents details of the fit results for the total

sample and separately for μþμ− and eþe−. In these cases,
separate efficiency distributions are used. Figure 12 shows

the fit projections on the corresponding mrecðγsÞ
distributions.

C. Measurement of the χ b1;2ð2PÞ branching fractions

As discussed in Sec. III C, only the μþμ− data are used
for the measurement of the χbJð2PÞ branching fractions.
Table III summarizes the information on the event yield and
efficiency corrections needed to evaluate them.

D. Systematic uncertainties

The list of systematic uncertainties is summarized in
Table IV. Contributions are added in quadrature.
(a) Tracking efficiency. From detector studies based on

control samples with high statistical precision, the tracking
efficiency for the decay ϒð3SÞ → πþπ−ϒð1SÞ, which has a
similar kinematics, is found to be 2.5% [23].
(b) and (c) γ and π0 reconstruction efficiencies. Similarly,

a systematic uncertainty of 1.8 and of 3% is assigned to the
γ and π0 reconstruction efficiency, respectively.
(d) Particle identification. Although particle identifica-

tion is not used in this analysis, a 1% uncertainty is
conservatively assigned on the separation between μþμ−
and eþe− events.
(e) Additional γ and π0. The number of γs candidates is

increased to be< 9 and the number of π0 candidates to< 7.
The differences with respect to the reference selection are
taken as systematic uncertainties.
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FIG. 12. Fit projections of the mrecðγsÞ distribution for separate
(a) μþμ− and (b) eþe− data. The total fitting function and the
χb1;2ð2PÞ components are superimposed.

TABLE III. Summary of the information on the event yield and
efficiency corrections used to evaluate the χb1;2ð2PÞ branching
fractions in the μþμ− data.

χb1ð2PÞ χb2ð2PÞ
Efficiency (%) 11.84� 0.09 11.21� 0.12
Event yield 1026� 37stat � 69sys 270� 26stat � 23sys
Corrected 8668�320stat�581sys 2408�233stat�209sys

TABLE IV. Systematic uncertainties in the evaluation of the
χb1;2ð2PÞ fractions.
Source χb1ð2PÞ (%) χb2ð2PÞ (%)

(a) Tracking efficiency 2.5 2.5
(b) γ reconstruction efficiency 1.8 1.8
(c) π0 reconstruction efficiency 3.0 3.0
(d) Particle identification 1.0 1.0
(e) Additional γ and π0 0.6 0.7
(f) Signal efficiency 1.9 2.9
(g) χb1;2ð2PÞ lineshape 3.2 5.2
(h) χb1;2ð2PÞ width 2.9 2.6
(i) ϒð2SÞ background 2.5 3.0
(j) ω selection 1.5 3.1

Total 7.1 9.0
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(f) Signal efficiency. Separate efficiencies are evaluated
for the χb1ð2PÞ and χb2ð2PÞ, listed in Table I and found to
differ by 4.2σ. New estimates of the weighted yields are
obtained using the average efficiency. The difference
between the values obtained from the two methods is
assigned as a systematic uncertainty. An inspection of
Fig. 8 shows little dependence of the efficiency on angular
variables. A test is made in which the efficiency as a
function of cos θ, fitted with a 6th order polynomial, is used
to weight the events. This test yields only a 0.2% difference
with respect to the average efficiency, which is negligible.
(g) χb1;2ð2PÞ line shape. An alternative model is used to

describe the χb1;2ð2PÞ line shapes. The MC truth-matched
distributions of mrecðγsÞ, obtained after all selection criteria
are applied, are derived separately for the χb1ð2PÞ and
χb2ð2PÞ and smoothed by fitting three Gaussian functions.
The yield differences between the nominal and alternative
model are taken as systematic uncertainties. In this case
the comparison is made with respect to the nonoptimized
fitted values.
(h) χb1;2ð2PÞ width. The differences between the

fitted yields obtained assuming Γ ¼ 0.1 MeV and the
optimized value of Γ ¼ 1.4 MeV are included as system-
atic uncertainties.
(i) ϒð2SÞ background. The antiselection on the back-

ground channels involving the ϒð2SÞ is based on the
selection performed on mrecðπþπ−Þ. The simulation eval-
uates the loss of signal to be 12.1%, 15.1%, and 18.9% for
2σ, 2.5σ, and 3.0σ, respectively. The systematic uncertainty
is evaluated varying the selection from �2σ to �2.5σ.
(j) ω selection. The low-mass tail of the ω is sensitive

to the possible presence of a χb0ð2PÞ signal. The
simulation evaluates the loss of the ω signal to be
0.5%, 2.7%, and 5.7% for lower limits on the πþπ−π0

mass of 0.75, 0.76, and 0.765 GeV=c2. The systematic
uncertainty is evaluated varying the selection from 0.75
to 0.76 GeV=c2.
Finally, in the evaluation of the branching fractions, the

uncertainty in the number of collected ϒð3SÞ events [see
Eq. (26)] is included. Additional tests performed by
considering events having only one residual combination,
or more than two combinations, are found to result in good
agreement between the corresponding efficiency-corrected
yields.

