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Using a 4.19 fb21 data sample collected with the CLEO II detector at the Cornell Electron Storage Ring, we
have searched for dipion transitions between pairs ofY resonances at center of mass energiesEc.m.

510.58 GeV and Ec.m.510.52GeV. We obtain the 90% confidence level upper limitsB„Y(4S)
→Y(2S)p1p2

…,3.931024 and B„Y(4S)→Y(1S)p1p2
…,1.231024. We also observe the transitions

Y(3S)→Y(1S)p1p2, Y(3S)→Y(2S)p1p2, and Y(2S)→Y(1S)p1p2, from which we measure the
cross sections for the radiative processese1e2→Y(3S)g and e1e2→Y(2S)g. We obtain see→Y(3S)g

5(17.863.061.7) pb andsee→Y(2S)g5(15.561.361.4) pb at Ec.m.510.58 GeV, andsee→Y(3S)g5(27.3
65.062.6) pb andsee→Y(2S)g5(16.361.861.5) pb atEc.m.510.52 GeV, which we compare with theoretical
predictions.@S0556-2821~99!02303-6#

PACS number~s!: 13.25.Gv, 13.65.1i
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I. INTRODUCTION

Bottomonium dipion transitions have been the subj
of many studies@1–3#. So far, theoretical efforts hav
concentrated on investigating dipion transitions betwe
pairs of Y resonances belowBB̄ threshold production, in
part because of complexities in the theoretical analy
of coupled-channel effects above theBB̄ threshold. There
are no experimental results onY(4S) dipion transitions;
one would generally expect very small branching fractio
for such Y(4S) decays due to the large Okubo-Zwei
Iizuka- ~OZI-!allowed width forY(4S)→BB̄. Nevertheless

*Permanent address: Yonsei University, Seoul 120-749, Kore
†Permanent address: University of Texas, Austin TX 78712.
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the large amount of CLEO IIY(4S) resonance data an
our familiarity with the systematics of such transitions@4#
make it worthwhile to perform a dedicated search
the transitions Y(4S)→Y(2S)p1p2 and Y(4S)
→Y(1S)p1p2.

We can also measure the cross sections for the proce
e1e2→Y(3S)g and e1e2→Y(2S)g by reconstructing
the decay chains Y(nS)→Y(mS)p1p2, Y(mS)
→e1e2,m1m2 with (n,m)5(3,1), ~2,1!, ~3,2!. These
processes are important in determining the accur
of theoretical calculations @5# and experimental
measurements@6# of the cross section for hadron productio
in e1e2 annihilations at As'10 GeV. The process
e1e2→Y(nS)g→g1hadrons comprises one of th
largest systematic uncertainties to the measurement
R5s(e1e2→hadrons)/s(e1e2→m1m2) in the Y region.
3-2
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II. DETECTOR

The CLEO II detector, described in detail elsewhere@7#,
is a general-purpose magnetic spectrometer and calorim
for measuring charged and neutral particles. The ma
subsystems of the detector~in order of increasing radius
from the beam pipe! are the central detector, time-of-fligh
scintillators, the crystal calorimeter, 1.5-T superconduct
coil, and the muon chambers. The central detector con
of three concentric drift chambers and is used for reconst
tion of charged particle momenta and measurements
specific ionization energy loss (dE/dx) for particle identifi-
cation. This system achieves a momentum resolu
(dp/p)25(0.0015p)21(0.005)2, wherep is the momentum
in GeV/c, and covers 95% of the solid angle. ThedE/dx
measurement has resolution of 6.2% for Bhabha tracks,
7.1% for minimum ionizing hadrons. The time-of-fligh
system is used in two ways: for the lower-level trigge
and for measuring the flight time of particles to help
particle identification. The crystal calorimeter, whic
measures the energies deposited by neutral and cha
particles, consists of 7800 thallium-doped cesium iod
~CsI! crystals arranged in a barrel and two endca
The central barrel region of the calorimeter covers 7
of the solid angle and achieves an energy resolu
dE/E(%)50.35/E0.7511.920.1E, where E is the shower
energy in GeV. The endcaps extend the solid angle cove
to about 95% of 4p, although they provide poorer energ
resolution than the barrel region. The muon identificat
system, also arranged as an octagonal barrel and
endcaps, uses proportional tracking chambers for m
detection. These chambers are sandwiched between
behind the iron slabs that provide the magnetic field fl
return.

