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ABSTRACT

Recent measurements of the lifetimes of the x leptons.and charm and beauty hadrons
are reviewed and their significance for the couplings of the charged weak current, flavour
mixing, and models relating quark to hadron decay are discussad,
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1. INVRODUCTION

In the past few ysars, the decay of heavy flavour hadrons and hosvy leptons has
become a fashionable topic, for theorists and experimentalists alike. The Interest in the
lifetimas of weskly decaying particles clearly is basad on the conceptual simplicity of
thesa decay procass=s. In the framework of the standard electro-weak theory, the flavour-
changing transitions among quarks and among leptons are detcribed by thelr coupling to the
charged wesk bosons, WE. The parton disgrams for heavy leptons or quarks are Identical to
the muon decay, and thus apart from differences in the couplings of the W to the various
partons, decays rates of heavy quarks @ and Jeptons L are calculable and closaly related to
muon decay tima T namely

L =192 n'IG sn(u. ~e75 )=x W /ml_) BR(L™+e™5,y ) 1))

1q = 7,(m /me)" BR@-+ev a1/ Ly < @

where Gl_. 1s the Ferml constant and BR represents the leptonic or samileptonic branching
ratlos, that can be calculated and that have been measured. This simple relation only holds
for free quarks, and in the absence of flavour-mixing and final state corrections due to the
light quarks and qluons participating in hadron decay. The differences In the quark
couplings to the W are described by the Cebibbo-Kobayashi-Maskewa matrix elements

l). In the ebsence of K-M suppression, the above nalve assumptions would result in
o 8e107*%ec for charm and tgy=2e107'"sec for haauty particles. Precise
measurements of lifetimas and branching ratios of heavy leptons, mesans and baryans serve
as a test of these simple astumptions and will continue to help In the farmulation of
theoretical models of weak dacay.

 In this review, lifetime measurements for the t lapton, the charm mesons D°, D, and

F*, the cherm baryons A, EI, QJ. and beauty hadrons, presumably B° and B, are

nvicwed Here, lndlnthefnnowlng.refmncetoaunlwlupuuclomludum
antiparticle, unless explicitly stated, 1.e. D* stands for D"QMD Far the charm baryons

" MnnmlmmnummmwthQPutlclo DnuGrmp has beon adopted, The
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2. EXPERIMENTAL TECHNIQUES

Clean signatures for hsavy flavour particles can be derlved from thair relatively high
mass and the wesk nature of their decay. Masses of 2 CaV/c® and above give rise to
rolatively large transverss momenta of the decay secondaries, and small (and unfortunately
mostly not well-known) branching ratios. The weak coupling causes long lifetimes (of arder
107%s8c), the emission of leptons o, . and neutrinos, with lerge transverse momenta,
and strange particle production dus to Cabibbo enhancemant. The difficulty in detecting
these characteristic features Is due to tha small production rates of heavy flavour particles
mmmmmmwwmmumumwmmcev. For
axample in hadroproduction, the cross-section is dCHARMBw“' stict
favourable relative rates sre sbserved in photoproduction and high energy v Intetactlom

Y A § v - v
qu: ICHARM =0.0) o' apron 0 9cnarM = %1 @ LapRON' and in particular in
e e annihilation, where 45% of the hadronic final states contain heavy flavour particles.

There are two different methads commonly used to determine lifetimes of
short=lived particles, The standard methods Is based on & measurament of the decay path
and the perticle momentum, and thus requires an accurate determinstion of the production
and decay vertices. This method has been used primarlly for charm particle lifetimes and
has been limited ta decay modes that can be fully reconstructed (except for same neutral
plons) to allow for the determination of the momantum. The sacond method relies on the
measurement of the so-called Impact parameter™ which Is defined ss the distance of
closest approsch of a decay track.to the production vertex. The impact parameater p lIs
proportional to the product of the decay length and the decay angle, and thus at
sufficiently high energles becomes Insonsitive to the momentum of the decaying particle,

. The clear advantage of this technique is thet it does not require o fully reconstructed

dacay er estimate of momentum, and consequantly can use individusl tracks fram hadranic
dacays ar leptons from semileptonic decays, thus avaiding unecceptable losses dus to smell
branching rotios and limited detoctor accoptance. Monte Carlo methods need to be applied

. to relste the aversge impact parameter to the particle lifetime; this can be done to an
ucmoydw%whotm -

lnthaputfunm muwﬂnqpurﬂchﬂfeﬂmuhnhecomnhmlemble

" activity. In addition to l"‘l.w-maeptanee spactromater with : excellont momantum
';mwmmu&u-&hmmmfmwmmmmmmm

vertex detector Js required with excellent resolution snd granulerity. In Teble 1, the most
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bubble chambers, tha bubble diameter and for ste

Igblo)

Llst of Lifetime Exparimanty,
Tha quoted resolution correspands to the residuals obtuined in a track fit. In additlion, for

parameter (including the contribution from tha baam size) is glver.

the errar on the

Experiment tmin Beam Chargod Hadron  Lepton, ¥
(nm) (10"2%) (GeV)  Identification Detection
Emulsions
wA-15 7 0.5 005 35070 None ut
WwA-58 ©) 1 0.05 50 v Cerenkov Pb glass
E-531 9 1 005 100v TOF ut, Pb glass
Bubble Chambers
NA-16 10) ;30 2 340 5~ None None
NA-16727 1) 217 1 560 np dE/dx, Cerenkov  Pb glass
400 p
SHF 12) -i40 3 20y Cerenkov Pb glass
Si-Detectors
NA-t 13) 2 100y 2Carenkovs  Pb glass,
Pb scintillator
NA-11 14) 5 2 100w~ Pb scintillator
200 v K-p 3 Cerenkovs Cerenkecv
Wire Chambers
wa-52 1) 350 350E" 2 Cerenkovs None
DELCO 16) 140400 ote-29  Ceroniov Po-scintillator
HRS17) 100350 ote~ 29 TOF Pb-scintillstor
maC 18)  200:530 a%s-29 ToF ut, Pb gas
MARK 11 19) 95;200 ete-29 TOF wt, Li-Argon-Pb
JADEZ0) 170570 ete=35  TOF, dE/dx Pb glass
~TASSD 21} - e's=44 TOF, 3 Cerenkove wt, Li-Argon-Pb




