
VOLUME 71, NUMBER 11 PH YSICAL REVI EW LETTERS

Two Measurements of B B0 Mixing

13 SEPTEMBER 1993

J. Bartelt, ~ S. E. Csorna, Z. Egyed, V. Jajn, P. Sheldon, D. S. Akerib, B. Barjsh, 2 M. Chadha,
S. Chan, 2 D. F. Cowen, 2 G. Eigen, 2 J. S. Miller, 2 C. O' Grady, ~ J. Urheim, 2 A. J. Weinstein, 2 D. Acosta, s

M. Athanas, s G. Masek, s B. Ong, s H. Paar, s M. Sivertz, s A. Bean, 4 J. Gronberg, 4 R. Kutschke, 4

S. Menary, R. 3. Morrison, S. Nakanishi, H. N. Nelson, T. K. Nelson, 3. D. Richman, A. Ryd,
H. Tajima, 4 D. Schmidt, D. Sperka, M. S. Witherell, 4 M. Procario, s S. Yang, s R. Balest, s K. Cho, s

M. Daoudi, 6 W. T. Ford, D. R. Johnson, K. Lingel, M. Lohner, P. Rankin, J. G. Smith, 6 J.
P. Alexander, C. Bebek, K. Berkelman, D. Besson, T. E. Browder, D. G. Cassel, H. A. Cho, 7

D. M. Cowman, 7 P. S. Drell, 7 R. Ehrlich, 7 R. S. Galik, M. Garcia-Sciveres, B. Geiser, 7 B. Gittelman,
S. W. Gray, D. L. Hartill, 7 B.K. Heltsley, C. D. 3ones, S. L. 3ones, 3. Kandaswamy, " N. Katayama, 7 P.
C. Kim, " D. L. Kreinick, 7 G. S. Ludwig, 3. Masui, 3. Mevissen, N. B. Mistry, C. R. Ng, 7 E. Nordberg,
M. Ogg, " * 3. R. Patterson, D. Peterson, 7 D. Riley, S. Salman, M. Sapper, H. Worden, M. Worris,
F. Wiirthwein, 7 P. Avery, s A. Freyberger, s J. Rodriguez, s R. Stephens, s J. Yelton, s D. Cinabro, s

S. Henderson, K. Kinoshita, T. Liu, M. Saulnier, R. Wilson, H. Yamamoto, M. Selen, A.
J. Sadoff, ti R. Ammar, s S. Ball, 2 P. Baringer, ts D. Coppage, i2 N. Copty, 2 R. Davis, 2 N. Hancock, i2

M. Kelly, N. Kwak, H. Lam, Y. Kubota, M. Lattery, J. K. Nelson, S. Patton, D. Perticone,
R. Poling, V. Savinov, S. Schrenk, R. Wang, M. S. Alam, I. 3. Kim, B. Nemati, 3.
J. O' Neill, i4 V. Romero, i4 H. Severini, t4 C. R. Sun, t4 M. M. Zoeller, i4 G. Crawford, s M. Daubenmeir, is

R. Fulton, D. Fujino, K. K. Gan, K. Honscheid, H. Kagan, 5 R. Kass, J. Lee, R. Malchow,
F. Morrow ~ Y. Skovpen '~ M. Sung C. White J. Whitmore, P. Wilson, F. Butler
X. Fu ~6 G. Kalbfleisch ~6 M. Lambrecht ~6 W. R. Ross ~6 P. Skubic ~6 3. Snow ~6 P L. Wang ~6

M. Wood D. Bortoletto ~ D. N. Brown, J. Fast, » R. L. McIlwain, T. Miao, 7 D. H. Miller
M. Modesitt, S. F. SchaEner) E. I. Shibata, I. P. J. Shipsey, P. N. Wang, M. Battle) 3. Ernst,
H. Kroha, S. Roberts, K. Sparks, E. H. Thorndike, C. H. Wang, J. Dominick, S. Sanghera,
T. Skwarnicki, R. Stroynowski, M. Artuso, D. He, M. Goldberg, N. Horwitz, R. Kennett,
G. C. Moneti, F. Muheim, Y. Mukhin, S. Playfer, 0 Y. Rozen, 2 S. Stone, ~ M. Thulasidas,

