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We have observed the rare de®3—p*p~ in a sample of 89 milliorBB pairs recorded with thBABAR
detector. The number of observed events i§§&9, with a significance of 5.1 standard deviations with
systematic uncertainties included. The branching fraction and the longitudinal polarization are measured to be
B(B°—p*pT)=(25'¢"2)x10°® andI'| /T =0.98" 332+ 0.03, respectively.

DOI: 10.1103/PhysRevD.69.031102 PACS nunf§erl3.25.Hw, 11.30.Er, 12.15.Hh

CharmlessB-meson decays provide an opportunity to of B— 77w and p decays, where the time-depend&-
measure the angles of the unitary triangles constructed froRjiolating asymmetries are related to the CKM angte
the elements of the Cabibbo-Kobayashi-Maskal@M)  =ard —V4Vi/V,qV%,], and interference between tree and
quark-mixing matri{ 1]. There has been interest in the study |oop (penguin amplitudes could give rise to dire€P vio-

lation. The decaB’—p*p~ is another promising mode for
CP-violation studies and has the advantage of a larger ex-

*Also with Universitadella Basilicata, Potenza, Italy. pected decay rate and smaller uncertainty in penguin contri-
TAlso with IFIC, Instituto de Ffsica Corpuscular, CSIC- butions. The measurements of the amplitudeB dhecays to

Universidad de Valencia, Valencia, Spain. two vector particles provide additional tests of theoretical
*Deceased. calculationg[2—4].
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FIG. 1. Diagrams describing the decBy—p*p~: (a) domi-
nant tree diagram(b) gluonic penguin diagram.
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FIG. 2. Definition of helicity angless,, 6,, and ¢, for the
decayB®—p*p~. The w= = final states are shown in the" rest

The deca)B°—>p+p_* is expected to proceed through the energy in the range 20 MeV to 4 GeV. The energy and an-
tree-levelb—u transition and through CKM-suppressed gular resolutions are 3% and 4 mrad, respectively, for a 1

—d penguin transitions, as illustrated in Fig.[4,5]. The

GeV photon.

extraction of @ from measurements made with this decay Hadronic events are selected based on track multiplicity
requires an understanding of the contributing amplitudes. land event topology. We fully reconstruf— p*p~ candi-

also requires proper accounting fdcP-even & and

dates from the decay products of thé — 7= #° and 7°

D-wave) and CP-odd (P-wave components in the decay — vy decays. Charged-track candidates are required to origi-

amplitude. The recent limit on the®— p°p° decay ratg6]

and the measurements of tBé —p* p® branching fraction

nate from the interaction point, have at least 12 DCH hits
and have a minimum transverse momentum of 0.1 GeV.

[6,7] place experimental limits on the contribution of pen- Charged-pion tracks are distinguished from kaon and proton

guin amplitudes. Measurements of the longitudinal polarizat/acks with a likelihood ratio that includesE/dx informa-
tion, defined as the ratio between the longitudinal and totaio" from the SVT and DCH, and, for momenta above 0.7

decay rated, =I",/T" [2], in theB*—p*p° decay provide

evidence that th€P-even component dominates B pp
decayq6,7].
In this paper we report the observation of tiR?

GeV, the Cherenkov angle and number of photons measured
by the DIRC. Charged pions are distinguished from electrons
primarily on the basis of their EMC shower energy and spa-

4+ . . We reconstructz® mesons from pairs of photons. Photon
—pTp~ decay mode and measurements of its branCh'n%andidates are req

uired to have a minimum energy of 30

fraction and the amount of longitudinal polarization in the pja\/ have a shower shape consistent with the photon hy-
decay. We also make a quantitative estimate of penguin COfgthesis, and not be matched to a track. The typical experi-
tributions in this decay using our earlier measurements ifhental resolution for the measured® mass is 7 MeV. We

isospin-related3— pp modes.
We use data collected with tiABAR detectol 8] at the

SLAC PEP-II asymmetric-energy* e~ storage ring. These

data represent an integrated luminosity of 81.9'flat the

e’e” center-of-masgc.m,) energy of theY (4S) resonance
(/s=10.58 GeV, on-resonangeorresponding to 88.9 mil-

lion BB pairs, and 9.6 fb! approximately 40 MeV below

this energy(off-resonancg

require w° candidates to have an invariant mass within 15
MeV of the true 7#° mass. The invariant mass of the
candidate .+ o) is required to be in the range 0.52 to 1.02
GeV. The helicity angle#; and 6, of p™ andp~ are defined

as the angles between thé€ direction and the direction op-
posite theB in eachp rest frame as shown in Fig. 2. The
helicity angles are restricted to the regier0.75<cos6, ,
=<0.95 to suppress combinatorial background and reduce ac-

