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Abstract

From a data sample of 889,000 hadronic Z° decays collected with the ALEPH
detector in 1991 and 1992, a total of 22 A}l combinations candidates in which
16.5 + 4.7 are attributed to the A semileptonic decay A) — A}l~17 followed by
A} — pK~nt have been selected and are used to measure the A} lifetime. An
extended maximum likelihood fit to the proper time distribution of these events,

obtained from their three dimensional decay length and relativistic boost, yields
a A lifetime of :

Tp, = 1.20153 £ 0.06 ps.



1 Introduction

The A lifetime has previously been measured by ALEPH [1] from a fit to the
impact parameter distribution of the lepton in the Al~ sample originating from
A9 — Ati~7 followed by A¥ — AX decay. From 450,000 hadronic Z° events
collected in 1990 and 1991, 178 lepton candidates from Al~ sample with A) — [
purity of 57% were selected and used in the fit. The fit yields a A lifetime of
ma, = 1.12¥332 4+ 0.16 ps. Here we report on a new Ay lifetime measurement
based on A~ correlation events from AY — A}i~7 followed by AY — pK~7*
decay. This technique sensitive to A} semileptonic decay in hadronic Z decays
[2], enables the measurement of the A) decay vertex and hence its decay length
event by event. It leads to a complementary and independant way of measuring
the A lifetime.

This note is organized as follows : In section 2 we describe the A} I~ selection
from hadronic Z° decays and review the various A}!~ background sources. In
sections 3 and 4 the measurement of the AJ decay length and its relativistic boost
are presented. The fitting procedure to extract the AJ lifetime is described in
detail in section 5, finally the result and the systematic errors are presented in
sections 6 and 7.

2 A} selection and Backgrounds

The data sample used in this analysis is based on 889,000 hadronic class 16 events
from 1991 and 1992 (PERF and MAYBE) data, with VDET fully operational.

The A}l~ selection from AJ semileptonic decay has already been reported
and discussed in a previous ALEPH paper [2]. Here we present on a similar
selection procedure with additional cuts specific to the AJ lifetime measurement.
For the lepton identification we use the standard heavy flavour lepton selection
[3] which is for electrons :

good charged track!
P, >3.GeV/e

e —-18<R;<30,-21<R3<3.0

(dE/dz)e < —2.5 and Nyires > 50 when the dE/dx is available

e Pair conversion rejection (PAIRFD)

1We use the following definition of a good charged track : |cosf| < 0.95 , |DO| < 0.5¢m
|Z0| < 10.cm and at least 4 TPC hits.



and for muons :
e good charged track

o P>3.GeV/c
e QMUIDO flag IDF > 12

For the A} — pK~ =t the selection cuts are :

e P,>4.GeV/c, Pk >2.GeV/c, P > 1. GeV/c
(dE/dz), < 0. and Nyires > 50

o For the kaons and the pions the dE/dx cut is applied only when it is
available. For the kaons we use |(dE/dz)k| < 2.5 and Nyires > 50 and for
the pions |(dE/dz)| < 3.

o The pK~7t vertex fit is required to have Prob(x?) > 1.%

o P+ > 8. GeV/c after vertexing

A} — pK~n* candidates surviving these cuts are combined with an identi-
fied lepton from the same hemisphere? and the A}l~ system is then required to
satisfy the following criteria :

® O+ - <45°

¢ My, > 3.5 GeV/c?

e Py4m >20. GeV/e

o At~ vertex fit with Prob(x?) > 1%.

In order to insure a good A}l vertex reconstruction, the lepton and two out
of the three A} tracks are required to have one or more vertex detector hits and
at least two ITC hits.

Figure (1-a) shows the pK~ % invariant mass distribution for the opposite
sign A}l~ events with a clear A} peak. For like sign AFI* events (1-b) no such
peak is observed. A fit to the pK~n* distribution (1-a) with a Gaussian repre-
senting the A} signal and a second order polynomial for the background yields
a A} mass of 2.283 £+ 0.003 GeV/c? and a width of 8.5+ 3.3 MeV/c?, consistent
with expectations from Monte Carlo simulation. A total of 22 A}!~ events are
found within +20pc (£15 MeV/c?) of the A} mass and are used for the A
lifetime measurement. From the fit the contribution of the combinatorial back-
ground is estimated to be 5.5 £ 0.7 events.