G. Vasseur, and G. Zhu

(CLEO Collaboration)
Vanderbilt University, Nashville, Tennessee 97285

California Institute of Technology, Pasadena, California 91185
University of California, San Diego, La Jolla, California M099

University of California, Santa Barbara, California 98106
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15249

University of Colorado, Boulder, Colorado 80809-0890
Cornell University, Ithaca, New York 1/858

University of Florida, Gainesville, Florida M611
Harvard University, Cambridge, Massachusetts 08188

University of Illinois, Champaign Urbana, Illino-is 61801
"Ithaca College, Ithaca, New York 1/850

University of Kansas, Lawrence, Kansas 660/5
University of Minnesota, Minneapolis, Minnesota 55455

State University of New York at Albany, Albany, New York 1MM
Ohio State University, Columbus, Ohio $M10

University of Oklahoma, Norman, Oklahoma 18019
' Purdue University, West Lafayette, Indiana $7907

University of Rochester, Rochester, New York 1$M7' Southern Methodist University, Dallas, Texas 7M75
Syracuse University, Syracuse, New York 1M&]

(Received 29 April 1993)

We have measured the B B mixing probability, yg, using a sample of 965000 BB pairs from
T(4S) decays. Counting dilepton events, we find ys = 0.157+0.016+0.018+a iizi. Using tagged B
events, we find ys = 0.149+0.023+0.019j0.010. The first (second) error is statistical (systematic).
The third error reBects a +15% uncertainty in the assumption, made in both cases, that charged and
neutral B pairs contribute equally to dilepton events. We also obtain a limit on the CP impurity
in the Bd system, ~Re(ego)

~
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N(B B ) +N(B B )
N(BoBo) y N(BoBo) ~ N(BoBo)

' (2)

To measure this quantity it is necessary to have a tag of
the fIavor of the decaying B mesons. The charge of lep-
tons in semileptonic decays provides such a tag, and yd
can be determined from the production of same-sign and
opposite-sign dilepton events [N(E+E+) and N(E+E )] by

1 N(E+E+)
1 —A N(E+E )+ N(E+-E+) ' (3)

where A = f+b+/(f~b+ + fobo2) is the fraction of dilep-
ton events coming from B+B decays. It depends on
the semileptonic branching fractions, 6+ and bo, and the
production fractions at the T(4S), f+ and fo, for charged
and neutral B mesons, respectively.

Present evidence suggests [4] equal dilepton contribu-
tions from charged and neutral B's, i.e. , A = 0.5, to
an accuracy of (10—15)%. More precise information on
b~/bo and f~b~/fobo will be forthcoming soon from the
CERN e+e collider LEP and from CLEO. Pending that
information, the uncertainty in A represents the largest
systematic error in yg when it is obtained from dilep-
tons. Consequently we have developed a second method
for measuring y~ in which we enrich our B B sample by
tagging the decay B —+ D*+S v, D*+ ~ D sr+, through
correlations of E and sr+ (inclusion of charge conjugate
modes is implied throughout this Letter). The tagging
method reduces sensitivity to A, but has poorer statisti-
cal accuracy.

The large sample of same-sign dileptons obtained in
this study presents an opportunity to search for a CP
impurity in the mass eigenstates B, = Bz+6~0B2, Bi-
B2 + ~~OB, , ~he~e Bi ~ are CP eigenstates. The CP
impurity would appear as a charge asymmetry in same-
sign dileptons [5],

The 1987 discovery of B Bo mixing [1] (B—:bd)
signaled a large top quark mass and gave rise to new
prospects for the observation of CP violation in B me-
son decay. A precise determination of the rate of Bo
mixing is desirable, both to estimate the magnitude of
CP violating efFects in B meson decay, and to measure
the Cabibbo-Kobayashi-Maskawa (CKM) matrix element
Vqd, once the top quark mass and the decay constant frr
are better determined.

