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Observation of the time dependence of
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Abstract

The time dependence of BYBY oscillations has been observed using events with a D~
and a lepton in the opposite hemisphere. The time dependence of the oscillations
can be derived from the vertex displacement of the DY from the D= decay and the
D*-lepton charge correlation.
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1 Introduction

Like in the K° system neutral B mesons (BY and BY) can show the phenomena of
mixing: time dependent oscillations from the particle state to the antiparticle state
and vice versa. Hence a B° can transform into a B° with the probability \. The
first evidence for B® — B® mixing was found by UA1 [1]. However, this measurement
could not distinguish between B} and BY. They measured an average mixing pa-
rameter ¥ = fs\s + fi\d, where y; are the mixing parameters of the respective
mesons and f; their relative abundance. BY mixing was established by ARGUS [2]
and confirmed by CLEO [3]. Other measurements of mixing followed later especially
at LEP [4], with more precise results on {. However, all these experiments could
only measure the time integrated quantity y. The characteristic time dependence
has not been observed yet. This would be especially important for the B, which is
expected to have a rather high oscillation frequency. In this case the time integrated
measurement is, as will be shown later, insensitive to the actual oscillation frequency.
Studies of the feasibility of time differential B, analysis have been published [5][6][7].
Such measurements need very high statistics (> 2 10° hadronic Z°) and a very good
resolution of the B, decay time. On the other hand the requirements to resolve By
mixing, which should oscillate more slowly, are easier to meet. Using the ALEPH
detector which is equipped with a high precision vertex detector a time differential
analysis of BYBY oscillations using D* lepton correlations has been made. Another
analysis measuring the time dependence using dilepton events is described in [8].
This note is organized as follows: In section 2 a short overview on the phenomenol-
ogy of BB mixing is given. The method to measure the time dependence of BYBY
oscillations is discussed in section 3. In section 4 the decay length distributions oi
mixed and unmixed events including experimental effects are calculated. The events
selection is explained in section 5. The treatment of the various background is shown
in section 6. The decay length 1esolut10n is the topic of section 7. Section 8 treats the
measurement of the oscillation frequency, the systematic errors of this measurement
are discussed in section 9. Finally in section 10 the results are summarized.

2 Phenomenology of BB mixing

The flavour states B° and B° are not eigenstates of the weak interaction, but a linear
combination of the weak eigenstates By and B, (assuming no CP violation):

By + B, . Bl Bz
— 2 and B°’=
V2 2
These states have slightly different masses and decay widths my, 'y and my, I';
respectively and their time evolution in the rest frame is (using units with i = ¢ = 1):

t
a;(t) = ai(0) exp(—im;t — I‘ia).
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If at t=0 a pure B state is produced then:

a1(0) = a(0) =%.

At t # 0 generally a1(t) # ay(t) and the originally pure state will be a mixture of B®
and B°. The probability that it decays at time t as a B® (unmixed) is:

p(t)ummived = —g—ewp(—l"t)[l + cos(Amt)], (1)
and as a B® (mived):

i r ‘
p(t)™ed = geafp(——f‘t)[l — cos(Amt)], (2)
with Am = my —my and I' & T’y & I'; (assuming the differences in the decay width
can be neglected). Integrating this from ¢ = 0 to ¢ = oo gives the total probability \
that a B° decays as a B%:

(52)?

1
VT2 T By

For large values of %&’1 (> 3), \ saturates at its maximum value of 0.5. For By \ has
heen measured by ARGUS and CLEO. The combined value of the two experiments
is: ¢ = 0.159 £ 0.025 which corresponds to %—?1 = 0.684+0.10 [9].

A complete oscillation period takes about 9 lifetimes, the point when the BY has equal
probability to decay as BY or BY is at about 2.2 lifetimes. At LEP, where the B’s
have an average momentum of 31 GeV and a lifetime of about 1.5 ps this corresponds
to a flight path of 5.9 mm.