?In this analysis each event is divided into two hemispheres separated by the plane perpen-
dicular to the thrust axis.



Besides A}{~ pairs from AJ semileptonic decay, four possible sources of back-
ground can contribute to A/~ combinations in hadronic Z decays :

1. B— Af(p/n)l™ ;0
2. B— AfD; (p/n), Dy = X1y
3. Al > AYD; X, D; = XI"

4. Accidental correlations

To date none of three first background processes have any experimental ev-
idence. Their rates are expected to be less than 0.32%, 0.1% and 1.2% respec-
tively [2]. Besides their very low rates these three processes are, due to phase
space supression, characterized by relatively low A¥!/~ invariant mass compared
to the A9 semileptonic decay events. In processes (1) this is a consequence of
baryon number conservation while in process (3) this is due to a non recon-
structed energy in the cascade decay of the D;. Process (2) suffers from both.
The lepton from these processes is soft either due to phase space suppression (1
and 2) or due to its origin in the cascade decay b — ¢ — I (2 and 3).

The expected number of A}l~ combinations from the three physics back-
ground processes after all cuts is estimated from Monte Carlo simulation to be
less than 0.1 event and their contribution to the lifetime are therefore neglected.

3 Proper time measurement

To measure the A} lifetime we need to know the proper time distribution of the
event sample (here the selected A}l~ sample) representing the Aj signal. For
each A) candidate the proper time is obtained from the Ay decay length (I4,),
its boost (yf3)a, and the speed of light ¢ using :

lAb _ lAb
B = OBme ~ (lmime M)

3.1 AJ decay length measurement

From the A}l~ selected sample, the A) decay length (figure 2) is measured in
three dimensions event by event by projecting the vector joining the interaction
point (primary vertex) (V,) and the AY decay vertex (Va,) onto the Aj flight
direction (Uy,)? :

30ne of the advantages of the projected decay length method compared to the most probable
decay length method used in other analysis, is its small sensitivity to the Ag flight direction

(6].



lAb = UZ:,(VAb - VP) (2)

Due to the lack of neutrino information we use the AFl~ vector sum as an
estimate of the AY direction. From Monte Carlo simulation, the resolution on
the A9 direction (figure 3) with this approximation is equal to 26.0 £ 1.3 mrads
after all A}!~ selection cuts.

3.2 Primary and A} vertices reconstruction

The primary vertex is reconstructed event by event using the QFNDIP algorithm
[4]. This algorithm uses the information from all charged tracks projected into a
plane perpendicular to the jet to which they belong, combined with the average
beam position determined every 75 Z° decays. The primary vertex is taken as
the most consistent intersection point between the projected tracks points (one
point for each jet) and the beam envelope. With this algorithm the reconstructed
primary vertex resolution, estimated from Monte Carlo simulation, is 65 um
along the A flight direction.

The A decay vertex is determined from a fit of the reconstructed A} track
and the lepton to a common vertex in three dimensions with the aid of the vertex
detector. For both A} and A? vertex reconstruction we use the YTOP package
[5] and require for each vertex, as mentioned in section 2, the probability of the
x? fit to be greater than 1%. From Monte Carlo simulation the resolution on
the A} and the AY decay vertices along their directions of flight are 300 um and
185 pum respectively.

The A9 decay length resolution (figure 4) which depends on the A} and pri-
mary vertices resolutions is about 250 yum dominated mainly by the Aj decay
vertex resolution.

3.3 A} decay length reconstruction error

The error on the A decay length reconstruction (azAb) is given event by event

by :

0-121\5 = Ug‘b MUAb (3)

where the matrix M is the sum of the A decay vertex and the primary vertex
covariant matrices. From equation 1 the relation between the error on the decay
length and the error on the proper time for a given boost is :

_ %
(p/m)Abc

(4)

O'tAb



1991 1992
gpur | 1.11£0.09 | 1.04 +0.11
c® 14494367 |211+0.71

pull

@ 10.054+0.04 | 0.13+£0.15

y 4

Table 1: The pull parameters values

To estimate how well the Af decay length error (1, ) and hence the A proper
time error (01, ) is measured we use the pull distribution given by :

(lxtbeasured — lf\r‘:e)/a;::asured (5)

The pull distribution (figure 5), determined from Monte Carlo simulation, is
SV v))

fitted with two gaussians of widths o,,;, 05, The second gaussian is introduced
to account for the tails. For the years 1991 and 1992 the values of these two pull
widths and the relative fraction fg}, of the second gaussian area with respect to

the total are given in table 1.