The emulsion techniqua has by far the bast spatisl resolution and granularity, and
with the help of computer-alded scanning machines, sxperimentars have overcoms its
notoriously low snalysing power. In tha LEBC bubbls chamber of NA-27, the resolution on
the impact parameter of a single track has been pushed to 7 um, by the introduction of
high resolution lassr optics and impraved operating conditions, rmall bubble diamster
{17 wm) combined with high density. At pressnt, holography Is being tested in the Fermileb
15 foot chamber, exposed to a8 TEVATRON v beam. In spite of these remarkable
improvements, and impressive results In recent ysars, these visual devices will remain
limited by their long memory time, lack of trigoer and laborious scanning and measuring
procedures. Their advantage I¢ thet within a given fiduclal velume, tracks can be
accurately measured and clearly sssoclated v “*h the preduction and dacay vertices.

The use of silicon as active target and at a high resclution tracking device was
ploneered by two groups at CERN. The NA-1 group uses a target made of 40 silicon
wafars, 300 um thick and spaced by 100 wn to detect multiple vertices In an event that has
been reconstructed in the spectrometer. Since there are In general two charm decays per
event, tho association of the decay lengths in the target and the dacay recomstructed in the
spactrometer remains ambiguous. The NA-1] group was the first to use silicon microstrips
to reconstruct secondary vertices and to demonstrate 99% efficiency and a single track
resolution of 5 um per plane, A system of fast online processars is used to trigger on
prompt electrons or more than one kaon, detected by the calorimeter and the Cerenkov
counters downstream. Attempts to use the signale from the silicon counters to detact
secondery vertices at the trigger level have so far not produced satiefactory results.

Among e'e” experiments, the Mark IT group has promoted the lifetime measurements
by the Installation of a high precision drift chamber mounted on the outside of a
thin-walled vacuum chamber, end ssveral sther groups hava followed this exsmple since.
At pmsant & mejor Ilmltntlon on the accuracy of psthlength or impact parameter
measurement [s due to the fact that the production vertex is not observed but
approximated by the centre of the beam-beam Interaction reglon, and consaquently
uncertain by the beam size (56 um harizontal, 400 um vertical).

* If we sssume; 88 In the Standard Model; that tha t lepton couples to the charged weak
current with the seme strength & the muon, and If the © neutrino Is massless, then in the
‘tramework of V-A interactions the t lifelime can be celoulsted to be (Equation 1)
A (2.9240.i8)010™%sec. The uncertainty quoted ls due to experimental errar on the
hulwm ratio BR(x™ » 89,0, ) = 0.1760.01 122), Givan that thess assumptions are very
fundamental, any deviation from this prediction has Important consaquences.




Though we have beon presanted evidenca for the decay of 2° and W* into ¥ leptons
by the UA=1 expariment st the SPS collider™), measuremont of branching ratics and
lifetimes of the heavy leptons are an unchallenged domain of e'e™ experiments, which
profit fram the coplous x¥<~ pair production resulting In an sbsolutely clean topolological
slgnature. The most precisa measurements of the t lifatime hava baen reported from two
expariments at the e'e™ storage ring PEP at 29 GeV ¢.m. energy.

The MAC colisboration2®) hes derived the v lifetime from a measurement of the
mean impact paramster § of the charged t decay products. Although the expected average
impact parameter Is small compared to the resolution of an individual track (~ 900 um),
the huge statistics availeble allows for considerable precision. The date, presented in
Figure |, shaw a small excess of events at positlve values of p. The mean value of
43.625.0 um translates to an average T lifetime of (3.1530.56:0.40)s107*"s. The
systematic error 1" %~ uncertainty in the factor « that relates Impact parameter and
lifetime; a is deterrmned by Monte Carlo simulation.
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Eig. 1 Impact parameter distribution for a sample of 23,584 .tracks from <t decay,
measured by ths MAC collaboration.

The Mark 126} coliaboration has significently improved the accurscy of charged
mmmmwm:mwammmnmmm
the beam vacuum pipe. Ths decay langth Is measured as tis distance between the centre

,wm.*e'mmmmmwwmmmmmm
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Fig. 2 Decsy lengths of 807 t leptons measured by the Mark I collaboration, the curve

represents maximum likelihood fit to the data.

A compliation of these and other v lifetime measurements Is given in Tabls 2. A
large number of these measurements can be viewed as a calibration for the impact

parameter technique used in various detectors to measure lifetimes of heavy flavour
particles. All experiments are in good agresment with each other and In excellent
agresment with the theoretical prediction. The measurement have been used to test the
basic assumptions that enter into the calculation of the theoretical prediction. For
instance, the Mark II result alone confirms n—r universality to a precision of 5%, Mare
senoitive tests on the t coupling and the possibiiity of mixing of the L with other
generations, will require not only higher accuracy in the t lifstime measurement, but
comparable improvements In the measurements of the leptonic branching retio and tha «

neutrino man’o).

