EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

CERN-PPE/94-132

5 August 1994

Measurement of time dependent
Bg — Bg mixing

DELPHI Collaboration

Abstract

The time dependent mixing of BY — BY mesons has been observed by using
the correlations between the charge of D* mesons and the weighted mean charge
of particles in each hemisphere.

From a reconstructed D** sample corresponding to about 1.7 million hadronic
79 decays, the mass difference between the two B} mass eigenstates has been
measured to be

Am = 0.50 £+ 0.12(stat) + 0.06(syst) h/ps
or, converting into eV/c*:

Am = [3.29 4 0.79(stat) £ 0.39(syst)] 107* eV/c>.

(To be submitted to Physics Letters B)
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1 Introduction

The concept of mixing was first introduced to describe the quantum mechanical evo-
lution of the neutral kaon system [1]. A formal analogy exists with the B® — B° system,
where, in absence of CP violation, the flavour eigenstates B and B° are related to the
mass eigenstates By and By,

_B1—|—B2 B_BI_BQ

0

V2 V2

Neglecting the decay width difference of the mass eigenstates, the probability that a
generated BY meson stays as B° at time ¢ is given by:

BO

I't

PR = B =" [1 + cos (%)] , (1)

B

and the probability that it oscillates into B° at time ¢ is:

P(B® = BY) = e ¥ [1 — cos (%)] , (2)

2TB

where I' is the decay width, 75 is the B lifetime, Am is the magnitude of the mass
difference of the two eigenstates and the total time integrated probability that a B°
mixes into a B is:

) (3)
_|_

This is valid both for the B} and B? mesons. However, the BY oscillation frequency is
expected to be quite large, and the measurement of its time dependence requires high
statistics and very good proper time reconstruction. From the average of the existing
measurements [2] of the time integrated BY mixing at the Y(4S5), Am/T" = 0.69 £ 0.10,
a complete oscillation period is expected to take about 9 B lifetimes, corresponding to
about 2 cm decay length at LEP energies. Thus, the DELPHI decay length resolution,
better than 500 um, is well suited to observe the BY time dependent oscillation. Measure-
ments of time dependent BY mixing have also been made by the ALEPH [3] and OPAL
[4] collaborations.

2 The DELPHI detector

Only the components of the DELPHI detector which play an important role in the
present analysis are described here. A complete description of the DELPHI apparatus is
given in [5].

The central tracking system, comprising the inner detector (ID), the time projection
chamber (TPC) and the outer detector (OD), measures the charged particle tracks at
polar angles between 30° and 150°. Combining the information from these detectors with
that from the microvertex detector (VD), a resolution o(p)/p of 3.5 % has been obtained
for muons of 45 GeV/c momentum. The TPC, the main tracking device, is a cylinder
of 30 cm inner radius, 122 cm outer radius and length 2.7 m. For polar angles between
39° and 141° it provides up to 16 space points along the charged particle trajectory. The



energy loss (dE/dx) for each charged particle is measured by the 192 TPC sense wires as
the truncated mean of the smallest 80% of the wire signals. Using Z° — utu~ events,
the dE/dx resolution has been measured to be 5.5%. For particles in hadronic jets the
resolution is 7.5%, but for 25% of the particles the dE/dx is not measured due to the
presence of another charged particle within the two-track resolution distance of the TPC
in the direction parallel to the beam.

The microvertex detector [6] is made of three concentric shells of silicon-strip detectors
at radii of 6.3, 9 and 11 cm covering the central region of the DELPHI apparatus at polar
angles between 27° and 153°. The shells surround the beam pipe, a beryllium cylinder
1.45 mm thick with a 5.3 c¢m inner radius. Fach shell consists of 24 modules with about
10% overlap in azimuth between the modules. Each module holds 4 detectors with strips
parallel to the beam direction. The silicon detectors are 300 pm thick and have a strip
pitch of 25 um, every other strip being read out. The read-out strips (50 pm pitch) are
AC-coupled and give a 5 gm intrinsic precision on the coordinates of the charged particle
tracks transverse to the beam direction. After a careful procedure of relative alignment
of each single detector, an overall precision of 8 pm per point has been achieved.

