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Abstract

Using the Belle detector operating at the KEKB ete™ storage ring, we have measured the inclusive
branching fraction® for B{B — #%X) = (251 £ 5 % 16)% and the momentum spectrum of neutral
pions from the decays of the T(48) resonance. The results reported here are preliminary.

“Inclusive branching fractions have a definition in terms of multiplicity and can be greater than 100% [1).
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This analysis presents the first results on the average multiplicity of neutral pions and
their momentum spectrum in B meson decays at the T(45) resonance using the Belle de-
tector 2] at KEKB [3]. The measurement is based on a large number of hadronic events
collected by the Belle detector at a center-of-mass energy of 1/$=10.58 GeV since June of
1999.

The particle composition of hadronic final states in ete~ annihilation and the measure-
ment of inclusive particle production rates have been important subjects for various energy
tegions. Previous studies of particle composition at the T(4S) resonance include measure-
ments of charged particles (x* [4, 5] and K* [6, 7]} and » mesons (8], and other vector
mesons [8, 10). For typical B meson decays, the major part of neutral energy is carried by
neutral pions while most studies of hadron production in the B decays in the T(4S5) energy
have concentrated on charged particles. Measurements of inclusive neutral pion produc-
tion are needed to improve Monte Carlo generators and to constrain unmeasured or poorly
measured branching fractions.

The Belle detector, described in detail in Ref. {2}, consists of a silicon vertex detec-
tor (SVD) {11], central drift chamber (CDC) [12], aerogel Cherenkov counter (ACC) [13],
time of flight/trigger scintillation counter (TOEF/TSC) [14], Csl electromagnetic calorimeter
(ECL) [15] and K /muon detector (KLM) [16]. The SVD measures the precise position of
decay vertices. It consists of three layers of double-sided silicon strip detectors {DSSD) in
a barrel-only design and covers 86% of solid angle. The radius of each layer is 3.0, 4.5, and
6em. Charged tracks are reconstructed primarily by the CDC, that covers the 17° < 8 <150°
polar angular region. It consists of 30 cylindrical layers of drift cells organized into 11 super-
layers (axial or small-angle-stereo) each containing between three and six layers. A He-CoHg
{50/50%) gas is used to minimize multiple-Coulomb scattering. The inner and outer radii of
the CDC are 9 cm and 86 cm, respectively. The magnetic field of 1.5 Tesla is chosen to opti-
mize momentum resolution without sacrificing reconstruction efficiency for low momentum
tracks. Kaon identification (KID) is provided by specific jonization (dE/dz) measurements
in the CDC, Cherenkov threshold measurements in the ACC, and the cylindrical TOF scin-
tillator barrel. The ECL is made of finely segmented CsI{T¢) crystals 30 cm in length. The
¢cross section of one counter is approximately 55x55mm? at the front surface. The ECL
crystals cover the 12° < § < 157° angular region. The inner radius of the barrel is 1.25m,
while the annular endcaps are placed at +2.0m and -1.0m along the beam line from a
beam-beam interaction point. The calibration of the calorimeter was performed by using
cosmic rays and Bhabha events. The KLM consists of alternating layers of charged particle
detectors and 4.7cm thick iron plates.

The data samples used in this analysis correspond to 1.8 fo! of integrated luminosity
taken at the Y(4S) resonance and 122 pb~! taken at a cms energy 60 MeV below the
resonance; the latter was used to subtract underlying continuum background. The integrated
luminosity was determined from the number of large-angle Bhabha events.

Hadronic events are selected based on event multiplicity and visible energy. The primary
cuts are that an event must have at least three charged tracks with p, > 100MeV/c that
originate near the interaction point and the sum of the energy of charged tracks and re-
constructed photons (Ey:,) must be greater than 20% of /5. These two cuts remove the
majority of beam gas/wall and two-photon backgrounds. Beam gas background is further
reduced by cutting on the primary event vertex. Backgrounds from radiative Bhabha and
higher multiplicity QED processes are suppressed by requiring the multiplicity of large-angle
charged tracks and ECL clusters to be greater than 1, requiring the average cluster energy



to be below 1GeV, and the total ECL cluster energy to be below 80% of /5. Tau pair
events are identified and removed by reconstructing the invariant mass of particles found in
hemispheres perpendicular to the event thrust axis and cutting out the tau peak. To regain
hadronic events under the tau peak, we allow events to pass this cut if the invariant mass
discussed above is greater than 25% of the visible energy. The selection is 99% efficient for
BB events, approximately 87% efficient for continuum events and contains a non hadronic
contamination that varies from 2 to 5% due to the variations in beam background caused by
the on going commissioning of KEKB. To suppress continuum, we required that the ratio
of second to zeroth Fox-Wolfram moments R, [17], determined using charged tracks and
neutral clusters, be less than 0.5. The efficiency for the hadronic event selection was found
by a Monte Carlo simulation program.