Charged-particle momenta are measured in a tracking syS€Ptance uncertainties due to low-momentum pion recon-

tem consisting of a five-layer double-sided silicon vertex

tracker (SVT) and a 40-layer central drift chambé&DCH),
both situated in a 1.5-T axial magnetic fiel®BABAR
achieves an impact parameter resolution of about.40for
the high-momentum charged particles from Bielecay, al-

The B meson candidates are identified from two nearly
independent kinematic observablgg|, the beam energy-
substituted massngs=[(s/2+p;-ps)¥/EZ—p3]Y? and the
energy difference AE=(EiEB—pi~pB—s/2)/\/§, where

lowing the precise determination of decay vertices. The(Ei.pi) is the e"e” initial state four-momentum, and
tracking system covers 92% of the solid angle in the c.m(Eg.ps) is the four-momentum of the reconstructBctan-

frame.

didate, all defined in the laboratory frame. For signal events,

Charged-particle identification is provided by measurethe mes distribution peaks at thB mass and th&E distri-

ments of energy lossdE/dX) in the tracking device$SVT

bution peaks near zero. Our selection requirggg

and DCH and by an internally reflecting ring-imaging Cher- >5.2 GeV andAE|<0.2 GeV, while the signal resolution
enkov detectofDIRC). A K- separation of better than four IS roughly 3 MeV and 50 MeV, respectively. The sideband
standard deviationso() is achieved for momenta below 3 regions are defined as 5.2 GeWhgg<5.27 GeV or

GeV, decreasing to 2db at the highest momenta in th
decay final states. Photons are detected by &TQstlectro-

0.1 Ge\K|AE|<0.2 GeV.
To reject the dominant continuum backgrouiiilom

magnetic calorimetefEMC). The EMC provides good en- e*e”—qq events,q=u,d,s,c), we require|cosé;|<0.8,
ergy and angular resolution for detection of photons withwhere #; is the angle between the thrust axis of &an-
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didate and the thrust axis of the rest of the tracks and photon 1
candidates in the event, calculated in the c.m. frame. The T
distribution of|cosé;| is sharply peaked near 1.0 for jetlike

events originating frongq pairs and nearly uniform for the
isotropic decays of th® meson. A Fisher discriminantX)
combines 11 observables: the polar angle of Bhmomen-
tum vector and the polar angle of tBecandidate thrust axis,
both calculated with respect to the beam axis in the c.m
frame, and the scalar sum of the c.m. momenta of charge

particles and photon@xcluding particles from th& candi- nd_ are fixed in the fit The_resol_utions are adjusted_by com-
date entering nine coaxial angular intervals of 10° aroundPang data and simulation in calibration channels with simi-

the B-candidate thrust axig]. lar kinematics and topology, such &-Dp*,Dm" with

The selected sample contains 54 042 events most of whicR— K 7~ (7°) Ko7~ (7% K* 7w~ 7~ K’z x*. To de-
populate sidebands of the observables. Background frorécribe the signal distributions, we use Gaussian functions for
otherB decays is estimated with Monte Ca(IC) simula-  the parametrization of the PDFs fongs and AE, and a
tion [10]; it contributes 5% of the events in the selectedrelativisticP-wave Breit-Wigner distribution for the™ reso-
sample. This background component, arising mainly fromnance masses. The angular acceptance effects are parameter-
b—c transitions, is explicitly included in the fit described ized with empirical polynomial functions for each helicity
below. angle and are included in the joint helicity-angle PDF as a

We use an unbinned, extended maximum-likelihood fit tofactor multiplying the ideal distribution in Ed3).
extract simultaneously the signal yield and polarization. For the background PDFs, we use polynomials or, in the
There are three event categorjesignal, continuungg, and ~ ¢aS€ 0fmes, an empirical phase-space functigitl]. In the