3 D* Selection

Multihadronic decays of the Z° were selected as described in an earlier paper [10].
For the present analysis the decay D** — D°z* followed by D° — K7™ was used, as
well as its charge conjugate. The selection criteria rely mainly on the small mass differ-
ence between D* and D mesons. All pairs of charged particles of opposite sign with a
momentum greater than 1 GeV/c were combined and an invariant mass was calculated
assigning in turn the kaon or the pion mass. The D** mass was then computed by adding
all possible pions with momentum between 0.4 GeV/c and 4.5 GeV/c and with a charge
opposite to that of the kaon candidate. The energy of the D** divided by the beam
energy ( Xg = Ep+/FEbeam ) was required to be greater than 0.15 and the mass of the
(K7) candidates to lie between 1.79 and 1.94 GeV/c? for Xg > 0.25 or between 1.82 and
1.90 GeV/c* for 0.15 < Xg < 0.25.

The D** mesons coming from bb events have a softer energy spectrum than those
coming from c¢ events. About 50% of the D** coming from c¢ were rejected by requiring
Xp < 0.5 whereas about 90% of the D** from bb were kept.

To reduce the combinatorial background the cosine of the angle 0* between the D°
flight direction and the kaon direction in the D° rest frame was required to be greater
than -0.8 for 0.25 < Xy < 0.50 and greater than -0.6 for 0.15 < Xz < 0.25. The tighter
cuts on the mass of the (K7) candidates and on cos 6* for 0.25 < X < 0.50 were used
because the combinatorial background is more important in this Xz range. The distri-
bution of the mass difference AM = M(K~#tn*)— M(K~7") obtained by applying the
above selection criteria to about 1.7 million hadronic Z° decays collected during 1991-
1993 is shown in Fig. 1. In the range of AM between 0.1435 and 0.1475 GeV/c¢?, which
contains most of the signal, 2637 events were observed, which correspond to a D* signal
of 1491 £ 51 events, after subtraction of the combinatorial background.

All charged particles with an impact parameter of less than 2 mm relative to the
beam position in the plane transverse to the beam direction were used to reconstruct the
primary vertex. The known position of the beam spot was used as a constraint. If the
primary vertex fit had a y?-probability less than 1072, an iterative procedure was applied
which removed the track contributing most to the y? at each iteration. In a Monte Carlo
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simulated bb sample, this procedure was found to reconstruct vertices with an accuracy
of 80 pm in the horizontal direction, where the beam spot has the larger spread, and
40 pm vertically.

The K~n*t7t combination was used to compute the secondary vertex which in prac-
tice, due to the kinematics of the decay, coincides with the D° decay point. The distance
between the primary and the secondary vertices was calculated in the transverse plane.
This distance was signed according to the sign of the scalar product of the D momen-
tum vector and the vector joining the primary to the secondary vertices. Then, the
decay length, d, was determined in space by using the ) meson direction. The average
resolution on the decay length was found to be 300 pm from a Monte Carlo study.

4 D* - Hemisphere charge correlation

The measurement of B%-BY mixing involves the tagging of the presence of a b or a b
quark in a given hemisphere at the time of production and the identification of a BY or
a BY particle at the time of its decay.

The charge of the D* coming from a neutral B meson decay tags the flavour at the
time of decay, since B} mainly produces D*~ and B mainly produces D*T.

The neutral B flavour at the time of production can be inferred from the variable Cy,
computed for each hemiphere and defined as:

ilp ek

where € is the unit vector of the sphericity axis, p; and ¢; are the momentum and the
charge of track i. A value of 0.6 was chosen for the weight power factor k [7].

The hemisphere charge, determinated from simulated events, has a quite broad distri-
bution, with a mean value close to the charge of the quark from which the jet originated.
The probability ¢ of correctly identifying a b (b) quark by requiring a negative (positive)
hemisphere charge was found to be 0.628 + 0.008 from simulation [8]. This is an average
value, since the probability of correctly tagging of the b charge is slightly different for b
producing BY, B, B? and A,.

If the B® meson decaying into a D* has (not) mixed, the D* charge and the charge of
the hemisphere opposite to the D* should be of unlike (like) sign. The effect of incorrect
charge identification reduces the amplitude of the observable time dependent oscillation,
as shown in the charge correlation function @) :

_ Nuke — Nunlike
Niike + Nuntike

= (2¢ — 1) cos (%) : (5)

In order to improve the charge tagging, the hemisphere containing the D* was also
used. The difference ACy between the charge of the hemisphere opposite to the D* and
the charge of the hemisphere containing the D* was calculated and compared with the
charge of the D*. An event was considered as unlike sign when AC'y was opposite in sign
to the D* charge. In this case, the D* was interpreted as originating from a B° meson
having undergone a mixing.

