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Measurement of inclusive production of neutral pions fromY„4S… decays
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Using the Belle detector operating at the KEKBe1e2 storage ring, we have measured the mean multiplicity
and momentum spectrum of neutral pions from the decays of theY(4S) resonance. We measure a mean of
4.7060.0460.22 neutral pions perY(4S) decay.

DOI: 10.1103/PhysRevD.64.072001 PACS number~s!: 13.25.Hw, 14.40.Nd
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This analysis presents the first results on the average
tiplicity of neutral pions and their momentum spectrum inB
meson decays at theY(4S) resonance using the Belle dete
tor @1# at KEKB @2#. The measurement is based on t
sample of 3.43106B meson pairs collected by the Belle d
tector at a center-of-mass~c.m.! energy ofAs510.58 GeV.

The particle composition of hadronic final states ine1e2

annihilation and the measurement of inclusive particle p
duction rates have been important subjects for various en
regions. Previous studies of particle composition at
Y(4S) resonance include measurements of charged part
~p6 @3,4# and K6 @5,6#!, h mesons@7#, and vector mesons
@8,9#. For typical B meson decays, the bulk of the neutr
energy is carried by neutral pions. The measurements o
clusive spectra contain information onB meson decay
mechanisms, especially in the high-momentum region wh
important rare decays may become detectable. If the de
of these inclusive spectra are known more precisely, t
will allow a better estimation of backgrounds and bet
modeling ofB meson decay.

The Belle detector~see Fig. 1!, described in detail in Ref
@1#, consists of a silicon vertex detector~SVD! @10#, central
drift chamber~CDC! @11#, aerogel Cˇ erenkov counter~ACC!
@12#, time of flight or trigger scintillation counter~TOF/TSC!
@13#, CsI electromagnetic calorimeter~ECL! @14#, and
KL/muon detector~KLM ! @15#. The SVD measures the pre
cise position of the decay vertices. It consists of three lay
of double-sided silicon strip detectors~DSSDs! in a barrel-
only design and covers 86% of the solid angle. The la
radii are 3.0, 4.5, and 6.0 cm. The charged tracks are re
structed primarily by the CDC that covers the 17°,u
,150° polar angular region. It consists of 50 cylindric
layers of drift cells organized into 11 superlayers~axial or
small-angle stereo!, each containing between three and s
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layers. A lowZ gas mixture~50% He, 50% C2 H6) is used to
minimize multiple-Coulomb scattering. The inner and ou
radii of the CDC are 9 and 86 cm, respectively. The solen
dal magnetic field of 1.5 T is chosen to optimize momentu
resolution without sacrificing reconstruction efficiency f
low momentum tracks. Kaon identification~KID ! is provided
by specific ionization (dE/dx) measurements in the CDC
Čerenkov threshold measurements in the ACC, and the
lindrical TOF scintillator barrel. The ECL is made of finel
segmented CsI~Tl! crystals 30 cm in length. The cross se
tion of one counter is approximately 55355 mm2 at the front
surface. The ECL crystals cover the 12°,u,157° angular
region. The inner radius of the barrel is 1.25 m, while t
annular end caps are placed at12.0 m and21.0 m along the
beam line from the interaction point. The calibration of t

FIG. 1. Isometric cutaway view of the Belle detector.
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MEASUREMENT OF INCLUSIVE PRODUCTION OF . . . PHYSICAL REVIEW D 64 072001
calorimeter is performed using cosmic rays and Bha
events. The KLM consists of alternating layers of glass
sistive plate counters and 4.7-cm-thick iron plates.

The data samples used in this analysis correspond to
fb21 of integrated luminosity taken at theY(4S) resonance
and 0.6 fb21 taken at a c.m. energy 60 MeV below the res
nance; the latter was used to subtract the underlying c
tinuum background. The integrated luminosity was de
mined from the number of Bhabha events for which
require both electron and positron in the region of 46
,u* ,145.7° in the c.m. frame.