4, LIFETIME MEASUREMENTS FOR CHARM MESONS

MWA-ﬁmhpwoMamhmmtmhmnmton
. photon beam at CERN. The presont meammement 1s bésed on 43 D° and 20 0* decays™",

.. ‘Toughly iwice the sample previouly piblished’2). Dus to the superb resolution in the

; em'iitlm mmmdmmmwunm-mmmmm
Ny fmmmmmmwmmmmummmm

""" Kinematic fits or unique kaon' identification. The experlmanml are concerried thet a :
eﬁnnmlnntlm from l!mt-llwd F* and A partlcla my damm the mmnt lifetima.
- Thiy mm 18 shared by meny groups, m _particular for dacay with uridetécted neitrals

“and poor :mass. resolution. Furthermors, the lmitéd thickness of this smilslon” stack

"-T(O.&mmutatawlmangleofi‘tothabeam)l«dﬂolubmmda&ctlonmu
' pmpor times ‘above 3810 *%sac and results In a large systsmatic uncartainty In the D*

liftime.
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Table 2
Recent Measurements of the 1 Lifetime

Experiment * (107"}

mpe 29 351 1.1

pecco 20 29108

HRS 28) 291 0.4 +0.50
Tasso 2% 30823 1056
mac 20 3.15 £ 0.36 £ 0.40
MARK D 236} 2.86 £ 0.16 4 0,25
Averege 2.97 £ 0.23

The Fermilab E-531 experiment employs a nuclear amulsion In & v beam. The data
analysis Is still In progress, the last update on tha published mltc”) was given two years
ago” at this conference in Como. In addition to 56 D® end 11 D¥ decays, the group
presented 8 F* decays. In order to separate F* from D meson on an event by evant basis,
the reconstructed mass for the F candidates was required to excead 2.0 Gev/c® In the first
and 1.94 GeV/c in the second data set. It has bean verified thet all F candidates are
consistent with a thres-constraint fit to an F decay moda, and kinematically incompatible
with sy Cabibbo-fevoured decay moda of O ar A} ﬂmrmmﬂndtoul!&\llc
mmmmmu I.WGechu't!numreuertm)

The ACCMOR cullaboration has completed tha analysis of the NA=11 data®®) that
mumﬂcdwlthupmptohchmhiggermdwlthhlqhmluﬂmdﬂmnmp
deatectors. Thadocaynlecﬂonhnuulctedtnmmnymubh modes,
D%+ Kw', K'v*a's~ snd D* + Kk u'a’ with identifisd K-mesons, The charged decay
tracks form @ distinct vertex. The final sample corisists of 335 D® end 29 D° decays,
including 5:2 and 321 background events. To carrect for datection losses at short decasy
times, the messured decoy time has besn corrected for the smallest detentable decay time,
teoer ™ ttmine COmpetitla with the sslection criteria. The background corrected decey
time distributions ase shown In Figure 3. A maximum Likelihoad fit yislds




wWwoh = (10,62 40107 Psec, HD®) = ( 3.741 %o 107 e,
and

wD0*'a(D%) = 2822,

The systematic errors are estimated to ba a factor of two smaller than the larger of the
statistical errors.
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Fig. 3 Corrected decay tims distributions for 28 D¥ and 36 D© decays of NA-1l. The

straight lines represents the result of a maximum likelihood fit to the averaga
lifetimes.

In addition, the ACCMOR group has applied the same analysls to the K'Kw decay,
the results”>) are glven In Figurs 4. There Is clear evidence far two enhancements In the
effective mags distributions, with 12 events each In the mass intervals 1.95-1.99 Gev/c®
- and 1.85-1.89 GeV/c", curresponding to F* and D* meson decays. The average masses are

197212 MeV/c® and 187252 MeV/c?. The decay time distributions are distinctly different,
the average lfetimes are (5.13)2)e107%sec far the F' candidstes and
,(9.51:::: )*107 %sec for the Cabibbo-suppressed decay of the D (fully compatible with
the value quoted sbove).. Due to ambiguities In the kaon and proton identification, three of
theF + and two of the Df decays are not distinguishable from A: decays.

i
i
|
|
|
i
|



aresw,

S T i ST et e s S e, L, 8 TSE T Seni v gL Sen ATt ta e evamtenge 60 T yLeeRANs et

- r NA-11
1
n D% LER,
8- .
LW ..
" 1 I'l ] 1' !
= 18 19 20
E MASS {K'K'n2) (GeV/c?)
[=] L] T
o P—eK"K'nt
1 ] i) I 1:'
] 1 0

i 2

Teore (107

Fig, 4 Measurement of tha lifetime of the F£ meson by NA-11. &) Effective mass of
K"K*s™ for particles forming a secondary vertex; and intagral decay time
distributions for b) the 12 D candidates and c) tha 12 F£ candidates.

The European Hybrid Spactrometer group has employed LEBC, a small bubble
chamber, to study cherm particle production in hydrogan by v~ and protons st 340 end
400 GeV/c, Major Improvements in the operation of the chamber, the optics, and the use
of MPO measuring machines allow for tha detection of impact parameters down to 7 ym on
the film, At this tife, the analysis of the NA-27 w~ date sample Is complete’® end
preliminary results besed on ono third of the proton date are avallsble®”. The new
meaturements are restricted to decays that are selacted by unique, Nighly-constrained
ldmmntlc fits. Thare are 34 charged and 29 mutral D meson decay in the total sample.
The Ufetime distributions are- given In Figure S, together with the result of & maximum
Wmmm-mmmd

ﬂo’)atn.ei.-‘:)-x 0 %aec, w(o°) (39010 e,
. .wg,éz’*ld.

Theu nlultc luve been eouﬂrmed by an lnmact pmmow mauuromem thll ll Indepen
dent of klmmne fits but dopemdl an individial bunchlng rétios ahd rromentum es!.lmlm.
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Fig. 5 Correctad decay time distributions for the combined 1™ and proton data of NA-217,
cuikaining a) 29 DO and b) 34 D+ decays.