In our analysis theJETSET 7.4 @8# program is used as

FIG. 1. Plots ofpp l l invariant mass vs recoil mass for th
Y(nS)→Y(mS)p1p2 transitions from data: ~a! at Ec.m.

510.58 GeV@on theY(4S)#, ~b! at Ec.m.510.52 GeV@below the
Y(4S)#.
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Monte Carlo event generator.1 We use aGEANT3 @9# based
detector simulation package to propagate and decay the
state particles in the CLEO II detector.

III. EVENT SELECTION

In our analysis ofY(nS)→Y(mS)p1p2 transitions2

we reconstruct theY(mS) exclusively from the decays
Y(mS)→e1e2,m1m2. The following selection criteria
are common to all five transitions:~1! we require a total
of four good quality primary charged tracks in the eve
with zero net charge;~2! two of them~the lepton candidates!
must have momenta greater than 3.5 GeV/c and originate
from the interaction region, defined as a cylindrical volum
of 3 mm radius and 10 cm length aligned along the be
axis and centered on thee1e2 collision point; ~3! the other
two tracks ~the pion candidates! must have momenta
less than 1 GeV/c and originate from a similar cylindrica
volume 4 mm312 cm centered on the interaction poin
~4! we identify electrons by requiring the ratio of th
associated electromagnetic shower energy deposited in
calorimeter to the momentum of the matching track to
close to unity and the lateral pattern of energy deposit
to be consistent with the electron hypothesis;~5! muons
are identified by requiring the maximum penetration de
of the muon track candidate into the muon system abso
to be greater than three hadronic absorption leng
~6! we require the cosine of the opening angle betwe
the pion tracks to satisfy cos(pppp),0.9 to suppress
background frome1e2→e1e2g events withg-conversion
when the resultinge1e2 pair fakes ap1p2 pair; and~7! to
further reduce background from e1e2→e1e2g
→e1e2e1e2 events we require~only in the ee channel!
that at least one of the pion candidates must have its spe
ionization energy loss measurement (dE/dx) within

1JETSETprogram is capable of simulating the tails of theY radia-
tive production.

2(n,m)5(4,1), ~4,2!, ~3,1!, ~2,1!, ~3,2!.

FIG. 2. Theppmm invariant mass vsp1p2 recoil mass for~a!
Y(4S)→Y(1S)p1p2 and ~b! Y(4S)→Y(2S)p1p2 at Ec.m.

510.58 GeV.
3-3
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TABLE I. Efficiencies, numbers of events, branching fractions and rates for the chargedY(4S) dipion
transitions observed in themm channel.

Transition e ~%! Nobserved Nexpected
background Nupper limit

signal B(31024) G ~keV!

Y(4S)→Y(1S) 48.661.6 4 5.2 4.3 ,1.2 ,2.5
Y(4S)→Y(2S) 38.361.3 6 5.9 5.6 ,3.9 ,8.2
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2.5 standard deviations of the value expected for pions.3 We
make no requirement on the dilepton invariant mass, beca
it has very small effect on the signal to background ra
while reducing the signal yields.

We search for a signal from the transitions of interest
plotting the invariant mass of thep1p2l 1l 2 system vs the
mass recoiling against the dipion systemMrecoil

5A(Ec.m.2SEp)22(Spp)2 as shown in Fig. 1: the uppe
plots are forEc.m.510.58 GeV and the lower plots are fo
Ec.m.510.52 GeV ~the boxes denote our signal regions4!.
Peaks from theY(3S)→Y(1S) andY(2S)→Y(1S) transi-
tions are clearly seen in all four distributions. One can a
notice a much smaller signal from theY(3S)→Y(2S) tran-
sition in themm channel. This signal is not seen in theee
channel because of a cutoff inMrecoil due to the absence o
dE/dx information for tracks with momentum less tha
;100 MeV/c; such tracks do not reach into the outer dr
chamber where thedE/dx measurement is performed. Th
shifts of the recoil mass peaks from the mass values of
Y(1S) andY(2S) are due to the presence of an unobserv
initial state radiation photon in the event.