Hadronic events are selected based on charged trac
formation from the CDC and cluster information from th
ECL. We require at least three charged tracks, that the en
sum in the calorimeter be between 10% and 80% ofAs, and
that the charged track momentum be balanced in thez direc-
tion. This removes the majority of two-photon, radiati
Bhabha, andt1t2 events where botht’s decay to leptons.
Radiative Bhabha events with one electron outside of
ECL acceptance are removed by requiring at least one la
angle cluster in the ECL and requiring that the average c
ter energy be below 1 GeV. Higher multiplicityt1t2 events
are removed if the charged and neutral energy sums in
event are consistent with at pair event and if the recon
structed invariant mass of the particles found in each of
two hemispheres perpendicular to the event thrust axis
below thet mass. Beam-gas and beam-wall backgrounds
removed by reconstructing the primary vertex of the ev
and requiring it to be consistent with the known location
the interaction point. The selection is 99% efficient forBB̄
events and approximately 87% efficient for continuu
events. The efficiency for the hadronic event selection w
found by aGEANT-based@16# Monte Carlo simulation pro-
gram. To suppress continuum, we require that the ratioR2 of
second to zeroth Fox-Wolfram moments@17#, determined us-
ing charged tracks and neutral clusters, be less than 0.5

Photons are reconstructed from neutral clusters in
ECL that have a lateral shape consistent with that of an e
tromagnetic shower. The energy resolution was measure
be sE /E50.066%/E% 0.81%/E0.25

% 1.34% ~E in GeV!
from beam tests@14#. To keep the combinatorial backgroun
at a reasonable level, only photons in the central barrel
gion (35°,u,120°) with Eg>30 MeV are used in this
analysis; the end cap regions have worse energy resolu
due to more intervening material and higher beam-associ
background.

For each 100 MeV/c momentum bin in the c.m. momen
tum range 0 to 3 GeV/c, thegg invariant mass distribution is
fit to an asymmetric~symmetric above 2 GeV/c! Gaussian
~i.e., a Gaussian with different widths on either side of t
mean! for the signal plus a polynomial for the combinatori
background to extract thep0 yields. Figure 2 shows typica
mass spectra obtained from the on-resonance data. Fo
asymmetric Gaussians, the mass resolution is defined a
mean of the left- and right-hand sigmas. An average m
resolution of 5 MeV/c2 is obtained, dominated by energ
resolution at low momenta or by angular resolution at h
momenta. The mass peak is shifted slightly from the es
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lished value@18# because of the asymmetric energy respo
of the calorimeter due to shower leakage. The observed m
peak position and resolution are consistent with Monte Ca
expectations, as shown in Fig. 3.

To extract thep0 momentum spectrum fromY(4S) de-
cays, the underlying continuum in the on-resonance dat
subtracted bin-by-bin using off-resonance data. The inclus
spectrum is calculated using

FIG. 2. gg invariant mass distributions for theY(4S) resonance
data ~a! pgg* 50.0– 3.0 GeV/c, ~b! 0.0– 1.0 GeV/c, ~c!
1.0– 2.0 GeV/c, ~d! 2.0– 3.0 GeV/c. An average mass resolution o
5 MeV/c2 was obtained. The smooth curve in each plot is a fit
the data using an asymmetric~or symmetric! Gaussian plus a poly-
nomial.

FIG. 3. Mass peak position and resolution obtained from o
resonance data and Monte Carlo expectations.~a!, ~c! Data;~b!, ~d!
continuum Monte Carlo. The fluctuations near 2 GeV/c are caused
by the change in the signal fitting function from an asymmetric t
symmetric Gaussian.
1-3
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TABLE I. Measured inclusivep0 spectrum fromY(4S) decays, using 3.2 fb21 on-resonance and 0.6
fb21 off-resonance data.