The SLAC Hybrid Facility group has now completed the analysis'®) of several
exposures in the 20 GaV back-scattered laser beam, To obtain high and uniform datection
efficiency, (971::)%. and reduce topological ambiguities, a minimum path length of 0.6 mm
and one decay track with an Impact paramster of at least 100 um plus a second with 40 um
were yequired. After some additional cuts to remove photon conversions and strange
particle decays, 100 charm particle decsys remain, 30 D°, 48 D* and two smbiguous. No :
direct evidence far Ftar A; decay was found. Because cf unmaasured neutral particles, -
n° and v, only one-third of the decays are fully constralned. The momentum of the D was
derived by scaling from tha visible momentum Pyl and mass Mg namely Pp = Puis
(le ls) The mrneud llfntlma distributions are shown in Flgure & they lead to the

e g o e g e o 8w

) 0 = EA1.385 NI 0, WD) = (6.130.9:0.5)010 e,
_end .
o 1(0 y1(D°)= Mtﬂ.!t""
The quoted systematic errar on the D Lifetime Indludes the uncertalnty In the cantribution .

 from A% or F¥ dechys. mmmo‘mn*umplothmhmwmmm.nmmg
dwtum. In pacticular; tlnmutralchuy-nhtcssolo'“mbaﬁﬂlym
mmmmmzhammmnmmuumlheno’mmudm
. size),of belng background. Even:though the statistioal probabllity for the abservation of
o mnmmmnmu(aom“fuu,um«nou.m ~*"sec) the authars stressed the fact

thal t.ho duta umph \z fully ennal\'. nt wlth nn expumntial deeay dlltﬂbuunn.
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Fig. & Cerrected decay time distributions for tha SHF data.

While tha direct observation of decay vertices in an emulsion or bubble chamber is a
very clean signature for heavy flavour decay, in o'e” experiments, the more favoursble
production rates permit the selaction of charm particls decays on the basis of kinematics
slone, thus avalding corrections for losses at smell lifetimes. The Mark Il collaboration haa
recently completed the messurement of of D and D' lifetimes®). Based on the
ohservatlnn that a large fraction of charm mesons are produced as the vestor mesons D
and D"°, the experimenters have used the small difference in mass batwaen the D"* and
the scalar mesons D° and D' to lsolate D meson decays from s large combinatoriat
backgmund Thils is lllustrat.ed in Flgure 7 for thr!e different decay modn namely
D" *+D%* with 0° + K"v* and D® + K™n*® amlo *2D*n° with D* + K"u*n*. For the
o* pmduetlon. the w° Is aimost at rest ln theD frame &nd thus its laboratory energy is
strongly correlated with that of the D™; tnis has been * 2d to further enhance the D*
signal. The proper time distributions for 74 D° and 23 ©, decays are shown in Figure &;
they | 8 and .7 beckground events, respectively. . Although ths measutement of the
%ummwmmmmhmmnwwm
hmmmwmmhm By contrast, the

'mumummm Amlmﬂthmm taking
'Intoucmunttho mawtemenl; ervor for each dacay. glm meanvalunof

] qo*)-(u.n"'zl n-no"'uc. qo")a(a. ao.S)-lo"“nc.
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Fig, 7 The mass difference AM = M(D *4) - M(D) far the thres decay channels measured by
the Malk 11 collaboration.
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% o Thres” nthar o'e” expeﬂmenta hava neenuy pronnud D° lifetims mnmmonu.
. Tha HRS>™ and TASSO*. ollsharations demonstrate. the -uss of thelr newly Instelled
N verten: dotoctonmlngthaummathadnmntomctﬂmdsmylb sKy',
. The DELCO group®") at PEP hes measured the impact paramater of the K~ and w* relative
L totheboemelntrowmhmonltuedbynutoffmeleouwuplaoedinﬂdathavmum
™ . chamiber. Amum-muc.ummm-mmumtmmo*-o‘mm
""" differance sie amployed to selsct, decays of the modas D%+ K"n* + neutrals. The result s
. .- presontsd In Figure 9, The data are fitted by @ meximum likelthood method taking Into
',lmmt a-Gaugslan error. function and aflat background. with s_specific width end
probahlllty for. each individal ‘decay.. The average Impact pmmour of '151,7242.3 ym
- tronslates to’ @ lifetime <(D°) = (4621.52%2)e107 "sec. . Dotailed systomatic._ studies
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Interactions in the bsam plpe, ¢emall misalignments of the drift chambers, etc.
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Flg. 9 lmpact parameter meammont for the K~ and n* from D¢ dacays measwred by

ELCO.

A comptllation of lifetime measuramants far charm mesons ¢ given In Table 3. The
overall picture hes not changed dramatically; there are now twelve experiments
contributing 584 DY, 342 D° and 20 F* decays. While the uncartainties In the individual
measurements remain large, the agreement is satisfactory. A major improvement will
require one or two experlments with a:selective trigger and a vertex detectar with a
resolution of a féew um. In attempting to combine the availsble information, averages and
combined errors have basen calculated. The individual maasurements have been weighted
by the Inverse square of the fractional error, a recipe that in the limit of perfect resolution
and negligible acceptance corrections corresponcs to the number of events in the nmple.
the carrect walght for an expomntlol distribution. (For lerge Gausslan errors like In e X'}
experiments, hawever, the lnverse square of the tatal error Is a mare appropriate weight.)
Uslng _theieomblmd statistical and systematic arrors quoted, the best estimate for the
litetime of the charged D mesons is :

oD%} = (2.252;7 00010 0" e,

“There Is only one cxpeﬂmentthutdwhtenﬂum this average by more then one standard
-deviation (it-used to be mare), namely- WA-58, which Is known to have largs detection

"+ lowos for proper times éxcoeding 3e10™" "sec.

