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1.- INTRODUCTION

Accurate measurements of heavy flavour lifetimes and branching ratios are the appropriate keys to have
a coherent frame of charm and beauty weak decay. And over the last few years this field of physics has been
very active from the experimental ( as well as theoretical ) side.

An updated summary of heavy flavour lifetimes can be found in [1] while for their production properties
the interested reader is referred to [2] and [3].

In this talk I will cover the contributions given by the LEBC-EHS (experiment NAZ27) to the measure-
ments of the D-meson lifetimes.

The menu of this talk will then be :

1) motivations for measuring charm lifetimes;

2) NA27 characteristics and charm strategy;

3) survey of four different methods used by this experiment to measure 7’s ;
4) check and comparison of the results;

5) conclusions.

} Talk given at the EHS Symposium held at Balatonaliga ( Hungary ), 8-10 September 1986.



2.- MOTIVATIONS FOR MEASURING CHARM LIFETIMES

In this section I will only briefly mention the theoretical ideas which constitute the framework of our
experimental results.

Figure 1(a) shows a sketch of a Cabibbo-favoured ( AC =AS = -1 ) charmed meson decay. Similar
diagrams can be drawn both for charm baryons and Cabibbo-forbidden decays . This diagram is the so

called ” spectator diagram ” since only the charm quark undergoes a decay, while its partner light quark

acts as a spectator. TR
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Fig. 1 Sketch of :
a) spectator diagram for a semileptonic and hadronic decay of a charmed meson ;

b) muon decay diagram.

Since the spectator diagrams are essentially the same for all charmed state decays, one could simply
deduce that all charm particles must have the same lifetime .
This lifetime can be estimated comparing the spectator diagram to the muon decay diagram of fig. 1(b).

This comparison predicts :

7(c) = 1/5 (mu/mc)® 7(p) (1)
and then r(c) ~ 3.5 + 7.5 107 '3 s depending on the mass of the c-quark.

Furthermore, since :
T ~1/Ttot , Bt =T¢ (D — WwX)/Toe(D — all) (2)
and
It (D°— WwX) = Iy (D* — vX) (3)
one can deduce that all charm particles must also have the same semileptonic branching ratio.

A naive numerical prediction of B; s~ 20% is simply given by the three colours and two leptons in

which the W of fig. 1(a) can decay. QCD corrections actually reduce the expected branching ratio for
e-semileptonic decay to about 13%.

This simple scheme of a pure light quark spectator model is in strong disagreement with the MARK III
experimental results [4] :

By (D° — IX) = (7.5 £1.140.4)%
By (D% — WwX) = (17.0 £1.94£0.7)%
R = B, (D% — IwX) / B; (D° — IwX) = 2.3 05+ 0.1

Note that so far nothing is known on Dg ( formerly F ) branching ratios.



a)

b)

Various mechanisms have been proposed to explain this inconsistency :

a destructive interference, due to the Fermi statistics, between the spectator antiquark d in the D*
decay and the identical d from the non leptonic decay ¢ — sud ( see fig. 2(a)). Since this interference
will not occur in the DO decay, it would result in 7(D*) > 7(D°). However, a detailed calculation (5]

shows that this mechanism, although contributing in the right direction, can only play a marginal role ;
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. 2 Representation of :

a) internal spectator diagram for p* decay, showing the possible destructive interference due to the Fermi statistics ;
b) spectator diagrams ( normal and internal ) for both DY and D* decay . Final state hadrons are also reported ;
¢) non-spectator diagrams for D? ( W-exchange ) and p* ( annihilation ) decay.

color-mixed spectator diagram. This possibility is diagrammatically indicated in fig. 2(b). The decay
diagram reported on the right of each line is referred to as ” internal spectator diagram”. For the D°
decay the normal and the internal spectator diagrams are incoherent since they lead to different final
states, then no interference is possible. On the contrary, the D* decay diagrams lead to the same final
states and they can then interfere. QCD shows that this interference is destructive, then giving 7(D#*)
> 7(D% ; however, QCD requires also colour suppression for the internal spectator diagram, and as a

final result one has a non-significant interference ;

contribution of non-spectator diagrams. In the earlier calculations this contribution was disregarded, due
to the helicity conservation which does not allow the coupling of the vector boson W to the pseudoscalar
state cg. However this suppression can be recovered taking into account emission of gluons by one of
the initial quarks. Since in the non-spectator picture the D* annihilation is Cabibbo-suppressed ( see
fig 2(c)), the D* is expected to have a lifetime longer than that of the D% Dg and A,.