The probability e“*¢ of classifying a reconstructed D* event in the unlike sign cate-
gory was determined from a data set of generated Z° events [8], passed through a detailed
simulation of the detector [9]. The corresponding probability for an event to be classified
in the like sign sample , €%¢, is simply given by e'f¢ = 1 - ¢wnlike,

Q(1)



In Table 1 the various sources of D* events are summarized, with their expected contri-
bution relative to the fraction of the B} — D*~ X decay. For each source the probability
to assign it to the unlike sign events sample is given. The quoted values of the ¢“ e
probabilities were obtained after applying the event selection described in Section 3. The
quoted uncertainty comes from the limited statistics of the simulation.

For D* originating from the decay of a B® meson, the probability depends on whether
the B mixed or not:

evrlthe = 0.532 4+ 0.024,

miz

evrlike — —0.275 £ 0.010,

unmiz

where ¢“i*¢ is the probability to tag correctly a B® — b (or BY — b) event where the B°

meson has oscillated as unlike sign and ¢*"¢ is the probability to tag a B®—b (or B°—b)
event where the BY meson has not oscillated as unlike sign. This latter class of events
would naturally contribute to the like-sign category, the probability for these events to
be classified as like-sign being ei*¢ . =1 - ¢unlike — (). 725. Notice that the probability of
correctly tagging the sign depends on whether or not the B has mixed, due to the fact
that the jet charge in the D* hemisphere was used.

Charged BF mesons can decay into D**; however, there is no experimental measure-
ment of the corresponding decay rate. The fraction of B¥ decaying into D** used in the

simulation, normalized to all the B decaying into D**, is 0.17 and

curtike — 0.239 4 0.018

where e4'*¢ is the probability to tag an event where a D** comes from a B¥ decay in

the unlike sign category.

unlike
cc

Also, D* from cc events must be considered. The probability e of tagging a c¢

event as unlike sign was found to be:
e“rike — 0,601 4 0.010

Minor contributions can come from the Cabibbo suppressed decays in which a virtual
W~ couples to cd giving rise to decay such BY — D**X and Bt — D*tX with an
opposite correlation between the charges of the B and of the D* mesons. Contributions
from B baryons were neglected.

5 Probability distributions and fitting procedure

For each class of event in Table 1, the expected time distribution corresponding to
the secondary D° vertices was found. They were obtained by convoluting the theoret-
ical proper time distributions with Gaussian functions to account for the experimental
accuracy in the proper time evaluation.

The B° proper time, tg = mpdg/pp, where mp, dg and pg are the B® mass, decay
distance and momentum, could not be measured directly, since the measured decay dis-
tance is the sum of the B® and of the D° decay distances, d = dg + dp. To take into
account the D° flight, a new variable was defined for each event, which is the sum of the
B° and D° proper times, t = tg + tp. The probability distributions for the variable ¢,
Pﬂlﬁzzzy)(t, Am), were obtained by convoluting the time dependent probability distri-
butions (1) and (2) with the exponential D° decay distribution e™*2/7P [}, where 7p is
the D° lifetime.



Table 1: Estimates from simulation of different contributions to the D* sample with their
relative importance. The initial fractions of different B hadrons are the ones assumed
in the Monte Carlo [9]. These contributions are classified as like or unlike sign events
assuming an exact tag of the original B meson. The ¢*™*¢ probability is also given and
the quoted uncertainty comes from the limited statistics of the simulation . The quoted
values were obtained after applying the event selection described in Section 3.

