PHYSICAL REVIEW LETTERS week ending

PRL 97, 162003 (2006) 20 OCTOBER 2006

Study of J/4 — pp, AA and Observation of ., — A A at Belle

C.-H. Wu,?> M.-Z. Wang,?* K. Abe,® I. Adachi,® H. Aihara,*° V. Aulchenko," T. Aushev,'® S. Bahinipati,* A. M. Bakich,?®
V. Balagura,10 A. Bay,15 K. Belous,” U. Bitenc,'' 1. Bizjak,11 S. Blyth,20 A. Bondar,' A. Bozek,”® T. E. Browder,’

Y. Chao,?* A. Chen,”® W.T. Chen,”® B.G. Cheon,’ Y. Choi,”” Y. K. Choi,* A. Chuvikov,>' S. Cole,*® J. Dalseno,"’
M. Danilov,'® M. Dash,** S. Eidelman,' N. Gabyshev,l T. Gershon,® A. Go,?° G. Gokhroo,*” A. GoriSek,!' H. Ha,'
J. Haba,° K. Hayasaka,18 H. Hayashii,19 M. Hazumi,® D. Heffernan,?® T. Hokuue,'® S. Hou,?° W.-S. Hou,?? Y. B. Hsiung,22
T. Iijima,18 K. Inami,'® A. Ishikawa,*® R. Itoh,® M. Twasaki,*® Y. Iwasaki,® J. H. Kang,45 S. U. Kataoka,'” N. Katayama,6
H. Kawai,” T. Kawasaki,?> H.R. Khan,*' H. Kichimi,® H.J. Kim,'* H. O. Kim,*® Y.J. Kim,® P. Krizan,'®!! P. Krokovny,6
R. Kulasiri,* R. Kumar,?® C. C. Kuo,?® A. Kuzmin,' Y.-J. Kwon,*’ G. Leder,® J. Lee,>* Y.-J. Lee,* T. Lesiak,* S.-W. Lin,?
D. Liventsev,'° G. Majumder,37 F. Mandl,® T. Matsumoto,** A. Matyja,23 S. McOnie,*® W. Mitaroff,® K. Miyabayas.hi,19
H. Miyake,28 H. Miyata,25 Y. Miyazaki,18 R. Mizuk,'° T. Mori,*! E. Nakano,?” M. Nakao,® Z. Natkaniec,>* S. Nishida,®
0. Nitoh,* S. Ogawa,”® T. Ohshima,'® T. Okabe,'® S. Okuno,'? S.L. Olsen,’ Y. Onuki,” H. Ozaki,® P. Pakhlov,'®
H. Palka,”® H. Park,'* K. S. Park,* R. Pestotnik,'' L. E. Piilonen,** Y. Sakai,’ T. Schietinger,'> O. Schneider,"
A.J. Schwartz,* R. Seidl,”* M. E. Sevior,'” M. Shapkin,® H. Shibuya,*® V. Sidorov,' A. Sokolov,” A. Somov,* N. Soni,’
S. Stani¢,*® M. Stari¢,'! H. Stoeck,>® T. Sumiyoshi,42 F. Takasaki,® M. Tanaka,® G.N. Taylor,l7 Y. Teramoto,>’
X.C. Tian,*° T. Tsuboyama,6 T. Tsukamoto,® S. Uehara,6 T. Uglov,lo K. Ueno,?? S. Uno,° P. Urquijo,17 Y. Usov,’

G. Varner,5 C.C. Wang,22 C.H. Wang,21 Y. Watanabe,41 E. Won,13 B.D. Yabsley,36 A. Yamaguchi,39 Y. Yamashita,24
L. M. Zhang,33 and Z.P. Zhang33

(Belle Collaboration)