In this Letter we report two measurements of the B B
mixing parameter yg, defined by

I'(Bo Bo)
I'(B ~ Bo) + I'(Bo —+ Bo)

Previous measurements at the T(4S) [1—3) expressed
mixing in terms of r, the ratio of mixed to unmixed
widths, which is related to yg by r = yg/(1 —yg). For
coherent BB production at the T(4S), yg is given by

N(E+E+) —N(E E-)-
N(E+E+) + N(E E -)- (4)

The standard model predicts [6] aber to be small, 10
We present a measurement that is consistent with zero
within large errors.

The data sample used in these studies was collected
with the CLEO-II detector [7] at the Cornell Electron
Storage Ring (CESR). It consists of 951 pb on the
T(4S) resonance and 445 pb i at a center-of-mass energy

55 MeV below the resonance. Events are required to
contain at least 5 charged particles and to have a visible
energy of at least 30%%uo of the center-of-mass energy.

To obtain the yield of dilepton events from semilep-
tonic decays of BB pairs, several other sources must be
subtracted from the total yield. These include dileptons
from the nonresonant processes at the T(4S) ("contin-
uum" processes), hadrons misidentified as leptons ("fake
leptons" ), leptons from g or g' decay, and events in which
one lepton arises from B semileptonic decay B ~ 8+vX
(primary lepton) and another from the semileptonic de-
cay of a daughter D meson, B ~ DX, D ~ E+vY (sec-
ondary lepton). In order to reduce the background from
these sources, each dilepton event is required to contain
exactly two identified leptons with momenta between 1.5
and 2.4 GeV/c, and their opening angle, Hag, must sat-
isfy —0.8 ( cos Ore ( 0.9. In addition, if either lepton
in the pair, when combined with an oppositely charged
track satisfying less restrictive lepton identification crite-
ria, has a pair invariant mass consistent with a g or g',
the event is rejected.

The observed dilepton yields in the off-resonance data
sample, scaled for the difference in luminosity and beam
energy, provide a direct measurement of real and fake
continuum dileptons. The contribution of pairs consist-
ing of one real and one fake lepton is calculated by multi-
plying hadron track yields in single lepton events by the
experimentally determined probability that a hadron is
misidentified as a lepton ("fake probability" ). Leakage
through the veto of g or @' dileptons, as well as false ve-
toes of BB dilepton events, are calculated from a Monte
Carlo simulation tuned to match the observed g momen-
tum spectrum.

The same-sign dileptons that arise from primary-
secondary pairs are the most severe background in this
experiment. We determine this charm background from
data by fitting the measured inclusive electron spectrum
from BB events with the momentum distributions ex-
pected for 6 —& cEv and b ~ c —+ s/v. The semileptonic
B decay distribution used in the fit is obtained from a
variety of theoretical models [8]. The lepton spectrum
from secondary charm decays is obtained [9] by convo-
luting the lepton spectrum from D —+ XEv with the D
and D+ momentum spectra from B ~ DX measured by
CLEO [10] and weighted with the product of their pro-
duction and semileptonic decay branching ratios. I"or the
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TABLE I. Dilepton yields and corrections (events). The net I/ yield from B decay is calculated from rows (1+5)—rows
(2+3+4+6).
Source
On T(4S)
Continuum (scaled)
T(4S) fakes
g(Q') leakage
g(Q') veto compensation
Primary-secondary correction
Net EE from B decay
Statistical error
Systematic error

e+e
568

31.8+ 8.2
2.5 + 0.7
3.2 + 0.5
55.2+ 2.8
11.3 + 3.4

574.4
25.2
4.7

P
591

84.8 + 13.4
16.8 + 5.0
3.6 + 0.5
28.7 + 1.4
8.9 + 2.7

505.5
27.8
6.0

e+ p,+
1158

25.4 + 7.3
19.1 + 5.7
3.9 + 0.6

20.3 6 6.1
1089.2
34.8
8.4

e+e+
62

1.0 + 0.3
3.2 + 0.5

21.3 + 6.4
36.5
7.9
6.4

86
8.5 + 4.2
5.6 + 1.7
3.6 + 0.5

16.9 + 5.1
51.4
10.2
5.4

160
14.9 + 5.6
6.3 + 1.9
3.9 + 0.6

38.4 + 11.5
96.6
13.8
11.7

lepton spectrum from D ~ X/v, we use a parametriza-
tion consistent with the DELCO measurement [11]of the
lepton spectrum from Q" —+ DD, taking the motion of
the D into account. The fit determines the fraction, f„of
leptons above the minimum momentum cutoK that come
from charm decays. We determine the error in f, by vary-
ing the secondary lepton spectrum fitting function within
the errors of the DELCO and CLEO measurements, by
varying the b ~ clv model, and by considering errors
in the measured inclusive electron spectrum. We find