IV. SEARCH FOR THE TRANSITIONS
Y„4S…˜Y„2S…p1p2 AND Y„4S…˜Y„1S…p1p2

A. Extraction of upper limits

As one can see from Fig. 1, although there are data po
in the signal regions forY(4S)→Y(2S)p1p2 andY(4S)
→Y(1S)p1p2, there is no apparent clustering of the si
nal. Because of the overwhelmingly large backgrounds in
ee channel, we limit our analysis of these two transitions
the mm channel. In Fig. 2 closeups of the signal regions
the Y(4S) dipion transitions are shown. We employ
‘‘grand sideband’’ technique to evaluate the background:

3The dE/dx requirement is used only in the second part of o
analysis. ThedE/dx measurement allows typicale/p separation on
the level of 3.5 resolutions in the case ofY(3S)→Y(1S) transition
and on the level of 1.5 resolutions in the case ofY(2S)→Y(1S)
transition.

4For the Y(4S) transitions the sizes of the signal regions a
defined as a box63 standard deviations wide in each of the va
ables Mrecoil and mpp l l . This numerically corresponds t
(9.44,9.48)ù(10.38,10.78) for Y(4S)→Y(1S)pp and
(10.003,10.043)ù(10.38,10.78) forY(4S)→Y(2S)pp. For all
other transitions the sizes of the signal regions are somewhat
trary.
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count the events in the sidebands5 and extrapolate the back
ground event yield into the signal region. Numbers of o
served events and numbers of expected background ev
are reported in Table I, along with upper limits~at 90%
confidence level! on the number of signal events. Als
shown are the efficiencies calculated from Monte Ca
simulation. As a cross check we performed the scaled c
tinuum subtraction to estimate the background, which yie
consistent results, given the limited continuum statistics.

We calculate upper limits on the branching fractions a
partial widths forY(4S)→Y(mS)p1p2 using the formula
B5Nupper limit

signal /(eBmmsL), where Bmm is the Y(mS)
muonic branching fraction taken from@10# @Bmm5(2.48
60.07)% forY(1S) andBmm5(1.3160.21)% forY(2S)#,
s5(1.07460.020) nb is the average measuredY(4S) pro-
duction cross section at the Cornell Electron Storage R
~CESR!, andL5(2.7460.02) fb21 is the integrated luminos
ity of our on-resonance data sample. Upper limits result
from these calculations are6

B„Y~4S!→Y~1S!p1p2
…,1.231024 ~C.L.590%!,

B„Y~4S!→Y~2S!p1p2
…,3.931024 ~C.L.590%!.

B. Systematic errors

The dominant systematic errors in our search for
Y(4S) dipion transitions are due to uncertainties in t
Y(1S) and Y(2S) muonic branching fractions and in th
track-finding efficiency. Other large sources of systema
errors include trigger efficiency uncertainties and the unc
tainty in theY(4S) production cross section. The comple
breakdown of systematic errors is given in Table II~relative
errors in percent!.

C. Discussion and conclusions

There are several predictions for the rates of dipion tr
sition between heavy quarkonia states@2,3# below BB̄
threshold. Naively, we might expect some suppression
Y(4S) dipion transitions compared with the correspondi
Y(3S) transitions because of an additional node in t
Y(4S) wave function; this is compensated, to some exte
by the larger available phase space in theY(4S) transition.
Unfortunately, the proximity of theY(4S) resonance to the

r

bi-

5The sidebands are the horizontal strips of dimensio
(9.29,9.63)ù(10.38,10.78) for Y(4S)→Y(1S)pp and
(9.853,10.193)ù(10.38,10.78) forY(4S)→Y(2S)pp in the vari-
ablesMrecoil andmpp l l , respectively, excluding the signal region

6We follow the procedure described in the Particle Data Gro
@11#, and incorporate systematic uncertainties according to@12#.
3-4
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TABLE II. Sources and magnitudes of systematic errors inY(4S)→Y(mS)pp transitions.

Source

Systematic error~%!