__ The same avereging schem yleld far the neutral D meson lifetime
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Jable 3
Measuremente of Lifetimes of Charmed Mesons

ot D° ft
Experimen. Decoys w10 >%) Decays W10 %) Oecays (107 ")

5.33) 7.5 0.5 1.2
E—?!l i1 H.5tgs 57 352,403 8 2.5*0'3!0.3

31.32) 1.9 11
WA-58 2 5.0 l_z:(l.a 43 3.«0-5&0.3

Na-i 42 % 95ty
Na-il 3930 28 10edfue 26 saslSs 12 sagd
TR 15 B4 16 ala)d
 Na-18 49 7 exgims 9 albbos
T 9857 TR A
m i u.ﬁ}j 18 aaghd
sk 19 8 Betl3y] S0 6110.9403
MARK 1138 23 83255 % angfas
e ews. 3D R 31 ‘A.Stl'.dt'n.a
'rAssu"” o 8 Aedd
., ~ oeco 4-6*!.5*3"2
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Here, the SHF result, among the most precise of all, devistes most. Excluding this
measurement ~ though there is no good reason — reduces the mean by QLde}0™*"sec.
Measurements of the lifetims of the F* meson have in the past suffersd from the
uncertalnty in the F* mass. The incressed ssmple of 12 events obsarved by the NA-11
experiment provides the most relisble information, aven though at this time the question of
mlemmtmml\’wmmummm Combined with the eeriler
E-SJImutnment.thutuﬂmelohﬂnF Nfetime is

W= (2.8:2°%)0107* "sec,
Thus the F¥ lifetime appears to be closer to the D° than the D* lifetime.

In summary, the charm mason lifetitnes agree within a factor of two or thres with
the naive prediction for the charm quark lifetime. The Jifatimes for the charged and
neutral D mesons are clearly different, the ratio of the averages Is

<«(D*y(D°) = 2.120.3
This average ls strongly affected by the low value of 1.410.3277 from the SHF
experiment. The lifetime ratio can also be inferred from the ssmileptonic branching

ratios, The Mark IIT collaboration hss

BR(D + 8*X) = 0.170:0,01920.007,
BR{D° + 8*X) = 0,075£0.01110.004,

BR(D* _.',_,*xysg(o° o= D'V = 2,545 7401,
in agreement vdththeutloﬁumthadlruct measuremant,

WWWM“MDM&WWWMW

'_Mudmo'mo‘undhmmwcwo-mnmmmn*

mmwxaMhmmmmmmu

.dﬂmhmmmummm mmm
..mmmmmmmo cmﬂno hadronic width. It hes

ummod"’zhnacommmmmmmmmmmnmmmo'm

"ot Adlﬂmmuholfﬂntmb’umpﬂtudnludlmtoldmﬂcdﬂmlmtu 4)

(Figure 10 a,5) intarfere destructivaly. The presance of so-called W exchange processes®®)
(rumloc)maanwm.anmmmmmn.mwmmutoo‘
and not D' decey. Similesly, the W aniiilation process Is Cabibbo-aliowed for F* decay,
MOWMD’ mmummmmummmmu

LIPS
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ba suppressed by helicity comservation and by small overlap of the wave functions.
Resclution of theta questious reculres studv of spacific exclusive decay modes.
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. Eig. 1D Quark diagrams representing the hadronic decays of charm mesons (8,b), spectator

diagrams common to D and D*, c) W* exchange gisgram for D* and d) annihiiation
diagram for F* decay.

The Mark 1l eellaboratlnn“) has derived evidence far destructive Interference

between two-body DY decay amplitudes from a comparison of two Cabibbo-suppressed
decay rates,

[{D* + wont)/T(D* » Ken*)C 0.]3 90% C.L.
T(D* + KoOK*VT(D* » Kont) = 0,32:0,10

The conclusion is based on the fact that such Interference s possible for O +» R°r* and
D* » w°n?, but not for 0 = KOK*,

and

ARGUS

1'9.:...

L kel 2'1
.. Mass K0¢ [GeV/e?t)

£

... ElacLl’ Evidencs for the docay D° » Kb from the ARGUS sxperiment. .
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The ARGUS oollsbaration has recently®”? presented evidence for the decay
D% K°¢, & process that should accur predominantly via W exchangs. The cbssrvation is
based on 51.9212.6 decays D° -+ K K'K™ of which 25.7:5.8 are attributed to D° » K é. The
datu are presented In Flgure 11, Conunmmnundmyo’-m:c.ungnlmn
efficlencies and the most recont branching ratios *®), mmmmm«

BR(ID® +K°¢) = (1.A1D.A6)%
and BRID® + R°k*K) = (1.40:0.49)%

mmh.mwwwmmmm"’mmam
D°+ K K'K™ sbove a background of 4.7:1.7 ovents. From a detailed study of the Dalitz
mwmmw«ws’um@mumumwwm@
This translates to a branching retio of BR(D® -Ko) 0.110.5:02S¢mmllmlt at
90% C.L. aa(o"-mo)(z.sv.. compatible mmmamusmz. No evidance for any
other W exchengs process decsy was found: presont limits are®)

BR(D® R:K") <5.60307"°
BR(D®+K "K%) ¢ 7.1=107*
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Ehlz Mummmtofﬂnllfet!maofﬂnﬁ baryon by the WA-62 experiment; :
- offective mass A“K whwt for mmefmuw:fhwmmmm:y)
length distribution for the B signal. _ ! .
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5. LFETIME MEASURFEMENTS OF CHARM BARYONS