The possibility for a non-spectator contribution seems to be confirmed by the experimental observation

of the decay mode D? — ¢Fo which is believed to occur uniquely via the W-exchange diagram.
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ARGUS, MARK I1I and CLEO have allseen the decay D° — K+K-K° but for some time the branching
ratio for D0 — ¢F0 has disagreed at the level of the interpretation of the background in the ¢ region.

There seems to be now a good agreement among the three groups (ARGUS : 1.18 4+ 0.25 + 0.17; CLEO
: 1.18 + 0.40 + 0.17; MARK III : 1.113-740-4 [6] to be compared with a rough expectation of ~ 1.5% )
whilst there is not yet a general consensus among theorists on the interpretation of this result, as it has been

=0 . . . .
recently argued that the D° — ¢K " mode could also be generated via a multichannel final state interaction
even if the W-exchange mechanism were absent [7].

It is clear from the above considerations that our present understanding of the charm decay dynamics

is not satisfactory yet and then their lifetime measurements are needed and welcome.

8.- NA27 CHARACTERISTICS AND CHARM STRATEGY

I do not want to bother you here with a lot of details on the spectrometer, since all of you are also
members of the EHS community ; the dedicated reader can anyway find all the relevant information in (8].

I want however to stress the unique features of the experiment NA27 :

1) the bubble chamber is filled with hydrogen, thus providing a negligible background of secondary inter-

actions to charm decays ;
2) there is no charm trigger ( only interaction trigger ) so that there is no bias in data taking ;
3) the optical resolution is < 20 pm, resulting in a very high scanning efficiency and two-track separation ;
4) the measurement precision achieved by the Strasbourg H.P.D. is illustrated by the following two numbers:

~ 2.5 urh resolution on track impact parameter ( see below for its definition Jeena'ss 1.8 um r.m.s.

residual on HPD master points (=~ 30 points/track);

5) last but not least, a powerful particle identification.
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Fig. 3 a) definition of impact parametery = L sin¢ for a track from a charged D decay ;
b) distribution of charged track impact parameters w.r.t. their vertex of origin ;
¢) distribution of impact parameter of charged tracks from charm decay. The dashed part represents tracks added (or

reassigned ) during the HPD phase.



The basic experimental procedure to identify an interesting secondary activity is based upon the def-
inition of the impact parameter y = L sing given in fig. 3(a). Note that for LEBC y (film plane) ~ y
(space).

Since :

|Lsing|= Lpr/p =prct/m= 0 (ct) (4)

a scan inside a ” charm-box ” with a width of + 2 mm transverse to the beam and extending through
the whole bubble chamber has little effect on charm decays while strongly reduces the background of strange

particles (since they have very different lifetimes).
Extensive tests have shown that :

a) scanning of secondary activities inside the charm-box has an efficiency of ~ 100% if y> 50 pm ( which

corresponds to about 2.5 bubble diameters );

b) the HPD precise measurement has a = 100% efficiency down to y > 7 um ( = 30 of the HPD measurement

error).

All the above statements are proved by the histograms of fig. 3(b) and 3(c). Fig. 3(b) shows the distri-
bution of the impact parameters for the main vertex and is a direct measurement of the impact parameter
resolution ( fig. 3(b) has o ~ 2.5 um ) . Fig. 3(c) shows the impact parameter distribution of tracks from
charm decays; the dashed part of this histogram represents tracks that have been added ( or reassigned when

they were misassigned at the scanning) during the HPD measurement and clearly shows the capability of
this device to clarify difficult topologies for 7 < y < 50 pm.
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Fig. 4 An HPD digitizationof a DOpo pair decaying respectively into four and two prongs. Note the different scales along and
across the beam.

Fig. 4 shows an HPD digitization of a neutral D pair, decaying respectively into two and four prongs.