The mass difference can be calculated from the box diagram [10][11]:

G ‘
Am = (—f) B fimymiy, F(my)|,

672

with the Fermi coupling constant Gy, the bag parameter B, the B-decay constant f;,
the b-mass my, the W-mass my. F(m;) is the dependence on the top mass (my):

a2 2
F(m) & (ViVia) e f(—oL),

miy " my
with the INobayashi-Maskawa Matrix elements V3, and V4 and

2 lna

(1 —2a)
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Figure 1: box diagram for B%B%mixin
dBq

3 Measurements of the time dependent mixing
at LEP

In order to measure the oscillation frequency Am one has to tag the state of the B°
at production time ¢ = 0 and at the decay time ¢ = tdecay- The standard way to tag
the original state of the B is via a semileptonic decay of the B in the opposite jet.
The state at the decay time can be tagged by a D*:

BY— D~ X ; BY— DX,

Hence we can look at D*-lepton charge correlations as a function of the B® decay
time, which can be measured from the D* decay vertex. A D*~[~ pair is called like
sign and tags an unmived event. A D*~I% pair is called unlike sign and tags a mived
event. We can now define the charge correlation function QQ(t):

]\/’like _ Nunlike Nunmia?ed _ Nmia?ed
like unlike unmized mized
Ntwve + N N +N

QQ(t) = (3)
In case of a pure B sample and perfect lepton tagging this quantity would oscillate
between +1 and -1 with the frequency Am. However, this is obscured by following
processes:

e It is normally not possible to reconstruct the D* decay vertex (which coincides
with the BY vertex). The slow pion does not have enough p; to allow precise
vertexing. Hence the D° decay vertex must be used instead. This leads to a
shift of the decay length distribution by approximately 0.9 mm and an additional
smearing.

e The B on the lepton side may mix so causing the lepton to have the wrong sign
correlation. This happens with the average mixing probability ¥ = 0.12840.10

3



The lepton can come from a B — D — [ cascade which gives also wrong sign
correlations. This background can be controlled by cuts on the p and p; of the
lepton.

The D* can come from a B* decay. This gives unmixed events (if the lepton tag
is correct). Unfortunately the branching ratios B — D* X and B~ — D* X
are not known. Nevertheless it can be assumed that most of the D*'s come
from B°. By the same token one can expect some background from decays like
B, — D*K X. This should be smaller than the B*, and will be neglected.

The D* can come from c¢ events. This gives mixed sign correlations. However,
because of the shorter lifetime of the D° compared to the B® + D° cascade this
background dies out at long decay distances. Charm can also be reduced by a
cut on the maximum D* momentum and p; cuts on the lepton.

The lepton can be a decay lepton or any other mistag. These background
leptons have no strong sign correlation with the D* in the other hemisphere

The D* can be combinatorial background. Also in this case there should be
no sign correlation with the lepton on the opposite side. The shape of this
background can be determined from the sidebands of the D* mass spectrum.

Due to the limited vertex resolution the decay length spectrum will be smeared.
As the resolution is in the order of 300 um this effect is negligible compared to

the length of an oscillation period (about 2.5 cm).

The B° momentum is not measured. Hence the boost is not known and the
decay time cannot be precisely reconstructed. This can be overcome by convo-
luting the decay time distribution with the B momentum spectrum to obtain
the average decay length distribution. This results also in some smearing.

The background treatment is discussed in more detail in section 6.

4 Decay length distribution

Firstly the time distributions 1 and 2 are convoluted with the D° decay time. It is
convenient to go already from time to decay length using:

1dn
n dl

r 1
(Tt)dt i l) —dl
AT = f(1)
where 7/ is the Lorentz boost of the decaying particle. Using I'g = (’yl/;c)BO"
I'p = (V%Ei)DO and M = (%)Bo we get:

. I'sT U'=l
(1)inmized B D/I exp(—=Tgl') [1 & cos(M1')]exp[-Tp(l = 1I")] dlI' =

mired 9 =0



PBFD[ L leep(=Tsl) — exp(~Tpl)]

