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We report a measurement of the first four moments of the hadronic mass distribuﬁc—mm€ “v decays.
The measurements are based on 89 miII\ﬁ(mS)—>B§ events where the hadronic decay of one of Be
mesons is fully reconstructed and a charged lepton from the decay of theBotheson is identified. The
moments are presented for minimum lepton momenta ranging from 0.9 to 1.6 GeV khrése frame. It is
expected that such measurements will lead to improved determinatighigypfand |V |-

DOI: 10.1103/PhysRevD.6811103 PACS numbeég): 12.15.Hh, 11.30.Er, 13.25.Hw

In this paper we report measurements of the first foulhytions in B—X.¢ 7 decays[1]. The moments are pre-
moments(My), with n=1-4, of the hadronic mass distri- sented as a function qf*,, the lower limit on the charged
lepton momentum, which we vary between 0.9 and 1.6 GeV.
Moments of inclusive distributions and rates for semilep-
tonic and rareB decays can be related via operator product
*Now at Department of Physics, University of Warwick, Coven- expansionsOPE) [2] to fundamental parameters of the stan-

try, United Kingdom. dard model, such as the Cabibbo-Kobayashi-Maskawa ma-
TAlso with Universitadella Basilicata, Potenza, Italy. trix elementdV,,| and|V,;,| [3] and the heavy quark masses
*Also with IFIC, Instituto de Fsica Corpuscular, CSIC- m, andm,. These expansions inrhj and the strong cou-

Universidad de Valencia, Valencia, Spain. pling constantyg involve nonperturbative quantities that can
SDeceased. be extracted from moments of inclusive distributions. We

111103-3
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plan to use measurements of the hadron mass and leptol @ .  eDaa ) , *Data

energy moment§4] to improve the determination di/.)| > 1200¢ §  -DD { 600} -D"+D

from the semileptonic decay rafs]. S 3 mpesiaual] m fosidualy
The measurement presented here is based on a sample ¢ 800} 1 40 ]

89 million BB pairs collected on th& (4S) resonance by the 7, ]

BABARdetector{6] at the PEP-II asymmetric-energy e~ e 40 200

storage ring operating at SLAC. We use Monte CANT) o

simulations of theBABARdetector based on GEANTZ] to 030 20 30 40 %10 20 30 a0

determine background distributions and to correct for detec- My [GeV] My [GeV]

tor acceptance efiects. The simulationd3oh X £ v decays FIG. 1. My distributions after subtraction of thB,e., back-

use a parametrization of form factors f§r—>_D*€*7 [8].  ground, for(a) p;,=0.9 GeV, andb) p;,=1.6 GeV. The Monte
and models foB—D¢ v, D** ¢ v [9] andB—Dw{ 7, Carlo prediction for decays tB and D* is indicated by the open
D* ¢ v [10]. histogram, the small residual background by the solid histogram.

The analysis use¥ (4S)— BB events in which one of the
ySis uses (45)—~ v nwh aharged tracks, low-energy beam-generated photons, and en-

B mesons decays to hadrons and is fully reconstructe - . X
) ) L ergy depositions in the calorimeter from charged and neutral
(Breco and the semileptonic decay of the recoillBgnesons  padrons.

(Brecoi) s identified by the presence of an electron or muon.  The neutrino four-momenturp, is estimated from the
While this approach results in a low overall event selectionyjssing  four-momentum pys= Py(as— P, —Px— P,

F A ; H H reco
efficiency, it allows for the determination of the momentum, \ bere all momenta are measured in the laboratory frame.

charge, and flavor of thB mesons. To obtain a large sample o measureq, .. is an important indicator of the quality of
of B mesons, many exclusive hadronic decays are reconpe reconstruction oK. We impose the following criteria:
S'Fructed[_ll]. The klnematlc con5|s_tency of theBe,., can- Emiss>0.5GeV, |Brmisd>0.56GeV, and |Empise |Prisd|
didates is checked with two variables, the beam-energyz=-g 5 GeV. The mass of the hadronic systéhy is deter-
substituted masmgg= \s/4—pg and the energy difference mined by a kinematic fit that imposes four-momentum con-
AE=Eg— \/s/2. Here\s is the total energy in the center of servation, the equality of the masses of the fmesons,
mass frame(c.m), pg and Eg denote the c.m. momentum and constraing?=0. We require the fit to converge, thus
and c.m. energy of th&,., candidate. We requirdAE=0  ensuring that the abovementioned constraints are fulfilled.
within three standard deviations as measured for each mod&he resulting mean resolution My is 350 MeV.
For a givenB,., decay mode, the purity is estimated as the The background is dominated by combinatorial back-
signal fraction in events wittmzg>5.27 GeV. For events ground in theB,.., sample. To estimate this background we
with one high-momentum lepton the purity is approximatelyfit the observedngs distribution to a sum of an empirical
70%. function[13] describing the combinatorial background from
Semileptonic decays are identified by the presence of onkoth continuum an@B events and a narrow signal function
and only one electron or muon above a minimum momentunil14] peaked at th& meson mass. This fit is performed sepa-
px. measured in the rest frame of tBe,.,; meson recoiling rately for several bins iMy, thus accounting for changes in
against theB,qq,. Electrons are selectdd2] with 92% aver-  background as a function d¥ly. For pf,;,=0.9 GeV and
age efficiency and a hadron misidentification rate ranginghes™5-27 GeV, we find a total of 7114 signal events above
between 0.05% and 0.1%. Muons are identifiéfiwith an & combinatorial background of 2102 events. Figure 1 shows
efficiency ranging between 60%p,=1 GeV) and 75%