The values of the gaussian widths show that the measured decay length errors
and hence the proper time errors are underestimated and have to be rescaled by
the appropriate factors event by event. To this end the proper time resolution

function is parametrised by two gaussians of widths equal to at(l) = S‘),, X Oy,
and 0\ = 0o x oy, :
t pull tay *
a(t,of", 0, f?) = (1= fil) Gt.ol) + f Gtot”)  (6)

4 A) boost estimation

To measure the A boost (p/m)a, we need to know the A} mass and momentum.
As there is no direct information on the neutrino involved in the A} semileptonic
decay under study a momentum correction factor, determined from Monte Carlo
simulation, is introduced. This correction factor is defined as the ratio of the
reconstructed over the true A) momentum :

(P)reco
ko= ) 7
(P "
For the A mass we use the quark model prediction value My, = 5.6 GeV/c? [7].

Two methods will be presented to estimate the A) momentum. In the first
method we use A}{~ momentum, in the second method we use in addition the

neutrino energy estimated from the missing energy in the event using the energy
flow package ENFLW.



4.1 Method 1

The A momentum is estimated from the recontructed A¥/~ momentum. With
this approach the correction s distribution (figure 7-a) estimated from Monte
Carlo simulation is, due to the missing neutrino energy, not centered at one and
has a non gaussian shape with a r.m.s. of 0.11.

4.2 Method 2

Taking advantage of the energy flow package, the AJ momentum resolution can
be improved using the missing energy in the event to estimate the neutrino
energy. The technique used to reconstruct the missing neutrino energy is similar
to that used in the B, lifetime measurement [8]. The event is divided in two
hemispheres. In the A/~ hemisphere* the neutrino energy is estimated as :

Ey = Py = Esame - Evis (8)
where E,qn. is the total energy in the hemisphere calculated from the energy-
momentum conservation and defined as follow :

M? me Mo2 0
Esame = ﬁ + = PP (9)

2 2./s
where Myame and Moy, are the hemisphere masses calculated from charged tracks
and photons energies.
and E,;, is the visible energy defined as the sum of the charged tracks and the
gammas energies in the hemisphere :

Euis = Licharged + E‘y (10)

The neutrino energy measured by this method is over estimated on average by
2.4 GeV due to the none counted hadron energy and has a resolution of 2.8 GeV
(figure 6). The reconstructed A) momentum defined now as Py, = Pag + P,
leads to a new « distribution (figure 7-b) better centered at 1 with a r.m.s. of
0.10.

5 The fitting technique

The event sample used to extract the A lifetime is selected, as mentioned in
section 2, from the A}l~ events within +20p¢ (£15 MeV/c?) of the A} peak.
It consists of N2, = 22 events in which 16.5+4.7 are attributed to A} — AF "7
decay and the remaining 5.5 & 0.7 events are purely combinatorial background.

4In what follow the A}l hemisphere will be called ”same” and the opposite hemisphere
”» ¢
oppo”



The A lifetime is extracted from an unbinned extended maximum likelihood fit
[9] to the proper time distribution of these events. To improve the statistical
error on the fitted background component a total of N2, = 136 events from
side band A}~ events at 40 outside the A} peak and wrong sign A}i* events
are included in the fit. The likelihood function used to fit simultaneously the 22

events in the peak and the 136 combinatorial background events is :

obs obs
peak Nback

H Preak Xf(N,?i’ik,NZfi’k) X H Phack Xf(Nf:c’k,Nf:zc (11)

i i

L

® P,.qk is the proper time probability density function for events in the peak.
It consists of two components :

Ppeak = (1 - fback) Psig + fback Pback (12)
fack 1s the fraction of background events in the peak given by :
Nk
f back — '—%
peak

where Nyor = N2+ NJ2ck, is the expected number of events in the peak®.

N,.% is constrained in the fit by the Poisson term f (N2, Npomy)

exp Nobs _NeIP
f(Nobs Nezp ) _ Npeak peak @ peak (13)
peak’ *Ypeak) T Nabs 1

peak*

The two probability density function terms in Ppeqx are :

1. The signal probability density function P,, which consists of an ex-
ponential function having lifetime 75, convoluted with the Gaussian
resolution function given in equation (6) and with the & distribution
representing the error on the boost :

Puy = eap(t,ra,) ® G(t, 01", 0", fP) @ (14)
2. The background probability density function Pyeck, described below,

is parametrised from N?*%, combinatorial background events.

e The background probability density function Pp,ck is given by :

Pback = fO G(t’ at(l)’ at(2)7 f(2)) +
(frezp(t, Track 1) + f2exp(t, Track2)) ® G(t, o, o, fF@)(15)

5In the fit N:g:,’: is fixed and N;éﬂk is allowed to vary.