p* ~GeV/c! Yon2aYoff e ~%! 1

sh

ds

dp*
6Dstat6Dsyst

0.0–0.1 289901.76 9256.5 18.6 4.48360.14360.0644
0.1–0.2 492207.26 16451.8 15.9 8.89360.29761.182
0.2–0.3 465198.96 10435.8 16.5 8.10660.18261.012
0.3–0.4 461727.66 8139.7 20.0 6.63560.11760.836
0.4–0.5 411074.46 6470.8 22.5 5.24560.08360.699
0.5–0.6 323401.56 5305.1 24.8 3.74960.06260.506
0.6–0.7 255770.06 4409.2 26.4 2.78060.04860.377
0.7–0.8 187946.76 3761.8 27.8 1.94260.03960.290
0.8–0.9 139720.86 3179.7 29.3 1.37060.03160.209
0.9–1.0 106438.96 2754.1 30.1 1.01760.02660.161
1.0–1.1 79213.36 2004.2 32.4 0.70160.01860.125
1.1–1.2 61164.26 1744.7 32.8 0.53560.01560.095
1.2–1.3 46737.06 1528.1 33.3 0.40260.01360.076
1.3–1.4 34688.46 1358.3 33.9 0.29460.01260.059
1.4–1.5 26208.06 1236.0 33.7 0.22360.01160.049
1.5–1.6 18556.86 1115.8 35.0 0.15260.00960.039
1.6–1.7 15916.36 994.5 35.5 0.12960.00860.031
1.7–1.8 12728.96 915.9 36.1 0.10160.00760.026
1.8–1.9 10759.36 805.8 37.0 0.08460.00660.022
1.9–2.0 7842.76 746.8 36.7 0.06160.00660.018
2.0–2.1 7241.36 667.3 35.2 0.05960.00560.017
2.1–2.2 4945.76 586.1 32.4 0.04460.00560.014
2.2–2.3 2956.16 533.1 31.2 0.02760.00560.011
2.3–2.4 2345.5 6 505.8 30.7 20.00360.00560.011
2.4–2.5 163.36 443.3 29.7 0.00260.00460.009
2.5–2.6 488.36 415.3 28.4 0.00560.00460.007
2.6–2.7 2242.0 6 394.3 27.2 20.00360.00460.007
2.7–2.8 189.86 347.3 25.5 0.00260.00460.006
2.8–2.9 2206.9 6 314.9 23.7 20.00360.00460.005
2.9–3.0 259.5 6 278.8 21.6 20.00160.00460.005
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, ~1!

whereNh is the number of producedBB̄ events,Yon andYoff
are the background-subtractedp0 yields obtained from on-
and off-resonance data fits,a5(Lon/Loff) (soff /son) is the
on-off scaling factor, ande is the product of acceptance an
detection efficiency for each momentum bin. The averagep0

multiplicity is obtained by summing the data from the me
sured individual momentum bins as shown in Table I.

The p0 acceptance and detection efficiency are de
mined from Monte Carlo simulations ofBB̄ decays~equal
proportions of charged and neutralB mesons! and continuum
processes. Thegg invariant mass distributions are fit with th
same functions as used in the real data analysis. The pro
of acceptance and detection efficiency are defined as the
of the fittedp0 yield to the generated count. Efficiencies f
the high momentump0’s above the kinematic limit forBB̄
decays are deduced from continuum Monte Carlo normali
07200
-

r-
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d

in the 2.2– 2.3 GeV/c bin, and scaled efficiencies are use
that account for the different acceptances.

Possible sources of systematic uncertainties and their
fect on the inclusivep0 mean multiplicity measurement ar
summarized in Table II. These are discussed next.

The uncertainties in the number ofBB̄ events and the
hadronic event selection efficiency are estimated to be
and 1.1%, respectively, or 1.5% combined.

The effect of uncertainty in the relative luminosity rati
used to subtract the continuum background from the
resonance data, was studied by varying the size of the c
tinuum subtraction by 1%, and we find a 1.5% uncertainty
the mean multiplicity.

Due to the c.m. energy difference between on- and o
resonance data, the characteristics of continuum events
not match, leading to a bias in the continuum subtract
from the on-resonance data. In particular, the event shap
lower c.m. energy is slightly less jetlike so that more co
tinuum events survive the commonR2 cut ~resulting in an
oversubtraction from the on-resonance data!, and the particle
1-4
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momenta scale with c.m. energy. Hadronic event selec
andR2 cut bias from the on-off energy difference were d
termined by using a continuum Monte Carlo@19# sample
generated at the c.m. energy of the off-resonance data
estimate a 0.4% uncertainty in thep0 multiplicity due to this
effect. Particle momentum scaling with c.m. energy w
studied by comparing the multiplicity with and without mo
mentum scaling; this leads to an uncertainty of 0.3%.