(Pap>2 GeV) and a hadron misidentification rate between T

1% and 3%. Efficiencies and misidentification rates are esti- 34F Slope= 0.995+0.011

mated from selected samples of electrons, muons, pions, and F Offset=0.01+0.02 GeV A

kaons. We impose the conditid,Q,<0, whereQ, is the < 3of D® Lt

charge of the lepton an@y, is the charge of thé-quark of 8 - A 1

the B,eco- This condition is fulfilled for primary leptons, ex- 7\): 26t D** ‘,"

cept for B°BY events in which flavor mixing has occurred. z .,/'.

We require the total observed charge of the event to be 22 gl 3

| Qo =1Qg,, .+ Qg /<1, allowing for a charge imbalance D l"‘smpe: 079910007 |

in events with low momentum tracks or photon conversions. 18k x-r" Offset= 0.2670.02 GeV
The hadronic systerX in the decayB— X¢ v is recon- R TCRrya——

structed from charged tracks and energy depositions in the <Mxtrue> [GeV]

calorimeter that are not associated with Byg.,candidate or

the charged lepton. Depending on particle identification in-  FIG. 2. Results of théMy) calibration procedure. The calibra-
formation the charged tracks are assigned eitherktheor  tion data and fit results are shown by the lower dashed timeles),
7= mass. Procedures are implemented to eliminate fakehe verification by the upper solid lingriangles.
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o @ FIG. 3. Measured momenta)

21 (My), (B) (M%), () (M%), and
{ * (d) (M%) for different lepton mo-
42 { ‘} {, {, menta,py;,. The bars indicate the
* } $ statistical and total errors. The in-
* dividual moments are highly cor-

40
200 S TS 09 11 13 15 08 11 13 15 09 11 13 15 related.
P min [GEV] P*min [GeV] P min [GeV] P*min [GeV]

(b) (@

2.08

4‘4“}} ty

45 [GeV4)

<My> [GeV]
©

**ii*

<My3> [Gev3]
[{e]

<My

My distributions afterB,., background subtraction. The where(M)24™ and(M})MS9 are the calibrated moments
dominant contributions are from the lowest mass meson®f the data and the residual background. The fadtgr
(D*,D% and O* *,D*9%), but there are clear indications for denotes the size of the residual background relative to the
higher mass states. data.

The residual background, estimated from MC simulation, Decays to higher mass final states usually generate higher
is due to hadron misidentification;” Ieptons,§—>Xu€*7 multiplicities and are more strongly affected by the require-
decays, and secondary leptons from semileptonic decays ofents onEssand|p,sd due to limited efficiency. In addi-
D™ andD mesons, either frorB°B° mixed events or pro- tion, the different decay modes have different spin configu-
duced inb— CCs transitions. rations and thus different angular distributions. The

To extract unbiased moment#1%), we need to correct correction factolC,, in Eq. (1) accounts for these effects. It is
for effects that can distort the mass distributiqsse also determined by MC simulation, and is found to be within 1%
[15]). We use observed linear relationships between the me&f unity.
sured(M}) and generatedM% "™ values from MC simu- The hadronic mass momentd1y) obtained after back-
lations in bins ofM§ "™ (see Fig. 2to calibrate the measure- ground subtraction, correction f@—X,¢ v decays, and
ment of My on an event-by-event basis. Since any radiativenass calibration are presented in Fig. 3 as a functiqufgf.
photon is included in the measured hadron mass and orhe measurements are highly correlated. The numerical re-
definition of My does not include these photons, we employsyits and the full correlation matrix for the four setspif;,
PHOTQ_S[16] to simulate QED radiative effects and correct dependent moment measurements can be foufidi7in The
for their impact(less than 5%on the moments as part of the ¢4, moments increase @, decreases due to the presence
calibration procedure. of higher mass charm states. Fits to th§,, dependence

To verify this procedure, we apply the calibration to the . . ) h
fy P PPy suming constant moments are inconsistent with our results,

measured masses for individual hadronic states in simulated® 2 I
with x“ probabilities less than 0.4%.