Photons are reconstructed from neutral clusters in the ECL that have a lateral shape
consistent with that of an electromagnetic shower. Photon energy resolution was measured
to be o/ E(%) = 0.066/E&0.81/E*® $1.3¢ (F in GeV) from beam tests [15]. To keep the
combinatorial background at a reasonable level, only photons in the central barrel region
(33° < 9 < 120°) with E, > 30 MeV are used in this analysis; the endcap regions have worse
energy resolution due to more intervening material and higher beam-associated background.

For each 100 MeV /¢ momentum bin in the cms momentum range 0 to 3 GeV/c, the vy
invariant mass distribution was fit to an asymmetric (symmetric above 2 GeV/c) Ganssian
for the signal plus a polynomial for the combinatorial background to extract the #° yields
in ¢ach momentum interval. Figure 1 shows typical mass spectra obtained from the on-
resonance data. For the asymmetric Gaussians, the mass resolution was defined as the mean
of the left- and right-hand sigmas. An average mass resolution of 4.9 MeV/c? was obtained,
dominated by energy resolution at low momenta or by angular resolution at high momenta.
The mass peak is shifted slightly from the PDG value {1] because of the asymmetric energy
response due to shower leakage. The observed mass peak and resolution are consistent
with Monte Carlo expectations, as shown in Fig. 2. To extract the 7% spectrum from
T(45) decays, the underlying continuum in the on-resonance data is subtracted bin-by-bin
using off-resonance data taken at a cms energy 60 MeV below the resonance. The inclusive
spectrum is calculated by :

1 dop 1 Ya-e ¥y 0
on dple Np  €-Aph, )
where N, is the number of BE events corrected for event selection efficiency, o = (Lons/Loss)
{8077/5on) is on-off scaling factor, ¥,n and Y,; are background-subtracted #° yields obtained
from on- and off-resonance data fits, and ¢ is the acceptance and detection efficiency factor
for each momentum bin. To take the on-off cins energy difference into account, the off
resonance 7% momenta have been scaled by V/3on/50sz. The average 71° multiplicity was
obtained by integrating the measured momentum spectrum as shown in Table L
Possible sources of systematic uncertainties and their effect on the inclusive #° mean
multiplicity measurement are summarized in Table II. The uncertainties in the number of
BB events and the hadronic event selection efficiency were estimated to be 1% and 1.3%,
respectively, or 1.6% combined. The uncertainty in the relative luminosity ratio, used to
subtract the continuum background from the on-resonance data, contributes a 2% variation
in our 7° mean multiplicity measurement. The assumption that the momenta scale with
cms energy in applying the continuum subtraction has a 6.8% uncertainty {determined by
ignoring this scaling during the subtraction). The uncertainty in the #° detection efficiency
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FIG. 1: vy invariant mass distributions for the T(45) resonance data. (a} £, 0.0-3.0 GeV/c;
{b) 0.0-1.0 GeV/e; (c) 1.0-2.0 GeV/e; {d) 2.0-3.0 GeV/c. An average mass resolution of 4.9
MeV /c? was obtained. The smooth curve in the plots is a fit to the data using an asymmetric
(or symmetric) Gaussian plus a polynomial.

due to the application of the shower transverse shape cut, the charged-track veto, and the
ECL’s modest non-linear energy response correction are estimated to be 0.4%, 1.6%, and
0.6%, respectively (determined by comparing the yields with and without each of these
criteria).

The 7® acceptance and detection efficiency are determined from Monte Carlo simulations
of BB decays (equal proportions of charged and neutral B mesons) and continuum processes.
The 7y invariant mass distributions are fit with the same functions as used in the real data
analysis. The product of acceptance and detection efficiency are defined as the ratio of
the fitted n® yield to the generated count. Efficiencies for the high momentum 7%s above
the kinematic limit for BB decays are deduced from continuum Monte Carlo normalized at
2.2-2.3 GeV/c bin and scaled efficiencies are used that accounts for different acceptance.

The decay angular distribution for the photons in the 7% rest frame is expected to be
isotropic, but the detected distribution of the decay angle 8;— defined as the angle between
the photon momentum in the 7 rest frame and 7 momentum in any reference frame—
shows energy dependence due to the -y energy cut. This can be used to suppress random
combinatorial backgrounds. Furthermore, a disagreement between the photon detection
eficiency between Monte Carlo and data would manifest itself as a discrepancy in the decay
angular distribution, which can, therefore, be used to estimate the uncertsinty in the z°
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FIG. 2: Mass resclution and peak obtained from off-resonance data and Monte Carlo ex-
pectations. (a),{c) data; (b),(d) continuum Monte Carlo. The fluctuations around 2 GeV/e
were caused by changing the signal fitting function from an asymmetiic to a symmetric
Gaussian.

detection efficiency. A comparison of the decay angular distributions between Monte Carlo
and data for | cosfy| > 0.5 and |cos8y| < 0.5 leads to o 0.3% uncertainty in the x* detection
efficiency.