f, = 0.020 + 0.006. Aside from the uncertainty in A, the
uncertainty in the charm background dominates the sys-
tematic error of the mixing measurement. The opposite-
sign dilepton yield also requires a small correction due to
primary-secondary pairs.

Table I lists the raw dilepton yields, the corrections
just described, and the corrected yields (dilepton events
in which both B mesons decayed semileptonically). We
observe a large mixing signal of 184.5+ 18.9+23.5 same-
sign dileptons, compared to 2169+ 51+19 opposite-sign
events. We calculate yg from these numbers, using A =
0.5 in Eq. (3), obtaining

yg ——0.157 + 0.016 + 0.018+o.osj (5)

where the erst error is statistical, the second error is
systematic excluding the contribution from A, and the
third, asymmetric error shows the effect of a +15% vari-
ation in A about 0.5. This value of yd corresponds to
r = 0 ~ 187 + 0.022 + 0 ~ 025+0'030 ~

To test the robustness of the result, we calculate yg
separately for ee, ep, and pp; we vary the lower momen-
tum cut from 1.2 to 1.7 GeV/c; and we use an alternative
procedure for eliminating Q, in which we fit mass peaks
and subtract instead of vetoing. All of these analysis
methods give consistent results.

The tagging method for measuring yg exploits the ex-
ceptionally low energies released in the two decays, (a)
T(4S) ~ BB and (b) D*+ ~ Do7r+. The low Q value
of (b) enables one to tag without reconstructing the Do:
given a D*+ lab energy ED- ——pMD-, the mean 7t.+ lab
energy E is pE*, where E* is the sr+ energy in the D*+
frame. This relation is inverted to estimate the D*+ en-
ergy:

EE~- MD- =—ED-. (6)

Taking the direction of motion of the D*+ to be that of
the sr+ gives a momentum pD. . The low Q value of (a)
enables one to obtain an approximate reconstruction of a
three-body decay of the B, in this case to D*+8 v, with
only two final products measured [12]. Given a lepton
and ~+, we examine the "missing mass squared, "

M' —= (zB —F~ —zL,.)' —~p~+ pD. i', (7)

which, for Monte Carlo simulation for B —+ D'+l v
events, accumulates near M = 0 with an rms width

0.9 (GeV/c~) 2.
An event is rejected if it has a ratio of Fox-Wolfram

event-shape parameters [13] Hz/He & 0.4. Tags are
formed by pairing identified leptons with pions of oppo-
site ("right") sign charge. The lepton momentum must
be between 1.4 and 2.5 GeV/c, while the pion momentum
must be less than 0.19 GeV/c. The pion is also required
to have specific ionization (dE/dx) within two standard
deviations of the expected value. The distribution in M~
of all such lepton-pion pairs is shown in Fig. 1. Any can-
didate in the "signal" region M ) —2 (GeV/c )~ is
accepted as a tag.

The excess ("peak" ) in the signal region has three main
components, Bo ~ D'+l v, D'+7roE v, and B
D*+vr E v. The contribution from the latter two is
(1468)%%u~ of the total peak [12]. The peak area is de-
termined by subtracting the contributions from random
combinations in continuum and T(4S) events from the
raw number. The shape of the "random" contribution
from T(4S) events is estimated from both Monte Carlo
simulation and lepton-pion pairs in the data with the
same- ("wrong") sign charges. The M2 distributions of
these samples are normalized to the right-sign distribu-
tion in the region —20 (GeV/c ) ( M~ ( —4 (GeV/c )
and extrapolated to the signal region. Half the difference
between these two results is taken to be the systematic
error on the "random" contribution,