2 I'p-TIg
+ 'p =TI [exp(—Tgl) cos(M!) — exp(—I'pl)]
(Tp — T2+ a2 P07 n=ip
+ M exp(—I'gl) sin(MI), (4)
(FD - FB)2 + M? P B
. gl 1
= B2 D [FD T, (exp(—T'gl) — exp(—I'pl))
1 : I'p—-Tpg
zp(—I'pl Ml+6)— xp(=Tpl), (5
- \/(rp O T vope T
with 6 = tan_l(‘%’—}:ﬁ) — Z. This results in a rise of the signal with the D° decay

constant, a damping of the oscillation amplitude by ——LLQ——F?—LQ ~ 0.94 and a phase
g I (Tp-I'p)2+M

shift § &~ —0.27. In a next step the decay length function has to be convoluted with
the vertex resolution. This can also be done analytically using the expressions:

o , (1— l/)2
r — / r —_— ! =
/0 [ exp(-TT) eJJp( 52 dl

re.a-,p(rzaz—r> [ ERF(\/_ \/l_ ] (6)

with the standard definition of the error function ERF. If there are oscillation terms
the convolution becomes:

/Oo ' A (l — ll)z ri /
I'exp(=Tl) exp|— , cos(M1l") dl' =
Jo 202
r o2 : . I'e l Mo
Re [—61])( 5 (1——2]\/]F)—I‘(1—1]\JF)) ( — ERF 7—\—/—_—;—1—5))].

The error function is now complex.
Finally the distribution has to be convoluted with the B° and D° momentum spec-
trum. This is done numerically. For the B® momentum spectrum we use a Peterson

function: N
y jod - o
p(z) = 35 (8)
TE—
~ z 1-=
. BO . . .
with = = 281 ¢ and the range of z used for the convolution was determined

p(beam)’
by a fit to the momentum spectrum of MC' events after selection cuts. For the D°
momentum we used the average p(D°) as a function of p(B°), also obtained from MC
events.
Using all this the evolution of the charge correlation function can be demonstrated :
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e Figure 2 a) shows the optimal case, pure B° sample, no lepton mistag and
perfect B® vertexing and momentum reconstruction.

e Figure 2 b) includes the effect of the D° decay length. The cosine is slightly
shifted and its amplitude reduced.

e In figure 2 ¢) the momentum distribution of the B° and the vertex resolution is
added. This leads also to a small shift and damping.

e The lepton mistag reduces the observed amplitude substantially as shown in
figure 2 d). This is the largest effect.

e Adding the cé and B* background distorts the shape at short decay length, the
distribution is also slightly shifted (figure 2 e)).

e Finally the addition of combinatorial background changes only the shape around
[ =0 (figure 2 f)).

Despite all these effects the existence of a zero-crossing of QQ at [ =~ 1 cm is not
affected (however shifted). The alternative without time dependence has no zero-
crossing and levels at [ > 0.5 cm at a positive value.

5 Event selection

D* events are identified in the decay D** — DYrt where a selection on the mass
difference m(D*) — m(DP) allows a powerful rejection of combinatorial background.
The D° candidates are reconstructed in three decay channels:

D — K rt (9)
D — K- ntx° (10)
D° — K-ztrrnt. (11)

The events are selected from the 1991 and 1992 data sample using the hadronic event
selection (CLAS 16) and VDET run selection.

Muons are selected using the identification flags 13 and 14. Electrons using the
QEIDO flag and requiring 20 dE/dx compatibility if dE/dx is available. Conversions
are removed using the standard criteria. Jets are reconstructed with PCPA and the
lepton p; is calculated with the lepton removed from the jet.