The 4y invariant mass distribution for each momentum bin is fit to the following functions
in the mass window 80 - 180 MeV /¢

e P <10GeV Je: 4th order polynomial plus bifurcated Gaussian.
e 1.0 < Py, < 2.0 GeV/c: 2nd order polynomial plus bifurcated Gaussian.
* 2.0 € P;, < 3.0 GeV/e: 2nd order polynomial plus Gaussian.

The fitting range and the order of the polynomial are chosen to minimize statistical fluctu-
ation. By changing the order of polynomial from 2 to 4, the relative yield variation between
data and Monte Carlo, R = (Y4 /Y2nd) /(Yo /Y, 24), is taken as the systematic uncer-
tainty in the background modeling, a 2.8% uncertainty was assigned. The weighted average
of fit, errors in the efficiency estimation, {§¢)2 = 3,02, - Y7 3, Y7, leads to 1.2% uncer-
tainty. Combining these two numbers gives 2 3% systematic uncertainty in the 7° mean
multiplicity measurement due to the fit procedure.

To estimate the run- and data-set dependence of the #° spectrum measurement, the
analysis was repeated for several subsets of on-resonance data sample taken just before and
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FIG. 3: Measured inclusive ® spectrum in the T (45) decays, the histogram shows Monte
Carlo prediction. Only statistical errors are shown. Fluctuations in the 2.2-2.4 GeV /¢ bins
are from the off-resonance data.

after the off-resonance data taking. The largest deviation (4.6%) among these subsets was
taken as the systematic uncertainty from run dependence, assuming that this deviation was
real.

The measured m° spectrum is compared to the BB Monte Carlo {18] prediction in Fig. 3.
Systematic differences in the intermediate momentum region may be caused by overesti-
mated b — ¢ processes in the Monte Carlo event. generation; these could bias our acceptance
and detection efficiency. However, the average multiplicity differed between data and Monte
Carlo by less than 1%—small compared to the statistical and other systematic uncertainties.
In the high momentum region, no significant excess is observed; however, here the statistical
precision is limited and the fluctuations are dominated by the off-resonance data used in the
subtraction. Additional data are needed for this comparison.

In conclusion, using 1.8 fb~' of data accumulated at the T(45) resonance by the Belle
detector, we have measured the inclustve spectrum of neutral pions from T (45) decays. By
integrating over the measured momentum bins, the mean multiplicity of neutral pions from
T{45) decays has been determined to be {(nqe} = 5.01 & 0.09 £ 0.32, corresponding to an
inclusive branching fraction of B(B — n%X) = (251 + 5 + 16)%, where the first error is
statistical and the second is systematic. The results reported here are preliminary.
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TABLE I: Measured inclusive #° spectrum from Y{45) decays, using 1.8 fb=! on-resonance
and 122 pb~! off-resonance data (vesults are preliminary). Errors are statistical enly.
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2.1-2.2 16624.0 £+ 187.5 975.3 & 45.7 2423.4 £ 651.3 3L5 0.041 £ 0.012
2.2-2.3 13524.0 £ 168.9 744.0 + 40.7 2691.2 + 616.6 29.9 0.048 % 0.611
2.3-24 10483.0 £ 1504 814.6 + 439 -1378.3 £ 657.1 29.4 -0.025 £ 0.012
2.4-2.5 8652.8 £ 1350 655.7 = 36.6 ~894.3 £ 550.0 29.5 -0.016 + 0.010
2.5-2.6 7412.3 & 125.3 5125 & 34.4 -49.8 £+ 5159 26.8 -0.001 4 0.010
2.6-2.7 5838.0 + 113.2 445.0 + 31.9 ~641.0 &+ 478.7 26.2 -0.013 + 0.010
2.7-2.8 5091.6 X 104.0 318.0 = 26.7 461.5 & 403.0 24.8 0.0:0 % 0.009
2.8-2.9 4068.2 £ 95.6 2948 + 25.0 -224.2 £ 376.3 24.1 -0.005 £ 0.008
2.9-3.0 32174 £ 86.4 226.8 + 20.7 -85.6 & 313.5 22.3 -0.002 = 0.008
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TABLE II: Possible sources of systematie uncertainties in the inclusive #° multiplicity mea-
surement (results are preliminary).

Source Effect on average #° multiplicity (%)
QOverall normalization 1.6
o=~ (£5) (22) Yo :
OFF E} - \/f;‘gj- 0.8
E.non — linearity 0.6
Shower Shape 0.4
Track match 1.6
Fit procedure 3
Energy dependence of efficiency 0.3
Run dependence 4.6
Total 6.4
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