
UC Berkeley
UC Berkeley Previously Published Works

Title
Measurements of moments of the hadronic mass distribution in semileptonic B decays

Permalink
https://escholarship.org/uc/item/8v53g0xk

Journal
Physical Review D - Particles, Fields, Gravitation and Cosmology, 69(11)

ISSN
1550-7998

Authors
Aubert, B
Barate, R
Boutigny, D
et al.

Publication Date
2004

DOI
10.1103/PhysRevD.69.111103

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License, 
availalbe at https://creativecommons.org/licenses/by/4.0/
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8v53g0xk
https://escholarship.org/uc/item/8v53g0xk#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/


RAPID COMMUNICATIONS

PHYSICAL REVIEW D 69, 111103~R! ~2004!
Measurements of moments of the hadronic mass distribution in semileptonicB decays

B. Aubert,1 R. Barate,1 D. Boutigny,1 F. Couderc,1 J.-M. Gaillard,1 A. Hicheur,1 Y. Karyotakis,1 J. P. Lees,1 V. Tisserand,1

A. Zghiche,1 A. Palano,2 A. Pompili,2 J. C. Chen,3 N. D. Qi,3 G. Rong,3 P. Wang,3 Y. S. Zhu,3 G. Eigen,4 I. Ofte,4

B. Stugu,4 G. S. Abrams,5 A. W. Borgland,5 A. B. Breon,5 D. N. Brown,5 J. Button-Shafer,5 R. N. Cahn,5 E. Charles,5

C. T. Day,5 M. S. Gill,5 A. V. Gritsan,5 Y. Groysman,5 R. G. Jacobsen,5 R. W. Kadel,5 J. Kadyk,5 L. T. Kerth,5

Yu. G. Kolomensky,5 G. Kukartsev,5 G. Lynch,5 L. M. Mir, 5 P. J. Oddone,5 T. J. Orimoto,5 M. Pripstein,5 N. A. Roe,5

M. T. Ronan,5 V. G. Shelkov,5 W. A. Wenzel,5 M. Barrett,6 K. E. Ford,6 T. J. Harrison,6 A. J. Hart,6 C. M. Hawkes,6

S. E. Morgan,6 A. T. Watson,6 M. Fritsch,7 K. Goetzen,7 T. Held,7 H. Koch,7 B. Lewandowski,7 M. Pelizaeus,7

M. Steinke,7 J. T. Boyd,8 N. Chevalier,8 W. N. Cottingham,8 M. P. Kelly,8 T. E. Latham,8 F. F. Wilson,8

T. Cuhadar-Donszelmann,9 C. Hearty,9 N. S. Knecht,9 T. S. Mattison,9 J. A. McKenna,9 D. Thiessen,9 A. Khan,10 P. Kyberd,10

L. Teodorescu,10 V. E. Blinov,11 V. P. Druzhinin,11 V. B. Golubev,11 V. N. Ivanchenko,11 E. A. Kravchenko,11

A. P. Onuchin,11 S. I. Serednyakov,11 Yu. I. Skovpen,11 E. P. Solodov,11 A. N. Yushkov,11 D. Best,12 M. Bruinsma,12

M. Chao,12 I. Eschrich,12 D. Kirkby,12 A. J. Lankford,12 M. Mandelkern,12 R. K. Mommsen,12 W. Roethel,12 D. P. Stoker,12

C. Buchanan,13 B. L. Hartfiel,13 S. D. Foulkes,14 J. W. Gary,14 B. C. Shen,14 K. Wang,14 D. del Re,15 H. K. Hadavand,15

E. J. Hill,15 D. B. MacFarlane,15 H. P. Paar,15 Sh. Rahatlou,15 V. Sharma,15 J. W. Berryhill,16 C. Campagnari,16 B. Dahmes,16