Amorg ‘e ten I° = =” charm baryon etates predioted by standerd 5L, thery, only
the lowest mass state, Ac(mummmuamums.&mmm
mmdm:“(m)mummauh-m«mmu -tnmessof
205243 MVIG. More recently the WA-62 experiment In the CERN hyperon beam has
pressnted evidence for & stronge charm baryon, the E’ (csu) at & mas of
266015 Mev/c® 1), The trigger of this experiment wes deslqm to select final states of
strangenass 8 = ~2 and 8 = -3 by requiring a K™ and a proton in the Cerankov counters and a
V® decay in the spectrometer. The effective mass for the AK r*n~ combinations ie shown
in Figure 12 8; there are 53 events in the narrow peak above a background of 59 events.
The lifetime is extrocted from a simultansous fit to the pathlength distributions of ths
 candidate -events in the peak region and sultably narmalized background events. The

- dffeumofthcudlltribmmchhudﬂftumduvethuylaml(ﬂgmlzb).
The fit ylelds :

-r(E:) = (A B::':z:‘:)-m'“nc

The systematlc error Includes the uncertainties in the background and resolution estimates
and a posslble effect of charm mesans produced in assoclation with the &7

T T T ‘:NAZQA

COMBINATIONS

e | R 1] 33 Ty
LU e sl HASS Gevic)
M Emmu-mngaawzh*m E'-bh%d:himdby the WA-62
) - exporiment.

L mmmmmmmmmmmdmw
;_‘mmm.ammwmuwmumu-s.mu
E'K"’I’. Tllodoummudhl-'hnu. Thera ate 20 decays B~ + Au~ of which
six fave two sdditional tracks thet are comstent with the decay K" (896) » K", Three
. _cf m llll evontc clulter ina ﬂ'K'w w maas bin of 30 MeV/c®, It one accepts these

I!.'
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comblnations as evidence for a Cablbbo~favourad decay of the charm baryon n" its mass
In (2740:20/MeV/c”, and the mass difference M(GZ)-M(2?) = 28010 Mev/c™. me the
reconstructed momentum and decay lengths for than candldates. one obteins the proper
times 10,2¢4.2, 3.345.6, and 8.5£5.30107* "sec. The average is

-:(n:) =(7.9£2.842.0)e10 *"sec.

Faur experiments with a total of 32 decays have contributed measurements of the
A; lifetime. A summary is given In Table 4. The selection criteria and kinematic fitting
procedures vary widely among these experiments, and so does the possible contamination of
the sample by D' and F* decays. If one restricts the sample to fully reconstructed
three-prong decays with at most one assoclated A® aor K decay, giving a unique fit to 2
Cabibbo-favoured decay of the A then remain 9 ovents 3 from E-531 and & from
NA-217, with an average lifatime of

t(Ac) = u.u:::)-m"'-ec.

This valus is & factor of two smaller than tha average given a year ago; It is strongly
influencad by the new and still preliminary results from the NA-27 experiment. This

smaller value may also explain why no Ac decays hava bean observed by the SHF and
NA=-1] experiments.

ble 4
Measuremant of Lifetimes of Charm Baryon Ac

Experiment Decays  t({l0"*"s)

3%) 1
E-551 B 23350402
1)
uqrgvsa 0 21s} 66 2,06
o 58) 1.4
NA-16 4 19297

54) 0.45
NA-27 10 I.Nf ¢ 0.30

1455037

Averags 352




Theorstically, ane would expect the A, lifstime to be sharter than the lifetime of
the E+ and 7, bacause ths A% decay can occur via tha W* exchange diagrams, whereas
for thp l:ubibbo-allowed auys of the strange charm baryons only the so-called spectator
processes are possible. Estimates for the ratio of the E; to A: lifetime vary between

two and fnurss). Within the large errors, the data support these estimates,

6. MEASUREMENTS OF LIFETIMES OF BEAUTY PARTICLES

There is now direct evidence for hadro-production of beauty particles from the
WA-75 hybrid-emulsion experiment at CERN’). Two stacks of emulsion were exposed, ohe
perpendicular (18.5 mm thick) and one parallel (40 mm long) to the beam, to record 1.5¢}p*
‘Interactions triggered by a -muon of at least I GeV/c transverss momentum. The
interaction vertex was predicted from tracks reconstructed in the beam and vertex
microstrip detectors with an accuracy of 70 um transverse and SO0 um longitudinal, thus
allowing far a very restricted scan volume in the amulsion. At present roughly 10% out of
a sample of 10* events have been fully analysed, and ane beautiful event with four decay
vertices was f‘"ound.i This event, dispiayed in Figure 14, is interpreted as the production of a
B B° pair. The B~ deceys at vertex i into a negative muon of 1.9 GaV/c transverss
momentum and a neutral particle, presumably 8 D° meson, which itself decays at vertex 2
into four charged particles. The B” decays at vertex 3 into a pesitively charged hadron and
a negative particle, presumably a D™, which decays to & negative muon of D0.45 GeV/c
transverse momentum at vertex 4. The mass of tha supposed B~ and B must be high
becauce of the transverse momenta of the decay particles, 1.9 GeV/c and 1.2 GeV/c for the
" and D™ respectively. Alternate explanations for the abserved topology are estimated to
be extremely unlikely.