The leptons contributing to random background may
come from B or B, primary or secondary decays. The
eKciency per event for primary decays to populate the
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FIG. 1. M distribution in data (open circles; error bars
are typically smaller than circles), with random components
overlaid as estimated by Monte Carlo simulation from B B+
events (dashed histogram) and total (solid histogram).
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FIG. 2, EfBciency-corrected spectrum of additional leptons
in tag events, for (a) opposite-sign and (b) same-sign leptons.
Superimposed are fits (solid) to a primary lepton spectrum
(dashed) plus a secondary spectrum (dash-dot) (see text).

background is estimated via Monte Carlo simulation, sep-
arately for BoBo, BeBo, and B B+ events. The fraction
of leptons from secondary decay is found to be approx-
imately the same as in the inclusive lepton sample, and
we determine it using f„described earlier. The effect of
hadrons misidentified as leptons is studied using tracks
which fail the lepton identification requirements.

The flavor of the "other" B's in the tagged event sam-
ple is studied by searching for other leptons in the events.
The numbers of same and opposite flavors, N(E E'er+)-
and N(E E+vr ), are ob-tained from the inclusive spectra
of additional leptons, separated according to charge rel-
ative to the tag lepton and fitted with distributions for
primary and secondary decays. To eliminate dileptons
created from double reconstruction of a single track, a
lepton is discarded if its angle Og~ with the tag lepton
gives cos6Igg ) 0.95. The contribution to the spectra of
leptons from g decay is evaluated using Monte Carlo sim-
ulation, scaled to the number of g's found in the data.
The spectra are corrected for contributions from contin-
uum, fakes, and g's, adjusted for detection efficiency, and
averaged over muons and electrons. The fitted spectra
are shown in Fig. 2. We find [14] N(E f7r )/N(E-
E+x ) = 0.162 + 0.025.

The various peak and random sources of tags con-
tribute difFerently to the primary component of the fitted
spectra. Random tags occur preferentially among events
in which the second B decays hadronically, due to higher
low-momentum track multiplicity. The probabilities, a, ,

for finding a primary lepton in a random tag event, rela-
tive to that for a peak tag, are evaluated via Monte Carlo
simulation for tags in B B, B B, and B B+ events.
Each type of tag contributes to N(E -E sr+) and N(I.
I+a ) in proportion to its probability n, and depends
linearly on yp.

The major systematic uncertainties affecting the dilep-

ton event counting method (A and f,) have a reduced
inHuence here because, allowing for the effects of n, , 60Fo
of the tag sample consists of the peak. This 60% of the
tag sample has little dependence on A and contains no
secondary or fake leptons. Nonetheless, the largest sys-
tematic errors still come from A and f, . Other systematic
errors arise from uncertainties in the fraction of D*vrEv

decays, the fake probability, the composition of tagged
events, n, 's, and the number of random tags. The lepton
spectrum from B decay is estimated using several mod-
els, and the systematic uncertainty is taken to be the rms
spread among the results. The net contribution of these
sources to the systematic error is +0.019. The result from
the tagging method is

yg = 0.149 + 0.023 + 0.019 + 0.010, (8)

where the first error is statistical, the second error is
systematic excluding the contribution of A, and the third
error shows the effect of a +15Fo variation in A [15].

The results of the dilepton event counting measure-
ment and the tagging measurement are in excellent agree-
ment with the previous T(4S) dilepton mixing results
[16] of yd = 0.142+0.035+0.034+ti tii9 from CLEO [2] and

yd = 0.173 6 0.038 + 0.044+t'ti2s from ARGUS [3]. The
errors of these two new measurements are significantly
smaller than those of the earlier results. It should be
stressed that the two measurements reported here used
the same data sample, are not independent, and should
not be combined. Similarly, the systematic errors from
the earlier measurements [2,3] are correlated with those
reported here, through f,

Finally, our dilepton sample from semileptonic Bo de-
cay may be used to establish an upper limit on ~Re(ciao) i

via a measurement of the CP-violating asymmetry pa-
rameter defined in Eq. (4). We find egg = 0.031 +
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0.096 + 0.032, corresponding to a 90%%uo C.L. upper limit

~aug[ & 0.18, which yields [Re(e~o)[ & 0.045.
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