'Budker Institute of Nuclear Physics, Novosibirsk
2Chiba University, Chiba
Chonnam National University, Kwangju
4University of Cincinnati, Cincinnati, Ohio 45221
SUniversity of Hawaii, Honolulu, Hawaii 96822
®High Energy Accelerator Research Organization (KEK), Tsukuba
"University of Illinois at Urbana-Champaign, Urbana, Illinois 61801
8Institute of High Energy Physics, Vienna
°Institute of High Energy Physics, Protvino
1nstitute for Theoretical and Experimental Physics, Moscow
YJ. Stefan Institute, Ljubljana
12Kanagawa University, Yokohama
BKorea University, Seoul
Y Kyungpook National University, Taegu
>Swiss Federal Institute of Technology of Lausanne, EPFL, Lausanne
16University of Ljubljana, Ljubljana
YUniversity of Melbourne, Victoria
lsNagoya University, Nagoya
' Nara Women’s University, Nara
ONational Central University, Chung-li
2 National United University, Miao Li
22Departmem‘ of Physics, National Taiwan University, Taipei
BH. Niewodniczanski Institute of Nuclear Physics, Krakow
24Nippon Dental University, Niigata
25Niigaza University, Niigata
26Universiz‘y of Nova Gorica, Nova Gorica
*"Osaka City University, Osaka
BOsaka University, Osaka
P Panjab University, Chandigarh
®Peking University, Beijing
3 Princeton University, Princeton, New Jersey 08544
32RIKEN BNL Research Center, Upton, New York 11973
3 University of Science and Technology of China, Hefei
3Seoul National University, Seoul

0031-9007/06/97(16)/162003(6) 162003-1 © 2006 The American Physical Society



PRL 97, 162003 (2006)

PHYSICAL REVIEW LETTERS

3SSungkyunkwan University, Suwon
36University of Sydney, Sydney, NSW
3Tata Institute of Fundamental Research, Bombay
BToho University, Funabashi
¥ Tohoku University, Sendai
“ODepartment of Physics, University of Tokyo, Tokyo
4]Tokyo Institute of Technology, Tokyo
“Tokyo Metropolitan University, Tokyo
BTokyo University of Agriculture and Technology, Tokyo
44Virgim’a Polytechnic Institute and State University, Blacksburg, Virginia 24061

YYonsei University, Seoul
(Received 12 June 2006; published 19 October 2006)

We study the baryonic charmonium decays of B mesons B* — n.K* and BY — J/#K ™", where the 1,
and J/¢ subsequently decay into a pp or AA pair. We measure the J/¢y — pp and AA anisotropy
parameters az = —0.60 = 0.13 * 0.14 (pp), —0.44 = 0.51 = 0.31 (AA) and compare to results from
ete” — J/y formation experiments. We also report the first observation of 1, — AA. The measured
branching fraction is B(n. — AA) = (0.877431(stat) 2% (syst) = 0.27(PDG)) X 1073, This study is
based on a 357 fb~! data sample recorded on the Y(4S) resonance with the Belle detector at the
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KEKB asymmetric-energy et e~ collider.
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There have been many observations of baryonic three-
body B decays in recent years [1-5]. An interesting feature
of these observations is the presence of peaks near thresh-
old in the mass spectra of the baryon-antibaryon pair.
These enhancements are not likely to be resonance states,
as the baryon angular distributions are not symmetric in
their respective helicity frames [6]. Other visible structures
in the mass spectra arise from charmonium decays. It is
natural to compare the baryon angular distributions from
charmonium decays with those in the region of the thresh-
old enhancement. There is particular interest in J/i —
p D, where the proton angular distribution has been studied
by the DASP [7], DM2 [8], Mark I [9], Mark II [10], and
BES [11-13] Collaborations. J/¢ mesons from the reac-
tion e*e~ — J/i are produced predominantly in helicity
*1 states. Therefore, the baryon angular distributions are
proportional to 1 + acos?f, where 6 is the baryon polar
angle in the J/i helicity frame. Many theoretical predic-
tions [14] exist for the value of «.

Study of two-body baryonic decays of charmonia at a B
factory has several different features as compared with an
et e” machine running at the J/¢ mass. J/¢ mesons from
the two-body decay of B mesons accompanied by spin zero
particles are in a pure helicity zero state. This provides a
useful cross-check for previous measurements. The char-
monia from B decays do not suffer from poor acceptance
near the beam pipe, and events with | cosé| near 1 can be
detected. Such events are very effective for determining «.
Requiring that the J /4 originate from a B decay eliminates
ete” — ggq — pp background, where ¢ stands for a u or d
quark. Fore*e™ — J /iy — pp, this background cannot be
separated from the signal on an event-by-event basis.

In the study of two-body baryonic decays of charmonia,
we focus on the decay processes B¥ — ppK*+ and BT —

PACS numbers: 13.25.Gv, 13.40.Hq, 14.40.Gx

AAK™ [15]. We report the first observation of 1, — AA.
There is little information about 7, decays into baryon-
antibaryon pairs except for 1, — pp. Measuring decay
rates of the 7, to different baryon-antibaryon modes is a
useful check for theoretical predictions [16] and can shed
light on quark-diquark dynamics.