BB combinatorial background. The likelihood for eaBA background PDF we incorporate a small Ilnea_r correlation
L _ X . ' between the curvaturé of the phase-space function and the
—pTp~ candidate is defined as

value of F. The background parametrizations for e can-
s didate masses also include a resonant component to account
c _E D3 B 1 fpr p_t production. Thg backgrom_md_helicity-angle d.iStribL.J-
e nPi(xi:pB), @) tion is also separated into contributions from combinatorial
background and from regl™ mesons, both described by
.. polynomials. For both signal and background, the PDFEAor
where each of thé;(x;;5) is the probability density func- is represented by a Gaussian distribution with different
tion (PDP for seven observableg (mgs, AE, F, m_+,0,  Widths above and below the peak.
m,-.o, 61, 6,) and is described by the PDF paramel;érs PDF parameters for the_backg_round from ot_Beui_ecays
The event yields; for each categoryare free parameters in are determined from_MC. S|_mulat|on. The contribution from
the fit. We allow for multiple candidates in a given event by charmles®8 decaysow+|th similar topologjcross-feed modes
assigning to each selected candidate a weightMf Iwhere ~ SUCh asB—pm, p°p™, pK*, a;m, anda,p is estimated
N, is the number of candidates in that event. The averagith MC modeling and is fixed in the fit. Each branching
number of candidates per event is 1.27. MC simulatiorjraction for the cr5C)ss—feed modes is estimated to be in the
shows that this procedure does not introduce bias while prd@ng€ (1-3)X10°. The branching fractions for these and
viding a small statistical improvement over the random™Many other modes are taken from the most recent measure-

choice of a candidate in a given event. The extended likeliMents [6,7,12 or extrapolated from other results with a
hood for a sample of.,,qCandidates is flavor-SU3)-symmetry approximation.
The selected®8®—p*p~ events fall into three categories.

3 Neand MC simulation of events with longitudinal polarization
B 3 ﬁ" In £; shows that roughly 30% of the events contain only misrecon-
L=ex = | LL €x N, ) @ structed candidates. Approximately 20% of the events con-
tain both correctly and incorrectly reconstructed candidates.
R The remainder contain only correct candidates. Misrecon-
The correlations among the input observabieare found  struction occurs when at least one candidate photon4f] a
to be small for both the backgroun@<5%) and signal candidate or one charged track irpacandidate belongs to
(<10%), except for angular correlations in the signal. Thethe decay products of the oth&. The distributions that
P;i(x;;B), for a given candidatg is the product of PDFs for show peaks for correctly reconstructed events have substan-
each of the observables and a joint PDF for the helicitytial tails, with large uncertainties in MC simulation, when
angles, which accounts for the angular correlations in thenisreconstructed events are included. These tails would re-
signal and for detector acceptance effects. We integrate oveluce the power of the distributions to discriminate between
the angle¢ between the two decay planes shown in Fig. 2,the background and the collection of correctly and incor-
leaving a PDF that depends only @h, 6,, and the un- rectly reconstructed events. We choose, therefore, to repre-
known longitudinal polarizatiorf, . The differential decay sent only the correctly reconstructed candidates in the signal
rate[2] is PDF. Misreconstructed candidates are predominantly accom-

d?T 9

1 H .
mﬁ[z(l—fusweﬁ.ﬁ%

+f_cog6,cos 02] . ©)

The PDF parametetﬁ, except forf , are extracted from
C simulation and on-resonangegg and AE sidebands,

=1
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TABLE I. Summary of the fit results)g is the fitted number of S s
signal eventsS is the significancef, is the longitudinal polariza- £ 2 [
tion, £ denotes the reconstruction efficiency, @ the branching ¢ 15 »
fraction of theB®— p*p~ decays. The first uncertainty is statistical > 177
and the second systematic. The efficieney &nd significance ) S s T
include systematic uncertainties, and the significance without sys-” LS 5= 53° o
tematics is given in parentheses.
Quantity Measured value E ] E
Neig 8853+ 9 d 18
S 5.10 (5.50) £ ] £
fL 0.98'5:92+0.03 N S TR | S R
+0.9, 0.52 0.77 1.02 052 0.77 1.02
Z (2537'?3;-&/‘1 06 m(r' ") (GeV) m(n ) (GeV)
,6,6 T T T T T T T T

25k I I L 25 1 I LA
7 1= ]
= 1S 1 1 4
S { < .
= 2 L

modated by the combinatorial background PDF. Fitting to §~F
determine the number of correctly reconstructed candidate:®
has an efficiency less than 100% since some fraction of the