For the K7 channel following selection cuts are used on the tracks:

e > 17— ¢ VDET hit. No VDET requirement for the slow pion from the D~
e > 4 TPC hits

o \%/dof < 4 (track fit)
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Figure 2: Charge correlation function: a) for a pure B® sample with perfect B® vertex
reconstruction and perfect charge tagging, fixed B-momentum; b) using the D° vertex
instead; ¢) convoluted with the vertex resolution and B® momentum distribution; d)
including lepton mistag; e) adding charm and B* background; f) adding combina-
torial background. The dashed line corresponds to a hypothetical time independent
mixing. The values used correspond to the K7 sample.
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o dy <2cmand z <10 em

o 2 < 20 for the D° YTOP vertex
The physics cuts are

o standard V° rejection of any track used

e track momentum (IX,7) > 0.2 GeV/c

7 GeV/c < p(D*) < 25 GeV/c

1.845 GeV/ct <m(D°) < 1.885GeV/c?

144 MeV/c? < |m(D*) —m(D%)| < 147 MeV/c?

lcos(0rp)] < 0.8 (decay angle of K towards flight direction of D in its rest
frame)

In the two other channels the combinatorial background is much higher. Hence more
severe selection cuts have to be applied. For the K7w7 channel we use:

e p(K) > 2.5 GeV/c

p(m) > 0.3 GeV/c

K,7: 2 0 dE/dx requirement (if available)

e 4 tracks with > 4 r — ¢ VDET hits, > 2 z VDET hits in inner layer, > 2 z
VDET hits in outer layer,

1.849 GeV/er < m(D°) < 1.879 GeV/c?

e DO vertex probability > 0.01 (3 or 4 prong vertex)

soft m: 0.5 GeV/e < p < 4.2 GeV/e

0.144 GeV/c* < m(D*)—m(D°) < 0.147 GeV/c?
e 10.0 GeV/e < p(D*) < 25 GeV/e

Finally for K'77% The 7" selection was:
e QPIODO
e \? < 25

o [m(yy) —m(z%)| < 0.50 GeV/c?



o p(7°%) < 2.0 GeV/c

The charged track, D°, D* selection criteria are:

p(m,K) > 1 GeV/c
e > 1r— ¢ VDET hits

o K,7: 2 0 dE/dx requirement (if available)

o \AYTOP) < 25.0

e soft 7 > 0.2 GeV/c

o |m(K7r®) —1.880 GeV/c?)| < 0.066 GeV/c* *

e 0.1434 GeV/c? < m(D*) —m(D°) < 0.1486 GeV/c?

o 11 GeV/c® < p(D*) < 25 GeVlc

The mass difference distributions for the various subsamples are shown in figure 3,
the number of selected events in the various channels is listed in table 2.

The primary vertex is reconstructed using QFNDIP [12]. The decay length is calcu-
lated using:

tiai';la‘ j

~1, >
tiaij t7

t; is the normalized momentum vector of the D°, 2; the difference between D° and
primary vertex, and o;; the total error matrix of primary and D° vertex.

6 Background

6.1 Lepton background

The lepton mistag is given by three sources:

e BB mixing: the fraction of leptons which tag the wrong charge due to mixing
is given by the average mixing parameter \ = 0.128 £ 0.10. This is an
irreducible background.

*The D" mass is peak is not centered at the correct value, probably due to calibration of the elec-
tromagnetic calorimeter. Therefore the cut is made around the center of the observed distribution.
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e Second generation decays: B — D — [ cascades give also wrong sign
leptons. This background can be reduced by cutting on the p and p; of the
lepton. The values used in this analysis are taken from MC simulations. They
are cross checked with the values obtained in the high p; lepton analysis [13].
The fraction of second generation leptons

_ f(b—c—1)
T= Fo—=1) + fboc—1)

can be taken from table 1.

e Mis-identification: This are decay muons, electrons from 5 conversions, punch
through and all other types of misidentified leptons. In first approximation there
should be no charge correlation with the D* in the other hemisphere, in fact
there is a very small correlation due to some leading particle effect. The fraction

f(background)

* = FB) + f(background)

and the charge correlation is listed in table 1.
The total mistag probability per lepton in a b-event can then be expressed by:
A= (1-8) (XN +n—2x\n)+ 6dgec (12)

(quee is the fraction of misidentified leptons leading to 'mixed’ events).

| sample || ref[13] |

beauty
1. generation || 0.805 £ 0.006
2. generation | 0.139 £ 0.004

decays 0.060 £ 0.003
unlike fraction || 0.46 4 0.04
charm
1. generation || 0.61 £ 0.084
decays 0.252 4+ 0.049

unlike fraction || 0.615 £ 0.12

Table 1: Lepton purities. beauty 1. generation includes also b — 7 — land b — ¢ —
[, which lead to correct charge assignments.