like sign unlike sign relative fraction cunlike
By — DX 1. 0.275 £+ 0.010
BY = BY — D*tX 0.22 0.532 + 0.024
Bt - DX 0.28 0.239 + 0.018
cc:c— DX 0.93 0.601 + 0.010
BY —» Dt X 0.03 0.500 + 0.071
Bt — D*t X 0.04 0.657 £+ 0.057
B — DX 0.04 0.284 + 0.052
B — BY — D*tX 0.04 0.605 + 0.054
The sum of B® and D° proper times can be written as:
D tptip = "By + TPy = By (@_@) b="d ()
bB bD bB P bB PB

where the term proportional to dp has been neglected, being of order of a percent with
respect to the other term . The B® momentum in equation (6) was taken as the mean
fraction of the beam energy carried by the B° It was checked with the Monte Carlo
simulation that the average fraction of beam energy taken by the B° is almost unaf-
fected by the D* selection criteria. Also, a parametrization of the B° momentum as a
function of the reconstructed D* momentum was studied. The resolution on t slightly
improves by using such parametrization, but the effect on the measurement of Am was
found to be negligible. Thus, the simpler approximation of the average B momentum,
pB =~ 0.7Fpeqm, was used. The validity of the approximations involved in equation (6)
was verified on a set of generated B° events [8], passed through a detailed simulation
of the detector. The average resolution on ¢ was found to be 0.4 ps, which was suf-
ficient for the measurement of the time dependent BY mixing. The final normalized

probability distributions Pgo (t, Am) were obtained by convoluting the probabil-

ities Pﬂiﬁg:ﬁ?)(t,Am) with a Gaussian resolution distribution of standard deviation

o = {(Ud/al)2 + (754 /pBo)z} 2 t. An average value for 0po/Po = 0.17 was used as deter-
mined from the simulation. The choice of a gaussian o, , does not describe properly the
B° momentum distribution error, but this approximation is adequate for the performed
measurement.

For charged B mesons, the normalized probability distribution Pg+(t) was determined

in a similar way as for P];nom(unmm)(t, Am) but without including the oscillation terms of
the expressions (1) and (2).

When the D> originates from a ce¢, the variable ¢ previously defined differs from the
DP proper time by the ratio of the D° over the B® boost. The corresponding time dis-
tribution P.:(t) was determined from the Monte Carlo simulation and parametrized with
an exponential and two Gaussian distributions.



The time distribution corresponding to the events from the combinatorial background
under the D* peak, P..;(t) , was obtained from the upper sideband of the AM =
M(Knm)— M(Kn) mass distribution, by requiring AM > 0.15 GeV/c?. The possibility
of a time dependent oscillating contribution to the combinatorial background was studied
by comparing the ratio of the time distributions of unlike to like sign events. No evidence
for such a contribution was found, and the same distribution P..,,;(t) was used for like
and unlike sign events.

An unbinned maximum likelihood method was used to fit the time distributions for
the unlike and like sign events. The likelihood function for unlike sign events was written
as:

Eunlike _ fBO [ unlzkepmzx(t7Am) T 6unlzke Punmzx’(t?Am)} T

T)’Lll’ unmir

o2 g™ Pp(t) + feee 2™ Poolt) + foomb gy Peoms (1), (7)

o fro, frt, foz and f.ons are the fractions of BY, BT, c¢ and of the combinatorial
background in the selected sample of events,

unlike

o "' is the probability of tagging a mixed B® as an unlike sign event,

unlike

e c“he g the probability of tagging an unmixed BY as an unlike sign event,

o G%Z”ffcomb are the probabilities of tagging a B*, c¢ and combinatorial background

events as unlike sign candidate.

The contribution from B? mesons was found to be negligible (see Table 1) and not
considered in the likelihood function.

The likelihood function for like sign events £"*¢ is obtained by substituting all the
efficiencies € in (7) by (1 — €). The values used for the different parameters in (7) are
given in Section 6.

The expected behaviour of the charge correlation @) for a pure BY sample generated
with Am = 0.50 //ps is shown in Fig. 2 as a full curve. The charge correlation is plotted
as a function of the measured decay length, which is equivalent to ¢ having chosen a fixed
value for the B momentum. Notice that the oscillating behaviour of the charge correlation
function () is not expected to be symmetric around zero, since the probabilities for correct
charge tagging are different for mixed and unmixed events. The effect of the inclusion of
charged B, charm and combinatorial background results in a damping of the amplitude
of the oscillation, as shown by the dashed curve in Fig. 2. The charm and combinatorial
background, having a small effective lifetime, mostly contribute in the damping of the
oscillation at small decay length.