LS,

-0.75 0.3

events have both correctly and incorrectly reconstructed can cost), _ cos8,
didates. Monte Carlo simulation finds this efficiency to be
87%. FIG. 3. Projections onto the observablegg, AE, m_+ .o,

In this analysis, we do not include a fit component for M=o, COS6;, and cog, after a requirement on the signal-to-
other B decays with the same final-state particles selecte@@ckground probability rati@s/ P With the PDF for the plotted
within the p resonance mass window, such as nonresonarﬂbslervable exclzluded. The p0|n.ts with error bars show the data, the
decaysB— 7* 7~ 797° and B°— p* 7~ #°. The contribu- solid (dashedl I_me_shows the signal-plus-backgroufisckground
tion of these decays to the fit results is significantly sup-°mY) PDF projection.
pressed by the selection requirements on the masses and by
the mass and helicity-angle information in the fit; they aretained, while the lines show the corresponding PDF projec-
examined in the context of mass and helicity-angle distributions.
tions, as discussed below. To check the sensitivity of our results to the presence of

The event yields; and polarizationf, are obtained by nonresonanB®— 7+ 7~ 7%#° and B’—p= 7" #° decays,
minimizing the quantity=—2 In £. The dependence af  we explicitly include a fit component for them, assuming a
on a fit parameten; or f_ is obtained with the other fit phase-space decay model. The selection requirements alone
parameters floating. Their values are constrained to thguppress th8— 4 (B— pmr) efficiency by two(one or-
physical rangen;=0 and O<f <1. Statistical uncertainties §grg of magnitude relative 8— p*p~. The fit results with

correspond to a unit increase ¥f. The statistical signifi- a nonresonant component indicate a potefial pr 7 con-

cance of the signal is define_:d as the square root O.f the Changr(;fbution of (10+10)% (statistical uncertainty on)yof our
in x? when the number of signal events is constrained to ZerQ s minal BO—p*p~ event yield in Table I interference ef-

in the likelihood fit. . o . fects between the resonant and nonresonant components
The results of our maximum-likelihood fits are Summa_were ignored in this fit. The hypothesis that all the signal is
rized in Table |. The statistical significance of tHg° 9 : ypo . 9
nonresonantB—4m (B—pmw) is excluded with 5.&

—p*p~ signal is 5.%. We find that thep™ mesons inB° 4 do istical sianif ™ I .
—p*p~ decays are almost fully longitudinally polarized. To ( i ) statistica signiticance. -These resu ts are ponsstgnt
ith our assumption that the nonresonant contribution is

compute the branching fraction, equal production rates folV

0RO tR- . negligible.
BB andB B. are ass_umed. To check the stability of our = The systematic uncertainty in the fitted number of signal
results we refit, removing each observable from the fit in

. . . ..events (4, originates from the uncertainty in the cross-feed
turn, and find consistent results. The measured uncertainti (15'9) g y

i th ber of fitted " dth larization. th te§—decay modeling, which was studied with MC generated
In the number of itted events and the polarization, the s aéamples and estimated to be half of the variation with cross-

tis_;tical significance, and the fj? value are well reproduced feed set to zerg3% uncertainty img;). Systematic uncer-
with generateq MC Samp'?s_- . tainties in the fit originate from assumptions about the back-

. The projections O.f the fit input observables are shown i round and signal PDF parameters. Uncertainties in the PDF
Fig. 3. The projections are made after a reqw[errlent Olbarameters arise from the limited number of events in the
the  signal-to-background  probability ratidPsig(xi;8)/  background sideband data and signal control samples. We
Porg(Xi ; B), wherePgjq andPyq are the signal and the domi- vary them within their respective uncertainties, and derive
nant continuum background PDFs defined in Ef, but the associated systematic uncertainty on the event yield
with the PDF for the plotted observable excluded. The point$9%). The signal remains statistically significant with these
with error bars show the data witd0—60% of signal re- variations (5.% including systematigs
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The systematic uncertainties in the efficieney @re due cay is color-suppressed, the decay rate is sensitive to the
to track finding(2% for two track$, particle identification penguin diagram analogous to Figbl Using the earlier
(2% for two track$, and 7° reconstruction(13% for two ~ BABARmeasurements$], we obtain a 90% confidence level
m09). The fit efficiency is less than 100% because of misre{C.L.) upper limit on the ratio of the longitudinal amplitudes
constructed signal events. This has an additional systematis, in the B— pp decays:
uncertainty due to uncertainties in the modeling of misrecon-

structed events. We account for this with a systematic uncer- |AL(B%— p®p%) |2+ |A (B°—p°p?)|?
tainty on the efficiency of 7%, which is half of the ineffi- A (BT 0% )2+ A (B~ — 0% )2
ciency; the fit efficiency cannot exceed 100% and the ALBT =PI+ [ALBT —p%p )]
frequency of multiple candidate selection is estlm_a'Fed in the B(B%— p%p%) x f, (B%— p°p°)