By the same token one can define a mistag probability "C” for leptons in c¢ events.
Here only misidentification can lead to mistagging.
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6.2 D* combinatorial background

The amount of combinatorial background is obtained from a fit to the m(D*)—m(D")
mass spectrum. The signal is fitted with a gaussian, the background by a polynominal
times an exponential damping term. The background is obtained by integrating the
background fit between the limits of the D* selection cuts. In case of the 37 and
Krr® samples special attention is paid for rejecting multiple combinations of the
same event. The fitted background and the number of events are listed in table 2.
In order to parametrize the decay length distribution of the background events in the
range

m(D*) —m(D°) < 143MeV/c* or 148MeV/c* < m(D*) —m(D°) < 165M eV /c?

are selected and fitted with 2 gaussians (for [ < 0) and 2 gaussians plus one exponen-
tial for [ > 0. The exponential accounts for the combinatorial background from bb
events which has substantial decay length. The events in the sidebands are also used
to calculate the charge correlation for the combinatorial background. It is verified
that the charge correlation does not depend on the decay length. From this the frac-
tion of combinatorial background leading to 'mixed’ events 'Byy,’ can be derived. The
shape of the background distributions is shown in figure 4. The charge correlation of
the background is plotted in figure 5.

total 1>0cm
sample || events | background events | background
Km 106 18.0 £ 2.0 101 15.5£ 1.9

Krr? 367 | 222.0 + 20.0 297 178.0£ 18.0
Krrr 191 | 102.0 £ 10.0 169 91.0£ 9.0

Table 2: background from a fit to real data sidebands of the D* - D° mass difference.
The signal range is from 144 to 147 MeV/c?.

6.3 Charm background

The momentum spectrum of D* from B and from c¢ is very different. c¢ events have
on average higher momentum. Although D from direct charm have on average a
smaller decay length than the total flight path of D° from B, there is a small fraction
with substantial decay length due to the large Lorentz boost of direct D°. Hence
a cut on the maximum momentum of the D* removes a large fraction of the charm
background and especially events at large decay length. This is demonstrated in table
3. We choose a cut of 25 GeV/c.

Events from cé are also very efficiently removed by a cut on the lepton p, as discussed
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above. Altogether the charm background in the K« sample is reduced to 9% according
to the MC. Due to the different kinematical cuts the charm content is enhanced by a
factor of 1.12 in the Kn7wr and 1.18 in the K7 7° samples.

| source | 45 GeV | 30 GeV [ 25 GeV | 20 GeV |
beauty 1.00 0.98 0.91 0.77
charm 1.00 0.75 0.55 0.35
background 1.00 1.00 0.97 0.95
beauty 3.5mm | 3.4 mm | 3.3 mm | 3.2 mm
charm 1.7mm | 1.4 mm | 1.2 mm | 1.0 mm
background || 1.0 mm | 0.9 mm | 0.9 mm | 0.9 mm

Table 3: Efficiency of a cut on the maximal D* momentum for D* from B, c¢ and
combinatorial background. Also listed is the average decay length of the D° after the
cut

7 Resolution function

The resolution of the D° vertex is obtained using real data. For this pseudo D°
are selected using track combinations around the D° mass satisfying the standard
selection criteria (momentum, vertex y?). The distance of those tracks to the primary
vertex is measured. If these tracks come from uds events, this distance should be
0. Any deviation from 0 measures the vertex resolution. Heavy flavour events are
antitagged using a veto on leptons and requiring the uds probability from a lifetime
b-tag to be greater than 90% in the hemisphere opposite to the selected tracks [14].
The distribution obtained is fitted with 3 gaussians, figure 6:

Ajexp (_U_;;l%ﬁ) + Azexp <—S-l—;(—i%ﬁ) + Asexp (-%)

I—1) =
f(l=1o) V2(Ar01 + Aoy + Asos)

(13)

The fit range was restricted to —1 em < | < 0.2 em to reduce the contribution from
remaining heavy flavour events. The values for the different subsamples are listed in
table 4.
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rsample || Kr | Knra® | Krrw |
Ay 1438 11905 2750
o1 0.022 cm | 0.035 cm | 0.030 cm
A, 186 2073 401
1P 0.064 cm | 0.1083 cm | 0.083 cm
Az 4.3 223 4.8
o3 0.36 cm | 0.375 cm | 0.43 cm

Table 4: parameters of the resolution function (13) for the different subsamples

8 Extraction of the oscillation frequency

8.1 Likelihood function

An unbinned maximum likelihood fit is performed to the like and unlike sign events.
All three subsamples are fitted simultaneously. The likelihood function is:

e;rp( (fB+— “7’_2) 6'.17])( (fu

ne“_’_‘?’) .
0[P 2w (ferye )

A - Asrp)2

P
2(7(./461,,)2

f[ eTHY ]ﬁ Ldn, (1) e Huw i (Jﬁ’ 1 dn (1) ) < (Rheka — Mpy)?
(N w | —— N ——(1; exp| — . ;
bl IRA (R i ) N NG 20 (Mo )

(14)
with: Ny, Nu the number of like and unlike sign events in the three subsamples v,
[y [y the e‘cpected (= fitted) number of events in the various subsamples, ny.,, the

background, n;., the background expected from the sidebands, a(ngi}; ,) the error

on the expected bacl\gmund fB+ the fraction of D* from charged B, fgl_{_’ , o(fsy)
its expected value and error; f.z the charm fraction, f&”, o, fo2P) its expectation and

error. A is the lepton mistag fraction, A, its expected value and o(Ac,,) the error.
The (normalized) shape of the decay length distributions 1 d”(l )is given by (for each
subsample v, omitting this index in the following).

a) for unlike sign events:

Ldn o [ 1dn red . Ldn, ., ,
— _ [ymiwed Ca)—— h 5
n dl / [y ( n dl( ) + O)n (ll(l) va (1=4) (15)
- ldn - _ Ldn .\,
f@ a/_(_n_(l)unmu_ed + (1 _ a)_ﬂ(l)l (l _ \d) A
[y n dl n dl
[ 1 dl A+ Ly T dl (l -0
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kag 1 dn(l)bck (1 _ Bbck)-

e 1 dl
b) for like sign events:
i(fz';(“ = L= (a;llffl—’;(l)“”m"“d | <1—a&>%if};—'<l>b) (1—va) (1—4)  (16)
o (oLt 4 (=)L G0 w4
+ %;%}(1) A) + ’:”%-((%71) c

Hokg 1 Ldn oo
— (1) B,
w ondl () bek>

[LBO> LB+ s ez fibek are the fitted values of the events from B, charged B, cé and com-
binatorial background, with >4 ix = p; + pu. A is the lepton mistag fraction in B

events, C i

n charm events and By, in the combinatorial background. The fractions

of charm and charge B are defined as:

f" — fez
T wBo+ pBy + pes
1B+
oy = —t
1Bo + 1B+

The overall sample composition can also be taken from table 5

| component ” total | like [ unlike |
B° (1 = foek)(L = f)(1 = fBy)
B mixed X(L = foer)(1 = fo)(1 = fBy) A 1-A
B not mixed || (1 —y)(1 — foek)(L— f)(1 — fBy) | 1-A A
B- (1 = foe)X = fo) fBs 1-A A
charm (1 — foek) fe C 1-C
background fock 1-Birg | Biig

Table 5

The shape

: composition of the sample in terms of like and unlike sign events

dnmived,unmized,b,c¢bek

distributions i for the contributions of mixed B, un-

mixed B, charged B, charm and combinatorial background are defined in the previous
chapters. They depend explicitly on Am (mixed, unmixed), 7, (mixed, unmixed, b),
Tpo (mixed, unmixed, b, ¢é). The mixing parameter \, is implicitly defined by the
integrals of the mixed and unmixed distributions. The derivation is based on formulas

4 - 8.