It consists of three components : a fraction f of events with zero lifetime which
is just the Gaussian resolution function and fractions f; and fo = 1 — fo— fi
of events having lifetimes Tyock,1 and Tyack,2 convoluted with the same resolution
function. In the fit fo, f; and f, are taken as :

N© N(l) N(2)k
fo= &, fi= o and fo = (16)
o Nbac;;c e Nacr;c Nba(ﬁc
where Ng 5 = NO, + NY 4+ N, (2 is the expected number of backgound

events in which the number of events with zero lifetime ( back) and the number

of events with lifetimes 7pack,1 (Nback) and Tpack,2 (N,fack) are allowed to vary.

N£=F is constrained in the fit by the Poisson term f(Ng2%, Npagi)

exp Nobs _ NE*P
obs e:z:p _ Nback back € back 1 7
back ’ back - obs ( )
N !
back

In Py, and Phgcr probability density functions the convolution of the exponential
with the gaussian is performed analytically using :

1 Ot

1 < _: ( t )
5o €7 € erfe VAL Ut) (18)

where the function er fe(z) is defined as :

H(t,o4,7) = G(t,00) Q@ exp(t,T) =

(19)

erfe(z)

=l

As the k distribution is not known analytically, the convolution of H(t,o¢,T)
with the « distribution in P, is performed by a numerical integration :

Pt ,r,0) = 3 mK(s;) Hixst ,7 ,5;0) (20)

i=1

Where «; is the kappa value for the « histogram entry ;.

In summary, there are seven parameters in the fit :

o 73, : the A} lifetime,

N;;‘Zk the number of expected signal events (in the A} mass peak),

N,,(,‘,’Zk the number of background events with zero lifetime,

Nback the number of background events with Ty, lifetime,

Thack,1 © the background lifetime for the Nback background events,
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° lefgk : the number of background events with Ty.ck,2 lifetime,

® Thack,2 ¢ the background lifetime for the lefgk background events.

6 Results of the lifetime fits

Figure (8-a) shows, in the case where neutrino energy is used, the result of
the simultaneous fit of signal and background events. For the combinatorial
background figure (8-b) shows the result of the fit. In table 2 we give a summary
of the seven fitted parameters values for x distribution with and without neutrino
energy. The fitted A) lifetime value is 74, = 1.19%333 ps with neutrino and

7a, = 1.153032 ps without neutrino.

7 Systematic errors

Various sources of systematic errors have been considered. Their contributions
are summarised in table 3 for A? lifetime measurement with and without neu-
trino. They are now discussed in more detail.

7.1 Resolution function

The resolution function is parametrized from Monte Carlo simulation with two
gaussians of parameters o(1),c(® and f(® (equation 6). To account for possible
differences between data and Monte Carlo, the two sigmas are varied by +20%
and the fraction f(® from 0. to 0.2. These variations lead to A lifetime change
of £0.013 either with or without neutrino.

7.2 Background

The background is purely combinatorial. Its contribution to the A/~ events in
the peak is estimated from a second order polynomial fit and the shape of its
proper time distribution from a fit to side band A}~ events and wrong sign A} I+
events with the probability density function Py.er (equation 15). To estimate
the systematic errors coming from these two sources we vary the number of
background events in the peak within its statistical error and use an alternative
parametrization of its proper time distribution shape which in addition to the
zero lifetime component consists of just one exponential. These changes yield
A lifetime variation of £0.017 and +0.04 with neutrino for background events
number and background shape respectively and comparable values +0.016 and
+0.03 without neutrino.



-11-

7.3 k distribution

The  distribution which accounts for the A) momentum mis-measurement is
obtained from a fully reconstructed Monte Carlo simulation and is subject to
variation with Monte Carlo inputs such as decay models, fragmentation scheme
and A polarisation.