To amplify the view of the decays, the digitizations are stretched across the beam.

To accept a decay for the lifetime study, an overall requirement of y,n;, 2 7 pm and y,g; > 50 pm is
thus applied to ensure good visibility and detection.



Charged and neutral decays are classified as Cn and Vn respectively, where n is the number of charged

decay products. Further requirements, depending on the topology, are applied to avoid any possible con-
tamination :

1) C5 and V4 are straight accepted as charms ;
2) C3 are accepted as charms if paired with a second charm or if a decay track has pr> 250 MeV/c;
3) V2 are accepted as charms if paired with a second charm and if a decay track has pr> 250 MeV/c;

4) C1 are not used for lifetime but, if pr> 250 MeV/c, they can complete a charm pair.
In all above, pr is calculated w.r.t the line of flight of the parent.

I want to stress here the severeness of these cuts. For the #~p exposure, whose lifetime results I am
going to present you, (360 GeV/c incident momentum, sensitivity of ~ 15.8 events/ub ) we have got 114
interactions containing 183 visible charm decays (45 single decays and 69 pairs). 100 are neutral and 83
are charged decays. The breakdown per topology is the following : 28 C1, 78 V2, 51 C3 ( of which 3 A,),
22 V4 and 4 C5. The above cuts reduce the D-lifetime sample to 93 decays ( 36 V2, 33 C3, 21 V4 and 3
C5) indicating that about 50% of the decays, although possessing a clear charm signature, do not enter the

analysis.

4.- SURVEY OF DIFFERENT METHODS TO MEASURE LIFETIMES

For a given D decay, the proper flight time is given by t = lmp / cpp where pp and 1 are the charm

momentum and length respectively. For an ideal experiment, with no losses, the lifetime would then be given
by

— Z?,:lti
r= i (5)

where ¢; are the individual proper times.

A way to correct for the real life losses occurring at very short and very long distances ( losses due
to both scanning and visibility inefficiencies and decays outside the fiducial volume ) consists in giving a

visibility weight which is a simple function of the minimum and maximum detectable length, I,,,;,, and l,,,42:

1) lpnin is defined as the length necessary to detect, with efficiency close to 1, a track not originating from
the primary vertex and it is obtained "swimming” the decay along its line of flight until y,,,. reduces

to 50 pm or Yy, reduces to 7 pm ( l,;, is the maximum of these two lengths);

2) lnax is computed taking into account the finite length of LEBC, the optical depth of focus (+2 mm )
and the boundaries of the charm box.

After this general introduction that defines quantities used in all methods, I would like to go through

the different techniques used by NA27 to extract lifetimes.These methods are :

1) constrained kinematical fits;
2) momentum estimator;
4) impact parameter;

4) transverse length.

Due to lack of time, I will only try to touch the most peculiar features of each method, without fully

entering into the technicalities ; a complete account of the details is given in [9].



4.1.- constrained kinematical fits

There is very little to say about this method, since it is classic and certainly superior in principle since

there is no model dependency in it. However it in no way makes full use of the available data sample, because

of the need for a well determined momentum.

Performing a maximum likelihood fit of the type :

£(r) = H 1 exp (—ti/r1) (6)

; exp (_t:.'nin/r) — exp (_t:'nax/‘r)
we find the following lifetime values :
r(D*) = (9.8%33)10°13s (20 C3/C5 decays)
(D% = (3.631-9)10-13 5 (21 V2/V4 decays)
giving a ratio R = r(D*)/r(D°) = 27152,

Here and in all what follows the errors quoted correspond to a fall in the log likelihood from the maximum
by 0.5. Furthermore in this section I will give DO lifetimes as obtained combining the V2 and V4 sample.

Possible differences between the two samples will be discussed in Sect. 5.

4.2.- momentum estimator

This technique, originally proposed by Franek [10], has been extended to allow more general applications;
details of this extension can be found in [11]. The estimator method is based on the following general
philosophy : since 7 is the average of ¢! (or of t* — t! . in the case of a negligible I, 4, effect ) one does
not really need to know the individual charm momenta pi, precisely, but to be correct on the average. This
point of view implies that also unconstrained decays may be included in the lifetime calculation, provided

that an unbiased scaling law to ”estimate” its momentum is found.