6 Experimental results and consistency checks

The amplitude of the time dependent oscillation is sensitive to the probability of cor-
rectly tagging events with unmixed and mixed B, as discussed in Section 4. For this

reason, in order to be insensitive to details of the Monte Carlo simulation, the maxi-
mum likelihood fit was performed leaving free Am and one of the probabilities, evike
and fixing the parameters f.,,; , €% 15 | f.. and the effective time distribution for

comb -
background events to the values obtained from the data. The values of etnithe = cunlike

and k¢ were taken from the simulation, according to Table 1, as well as fg and the

effectlve time distribution of charm events.
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Figure 2: The charge correlation Q(¢) as a function of the D° decay length. The full curve
corresponds to the expected behaviour for BY events generated with Am = 0.50 h/ps.
The dashed curve includes the contribution from charged B, charm and combinatorial
background.



In order to enhance the signal to background ratio , events were required to have

AM between 0.1445 and 0.1465 GeV/c*, leaving 1816 events. The fraction of combi-
natorial background, f.,..; , was obtained from a fit of the AM spectrum which was
parametrized with a Gaussian distribution for the signal and a smooth polynomial for
the background. The measured fraction of background events in the candidate sample
was feomp = 0.318 &£ 0.020. Events having AM > 0.15 GeV/c? were used to measure
curlike — 0,481 4 0.008.
The fraction of D* originating from charm quark fragmentation in the sample, r.. =
fcfffbg, was obtained from a study of the X distribution. The measured Xy distribution
was fitted to a sum of the distributions for b and ¢ events, taken from the simulation.
From the relative importance of the two contributions, the fraction of charm events was
measured to be r.; = 0.36 & 0.05 £ 0.03, in agreement with the expectation r.- = 0.36
from the simulation.

The B° momentum approximated by the average fraction of beam energy carried
by the B as explained in Sect. 5, was fixed to the value measured by DELPHI,
Xp =0.695+0.03 +0.01 [11].

The B lifetime was obtained from the data. A fit was performed assuming the
charm and background time distributions and fractions previously determined and 75

=1.634+0.10 ps was found.

Using these parameters ., the result of the fit was:

Am = 0.50 +0.12(stat) h/ps
cwrlike — —(.271 £ 0.036.

unmiz

The fitted value of ¢*"*¢ is in good agreement with the expectation of 0.275 from the
simulation. The experimental distribution of the charge correlation function Q is shown
in Fig. 3, with the result of the fit to the like and unlike sign distributions superimposed.
Also shown as a dashed curve is the result of a fit to a time independent mixing hypothesis.
The time independent mixing hypothesis was tested assuming a simple exponential decay
time distribution for Pgy® and PEs™® in the likelihood functions. The relative proportion
of mixed and unmixed events was taken into account fixing x = 0.17, according to the
existing measurements of the time integrated B} mixing. The negative log likelihood

increased by 4.3 which corresponds to 2.9 standard deviations.

Several checks were performed on the analysis procedure.

e Fixing Am to the fitted value of 0.50 %/ps, the two B° unlike sign probabili-
ties were fitted. The following values were found: "¢ = (.264 4 0.036 and

unmiz

cunlike — (.569 4 0.087. The latter value is in good agreement with expectation of

0.532 from simulation.
e An estimate of €“7""*¢ was obtained from the data in the following way. The events
rejected by the cut Xg > 0.50 are enriched in c¢ events (~ 80%). From the number
of unlike sign events with Xz > 0.50 in this sample and using the charge correlation
efficiencies from simulation for non-charm events, ¢“7%*¢ = (.58 +0.02 was obtained,

) ce
to be compared to the expectation of 0.61 4+ 0.01 from simulation.

e The fraction of cc events was left free in the fit, and r.; = 0.280£0.054 was obtained
in agreement with the aforementioned measured value of 0.36 4+ 0.05 £ 0.03.
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Figure 3: The charge correlation function Q plotted as a function of the D° decay length
in cm. The full dots with the error bars represent the data. The full curve is the result
of the fit corresponding to Am = 0.50 i/ps. The dashed curve corresponds to a time
independent mixing hypothesis.
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e The fit was repeated using a parametrization of the B® momentum as a function
of the reconstructed D* momentum . The fitted value of Am changed by 1% with
respect to the value obtained using a parametrization of the B® momentum as a
fixed fraction of the beam energy. A further check was performed by using a sample
of 30000 generated events, with a simple smearing of the time distribution. The dif-
ference between the fitted value of Am obtained by using the average B momentum
and the value obtained by taking the true generated B momentum was found to be
negligible.

o The fitting procedure previously described was applied to a generated sample with
detailed simulation of the detector, having Am = 0.475 h/ps. The fit was able to
reproduce the charge tagging probabilities correctly, and a value of Am = 0.48 +
0.06 7/ps was obtained.