We use a 357 fb~! data sample consisting of 386 X 10°
BB pairs collected by the Belle detector at the KEKB
asymmetric-energy e* e~ (3.5 on 8 GeV) collider [17].
The Belle detector is a large solid angle magnetic spec-
trometer that consists of a four layer silicon vertex detector
(SVD), a 50 layer central drift chamber (CDC), an array of
aerogel threshold Cerenkov counters (ACC), a barrel-like
arrangement of time of flight scintillation counters (TOF),
and an electromagnetic calorimeter comprised of CsI (TI1)
crystals located inside a superconducting solenoid coil that
provides a 1.5 T magnetic field. An iron flux return located
outside of the coil is instrumented to detect K mesons and
to identify muons. The detector is described in detail else-
where [18].

The event selection criteria are based on information
obtained from the tracking system (SVD + CDC) and the
hadron identification system (CDC + ACC + TOF). We
follow the same procedure as in Ref. [3] to select proton
and kaon candidates. A candidates are reconstructed via
the p7r~ channel using the method described in Ref. [19].

To identify the reconstructed B meson candidates,
we use the beam energy constrained mass My, =

\JEoeuw — P3 and the energy difference AE = Ep —

Epeam» Where Ey.,., is the beam energy, and pp and Ejp
are the momentum and energy of the reconstructed B
meson in the rest frame of the Y(4S). The signal region
is defined as 5.2 GeV/c?> < M. <5.29 GeV/c*> and
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FIG. 1. (a) B signal yield versus M5
represent the unbinned likelihood fits to the data.

—0.1 GeV < AE < 0.2 GeV. The signal peaks at My, =
5.279 GeV/c? and AE = 0.

The dominant background arises from continuum
ete” — g processes. The background from b — ¢ and
from B decays into charmless final states is negligible. In
the Y(4S) rest frame, continuum events are jetlike while
BB events are more spherical. The reconstructed momenta
of final state particles are used to form several event shape
variables (e.g., thrust angle, Fox-Wolfram moments, etc.)
in order to categorize each event. We follow the scheme
described in Ref. [20] that combines seven event shape
variables into a Fisher discriminant to suppress continuum
background.

Probability density functions (PDFs) for the Fisher dis-
criminant and the cosine of the angle between the B flight
direction and the beam direction in the Y(4S) rest frame
are combined to form the signal likelihood L, and the
background likelihood L,. The signal PDFs are deter-
mined from GEANT-based Monte Carlo (MC) simulation,
and the background PDFs are obtained from sideband data
with My, < 5.26 GeV/c*. We require the likelihood ratio
R = L,/(L,+ L) to be greater than 0.4 for both ppK*
and AAK* modes. These selection criteria suppress ap-
proximately 69% (66%) of the background while retaining
92% (91%) of the signal for the ppK* (AAK™') mode. If
there are multiple B candidates in an event, we select the
one with the best y? value from the B decay vertex fit.
Multiple B candidates are found in less than 2% (5%) of
events for the ppK+ (AAK™) mode.

We use an unbinned extended maximum likelihood fit to
estimate the B signal yield. For the signal PDF, we use a
Gaussian in My, and a double Gaussian in AE. We fix the
parameters of these functions to the values determined
from MC simulation [21]. Background shapes are fixed
from fitting to the sideband events in the region
3.14 GeV/c* <M,; <3.34 GeV/c*. The M, back-
ground is modeled using a parametrization used by the
ARGUS Collaboration [22]. The AE background shape is
modeled by a first order polynomial.
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and (b) B signal yield versus M, 5. The inset shows the 7.-J/¢ mass region. The curves

We determine B signal yields in 10 MeV/c?-wide M P
(M,3) mass bins from the kinematic threshold to
4.5 GeV/c?; the result is shown in Fig. 1(a) [Fig. 1(b)].
There are clear n,. and J/¢ peaks [and a possible (2S)
signal] in the mass spectrum. We use a relativistic
Breit-Wigner function for the 7, peak, a Gaussian for
the J/¢ peak, and a linear function for the nonreso-
nant background. The Breit-Wigner function is convolved
with the detector response function, which is taken from
the J/¢ peak. A maximum likelihood fit to the data is
shown in the inset. We obtain an 7. mass of M, =
2971 =372 MeV/c? (2974 = 772 MeV/c?) and a width
of I'(n,) = 4878 =5 MeV/c? (40 = 19 = 5 MeV/c?) for
the n. — pp (9. — AA) mode. The systematic errors are
determined from the differences of J/¢ peaks between
data and the Particle Data Group (PDG) [23] value and
by varying different fit shapes for 7, signal and back-
ground, assuming no interference effect between them.
The width is larger than the PDG average but is consistent
with recent BABAR [5,24] and previous Belle [25]
measurements.