To derive this "magic formula” let first Lorentz transform between the lab and the D rest frame :

Puis = 7 (P, cos8 + BE;;,) (7)

where v and g are the usual boost parameters and 6 is the angle between E and p*;, ( in D-rest frame).

Taking the average ( keeping pp and my;, fixed ):

< puis > = Ep/mp <py;, cosd >+ pp/mp <Ej;, > (8)

vis

Since the D-meson is unpolarized and the spectrometer has &~ 100% acceptance in the forward region

(xp > 0, where we apply the estimator method ) < p&;, cosf > = 0. Furthermore :

Ex, = (p22 + mi2)Y? = my, (143 ) miZ)Y? = Bmy, (9)

with § close to 1 since for a D decay | §;, |< myi,- Then:

< Puis > = (PD/mD).B Myis (10)

If we now define : pH* = mp pyis /B my;, we have that p§* is an unbiased estimate of pp since :

< Pi)" > = mp < Puvis > /mvia ﬂ = PbD (11)



As charged particles are not always fully identified, m i, = & mT. ., with all charged particles assumed

to be pions ( § &# 1) . So one finally gets the "magic formula” :

est

PE° = amp pyis /mt’,',-o with f6 = o™} (12)

The dependence of @ on mT,, and p,i, has been determined by Montecarlo. Fig. 5(a) shows the

distribution of a for DO ( both V2 and V4 ) as a function of mT, averaged over p,;, while fig. 5(b) shows

uis
the same dependence for a=! ( note that  gives p*** and then (xg)°*t, while a=! gives t***). The broad
distribution in o and a~! at small values of mT;  corresponds to a poor determination of the lifetime when
a lot of momentum is not measured by the spectrometer ; the distribution becomes narrower as m”;, ( and

Duis ) increases.
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To show that the method works well, we present in fig. 6 some Montecarlo results obtained generating
500 experiments each consisting of 50 DO decays. The distribution of the true mean lifetimes is plotted in
fig. 6(a) while the corresponding DO lifetimes predicted by the estimator analysis are reported in fig. 6(b).
Both distributions are well centered around 1, as expected ; the estimated lifetime distribution has an r.m.s.
of 0.180, to be compared with an r.m.s. of 0.148 of the true life distribution.

For the lifetime determination, rather than using the average value of & that corresponds to the particular

combination of p,;, and m7;, to obtain a unique value of p¢** for each decay, the distribution of p®t as given

by dN/da is used. Since :

glzc'fz = ,\za) exp[—l/A(a)] f(a) (13)
where :
fl) =20 Me)=a T (14)

uis

the normalized likelihood function is :



D° decay

n*of experiments

Fig. 6 a) Montecarlo results for the estimator analysis showing

the distribution of t*7%¢/7 for DO decays. This distribution has
a mean value of 0.997 and an r.m.s. of 0.148 ; 20}

b) similar Montecarlo distribution for £°** /7 for D° decays. This

distribution has a mean value of 1.036 and an r.m.s. of 0.180.
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where the integrations are performed numerically.
The lifetimes obtained using the estimator analysis are :
r(D%) = (11.533:3)10-13s (20 C3/C5 decays)
r(D%) = (4.4%19)10-13 s (36 V2/V4 decays)
with a ratio R = 7(D*)/r(D%) = 2.61}2.

Note that since this method requires a certain degree of knowledge on the momentum of the decay, we
have applied cuts in addition to those used to define the full sample. We have required that : (a) at least
two tracks are hybridized in the spectrometer ; (b) (xr)®** > 0.

4.3.- impact parameter

This technique has been extensively used by many other experiments and it is based upon the fact that,
as already mentioned in Sect. 3, for a particular decay track the impact parameter is of the order of ct,

where t is the charm proper time. Then, in absence of cuts on the data,the average impact parameter will
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result to be proportional to the lifetime 7. Details on this method can be found in [12] and [18].

To determine the ”calibration curve” i.e. the dependence of <y> on 7, we have used a Montecarlo which

has different lifetimes as input, both for charged and neutral decays.
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Fig. 7 Distributions of measured impact parameters. The curves in (a), (b) and (c) are the expected distributions for the lifetimes

derived from the mean y and quoted in the text . In (d),(e) and (f) the lifetime results are plotted as a function of the

Ymaz cut.