S. L. Levy,16 O. Long,16 A. Lu,16 M. A. Mazur,16 J. D. Richman,16 W. Verkerke,16 T. W. Beck,17 A. M. Eisner,17

C. A. Heusch,17 W. S. Lockman,17 T. Schalk,17 R. E. Schmitz,17 B. A. Schumm,17 A. Seiden,17 P. Spradlin,17 D. C. Williams,17

M. G. Wilson,17 J. Albert,18 E. Chen,18 G. P. Dubois-Felsmann,18 A. Dvoretskii,18 D. G. Hitlin,18 I. Narsky,18

T. Piatenko,18 F. C. Porter,18 A. Ryd,18 A. Samuel,18 S. Yang,18 S. Jayatilleke,19 G. Mancinelli,19 B. T. Meadows,19

M. D. Sokoloff,19 T. Abe,20 F. Blanc,20 P. Bloom,20 S. Chen,20 W. T. Ford,20 U. Nauenberg,20 A. Olivas,20 P. Rankin,20

J. G. Smith,20 J. Zhang,20 L. Zhang,20 A. Chen,21 J. L. Harton,21 A. Soffer,21 W. H. Toki,21 R. J. Wilson,21

Q. L. Zeng,21 D. Altenburg,22 T. Brandt,22 J. Brose,22 M. Dickopp,22 E. Feltresi,22 A. Hauke,22 H. M. Lacker,22

R. Müller-Pfefferkorn,22 R. Nogowski,22 S. Otto,22 A. Petzold,22 J. Schubert,22 K. R. Schubert,22 R. Schwierz,22 B. Spaan,22

J. E. Sundermann,22 D. Bernard,23 G. R. Bonneaud,23 F. Brochard,23 P. Grenier,23 S. Schrenk,23 Ch. Thiebaux,23

G. Vasileiadis,23 M. Verderi,23 D. J. Bard,24 P. J. Clark,24 D. Lavin,24 F. Muheim,24 S. Playfer,24 Y. Xie,24 M. Andreotti,25

V. Azzolini,25 D. Bettoni,25 C. Bozzi,25 R. Calabrese,25 G. Cibinetto,25 E. Luppi,25 M. Negrini,25 L. Piemontese,25

A. Sarti,25 E. Treadwell,26 R. Baldini-Ferroli,27 A. Calcaterra,27 R. de Sangro,27 G. Finocchiaro,27 P. Patteri,27 M. Piccolo,27

A. Zallo,27 A. Buzzo,28 R. Capra,28 R. Contri,28 G. Crosetti,28 M. Lo Vetere,28 M. Macri,28 M. R. Monge,28

S. Passaggio,28 C. Patrignani,28 E. Robutti,28 A. Santroni,28 S. Tosi,28 S. Bailey,29 G. Brandenburg,29 M. Morii, 29 E. Won,29

R. S. Dubitzky,30 U. Langenegger,30 W. Bhimji,31 D. A. Bowerman,31 P. D. Dauncey,31 U. Egede,31 J. R. Gaillard,31

G. W. Morton,31 J. A. Nash,31 G. P. Taylor,31 M. J. Charles,32 G. J. Grenier,32 U. Mallik,32 J. Cochran,33 H. B. Crawley,33

J. Lamsa,33 W. T. Meyer,33 S. Prell,33 E. I. Rosenberg,33 J. Yi,33 M. Davier,34 G. Grosdidier,34 A. Höcker,34
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2Universitàdi Bari, Dipartimento di Fisica and INFN, I-70126 Bari, Italy

3Institute of High Energy Physics, Beijing 100039, China
4University of Bergen, Institute of Physics, N-5007 Bergen, Norway

5Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA
6University of Birmingham, Birmingham B15 2TT, United Kingdom

7Ruhr Universita¨t Bochum, Institut fu¨r Experimentalphysik 1, D-44780 Bochum, Germany
8University of Bristol, Bristol BS8 1TL, United Kingdom

9University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1
10Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom

11Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia
12University of California at Irvine, Irvine, California 92697, USA

13University of California at Los Angeles, Los Angeles, California 90024, USA
14University of California at Riverside, Riverside, California 92521, USA
15University of California at San Diego, La Jolla, California 92093, USA

16University of California at Santa Barbara, Santa Barbara, California 93106, USA
17University of California at Santa Cruz, Institute for Particle Physics, Santa Cruz, California 95064, USA

18California Institute of Technology, Pasadena, California 91125, USA
19University of Cincinnati, Cincinnati, Ohio 45221, USA
20University of Colorado, Boulder, Colorado 80309, USA

21Colorado State University, Fort Collins, Colorado 80523, USA
22Technische Universita¨t Dresden, Institut fu¨r Kern-und Teilchenphysik, D-01062 Dresden, Germany

23Ecole Polytechnique, LLP, F-91128 Palaiseau, France
24University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
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63Universitàdi Roma La Sapienza, Dipartimento di Fisica and INFN, I-00185 Roma, Italy
64Universität Rostock, D-18051 Rostock, Germany

65Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, United Kingdom
66DSM/Dapnia, CEA/Saclay, F-91191 Gif-sur-Yvette, France

67University of South Carolina, Columbia, South Carolina 29208, USA
68Stanford Linear Accelerator Center, Stanford, California 94309, USA

69Stanford University, Stanford, California 94305-4060, USA
70State University of New York, Albany, New York 12222, USA

71University of Tennessee, Knoxville, Tennessee 37996, USA
72University of Texas at Austin, Austin, Texas 78712, USA

73University of Texas at Dallas, Richardson, Texas 75083, USA
74Dipartimento di Fisica Sperimentale and INFN, Universita` di Torino, I-10125 Torino, Italy

75Dipartimento di Fisica and INFN, Universita` di Trieste, I-34127 Trieste, Italy
76Vanderbilt University, Nashville, Tennessee 37235, USA

77University of Victoria, Victoria, British Columbia, Canada V8W 3P6
78University of Wisconsin, Madison, Wisconsin 53706, USA

79Yale University, New Haven, Connecticut 06511, USA
~Received 23 January 2004; published 29 June 2004!

We report a measurement of the first four moments of the hadronic mass distribution inB̄→Xc,2n̄ decays.

The measurements are based on 89 millionY(4S)→BB̄ events where the hadronic decay of one of theB
mesons is fully reconstructed and a charged lepton from the decay of the otherB meson is identified. The
moments are presented for minimum lepton momenta ranging from 0.9 to 1.6 GeV in theB rest frame. It is
expected that such measurements will lead to improved determinations ofuVcbu and uVubu.

DOI: 10.1103/PhysRevD.69.111103 PACS number~s!: 12.15.Hh, 11.30.Er, 13.25.Hw
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rbutions in B̄→Xc,2n̄ decays@1#. The moments are pre
sented as a function ofpmin* , the lower limit on the charged
lepton momentum, which we vary between 0.9 and 1.6 G

Moments of inclusive distributions and rates for semile
tonic and rareB decays can be related via operator prod
expansions~OPE! @2# to fundamental parameters of the sta
dard model, such as the Cabibbo-Kobayashi-Maskawa
trix elementsuVcbu anduVubu @3# and the heavy quark masse
mb and mc . These expansions in 1/mb and the strong cou-
pling constantas involve nonperturbative quantities that ca
be extracted from moments of inclusive distributions. W
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plan to use measurements of the hadron mass and le
energy moments@4# to improve the determination ofuVcbu
from the semileptonic decay rate@5#.

The measurement presented here is based on a samp

89 million BB̄ pairs collected on theY(4S) resonance by the
BABARdetector@6# at the PEP-II asymmetric-energye1e2

storage ring operating at SLAC. We use Monte Carlo~MC!
simulations of theBABARdetector based on GEANT4@7# to
determine background distributions and to correct for de

tor acceptance effects. The simulations ofB̄→Xc,2n̄ decays

use a parametrization of form factors forB̄→D* ,2n̄ @8#,

and models forB̄→D,2n̄, D** ,2n̄ @9# and B̄→Dp,2n̄,
D* p,2n̄ @10#.