We define the J/i signal region as 3.075 GeV/c? <
M,; <3.117 GeV/c? and use events in this signal region
to study the proton angular distribution in the helicity
frame of the J/i. The helicity angle 6y is defined as the
angle between the proton flight direction and the direction
opposite to the flight of the kaon in the J /i rest frame. The
angular distribution of J/¢ in the helicity zero state is
parametrized as P(ag, cosfy) = (1 + apcos?Oy)/(2 +
2ag/3), with ag = —2a/(a + 1) [26]. Here « is the
anisotropy parameter determined from the angular distri-
bution of J /¢ in helicity = *1 states produced in e e~ —
J/i. Previous measurements [7-13] give an average of
a = 0.66 + 0.05 for pp and a = 0.65+0.11 for AA;
these values correspond to ap = —0.80 = 0.04 for pp
and ay = —0.79 *+ 0.08 for AA.

For analysis of the angular distribution, we define a
likelihood L,
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(a) Likelihood fit and (b) y? fit results of the J/i — pp helicity angle distribution. In the maximum likelihood fit plot, the

solid, dotted solid, and dashed lines represent the combined fit result, fitted signal, and fitted background, respectively. In the x? fit
plot, the inset shows the fit result for B signal yield of BY — J/yK*, J/¢p — utu~.

e~ (N;+N,) N

i=1

where ap is a fit parameter in addition to N, and N,
€(cosfy) is the efficiency function, and eP is normalized
to 1. The efficiency e(cosfy) obtained from the signal MC
simulation is flat as a function of cosfy. From a study of a
signal MC simulation, we find that there is no correlation
between M., AE, and 0y. The background PDF as a
function of My, AE, and cosfy is determined from M P
sideband data. Figure 2(a) shows the result of the fit to the
J/y — pp candidates in the entire My, AE region. We
determine ap to be —0.60 £ 0.13. As a cross-check, we
use a x> method and fit the efficiency corrected B signal
yields in bins of cosfly to a 1 + agcos?6y parametrization.
The results of the fit are shown in Fig. 2(b). We obtain
apg = —0.53 + 0.15, with y*/d.o.f. = 0.9, consistent with
the result of the unbinned fit. We measure the angular
distribution of J/¢p— u*u~ decays from BT —
J/WK™ to verify the fitting procedure. The result is shown
in the inset in Fig. 2(b). The fitted value agrees with the
expectation for massless fermions.

We determine the systematic error in ap by varying the
value of various selection cuts and parameters of PDFs to

l_[[NsPs(Mbc,-’ AE;)e(cosfy;)P(ag, cosfy;) + N,P,(My,, AE;, cosfy;)],

{
check for trends in the value of ap. These trends are
parametrized by a linear function. We then quote the
change in ap along the line between the selected point
and the far end of the tested region as a systematic error.
Note that this is a conservative estimate, since statistical
fluctuations also contribute to changes in az. We assign a
systematic error of 0.08 for the R selection, 0.06 for proton
or kaon selection, and 0.02 for fitting PDFs. Other system-
atic errors are negligible. The observed difference between
the maximum likelihood method and the y? method is also
included in the systematic error. The total systematic un-
certainty in ap is 0.13.

There are several complicating factors in the analysis of
B* — AAK™ decays relative to B¥ — ppK™* decays. The
efficiency for detecting slow pion from A decays is small.
As a result, the A reconstruction efficiency is nonuniform
as a function of the polar angle (cosf),) of the secondary
proton in the A helicity frame and is correlated with cosfy,
where 0y refers to the A polar angle in the J/¢ helicity
frame. The likelihood function is similar to the previous
one except that the angular part contains two more varia-

TABLE I. Measured branching fractions for J/u, . — pp, AA.

Modes Yield Efficiency (%)  Branching fraction product (107)  B(J/¢, 5. — pp, AA)(1073)
B* — 0.K*, n.— pp 195716 35.8793 14270 11+048 1.58 = 0.127518 = 0.47°
BY — 9. K", n,— AA 19.5132 53401 0.9570370% 0.8792¢700% + 0.27°
BY —J/yK*, J/y—pp 31771 373104 2217013 £ 0.10 2.21 £0.13 £ 0.31 £ 0.10°
BY = J/YyK*, J/p— AN 459777 5.9%93 2.00103% = 0.34 2.00703% = 0.34 = 0.08°

“B(BY — 5.KT) = 0.9 +0.27 X 1073 [23].