-
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Ince, spart from the muons, the particle Identities and energles are unknawn, the
proper times of flight of the two beauty particles can only ba estimated. Two methads
heve been trisd, one uses the measured impact parameters’), the other is based on
kinematics of "plausible decay schemes”. Tha two methods render consistent results for
the proper times, ©(B") = (0.820.1)e10™ *sec and +(B") = (52)e107*"suc,

It has been almost two years since the MAC™® and Mark I collaborations first
reported lifetimes of the beauty hadrons In the renga of 10™*"sac, substantially longer than
anticipated. These first measurements ware confirmed by othar experiments at PEP and
PETRA, and now updates of the earlier results with additional data, improvad detectors
and soms refinements in analysis are aveilshla. Two different techniques have been used
to determins the B lifetime, one based on the measurament of the impact parameters for

leptons ar hadrons, and the other on the determination of the decey path from the vertex
of the B jet,

Four groups, MAC ", Mark 1I5), JADE?®) and DELCO®Y, have reported updates of
their B Jifetime results, based on the procedure used in tha original measurements. The
production of beauty hadrons is tagged by a lepton with a high trangverse momentum

" relative to tha thrust axis of the event. The impact paramoter of the lepton 1s then taken

as & moeasure of tha B lifetime. The four expariments differ In ths purity of thelr selected
sample due to differences In Jepton identificetion and kinematic cute. The data are
presented In Figure 15. Al experiments observe & mean Impact paremater that Is

significantly positiva. The observed distributions are fittad by maximum likelihood

methods to the sum of background, charm, and bottom contrlbutions. The relative
normaljlization of these contributlons has basn obtalned In studies of Inclusive lepton
production; the shaps of the background distribution Is measured directly, the distributian
dmwwwumtuamumwuuum)mmmwmcm
dnmlatim. m.mmmmmmmmmm
Mwmmmmmmmummmmc‘m
genarated distributions, AII experiménte have applied the Impact panmow techniqua to v
llptom and find good agreamnt with the published lifetime measurements. The Mark II
mmmmmum«mmmwmmmmmoummm

‘ .jmmmmmummmmm

: mmmmmmmwmmtmmmmw

"""“beauty evants, containing 29% beckground. The new result®” ‘diffeis by tivo standard

deviations from the eariier ane®®), meinly due to'a significant (and not fully understood)

_»d:lftlnthoolectmndhtrlbutlmtwnrd:dmmaum ThoMACmupomctsto

,”’Mmﬂhm%mdﬂmdadwlthumﬂymm

J mm mmummﬂ-mmmummwmu
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6 layers of thin-walled tube chambers operated at a pressure af .4 atmospheres. 1t Is hoped
that a resolution of 40-50 um can be maintained, thus allowing for a determination of the
Intaraction vertex on an event by svent basis.

g0l MAC  Morkll

L ]
=

&0

10

Al
2 2
B imm) 6 tmm)

Ela. 15 Measuremants of the average B-lifetime, Distributlons of the lepton impact
parameter from a) MAC, b) Mark II, ¢) JADE, and d) DELCO experiments.
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mmum’mmmmmuwoﬂwm’”
tha 282 leptons usad in the nmlysh have an error on the impact paramater of less than
310 wm. This superior resoiution glves the measurement the best statistical accuracy. A
publication with refinements of analysis is In preparation.

. mmmmmmmummmmmmw-mm
) bb nrnple. and allows for a looser cut on the electron momentum, As @ result the average
- impact pmrnatlr Is larger than for the MAC and Mark Il umpln. The new result®? is

.. roughly one standard deviation above the provloutly puhlllhed mummant that was based

The JADE mlmmt uomhlnal dE/dx lnformtlon frem tho drlft—chambar with the
- wwwumwmmmm hlddlﬂmthnmeumm
!, thres Jet events to réduce the contaminstion of the lepton sample by high p, hedrons end

. to assure & Germeot deberminetion of the thrust eds. The selected U5 sample contains Jes

- ,thnn 0% backgmmd. The measured nfouma nmdm mehnnnaddm lut ummr""

." mussommmnpsmnmmmywmmwmm
'a precision Mrdrlft-chambor llmllnr in design and parfom\lm to the Muldl vertex
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detector. The group has pnnntad") an update of thelr 8 lifetime meacurement based on
twice the number of svents previously published®"). The lifstime is detsrmined from the
molmdlmpaetpnnmotarofchuqedducwpmduchofauauymduofthaa
hadrons. This ncreasss the sensitivity due to the larges multiplicity of B decays compared
to hadrons composed of cherm and lighter quarks. A further advantage of wsing many
tracks In an event is that the uncertalnties in the beam position and size tend to cancel.
mwmwwmmhwwmmmmmm
contents of bb events to 33%. This is achieved by a cut on the praduct of the sphericities
of the two Jets which tends to be large for bb events. This sphericity is meesured in a
trame that approximates the rest frame of the pruduced B meson. The impact parsmeter
distribution for the B enriched sample shows a maried excess at potitive valus of &
compared to the B dopleted sample (Figure 16). The average B lifetime is determined by
compering the average impact parameter of 91217 wm with the Monte Carlo predictions
for different <(8). The result is x(B) = (1.3620.42)*10 **sec. When combined with the lese
accurate earller data, the new result is

- 087y =32
1(B) = (l.57z0.52t°_")-10 58C.