E. Branching fractions

The PDG [7] measurements used in this section
are summarized in Table V. In the following, the “pdg”
subscript is used to indicate uncertainties in known values.
The χbJð2PÞ → ωϒð1SÞ branching fractions are evalu-

ated as

BðχbJð2PÞ→ωϒð1SÞÞ¼NcorrðχbJð2PÞ→ωϒð1SÞÞ
NðχbJð2PÞÞ

ð24Þ

in the decays ϒð3SÞ → γχbJð2PÞ. Here, for each χbJð2PÞ,
NcorrðχbJð2PÞ → ωϒð1SÞÞ is the number of measured
events corrected for efficiency and unseen decay modes
and NðχbJð2PÞÞ is the total χbð2PÞ yield produced in
ϒð3SÞ decays,

NðχbJð2PÞÞ ¼ Nϒð3SÞ · Bðϒð3SÞ → γχbJð2PÞÞ; ð25Þ

where Nϒð3SÞ is the total available ϒð3SÞ yield evaluated
using the method of B counting [16]:

Nϒð3SÞ ¼ ð121.3� 1.2sysÞ × 106: ð26Þ

Grouping the PDG factors, Eq. (24) can be written as

BðχbJð2PÞ→ωϒð1SÞÞ¼ NðχbJð2PÞ→ωϒð1SÞÞ
εðχbJð2PÞÞ ·Nϒð3SÞ ·fpdg

; ð27Þ

where, for each χbJð2PÞ, NðχbJð2PÞ → ωϒð1SÞÞ is the
number of measured events, εðχbJð2PÞÞ is the efficiency,
and fpdg are the PDG correction factors

fpdg ¼ Bðω → πþπ−π0Þ · Bðϒð1SÞ → μþμ−Þ
· Bðϒð3SÞ → γχbJð2PÞÞ ð28Þ

listed in Table V.
Using Eq. (27), the branching fractions are determined

to be

Bðχb1ð2PÞ → ωϒð1SÞÞ
¼ ð2.56� 0.09stat � 0.18sys � 0.25pdgÞ% ð29Þ

and

Bðχb2ð2PÞ → ωϒð1SÞÞ
¼ ð0.69� 0.07stat � 0.06sys � 0.09pdgÞ%: ð30Þ

The ratio r2=1 is also evaluated, with most of the systematic
uncertainties canceling out, except for items (f), (g), and
(h) in Table V

TABLE V. PDG branching fractions used in the present
measurements. The fpdg factor is defined by Eq. (27).

Decay B (%) fpdg × 10−3

ϒð3SÞ → γχb0ð2PÞ 5.9� 0.6 1.305� 0.135
ϒð3SÞ → γχb1ð2PÞ 12.6� 1.2 2.787� 0.270
ϒð3SÞ → γχb2ð2PÞ 13.1� 1.6 2.898� 0.360
ϒð1SÞ → μþμ− 2.48� 0.05
ω → πþπ−π0 89.2� 0.7
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r2=1 ¼
Bðχb2ð2PÞ → ωϒð1SÞÞ
Bðχb1ð2PÞ → ωϒð1SÞÞ

¼ 0.27� 0.03stat � 0.02sys � 0.04pdg: ð31Þ

These measurements are in agreement with the results from
the CLEO [4] and Belle [9] Collaborations but with
significantly better precision.
No evidence is found for a χb0ð2PÞ → ωϒð1SÞ decay. To

measure the χb0ð2PÞ branching fraction upper limit for this
decay mode, the estimated limit on the χb0ð2PÞ yield of 36
events discussed in Sec. IVA is inserted in Eq. (27) using
the average χb1;2ð2PÞ efficiency listed in Table I to obtain

Bðχb0ð2PÞ → ωϒð1SÞÞ < 0.23% at 90% CL: ð32Þ

V. SUMMARY

Results are presented on χb1;2ð2PÞ → ωϒð1SÞ transi-
tions from eþe− → ϒð3SÞ → γχb1;2ð2PÞ decays. The data
were collected with the BABAR detector at the PEP-II
asymmetric-energy collider. The integrated luminosity of
the sample is 28.0 fb−1, corresponding to 121.3 × 106