The uncertainties in thep0 detection efficiency due to th
application of the shower transverse shape cut, the char
track veto, photon energy smearing, and the ECL’s mod
nonlinear energy response correction, are estimated to
0.4%, 1.6%, 2%, and 0.6%, respectively~determined by
comparing the yields with and without each of these criter!.

The decay angular distribution for the photons in thep0

rest frame is expected to be isotropic, but the detected di
bution of the decay angleud—defined as the angle betwee
the photon momentum in thep0 rest frame and thep0 mo-
mentum in the laboratory frame—shows an energy dep
dence due to theg energy cut. Inaccuracy in the Monte Car
simulation could manifest itself as an anisotropy in t
efficiency-corrected decay angle distribution. A comparis
between Monte Carlo and data foru cosudu.0.5 and
u cosudu<0.5 shows no discrepancy and is used to estima
systematic uncertainty of 0.3%.

The gg invariant mass distribution for each c.m. mome
tum bin is fit to the following functions in the mass windo
80– 180 MeV/c2:

pgg* ,1.0 GeV/c: fourth order polynomial plus asymme
ric Gaussian;

1.0<pgg* ,2.0 GeV/c: second order polynomial plu
asymmetric Gaussian;

2.0<pgg* ,3.0 GeV/c: second order polynomial plu
Gaussian.

The fitting range and the order of the polynomial are ch
sen to minimize statistical fluctuation. By changing the ord
of the polynomial, the relative yield variation between da

TABLE II. Sources of systematic uncertainty in the inclusivep0

multiplicity measurement.

Source Effect on̂np0& ~%!

Overall normalization 1.5

Dn5Yon2S Lon

Loff
D S soff

son
D •Yoff

1.5

R2 0.4

OFF Eg* •Ason

soff

0.3

Eg nonlinearity 0.6
Eg smearing 2.0
Shower shape 0.4
Track match 1.6
Fit procedure 3.0
Energy dependence of efficiency 0.3

Total ~added in quadrature! 4.6
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and Monte Carlo is taken as the systematic uncertainty in
background modeling: a 2.8% uncertainty was deduced.
weighted average of the fit errors in the efficiency estim

tion. (de)25S ise,i
2
•Yi

p0
/S iYi

p0
, leads to 1% uncertainty in

the p0 multiplicity. Combining these two numbers gives
3% systematic uncertainty in thep0 mean multiplicity mea-
surement due to the fit procedure.

The measuredp0 momentum spectrum is compared to t

BB̄ Monte Carlo@20# prediction in Fig. 4. Systematic differ
ences in the intermediate momentum region may be cau
by overestimation ofb→c processes in the Monte Carl

event generation: 100%b→c is assumed for genericBB̄ de-
cays in our Monte Carlo. In the high-momentum regi
above theb→c kinematic end point, we searched for ap0

excess from charmlessB decays. We findNexcess5410
6724 events in the momentum interval 2.4– 2.7 GeVc,
which corresponds to a partial branching fractionB(B
→p0X;p.2.4 GeV/c)5(263.566.7)31024, or less than
1.431023 at 90% confidence level. However, the statistic
precision here is limited and the fluctuations are domina
by the off-resonance data used in the subtraction.

In conclusion, using 3.2 fb21 of data accumulated at th
Y(4S) resonance by the Belle detector, we have measu
the inclusive spectrum of neutral pions fromY(4S) decays.
By summing the measured momentum bins, the mean m
tiplicity of neutral pions fromY(4S) decays has been dete
mined to be^np0&54.7060.0460.22, corresponding to an
inclusive branching fraction@21# of B(B→p0X)5(23562
611)%, where the first error is statistical and the second
systematic.

The authors gratefully acknowledge the efforts of t

FIG. 4. Measured inclusivep0 momentum spectrum inY(4S)
decays, with the high momentum range shown in the inset.
histograms show the Monte Carlo prediction. The error bars
statistical, while the shaded band indicates one standard devia
systematic uncertainties.
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