B—Xc¢"v decays, and compare their cahbrateq Mass MO~ Taple I shows the four measured moments and their prin-
ments to the true mass moments. The result of this test is also | foro* —0.9 GeV * _16GeV. Th .
shown in Fig. 2 forMy, indicating that the calibration re- C'P&' €ITOrS 10MPpy=4.9 1€ andp,,=1.6 Gev. The main

produces the true moments over the full mass range. Corrgources of systematic errors are the precision in the modeling
sponding curves are obtained fo2, M3, and Mi We of the detector efficiency and particle reconstruction, the sub-

observe no significant mass bias after calibration. The Mcraction of the combinatorial background of g, sample,

based calibration procedure has also been validated on a ddf§ residual background estimate, and the uncertainties in the
sample of partially reconstructed* * — D%z decayg11]  Modeling of the hadronic states. The uncertainty related to

where we identity the low-momentum®. This serves only the detector modeling and event reconstruction has been es-

as a tag and allows us to select an inclusive event sample fémated by MC simulations of the track and photon efficien-
which the true hadronic mass is known. cies. Resolutions, fake rates, and background rates have been

Detailed studies show that the slope and offset of the caliStudied in detail by varying the adjustments to the MC simu-
bration curves vary slightly as a function of the multiplicity !ation that are introduced to improve the agreement with
of the hadron system and as a function Bifys— |Pmicd. 9212 The track efficiency was found to be 0.8% higher in
Thus, instead of one universal calibration curve for all dataMC compared to data and the systematic error assumes an
we split the data into three bins in multiplicity and three binsUncertainty of 3.5%, independent of energy, polar angle, and
in Enis— | Pmisd, @nd derive a total of nine calibration curves, multiplicity. For photons, the relatlve_energy resolution was
one for each subsample. broadened by 3%. to 1.6% for engrg|es.between 30 and 600

We estimate and subtract the contribution to the moment¥€V. The uncertainty in the combinatoriBle., background
from residual backgrounds and then correct the result by gubtraction is estimated by varying the lower limit of the
factorC, for the effect of detection and selection efficiencies.Signal region in themes distribution. The error due to the
We can express the fully corrected hadronic mass momerfibtraction of the residual background is dominated by the
(M%) as uncertaintiestypically 30%[18]) in the rate ofD") and Dy

production viab— ccs transitions. The uncertainty related to
(MQ)D/T-LA—fb (M M?Eg the modeling of thg semileptonB_ decay_s is estimated by
(M) = cali 9\ X/cali C., (1) varying the branching fractions, in particular those fqr Fhe_
1="fug high mass resonant and nonresonant states. Uncertainties in
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TABLE |. Results for(M%) for the two extreme values ob?,,, with statistical and systematic errors and details on the major
contributions to the systematic uncertainties.

Detector Bieco Residual B— XA v Radiative
Prin (GeV) (M) (GeV) response  background background model corrections
n=1 0.9 2.073%0.013+0.013 0.009 0.004 0.008 0.002 0.003
1.6 2.026-0.013+0.012 0.010 0.004 0.002 0.002 0.004
n=2 0.9 4.366-0.049+0.058 0.034 0.023 0.039 0.009 0.009
1.6 4.146-0.042+0.036 0.031 0.009 0.007 0.007 0.013
n=3 0.9 9.35-0.18+0.23 0.15 0.05 0.16 0.01 0.03
1.6 8.54-0.12+0.11 0.10 0.02 0.01 0.01 0.04
n=4 0.9 20.53%0.63+0.90 0.58 0.31 0.58 0.13 0.14
1.6 17.75-0.32+0.23 0.19 0.06 0.02 0.08 0.09

the radiative corrections, especially effects not included ircantly as the limit on the lepton momentum, ., is low-
PHOTOS, are estimated by removing photons above a vargred, as expected for increasing contributions from higher
able energy limit from the hadronic systexn mass states. The set of moments presented here can be used

To test the stability of the moment measurements, tfge dai@, test the applicability of the OPE to semileptonic and Bre
are divided into several mdependgnt subsam;ﬂes_andB ' . decays. Combining them with the measured semileptonic de-
decays to (_alectrons aind muons, d_lfferent run perlo_ds, pOSItIV(?ay rate is expected to result in a significantly improved de-
and negativeE niss— |Pmisd, and high and low purityBreco  1orminati

Miss S ermination of| V.| [4,5].
modes. No significant variations are observed.

In summary, we have performed a measurement of the The authors are grateful for the excellent luminosity and
first four momentgM§) of the hadronic mass distribution in machine conditions provided by our PEP-II colleagues, and
semileptonidB decays. Fop;,,=1.5 GeV, our measurement for the substantial dedicated effort from the computing orga-
of (M%)=4.18+0.04(stat.}-0.03(syst.) Ge¥ agrees well nizations that suppoBABAR The collaborating institutions
with the single result from CLEQ19]. The selection of wish to thank SLAC for its support and kind hospitality. This
events with one fully reconstructed hadrorBcdecay, the work is supported by DOE and NSKUSA), NSERC
kinematic fit, and calibration of the hadronic mass in the(Canada IHEP (China, CEA and CNRS-IN2P3France,
semileptonic decay of the secomddecay have led to mo- BMBF and DFG(Germany, INFN (ltaly), FOM (The Neth-
ment measurements with comparable statistical and systerafland3, NFR (Norway), MIST (Russia, and PPARC
atic errors. The results do not depend on assumptions fqinited Kingdon). Individuals have received support from
branching fractions and mass distributions for higher masthe A. P. Sloan Foundation, Research Corporation, and Alex-
hadronic states. The measured moments increase signiithder von Humboldt Foundation.
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