ϒð3SÞ decays. Clean χb1;2ð2PÞ signals are observed and
improved precision measurements of branching fractions
are derived as

Bðχb1ð2PÞ → ωϒð1SÞÞ
¼ ð2.56� 0.09stat � 0.18sys � 0.25pdgÞ%

and

Bðχb2ð2PÞ → ωϒð1SÞÞ
¼ ð0.69� 0.07stat � 0.06sys � 0.09pdgÞ%:

The ratio r2=1 is also evaluated

r2=1 ¼ 0.27� 0.03stat � 0.02sys � 0.04pdg:

Theoretical expectations on this ratio are given in Ref. [5],
which states that the expected ratio of the absolute decay
rates of Γðχb2ð2PÞ → ωϒð1SÞÞ=Γðχb1ð2PÞ → ωϒð1SÞÞ is
given by the ratio of the S-wave phase-space factors, which
is approximately 1.4. The predicted value for this ratio is
r2=1 ≈ 1.3� 0.3, where the quoted uncertainty arises
mainly from the knowledge of total decay rates of the
χbJ resonances. Adding statistical and systematic uncer-
tainties in the present measurement, a difference of ≈3.4σ is
found with respect to the predicted value. The results are
consistent with previous measurements from CLEO [4] and
Belle [9], with significantly better precision.
Angular distributions for χb1ð2PÞ → ωϒð1SÞ and

χb2ð2PÞ → ωϒð1SÞ are measured for the first time and
are found to be in agreement with theoretical expectations
[5]. No evidence is found for the presence of a χb0ð2PÞ →
ωϒð1SÞ decay mode, and an upper bound of Bðχb0ð2PÞ →
ωϒð1SÞÞ < 0.23% at 90% CL is set.
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APPENDIX: STUDY OF THE
ϒð3SÞ → π +π −ϒð1SÞ DECAY

The validation of the performance of the MC simulation
of the background γ’s from final state radiation effects is
performed by comparing data and simulation on a reference
ϒð3SÞ decay mode which does not involve the presence of
γ’s in the decay. The decay

ϒð3SÞ → πþπ−ϒð1SÞ; ðA1Þ

where ϒð1SÞ → μþμ− is reconstructed from data and
simulation. For the data, only events with tagged μþμ−
candidates are selected while, for simulation, MC generated
and reconstructed events for decay (A1) are used.
Similarly to the procedure described in Sec. III, the two

fastest tracks with momentum p > 2.8 GeV=c are
assumed to be muons while the slowest tracks with
momentum p < 1.1 GeV=c are assumed to be pions.
Figure 13 shows the recoil mass mrecðπþπ−Þ [Eq. (7)]
for data and signal MC simulation, where clean
ϒð1SÞ signals can be observed. The ϒð1SÞ signal is then
selected in the �3σe mass region of the ϒð1SÞ mass,
where σe ¼ 3.53� 0.17 and σe ¼ 2.78� 0.03 MeV=c2

for data and MC simulation, respectively. The larger
ϒð1SÞ width in the data can be understood as due to the
presence of several final states contributions in the
inclusive ϒð1SÞ production. Momentum balance is
applied similar to that used in Eq. (10) but considering
only the four charged tracks from the ϒð3SÞ decay.
Events within �3σ are selected, where σxy¼37 and
σz¼52MeV=c.
The final selection is performed on the variable

Δm2 ¼ m2
recðπþπ−Þ −m2ðμþμ−Þ ðA2Þ
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shown in Fig. 14 for data and MC. A fit to the distributions
using the sum of two Gaussian functions sharing the same
mean gives σe¼1.28�0.05 and σe ¼ 1.25�0.05GeV2=c4

for data and MC simulation, respectively. As consistent
resolutions are observed in ϒð3SÞ → πþπ−ϒð1SÞ, this
analysis validates the agreement between data and MC
simulations. Selecting events within �3σe total yields of
ð58.4� 0.2Þ × 103 and ð461.7� 0.7Þ × 103 are obtained
for data and MC simulation, respectively.

For the selected events no γ’s are present in the
reconstructed ϒð3SÞ decay mode and therefore all the
activity present in the EMC should be due to final state
radiation or incident beams background. Figure 15 shows a
comparison between the normalized distributions of (a) the
number of candidate π0’s, (b) the number of candidate γ’s,
and (c) the γ’s energy distribution for data and simulation.
A good agreement is observed, validating the MC perfor-
mance in the soft photons background simulation.
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