The parameter « is normally set to 1, it can be varied between 0 and 1 to allow for
a non time dependent component of mixing.
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8.2 Fitting strategies

The fit is in principle able to fit for following free parameters (assuming o = 1):

e The oscillation frequency Am. The fit is mainly sensitive to the frequency Am.
Due to the number of like and unlike sign events there is a weak constraint on
\q which measures —A{E .

e The number of D* from B°, B* charm and background. The shapes of the
respective decay length distributions are sufficiently different to allow their dis-
tinction by the fit, if Am # 0.

o The mistag fraction A. It depends essentially on the observed oscillation ampli-
tude which is reduced by (1-2A).

Of course some of these parameters (A, charm fraction, B¥) are known to some extend
and this can be used to constrain the fit.

However, if a # 1, that is there is a time independent component of mixing, a problem
arises: The decay length distribution of mistagged B* is identical to a B® which has
mixed. The two contributions become linearly dependent and the fit fails. This
can be overcome by fitting only for BE, leaving the mistag fraction A free. A then
absorbs any mixing. Although the fit result is unphysical in this case, the difference
in likelihood compared to the physical case with a = 1 can be used to estimate the
significance of the time dependent hypothesis.

The standard input parameters of the fit are listed in table 7.

8.3 Results

First the fit is performed for each subsample separately, with A, charm and B*
fraction constrained to the expected values (see table 7):

Kr :Am =0.5940.16 ps~! (17)
Krr® :Am =0.66 £0.19 ps~* (18)
Krrr :Am =0524+0.18 ps™! . (19)

Then all subsamples are fitted simultaneously, still constraining the input parameters

above:
Am = 0.561010 ps .

Finally A, the charm and B* fractions are free parameters:

Am  =0.54+0.11 ps~* (20)

tThis is only true if the lepton mistag fraction is constrained. If the fit keeps the lepton mistag
as a free parameter, no constraint on y\4 can arise from the event numbers.
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Figure 7: Result of the log likelihood fit to the like and unlike sign events. The
histogram is the sum of all three subsamples. The contributions from background,
charm, charged B, mixed and unmixed B° and the sum of all are indicated.



A =0.238%0081 (21)
fee  =0.06£0.06 (22)
fee =0.001035 . (23)

Despite fewer constraints the loss in precision is very small. The fit results of the
lepton mistag A, the B and charm fraction are very close to the expected values (for
comparison, see table 7), providing a consistency check.

The result of this fit is shown in figure 7. The charge correlation function calculated
from this fit is shown in figure 8.

If this fit is repeated using the time independent model, the difference in the log
likelihood is 5.2, corresponding to 3.2 standard deviations or 5 10~ probability.

9 Systematic errors

Following systematic errors were studied:

e B-lifetime: As the fit measures the oscillation frequency Am the value of the
BO lifetime gives only a small error. Converting into éri’l one has to consider
the error on the B lifetime. Despite the average B lifetime has been measured
very precisely [15], the knowledge on the B lifetime is less precise. Exclusive
lifetimes were measured by ALEPH [16] and DELPHI [17]. Combining the
results one obtains:

7o = 1.40% 0.18 ps,
g = 1.41 %+ 0.21 ps,

which are used for estimating the systematic error. Changing the input lifetime
by its error of 0.18 ps changes the result on Am by £ 0.006 ps~!, whilst A—ll'i
varies by £ 0.09.

The uncertainty of the D° lifetime (0.420 £ 0.008 ps) gives an error on Am of
40.006 ps~*.

e B* fraction: To date there exist no measurements of the inclusive branching
ratios B® — D*~ X and Bt — D*~ X. In the simple spectator model one would
expect that B® — D*~ X dominates over B¥ — D*~ X hence most of the D~
come from B°. This is true in semileptonic decays as can be seen in the B%-B*
lifetime analysis [16] where the fraction of D™ from B* in D*-lepton events was
evaluated. Correcting for efficiencies the B* fraction is:

fey = 0.16%070 .