Y(4S)→Y(1S)p1p2 Y(4S)→Y(2S)p1p2

Tracking 2.8 2.8
Finite MC sample 1.0 1.0
Trigger efficiency 1.5 1.5
Y(4S) production cross section 2.0 2.0
Luminosity 0.9 0.9
Y muonic branching ratio 2.8 16.0
Total 4.9 16.5
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BB̄ threshold leads to the necessity of estimating coup
channel contributions to the transition rates. Although th
exists a model for calculating coupled-channel effects fr
the virtual processY→BB̄→Y8 @3#, there is no such mode
for the real mixing ofY and BB̄ states, and therefore n
theoretical predictions for theY(4S) transition rates.

In Table III we list for comparison values of previous
measured total and partial widths of theY resonances@10#,
and our measured upper limits on the branching fraction
partial width for theY(4S)→Y(1S)p1p2 transition.

V. MEASUREMENT OF THE CROSS SECTIONS
e1e2

˜Y(3S)g AND e1e2
˜Y(2S)g

A. Extraction of cross sections

The same set of selection criteria used in our study
Y(4S) dipion transitions was used in reconstruction
Y(nS) radiative production eventse1e2→Y(nS)g,
Y(nS)→Y(mS)p1p2, Y(mS)→e1e2,m1m2 ~Fig. 3!.
Generally, we do not observe the initial state radiation p
ton; its presence is inferred from the shift of the observ
Mrecoil peaks from the mass values of the correspond
Y(mS). This mass shift is roughly equal toEg , the photon
energy~Table IV!. Because of the narrowness of theY(nS)
resonances, the photons can be considered monochrom
Effects due to the long Breit-Wigner tails of theY reso-
nances are also included in our Monte Carlo efficiencies

We obtain the number of signalY(nS) radiative produc-
tion events by fitting the recoil mass distributions cor
sponding to the data points inside our signal regions
Fig. 1. In Fig. 4 theM recoil distributions from data taken a
Ec.m.510.58 GeV are shown; the same distributions from
data taken atEc.m.510.52 GeV are shown in Fig. 5. We se
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clear signals in themm channel for all three transitions o
interest. In the ee channel only the transitionY(2S)
→Y(1S)p1p2 has a clear peak while the transitio
Y(3S)→Y(1S)p1p2 shows high background and the tra
sition Y(3S)→Y(2S)p1p2 is not seen at all because of th
Mrecoil cutoff mentioned earlier. As a fitting function we us
a Gaussian for the signal, plus a linear function to repres
the background. In all cases the Gaussian width is fixed
the value from the corresponding fit of the Monte Carlo s
nal. As a check, we have also allowed the Gaussian width
float in themm channel and used those widths to fit theee
channel, obtaining consistent results.

In Tables V and VI we report the efficiencies~obtained
from a Monte Carlo simulation!, yields, confidence levels o
fits, and calculated cross sections for the processese1e2

→Y(nS)g, using the formulas5Nyield/eLBppBl l . The
numbers in Table V are forEc.m.510.58 GeV data, and thos
in Table VI are forEc.m.510.52 GeV data. Relevant branch
ing fractions are taken from the Particle Data Group@10#.
The luminosity isL52.74 fb21 for our Ec.m.510.58 GeV
data sample andL51.45 fb21 for our Ec.m.510.52 GeV data
sample. Appropriately combining the results from bo
dilepton channels we obtain the following averages for
cross sections fore1e2→Y(nS)g @we do not include
Y(3S)→Y(2S)pp data in the averages#:

at Ec.m.510.58 GeV:

s„e1e2→Y~3S!g…517.863.061.7 pb,

s„e1e2→Y~2S!g…515.561.361.4 pb,

at Ec.m.510.52 GeV:
TABLE III. Total and partial widths of theY resonances~the subscriptpp refers to transitionsY(nS)
→Y(1S)p1p2!; all numbers, exceptBpp andGpp for the Y(4S), are from@10#.

Resonance G total ~keV! Bee ~%! Gee ~keV! Bpp ~%! Gpp ~keV!