The analysis usesY(4S)→BB̄ events in which one of the
B mesons decays to hadrons and is fully reconstruc

(Breco) and the semileptonic decay of the recoilingB̄ mesons
(Brecoil) is identified by the presence of an electron or mu
While this approach results in a low overall event select
efficiency, it allows for the determination of the momentu
charge, and flavor of theB mesons. To obtain a large samp
of B mesons, many exclusive hadronic decays are rec
structed@11#. The kinematic consistency of theseBreco can-
didates is checked with two variables, the beam-ene
substituted massmES5As/42pW B

2 and the energy differenc
DE5EB2As/2. HereAs is the total energy in the center o
mass frame~c.m.!, pW B and EB denote the c.m. momentum
and c.m. energy of theBreco candidate. We requireDE50
within three standard deviations as measured for each m
For a givenBreco decay mode, the purity is estimated as t
signal fraction in events withmES.5.27 GeV. For events
with one high-momentum lepton the purity is approximate
70%.

Semileptonic decays are identified by the presence of
and only one electron or muon above a minimum momen
pmin* measured in the rest frame of theBrecoil meson recoiling
against theBreco. Electrons are selected@12# with 92% aver-
age efficiency and a hadron misidentification rate rang
between 0.05% and 0.1%. Muons are identified@6# with an
efficiency ranging between 60% (plab51 GeV) and 75%
(plab.2 GeV) and a hadron misidentification rate betwe
1% and 3%. Efficiencies and misidentification rates are e
mated from selected samples of electrons, muons, pions,
kaons. We impose the conditionQbQ,,0, whereQ, is the
charge of the lepton andQb is the charge of theb-quark of
the Breco. This condition is fulfilled for primary leptons, ex
cept for B0B̄0 events in which flavor mixing has occurre
We require the total observed charge of the event to
uQtotu5uQBreco

1QBrecoil
u<1, allowing for a charge imbalanc

in events with low momentum tracks or photon conversio
The hadronic systemX in the decayB̄→X,2n̄ is recon-

structed from charged tracks and energy depositions in
calorimeter that are not associated with theBrecocandidate or
the charged lepton. Depending on particle identification
formation the charged tracks are assigned either theK6 or
p6 mass. Procedures are implemented to eliminate f
11110
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charged tracks, low-energy beam-generated photons, an
ergy depositions in the calorimeter from charged and neu
hadrons.

The neutrino four-momentumpn is estimated from the
missing four-momentum pmiss5pY(4S)2pBreco

2pX2p, ,
where all momenta are measured in the laboratory fra
The measuredpmiss is an important indicator of the quality o
the reconstruction ofX. We impose the following criteria:
Emiss.0.5 GeV, upW missu.0.5 GeV, and uEmiss2upW missuu
,0.5 GeV. The mass of the hadronic systemMX is deter-
mined by a kinematic fit that imposes four-momentum co
servation, the equality of the masses of the twoB mesons,
and constrainspn

250. We require the fit to converge, thu
ensuring that the abovementioned constraints are fulfil
The resulting mean resolution inMX is 350 MeV.