B decay control samples. The reconstruction efficiency de- = o+ PR
pends on the decay polarization. We calculate the efficiencies B(B™—p°p ) Xf (BT —p"p")

using the measured polarization and assign a systematic un- ~<0.10 @
certainty (3'%) corresponding to the total polarization o

measurement uncertainty. Smaller systematic uncertaintigs the above calculation we conservatively assume that the
arise from event-selection criteria, MC statistics, and theg®_, ;0,9 decay polarization is fully longitudinalf(=1)

number of produce® mesons. and use the average branching fraction measurements for the

. Fot( the poltelr}z?tlo? measgrgmerﬁg, wet;]ntilude syst- o andB decays. From Eq4) we can deduce the uncertainty
ematic uncertainties from variations that account 10, ., penguin contributions for future measurementsaof

uncertainties in the detector acceptance, estimated with MG 4 on the time-dependence of longitudinally-polarized
and background parametrizations. This results in a total a 30_. »* p~ decays using isospin relations analogous to those
solute uncertainty of 0.025. The biases from the resolution irbiscussed in the context &— 7 [14]. In the event that for

hecty:angle messurerent s o ch o 1 preseihe 5 i state e have ony the unper bound B
he induced uncertainty i is 19° at 90% C.L. neglecting

simulation a_nd give aosyste+m§t|c uncertainty of 0'0.2' the nonresonant anld=1 isospin contributions as discussed
Observation of th&8”"—p™p~ decay completes a first set in Ref. [15]

of measurements of th_e |sosp|r}-relaad»pp_ modes[_6,7]. In summary, we have observed the ded@—p*p-,
The measured branching fraction is consistent with recenrtneasured its branching fractiofi= (25279 x10°®, and
predicted values in the range (18—35)0 © [4] and the g T \eY-6-6 ’

dominant longitudinal polarization implies a suppression Ofdetermmed the longitudinal  polarization _fractiori,

— 0.02 . . . .
the transverse amplitude, which is expected to be suppresséd?- 28008~ 0.03. Our gquantitative estimates of penguin

. . . 0 + —_ .
by a factor ofm,/mg [4]. The rates of the°—p*p~ and contributions inB”—p ™ p~ decays and the dominance of the

B*—p%" decays appear to be larger than the corresponqg_P'even longitudinal polarization make this decay a prom-
ing rates oB— 7 decaygd12]. At the same time, the recent 'SINg channel for the measurement of the CKM angle
measurement of th®*—pPK** branching fraction[6] We are grateful for the excellent luminosity and machine
does not show significant enhancement with respedB to conditions provided by our PEP-II colleagues, and for the
— K decayg[12], both of which are expected to be domi- substantial dedicated effort from the computing organiza-
nated byb— s penguin diagrams. We can use flavor(8lto  tions that supportBABAR The collaborating institutions
relateb—s and b—d penguin diagrams analogous to Fig. wish to thank SLAC for its support and kind hospitality. This
1(b) [13]; the measured branching fractions indicate that thavork is supported by DOE and NSFUSA), NSERC
relative penguin contributions in thB—pp decays are (Canady IHEP (China, CEA and CNRS-IN2P3France,
smaller than in thé8— 77 case. BMBF and DFG(Germany, INFN (ltaly), FOM (The Neth-

We make a more quantitative estimate of penguin contrierland$, NFR (Norway), MIST (Russia, and PPARC
butions inB— pp decays using our previous measurementgUnited Kingdon). Individuals have received support from
of B9—p®p® andB* —p* p° branching fractions and polar- the A. P. Sloan Foundation, Research Corporation, and Alex-
ization [6]. Since the tree contribution to ti8°— p°° de-  ander von Humboldt Foundation.
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