T T
17 Veriex ¢ Drift Chomber
b enriched
3D depleied
WeilGev

rTT Ty YT

T RN

o - el & o ]
=05 -04 -0 -02 -01 0" Ot 02 03 O 05

Fig. 16 Distribution of the hadron impect parameter by the TASSO expariments.

mmmwmmunmmuemnmunmwmmuum

_mmmmmmmmummmmn

independert of the somi-leptonic branching retios of B® and B™, which could ba different if
tmufotlmumdmm - "

The Muk I, group has used_another, totally, different technique®™, applisd to the
event mnph enriched by the high p_L lepton raquuoment. Eaeh avent ls cut ln two halves

wmmmmmmwmuaxn.m.mmmmammmmm
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tracks in each half. At least three well measured tracks are required for a good vertex.
Tha path langth Is measured as the distancs between the vertex and the beam cantre. The
distribution, shown In Figure 17, has a mean value of 413£43 um, comparable to the width.
Tha average B lifetime Is determined from a maximum likalihood fit to this cbserved
distribution. As in the impact parameter method, the ansatz assumes contributions from
bb, cE. and background evants. While the latter is measured directly, the bb and G
components have to be Monte Carlo simulated as a function of the particle lifetimes. The
fit yields

<«B) = (l.25t::::10.32)010'“m.

. ARK
100——— | HARK I1
E I ' y
E o
= 4
o
— l B
¥ 50 ! 7
= .
= ] ]
|
I -
y ) A, L
0t 0 2
- Limm)
£lg. 17 Distribution of path lengths for lepton enriched bb jets by Mark II.
Table 3
Recent Measuremants of the Beauty Lifatime
. . . Beauty Length
Experiment ~ Decays Fraction {um) {10-21g)
MAC %50 sos  o0s3 70222 . 0,8]20.28:0.17
CMmekn B o 0e eony 0.8520.1720.2)
‘oeLco A0 s am Caisesi 14710508029
' 26) "y 05
JADE : 99 0,82 330456 1,802 340.0
030 sl '1.57:0,32:2-37

*0.34

Tosd 0 aisees o 1.25:0%0.0
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A compilution of the six recent measurements of the B lifatime is given In Table 5.
Tha sxpariments agroe reasonably well and confirm that the lifetime Is of tha arder of
1 psec. The systematic errors remain substantial because of uncertalnties in the sample
purities, resolutions, systematic blases, stc. Certaln assumptions In the modelling of the
hadronic final states are common among tha expariments, leading to errors that are not
tatally indepandent, The weighted average of tha measurement ie

1(B) = (1.1240.16)»10" *sec.

As pointed out earlier, the B lifetime can be related to the Kobayashi-Masl:awa
matrix elements V b ang vV ub that represent the coupling of the charged current to the b
quark. Based an Equation 2, one abtains

a_ .
ch' = BR (b + Xav) K b Rbl(l+Rb) T

3 _ - 2
wubl = ch Rb wcb' .

where the constants C cb and K op 9re carrection factors due to phase space and QCD.
They depend on the quark masses m,. m. m and have been determined from a detailed
study of the lepton spectra in semlleptonlc deceys of charm and beauty mesans 64)
ch =2.35320.134 and ch = 0.44240.040. Combining measurements from CUSBGS)

CLea®® and ARGUSE™, 'the best limit on the ratio R, = T(b+u)T(b~c) at 90%

confidence level |s Rb (0.03. Based on measurements at CESR, the semlleptonic
branchlng ratlo of 8 masans is 11.810.3620.7565‘66). Thus with an average B iifetime of
1.120.2 one obtains

'Vcb' =0.04910.005 and 1V ub' ¢ 0.006.

With this additional input and the unitarity condition, the absolute values of ail elements of
the Kobayashl Maskawa matrix can be determlned or severely constralned. In fact, the
matrlx bacnman ulmnst dlagonal and thus there ls _very, llttle mlxlng between the second

»and thlrd generatlon of quarka. The amall value of 'Vbc' [ poses lnterestlng constralnts on

the l:op mass ) ‘the ratio of ¢"/c In K® daceym) and mixing and CP violation in beeuty
meson decay’“.
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7. CONCLUSIONS
) | ﬁn pueent sitvation can be summarized as follows
" = Measurements of the ifetime of the < lopton suppart the concept af lepton universality.

— Lifatimes of different charm particies differ,

") w0 2 1AY)
and

wQ° )z (=D 2 1(1\;).

This observation indicates either problems with the naive parton description including

short distance QCD effects or the need for W exchanga and annjhilation diagrams, or

both. Fortunatsly, there 1s new Information on many exclusive channels avallable from

the Mark Il and ARGUS experiments. In particular, the observation of DK &

supports eontrlbutlons from W exchange, while the relatively large branchlng ratios for
 D°+R°° and D* -0¢1r suggest the sbsence of colour suppression. The large rate of
| the D"‘ R°K* relative ta R°n* could be explained by Interference effects in D* decay,

- 5 and may be contrlbutlng toa reducad hadmnlc wldth. )

.- Dne mctawlar. hadro-pmduced B A° event places the cross-section at reughly 1 nb,
Coy and this. exparlment eould give us a few more events to determlne the average lifetima,
o g o " L stx meaamments at e'e” machines give an average B-litatime of (. uo.z}-lo'"m.

' R Thls ostabllshes 8 rathar smau mlxlng far quatks of the third and sscond generation.

_ .. Insummary, llfetime meaturamenh are very difficult experimentslly, and ardars of
- . magnitude more data are needed to study Lifetime for individual charm &nd beauty mesons
-and baryons. Many_ expariments are pruently undarway. NA-M and’ NA-32 at CERN,
- E-~687 at FNAL, MAC and HRS st SLAC, 20 well 2 TASSO and ARGUS
at. DESV and CLED at ‘Cm-nell It ls an enormous effort. but it ie 1un. lt may take a
wo to parfect mauumments of heavy flavour llfstinm and eoupllnqe.
. :_:umambor,_ It tnok two millenia to devalop “La Haute Cuising et m Grandl crun de la ,
'~ Bourgogne®. - : ' I :

®

07 ) should like to thank those friends and collenguu who cantributed to this review.

Carole Ponting’s skill end patience In typlnq and muotnunc thia upon are much
eppmlatad. . .
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