7 Systematic uncertainties

Various possible sources of systematic uncertainty were investigated.

e Time distribution
Different parametrizations for the time distributions for charm and combinatorial
background events were used. The parametrization for the combinatorial back-
ground distribution was varied according to the limited data statistics used for its
determination. Also, the time resolution o, was parametrized as the sum of two
Gaussian functions. The observed shifts of the fitted value of Am were £0.030 //ps.

o B lifetime
In addition, for each parametrization, the fitted value of the B lifetime 78 =

1.63 £ 0.10 ps was varied by one standard deviation. This produced a change of
+0.010 A /ps on Am.

e B momentum error
Changing the B momentum according to the error on the measurement of the aver-
age fraction of beam energy Xp = 0.69540.03+£0.01 [11], Am varied by £0.020 % /ps.
According to the simulation, the mean fraction of beam energy changed by 2 £ 2%
after the D* selection, and no additional systematic uncertainty was considered.

o _B* fraction
Given the limited knowledge of the fraction of B* contributing to D* production, a
conservative variation (0.17 +0.10) of the expectation was used to estimate a corre-
sponding systematic uncertainty of +0.025 i /ps.

e 7. fraction
The fraction of charm, r., was varied around the value measured from the data
(0.36 £ 0.05 £+ 0.03) by one standard deviation, giving a systematic uncertainty of
+0.020 7/ps.

o f.omp fraction
A variation of the fraction of combinatorial background f.,,., = 0.318 + 0.020 by




14

one standard deviation gave a systematic effect of £0.010 & /ps.

unlike _unlike _unlike
® € o€t 5 €

The hemisphere charge probabilities depend on the central value and the width of
the hemisphere charge distribution, which are taken from the simulation. A pos-
sible shift of £15% of the central value was considered. Also, different values of
the weight power factor k between 0.2 and 1.0 were used to estimate the effect of
changing the width of the hemisphere charge distribution. The maximum shifts ob-
served in the hemisphere charge probabilities were used to estimate the systematic
uncertainties. The probability €“"!*¢ was changed between 0.504 and 0.565, obtain-
ing Am = £0.025 7i/ps. The probability €4y*¢ was varied between 0.19 and 0.29
and ¢“7k¢ hetween 0.56 and 0.64, changing Am by 40.005 h/ps and £0.020 & /ps,

respectively.

unlike

untr were found to

The contributions from the variation of the parameters 7p and ¢
be negligible.

The contribution of the various systematics errors are summarized in Table 2. On
summing them in quadrature, an overall systematic error on Am of £0.06 i/ps is ob-

tained.

Table 2: Systematic uncertainties. The sign (4+ or F) shows the correlation with the
variation of the relevant parameters.

Contribution variation on Am [ h/ps ]
Time distribution parametrization and time resolution + 0.030
B lifetime + 0.010
B momentum parametrization + 0.020
Fraction of B F 0.025
Fraction of charm events + 0.020
Fraction of background F 0.010
eunlike F 0.025
eunfihe F 0.005
eunlike + 0.020
Total + 0.06

8 Conclusions

The characteristic time dependence of BY— By" oscillations has been observed by using
D*-hemisphere charge correlations. The measured mass difference is:

Am = 0.50 + 0.12(stat) + 0.06(syst) h/ps,
or, converting into eV/c*:
Am = [3.29 4 0.79(stat) £ 0.39(syst)] 107* eV/c>.

A model with time independent mixing is disfavored by 2.9 standard deviations.



19

Assuming that the BY lifetime is equal to the average B lifetime measured at LEP,
7 = 1.538 £+ 0.033 ps, the ratio Am/I" is equal to:

A
Tm = 0.77 + 0.18(stat) + 0.09(syst).

These results are consistent with the measurements of time dependent BY mixing per-

formed by the ALEPH [3] and OPAL [4] collaborations.
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