This should be a reasonable assumption for the inclusive D* sample. The pres-
ence of internal spectator decays of the B* (which are absent in semileptonic
decays) should in first order only give D°* events. As this parameter is allowed
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to vary in the fit within its error, the systematic error is already included in
the statistical error of the fit. In order to show the sensitivity of the result to
the B* fraction, it was fixed to the expected value and varied by 40.16. This
results in changes of Am of + 0.03 ps™!. The unconstrained fit prefers a B*
contribution of 0.019:22 within the error consistent with the expectations.
Charm fraction: Several sources of uncertainty can contribute to the error on
the charm fraction. Firstly the error on the probability to get a D* in a charm
or beauty events [18]:

g = 0.871015 (stat) 4+ 0.01 (sys).

Furthermore one has to consider the error on BR(c¢ — ) (£ 5 %), charm
fragmentation (for the D* selection) (£ 9 %) (both from [19]) and the statistics
of the MC (£ 10 %). Altogether the error on the charm fraction is + 22 %.
Also this systematic error is already include in the statistical error of the fit.
Fixing it to the expected value and changing it by 40.22 introduces a change
of 19997 ps~!. Leaving the charm fraction free results in 0.06 & 0.06, in good
agreement with the expectations.

Lepton mistag: The mistag probability (with sign change) from MC is:
A = 0.245+ 0.010 .

This variation is already included in the statistical error of the fit. Fixing A
to its expected value and changing by + 1 s.d. results in a systematic error on
Am of 5098 ps~!. Leaving A as a free parameter the fit finds

A = 023813074
which is in excellent agreement with the MC prediction.

Fragmentation functions: The error on the charm fragmentation affects
mainly the selection efficiency and therefore the charm fraction, hence the error
is treated there. Concerning the b fragmentation the B® momentum spec-
trum is affected, which enters directly in the measured value of Am. We use
< ap >= 0.712 £ 0.012 from reference [19] resulting in o(Am) = 0.009 ps~'.

Resolution function: Various resolution function have been used to estimate
the systematics, e.g. taking the real MC resolution etc, giving variations of

+0.007 ps~t.

Background subtraction: Changing the expected background by +1 s.d.
gives an error of 0.001 ps™' on Am. The uncertainty of the background

charge correlation introduces an additional error of 19099 ps~!.
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The systematic errors are summarized in table 6. The total systematic error on Am
is:

_ +40.037
o(Am)sys = Tgose PS”

r quantity

input error

I error on AmJ

B* fraction(*) 0.16 £ 0.16 + 0.03 ps“
charm fraction(*) 0.09 £+ 0.02 +o.006 pq
lepton mistag(™*) 0.245 £ 0.01 +0-008 ps~

BY lifetime
D° lifetime
fragmentation x;

1.40 £ 0.18 ps
0.42 4+ 0.008 ps
0.712 £ 0.012

+ 0.006 ps~!
+ 0.004 ps~?
0.009 ps~!

resolution various + 0.007 ps’l

background norm 1 s.d. + 0.001 ps‘
backg. QQ 1 s.d. oo p>
total oo P8~

Table 6: Systematic errors on Am. The errors due to the parameters marked (*) are
already included in the statistical error of the fit. They are listed here to show the
sensitivity of the result to these parameters

10 Conclusions

Using D*-lepton correlations the characteristic time dependence of BY BY oscillations
has been observed. An alternative model without time dependence of the transition
probability is disfavoured by 3.2 standard deviations. The measured mass difference

Am is:
Am = [3.65 1378 (stat) T51h(sys) ] 107* eV.

This is a direct measurement of the mass difference. Using g0 = 1.40 £ 0.18 ps, this
corresponds to a value of A—ll’l of:

Am

T = 0.77

015 (stal) £ 0.10 (sy).

The extra error of due to the B lifetime is included in the systematic error.
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