Fig. 7 shows the distributions of the measured impact parameters, together with the curves correspond-
ing to the appropriate lifetimes given below. From fig. 7(a) and 7(b) one observes that the experimental

impact parameter distributions are very well reproduced by their respective Montecarlo predictions; in fig.

7(c) there is an excess of large impacts which raises the mean impact parameter for the V2 topology. This

excess is due to a V2 charm decay whose statistical significance in terms of anomalously living decay will be

discussed in Sect. 5.

Fig. 7(d),(e) and (f) contain the dependence of the lifetimes on the maximum impact parameter cut,

Ymaz- The results appear stable, indicating that they are not too sensitive to the precise value of the cut.

Furthermore, for C3 topology, we do not observe any significant A, and/or F contamination that would

affect the region of low y,nqz-

The lifetimes we find using this method are :

T(D*) = (11-9":2:3) 10-13 3 (33 C3 decays)

7(D%) = (4.6+19)10-13 s (57 V2/V4 decays)

with a ratio R = r(D*)/r(D°%) = 2.6*}

0
7
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4.4.- transverse length

This method has been developed inside our collaboration and a full description of it can be found in
[14]. The interest of this new technique is in the fact that it allows to use the full statistics available for the

lifetime analysis and that it is model independent. It simply uses the correlation that exists between the

transverse decay length I and the lifetime :
lT = tpTc/m (16)

Since pr and t are independent :

%N
dprat

= i'r exp|—t/r] F(pr) (17)

where F(pr) represents the functional form of the pr distribution. Transforming variables from pr and ¢ to

pr and lr one obtains :

42N m
3rdpr = pror exp|—mlr/prer| F(pr) (18)
and then :
iN [ m
T = / exp|—mlr/prer| F(pr)dpr (19)
T prer
0
The p2.-dependence of the cross section has been measured [15] to be of the form exp (—ap?) witha = <«

pz > = 1181312 (GeV/c)~2. Note that a turns out to be the same both for D° and for D*.

The transverse length method has to face a serious problem when trying to write a properly normalized
likelihood function. Since there are cuts to apply to the data to ensure a high detection efficiency, one has

to project the 1! . and I . discussed above into their projections I} and I}

min maz Tmin Tmaz 1N the plane transverse

to the beam. However this projection can only be made if the production angle 6° is fixed, which is not the
case since the longitudinal momentum cannot vary independently of the transverse momentum. Neglecting

the kinematic constraints needed to keep ¢ fixed , the likelihood function can be approximated as :

() = H / m ' exp[——l:‘rm/pTcr]- F(pr)dpr (20)
i prer { [_l"I'minm] — ex [__ If‘l'ma:tm] }
° exp prcr P prer

The amount of approximation introduced neglecting the complex but rigorous normalization has been
studied by Montecarlo and the resulting correction factor is plotted in fig. 8 as a function of the input lifetime.

It is seen that the above approximated likelihood function gives a slight overestimate of the lifetime.

Taking into account this correction factor, the lifetime values are :
r(D*) = (10.4723)10-13 5 (36 C3/C5 decays)
r(D%) = (4.510:8)10-13s (57 V2/V4 decays)

with a ratio R = r(D*)/r(D%) = 2.3+10.
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Fig. 8 Correction factor applied to the results of the transverse length
analysis ag a function of the lifetime.

In this case the errors include a systematic error ( which does not affect the ratio R ) due to the
uncertainty in the slope a of the p differential cross section. To get a feeling of the size of this contribution,

a ~ 10% systematic error in o Propagates into a ~ 5% change in lifetime.

Fig. 9 shows the distributions of It — lr i for both neutral and charged D. The curves correspond to
the above lifetimes. From the mean values of these two distributions ( 57 pm for DO » 130 um for D*) one

sees immediately that the lifetime ratio is & 2.3.