Y(1S) 52.5 6 1.8 2.526 0.17 1.3260.05
Y(2S) 44 6 7 1.186 0.20 0.5260.03 18.560.8 8.1461.34
Y(3S) 26.3 6 3.5 1.816 0.17a 0.4860.08 2.860.6 0.7460.19
Y(4S) (1064) 3 103 (2.860.7) 3 1023 0.2560.03 ,0.012 ,1.2

aAssumingem universality.
3-5



ve
-
th
e
fit
na
th
a

an
a

nt
k
e
f

ro
re

er

d

ra
s

b

ing
-

on
ss

.3
s

-

ns

ns

he

S. GLENNet al. PHYSICAL REVIEW D 59 052003
s„e1e2→Y~3S!g…527.365.062.6 pb,

s„e1e2→Y~2S!g…516.361.861.5 pb.

B. Systematic errors

The sources and magnitudes of systematic errors are
similar to those in ourY(4S) dipion transitions measure
ment. Two large additional errors are the uncertainties in
dipion branching ratios and the uncertainties in the shap
the fitting function. To estimate the uncertainties in the
ting function shape, we determine how much the sig
yields change when we vary the functions representing
signal and the background: we used a single Gaussian
the Monte Carlo signal shape as the signal function,
different order polynomials and Chebyshev polynomials
the background function, in various combinations. In theee
channel there is another systematic error due to uncertai
in the dE/dx measurement. We estimate this error by loo
ing at fluctuations of our extracted values of the cross s
tions when we vary thedE/dx requirement. A summary o
our systematic errors is given in Table VII.

C. Discussion and conclusions

Knowledge of the cross sections for the radiative p
cessese1e2→Yg can increase the accuracy of the measu
ment of R5s(e1e2→hadrons)/s(e1e2→m1m2) at As
'10 GeV. Better knowledge ofR allows for better determi-
nation ofas in this low-energy region, therefore for a bett
test of the evolution ofas as predicted by QCD.

Chetyrkin, Kühn, and Teubner~CKT! @5# performed a
thorough calculation of the contributions to the total ha
ronic cross section atEc.m.510.52 GeV from the radiative
production of theY resonances~Fig. 6!. In Table VIII we
compare our measurements of theY(nS) radiative produc-
tion cross sections with their predictions. Because we ext
the total e1e2→Y(nS)g,Y(nS)→anything cross section
from our results ~not just the hadronic parte1e2

→Y(nS)g,Y(nS)→hadrons, as is done in@5#!, numbers for
the predicted cross sections in Table VIII are scaled up
factors of 1.057, 1.041, and 1.081 forY(3S), Y(2S), and

FIG. 3. Diagram for radiative production of theY resonances
with subsequent dipion transitions.

TABLE IV. The initial state radiation photon energies and t
recoil mass peak positions forEc.m.510.58(10.52) GeV.

Transition Eg ~GeV! Mrecoil
peak ~GeV!

Y(3S)→Y(1S) 0.23~0.17! 9.67~9.61!
Y(2S)→Y(1S) 0.56~0.50! 10.02~9.96!
Y(3S)→Y(2S) 0.23~0.17! 10.25~10.19!
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Y(1S), respectively, to account for theY leptonic decays.
We note that similar ratios for theY(nS) radiative pro-

duction cross sections can be obtained from the follow
simple-minded arguments:~1! the initial state radiation pho
ton spectrum varies asdN/dEg;1/Eg , and~2! the produc-
tion of Y resonances is proportional to their dielectr
widthsGee. Then one would expect for the production cro
section

s~e1e2→Yg!}
Gee

Eg
.

At Ec.m.510.58 GeV this formula gives the ratio 2.3:1.0:1
for the radiative production cross section
sY(3S):sY(2S):sY(1S), which is very close to the CKT pre
dictions.

FIG. 4. Fits to the recoil mass distributions for the transitio
Y(nS)→Y(mS)p1p2 at Ec.m.510.58 GeV for ~a! mm channel
and ~b! ee channel.

FIG. 5. Fits to the recoil mass distributions for the transitio
Y(nS)→Y(mS)p1p2 at Ec.m.510.52 GeV for ~a! mm channel
and ~b! ee channel.
3-6
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TABLE V. Efficiencies, yields, C.L. of fit, and cross sections fore1e2→Y(nS)g at Ec.m.