The background is dominated by combinatorial bac
ground in theBreco sample. To estimate this background w
fit the observedmES distribution to a sum of an empirica
function @13# describing the combinatorial background fro
both continuum andBB̄ events and a narrow signal functio
@14# peaked at theB meson mass. This fit is performed sep
rately for several bins inMX , thus accounting for changes i
background as a function ofMX . For pmin* 50.9 GeV and
mES.5.27 GeV, we find a total of 7114 signal events abo
a combinatorial background of 2102 events. Figure 1 sho

FIG. 1. MX distributions after subtraction of theBreco back-
ground, for~a! pmin* 50.9 GeV, and~b! pmin* 51.6 GeV. The Monte
Carlo prediction for decays toD andD* is indicated by the open
histogram, the small residual background by the solid histogram

FIG. 2. Results of thêMX& calibration procedure. The calibra
tion data and fit results are shown by the lower dashed line~circles!,
the verification by the upper solid line~triangles!.
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FIG. 3. Measured moments~a!
^MX&, ~b! ^MX

2&, ~c! ^MX
3&, and

~d! ^MX
4& for different lepton mo-

menta,pmin* . The bars indicate the
statistical and total errors. The in
dividual moments are highly cor
related.
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MX distributions afterBreco background subtraction. Th
dominant contributions are from the lowest mass meso
(D1,D0) and (D* 1,D* 0), but there are clear indications fo
higher mass states.

The residual background, estimated from MC simulati
is due to hadron misidentification,t6 leptons,B̄→Xu,2n̄
decays, and secondary leptons from semileptonic decay
D (* ) andDs mesons, either fromB0B̄0 mixed events or pro-
duced inb→cc̄s transitions.

To extract unbiased moments^MX
n&, we need to correc

for effects that can distort the mass distributions~see also
@15#!. We use observed linear relationships between the m
sured^MX

n& and generated̂MX
n true& values from MC simu-

lations in bins ofMX
n true ~see Fig. 2! to calibrate the measure

ment ofMX
n on an event-by-event basis. Since any radiat

photon is included in the measured hadron mass and
definition of MX does not include these photons, we emp
PHOTOS@16# to simulate QED radiative effects and corre
for their impact~less than 5%! on the moments as part of th
calibration procedure.

To verify this procedure, we apply the calibration to t
measured masses for individual hadronic states in simul
B̄→Xc,2n̄ decays, and compare their calibrated mass m
ments to the true mass moments. The result of this test is
shown in Fig. 2 forMX , indicating that the calibration re
produces the true moments over the full mass range. Co
sponding curves are obtained forMX

2, MX
3, and MX

4. We
observe no significant mass bias after calibration. The M
based calibration procedure has also been validated on a
sample of partially reconstructedD* 1→D0p1 decays@11#
where we identity the low-momentump1. This serves only
as a tag and allows us to select an inclusive event sampl
which the true hadronic mass is known.

Detailed studies show that the slope and offset of the c
bration curves vary slightly as a function of the multiplici
of the hadron system and as a function ofEmiss2upW missu.
Thus, instead of one universal calibration curve for all da
we split the data into three bins in multiplicity and three bi
in Emiss2upW missu, and derive a total of nine calibration curve
one for each subsample.

We estimate and subtract the contribution to the mome
from residual backgrounds and then correct the result b
factorCn for the effect of detection and selection efficiencie
We can express the fully corrected hadronic mass mom
^MX

n& as

^MX
n&5

^MX
n&calib

DATA2 f bg•^MX
n&calib

MCbg

12 f bg
3Cn , ~1!
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where^MX
n&calib

DATA and ^MX
n&calib

MCbg are the calibrated moment
of the data and the residual background. The factorf bg

denotes the size of the residual background relative to
data.

Decays to higher mass final states usually generate hi
multiplicities and are more strongly affected by the requi
ments onEmiss and upW missu due to limited efficiency. In addi-
tion, the different decay modes have different spin config
rations and thus different angular distributions. T
correction factorCn in Eq. ~1! accounts for these effects. It i
determined by MC simulation, and is found to be within 1
of unity.

The hadronic mass moments^MX
n& obtained after back-

ground subtraction, correction forB̄→Xu,2n̄ decays, and
mass calibration are presented in Fig. 3 as a function ofpmin* .
The measurements are highly correlated. The numerica
sults and the full correlation matrix for the four sets ofpmin*
dependent moment measurements can be found in@17#. The
four moments increase aspmin* decreases due to the presen
of higher mass charm states. Fits to thepmin* dependence
assuming constant moments are inconsistent with our res
with x2 probabilities less than 0.4%.