"We use B(B* — 0. K", n. — AA)/B(B* — n.K*, n.— pp) = 0.677412 = 0.12 measured in this Letter and B(n, — pp) =

1.3 £ 0.4 X 1073 [23].
“B(B* — J/YKT) = 1.00 = 0.04 X 1073 [23].
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bles, cosfl, and cosfl;. The efficiency function
€e(cosfy, cosf » COSO 13) is obtained from a signal MC sam-
ple with 4 X 10° events. The background PDF is deter-
mined from M,; sideband data in the region
3.14 GeV/c* < M5 < 3.54 GeV/c?. The value of aj
obtained from the maximum likelihood fit is —0.44 =
0.51 = 0.31, where the systematic error is determined
from the same procedure as that used for J/& — pp
decays.

We define an 7, signal region as 2.94 GeV/c? <
M\ <3.02 GeV/c?. Signal peaks are visible in the My,
and AF distributions. The fitted B signal yield, efficiency,
and obtained branching fraction are shown in Table I. The
maximum likelihood fit for BY — 5 K*, 5. — AA gives
ayield of 19.5*3 ] with a statistical significance of 7.9 stan-
dard deviations. The significance is defined as

V—2In(Ly/Ly.x), Where Ly and L, are the likelihood

values returned by the fit with the signal yield fixed to zero
and at its best fit value, respectively. The fit yield is con-
sistent with the yield (18.2 = 4.8) obtained from the first fit
shown in Fig. 1(b). As a cross-check, the obtained
B(J/ — pp, AA) are in good agreement with the world
average and with the latest BES result [13]. We also
determine the branching fraction ratios: B(n,—
AN)/B(n.— pp) = 0.671212 £0.12 and BU/¢ —
AA)/B(J /¢ — pp) = 0.907313 = 0.10, where common
systematic errors in the numerator and denominator cancel.
Systematic uncertainties are studied using high statistics
control samples. For proton identification, we use a A —
pm~ sample, while for K/m identification, we use a
D** — D7*, DY — K~ 7" sample. The tracking effi-
ciency is studied with fully and partially reconstructed
D* samples. The modeling of the requirement on the like-
lihood ratio R for background suppression is studied with
a topologically similar control sample B* — J/¢yK™,
J/ip— utu~. For A reconstruction, we have an addi-
tional uncertainty on the efficiency for detecting tracks
away from the IP. The size of this uncertainty is determined
from the difference between A decay-time distributions in
data and MC simulation. Based on these studies, we assign
a 1% error for each track, 2% for each proton identifica-
tion, 1% for each kaon or pion identification, an additional
3% for A reconstruction, and 3% for the R selection.
The systematic uncertainty in the fit yield is studied by
varying the parameters of the signal and background PDFs
and is approximately 5%. The MC statistical uncertainty
and modeling contributes a 5% error. The error on the
number of BB pairs is determined to be 1%, where the
branching fractions of Y(4S) to neutral and charged BB
pairs are assumed to be equal. The noncharmonium feed-
down background below the 7, mass region is estimated to
be 8% and 12% for the pp and AA modes, respectively.
The correlated errors are added linearly and com-
bined quadratically with the uncorrelated errors in the

systematic error calculation. The total systematic uncer-
tainties are 14% and 17% for the ppK* and AAK™
modes, respectively.

In summary, using 386 X 10® BB events, we measure
the branching fractions of J/¢ — pp, 5. — pp, J/¢ —
AA, and ., — AA from B* — ppK* and B* — AAK™
decays. We measure the parameter a g for baryonic J/
decays. The parameters ap are —0.60 = 0.13 £ 0.14 and
—0.44 = 0.51 = 0.31 for J/¢y — pp and J/ip — AA, re-
spectively. This gives an « value for J/ — pp of 0.43 =
0.13 = 0.14, which is smaller than, but still consistent
with, the current world average 0.66 = 0.05. We also re-
port the first observation of 7. — AA decays with

B(n. — AA) = (0.87+32} *099 + 0.27) X 1073. The ob-

served ratio B(n, — AA)/B(n. — pp) is 0.677012 =
0.12, which is consistent with theoretical expectation [16].
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