510.58 GeV.

Transition Channel e ~%! Nyield C.L. ~%! s ~pb!

Y(3S)→Y(1S) mm 50.662.0 29.865.7 75.8 19.363.761.8
ee 40.161.6 18.166.3 58.5 15.265.161.8

Y(2S)→Y(1S) mm 46.961.8 102.1610.4 17.1 17.361.861.5
ee 35.761.5 61.168.9 3.0 13.462.061.5

Y(3S)→Y(2S) mm 14.861.4 6.562.7 78.6 43.7617.8612.3
ee 8.660.9

TABLE VI. Efficiencies, yields, C.L. of fit, and cross sections fore1e2→Y(nS)g at Ec.m.

510.52 GeV.

Transition Channel e ~%! Nyield C.L. ~%! s ~pb!

Y(3S)→Y(1S) mm 49.661.9 21.564.9 89.5 26.86 6.162.6
ee 41.461.7 19.265.9 91.6 28.26 8.663.3

Y(2S)→Y(1S) mm 43.761.7 48.667.1 70.9 16.76 2.461.4
ee 36.561.5 39.166.8 47.0 15.86 2.861.8

Y(3S)→Y(2S) mm 15.261.4 4.862.3 46.9 58.9627.9616.5
ee 9.260.9

TABLE VII. Sources and magnitudes of systematic errors fore1e2→Y(nS)g.

Source

Systematic error~%!

Y(3S)→Y(1S)p1p2 Y(2S)→Y(1S)p1p2 Y(3S)→Y(2S)p1p2

Tracking 2.8 2.8 8.5
Finite MC sample 1.0 1.0 1.0
Trigger efficiency 1.5 1.5 1.5
Luminosity 0.9 0.9 0.9
Fitting function 6.8 5.4 1.0
Leptonic branching ratios 6.7/2.8a 6.7/2.8a 16.0
Dipion branching ratios 4.7 4.3 21.0
dE/dx requirement 2.2b 4.1b

Total 11.4/9.4 11.0/9.2 27.8

aSeparately foree/mm channels.
bFor ee channel only.

TABLE VIII. Experimental and theoreticala values for the cross sections ofe1e2→Y(nS)g.

Process

Cross section~pb!

Ec.m.510.52 GeV Ec.m.510.58 GeVb

Measured Predicted Measured Predicted

e1e2→Y(3S)g 27.365.062.6 41.3 17.863.061.7 30.7
e1e2→Y(2S)g 16.361.861.5 18.0 15.561.361.4 16.1
e1e2→Y(1S)g 20.4 19.2

aScaled up to include contribution fromY(nS) leptonic modes.
bTheoretical values for this energy are from@13#.
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As seen in Table VIII, for theY(2S) case, the measure
and CKT predicted values are in good agreement, while
the Y(3S) case, the measured values are somewhat sm
than the predicted ones. Although the quoted systematic
ror in theoretical calculations is just a few permille, the
may be large~on the level of 6–7 pb! shifts in the theoretica
predictions due to uncertainties in the measured values o
Y(3S) resonance parameters (G total ,Gee) input to the theo-
retical model. Such shifts could easily reconcile our resu
with the CKT predictions.

VI. SUMMARY

We have performed a search for the dipion transitio
betweenY resonances at the center of mass energies on

FIG. 6. Contributions from radiative production of theY reso-
nances to the total hadronic cross sectione1e2→hadrons.
uk
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below theY(4S). We set 90% confidence level upper limi
on the branching fractions of theY(4S) dipion transitions:
B(Y(4S)→Y(2S)p1p2),3.931024 and B(Y(4S)
→Y(1S)p1p2),1.231024. By observing the transitions
Y(3S)→Y(1S)p1p2 and Y(2S)→Y(1S)p1p2, we
have measured the cross sections for the radiative proce
e1e2→Y(3S)g and e1e2→Y(2S)g. For the process
e1e2→Y(2S)g our results are in good agreement with th
oretical predictions, while for the processe1e2→Y(3S)g
our measured values are somewhat below the predict
~Table VIII!.
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