Table I shows the four measured moments and their p
cipal errors forpmin* 50.9 GeV andpmin* 51.6 GeV. The main
sources of systematic errors are the precision in the mode
of the detector efficiency and particle reconstruction, the s
traction of the combinatorial background of theBrecosample,
the residual background estimate, and the uncertainties in
modeling of the hadronic states. The uncertainty related
the detector modeling and event reconstruction has been
timated by MC simulations of the track and photon efficie
cies. Resolutions, fake rates, and background rates have
studied in detail by varying the adjustments to the MC sim
lation that are introduced to improve the agreement w
data. The track efficiency was found to be 0.8% higher
MC compared to data and the systematic error assume
uncertainty of 3.5%, independent of energy, polar angle,
multiplicity. For photons, the relative energy resolution w
broadened by 3% to 1.6% for energies between 30 and
MeV. The uncertainty in the combinatorialBreco background
subtraction is estimated by varying the lower limit of th
signal region in themES distribution. The error due to the
subtraction of the residual background is dominated by
uncertainties~typically 30%@18#! in the rate ofD (* ) andDs
production viab→cc̄s transitions. The uncertainty related t
the modeling of the semileptonicB decays is estimated b
varying the branching fractions, in particular those for t
high mass resonant and nonresonant states. Uncertainti
3-5
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TABLE I. Results for ^MX
n& for the two extreme values ofpmin* , with statistical and systematic errors and details on the m

contributions to the systematic uncertainties.

pmin* ~GeV! ^MX
n&(GeVn)

Detector
response

Breco

background
Residual

background
B̄→Xc,2n̄

model
Radiative

corrections

n51 0.9 2.07360.01360.013 0.009 0.004 0.008 0.002 0.003
1.6 2.02660.01360.012 0.010 0.004 0.002 0.002 0.004

n52 0.9 4.36660.04960.058 0.034 0.023 0.039 0.009 0.009
1.6 4.14660.04260.036 0.031 0.009 0.007 0.007 0.013

n53 0.9 9.3560.1860.23 0.15 0.05 0.16 0.01 0.03
1.6 8.5460.1260.11 0.10 0.02 0.01 0.01 0.04

n54 0.9 20.5360.6360.90 0.58 0.31 0.58 0.13 0.14
1.6 17.7560.3260.23 0.19 0.06 0.02 0.08 0.09
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the radiative corrections, especially effects not included
PHOTOS, are estimated by removing photons above a v
able energy limit from the hadronic systemX.

To test the stability of the moment measurements, the d
are divided into several independent subsamples:B6 andB0,
decays to electrons and muons, different run periods, pos
and negativeEmiss2upW missu, and high and low purityBreco
modes. No significant variations are observed.

In summary, we have performed a measurement of
first four momentŝ MX

n& of the hadronic mass distribution i
semileptonicB decays. Forpmin* 51.5 GeV, our measuremen
of ^MX

2&54.1860.04(stat.)60.03(syst.) GeV2 agrees well
with the single result from CLEO@19#. The selection of
events with one fully reconstructed hadronicB decay, the
kinematic fit, and calibration of the hadronic mass in t
semileptonic decay of the secondB decay have led to mo
ment measurements with comparable statistical and sys
atic errors. The results do not depend on assumptions
branching fractions and mass distributions for higher m
hadronic states. The measured moments increase sig
u

s.

,
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cantly as the limit on the lepton momentum,pmin* , is low-
ered, as expected for increasing contributions from hig
mass states. The set of moments presented here can be
to test the applicability of the OPE to semileptonic and rareB
decays. Combining them with the measured semileptonic
cay rate is expected to result in a significantly improved
termination ofuVcbu @4,5#.
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