The transverse length technique has the advantage that it can be directly checked against any subsample.
Applying this analysis to the same events with a kinematic fit presented in Sect. 4.1, we obtain the following
set of results ( all lifetimes are x 10-13 8) :

DO(Vv2) DO(v4) DO(V2+V4)| D=
10 decays | 11 decays| 21 decays 20 decays

+1.5 +1.4 1.0 +3.4
3.6115 3.5%54 3.61,:0 9.8%3-2
2.1 1.6 1.3 3.7
4-3t1.3 3-2t1.o 3'6-1-0.8 9-8t2.5

Here , for sake of completeness, I have split the DO results into V2 and V4. The first line of the table
contains the lifetimes for the events with a kinematic fit » While the second line refers to the transverse length
method applied to the same events, It is evident that this technique, when applied to the same event sample,
returns very consistent results, giving confidence in the method. '
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Fig. 9 Transverse length distributions for neutral and charged D. lTmin represents the minimum detectable transverse length
for the particular event. The curves are the fits corresponding to the lifetimes given in the text.

5.- CHECK AND COMPARISON OF THE RESULTS

The results obtained in the previous section are all collected in the following table (all lifetimes are

again x 10713 3) :

DO(V2) |DO(V4) |DO(V2+V4) D+ R
Kin. fits |3.63}5 |3.5%14 3.61%9 9.8%3% |2.7%}12
I 4.8t1% 13.8%13 45408 10.412-8 (23119
Estimator | 4.8%14 [3.7425 441239 115123 (26112
Imp. par. | 5.6%17 |3.4%12 46150 11.9132 |2.6139

An overall comparison shows that :

a) all the indirect techniques give very consistent results;

b) the indirect techniques applied to the V2 decays all yield a larger 7(D0) than the V4 decays. One
decay contributes significantly to the indirect V2 result. This decay does not have a kinematic fit but
possible 0C solutions indicate a lifetime in the range 17-30 1013 5. If it is omitted from the V2 sample,
the transverse length result is unaffected, since its I does not appear to be anomalous. However, the
estimator result reduces to (4.1‘3:},) 10713 5 for the V2 decays and the impact parameter result to
(5.1t}:g) 1013 5. The indirect technique results for the V2 sample remain consistent; however they
are still higher than the V4 results. For a D lifetime of 4.1 10~!3 5, we would expect 0.6 events in our

sample with t> 20 10713 5. This event is therefore consistent with a DO lifetime of 4.1 10—13 .
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Since the transverse length method is model independent and makes full use of the unfitted decays, we

give our final results as a combination of the kinematic fits, when available, and the transverse length applied
to the remaining no fits. We then quote :
7(D*) = (10.7128)10-13 s (40 C3/C5 decays)
7(D%) = (4.17371)10-13 s (60 V2/V4 decays)
with a ratio R = r(D*)/r(D%) =2.6+3-8.
For those of you who are not really in the business of lifetimes, I have prepared a summary of charm

lifetimes from around the world. Recent and less recent results are compiled in fig. 10 for 7(D°) and in fig.

11 for 7(D#). To appreciate our results, I have compared them with the ”world averages” and the reader

can judge by himself the level of agreement.

I want to stress that the results covered by this talk refer only to the m~-proton exposure that has
a sensitivity of (15.840.8) events/ub. This is only about a third of the full statistics available to NA27

which includes also a 400 GeV/c proton-proton exposure. Final lifetime values using the whole statistics
will appear soon.

6.- CONCLUSIONS

Since it is now the good time to come to an end, I would like to conclude this talk with the following

points :

a) a coherent frame of charm (and beauty) decay has not yet emerged, but it will do (hopefully) soon.

Accurate measurements of lifetimes and branching ratios are an essential ingredient;

b) NA27 can give (and has already given) an important contribution to this puzzle. Four methods for
lifetime determination have been studied, three of which do not depend on the kinematic fit. All these
methods give stable and consistent results. Best values for 7(D°) and r(D%*) are obtained using fits,
when available, and the transverse length technique applied to the remaining no fits. Our best lifetime

values are :
r(D¥) = (10.712:8)10-13 s (40 C3/C5 decays)
7(D%) = (4.1397)10-13 s (60 V2/V4 decays)
corresponding to a ratio R = r(D*)/7(D°%) = 26193 ;

c) in the near future, NA27 will update the previous results using as thrice as much statistics.
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