7.3.1 Decay models

To estimate the systematic errors from the « shape variation due to different
decay models we used for the x distribution the following semileptonic decay
schemes : J.G. Korner and G.A. Schuler [10], M. Bauer, B. Stech and M.B.
Wirbel [11] and B. Grinstein, N. Isgur and M. Wise [12]. The AJ lifetime changes
due to these different decay schemes are +0.021 with neutrino and a comparable
value +0.018 without neutrino.

7.3.2 b fragmentation

The A momentum spectrum from Monte Carlo simulation vary with the input
value of the Peterson fragmentation function €,. This variation reflects on the
k distribution. To take into account this effect the €, input value is varied from
0.003 to 0.01 [13]. This variation leads to a systematic of £0.01 either with or
without neutrino.

7.3.3 A, four body decays

The AY semileptonic decay final state multiplicity can consist of four or more
particles, though by analogy with B mesons decays, the three body decays are
expected to be dominant. If we suppose that the A9 decay AY — AFI~77 is at
the level of 80% and that the remaining 20% are shared equally by the following
four body decays : AY — AYI"7w® and A) — AFI"7jp°. The effect on the «
distribution leads to a AJ lifetime variation of £0.03 with neutrino and a com-
parable value +0.02 without neutrino.

In the case of the x distribution with neutrino, to estimate the effect due
to the bad detector simulation of the tails, the « distribution is fitted with two
gaussians (figure 7) one for the central core and the other for the tail. If we vary
the relative proportion of the two gaussian by 20%, the A} lifetime change by
+0.007

7.3.4 A polarization

The b polarization in Z° — bb decays is expected to survive (at least partially)
the hadronization phase in the case of AJ. If this is the case the polarization
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will have an effect on the A lepton spectrum [14] which reflects on the « dis-
tribution. To account for this possible effect, the Aj lifetime is measured with
a  distribution determined from Monte Carlo simulation with a maximum A}
polarization (94%). The effect on the Aj lifetime leads to a systematic error
of +0.05 without neutrino and a negligible systematic of +0.008 with neutrino.
Since the AQ polarization is not know, the A lifetime final value will be quoted
with 47% polarization and a systematic error due to polarization of £0.025 and
+0.004 without and with neutrino respectively.

7.4 A} mass

To account for A? mass effect on the A? lifetime, the uncertainty on the A mass
value is taken from theoritical predictions [7] : Ma, = (5.6 £ 0.1) GeV/c?. This
leads to A lifetime change of +0.02 either with or without neutrino.

7.5 Likelihood fit bias

The use of the maximum likelihood fit method on a statisticaly limited sample
may introduce a bias on the A? lifetime measurement. To investigate this possible
source of systematic error 20,000 Monte Carlo experiments were produced with
signal and background events generated according to their respective measured
proper time distributions and event numbers. In these Monte Carlo experiments
the number of events in the peak N2, was fixed to 22 and the number of

pea

background events N};g;ﬁ was allowed to vary within its statistical error following

the Poisson law. The lifetime bias is found to be negligible : 0.2 £ 0.2 %.
Actually 68.6 £ 0.3 % of the A? lifetime values obtained from these Monte Carlo
experiments fall within one sigma of the measured value.

As a final check, we used the standard maximum likelihood fit instead of the
extended maximum likelihood fit method. The Ay lifetime change is found to be
less than 0.005 ps either with or without neutrino.

Combining the systematic errors from the different sources in quadrature,
the total systematic error with neutrino is +0.063 ps and without neutrino is
40.056 ps. These two numbers are similar and as a final systematic value we
use £0.06 ps in both cases.

Including the systematic error, the A? lifetime for 47% Aj polarization is :
A, = 1.20%3:33 £ 0.06 ps.

with neutrino, and :
Ta, = 1.18703% + 0.06 ps.

without neutrino.
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8 Conclusions

From a data sample of 889,000 hadronic Z° decays collected with the ALEPH
detector in 1991 and 1992, a total of 22 A}/~ combinations candidates in which
16.5 £ 4.7 are attributed to the A semileptonic decay Aj — A}{~7; followed by
A} — pK~nt have been selected and are used to measure the A} lifetime. The
proper time distribution of these events is obtained from their three dimensional
decay length reconstructed with the aid of the vertex detector and their rela-
tivistic boost. Two methods are used to compute the proper time distribution of
these events : one without neutrino information and the second including neu-
trino from the missing energy in the event. An extended maximum likelihood
fit to the proper time distribution in both cases yields a A} lifetime of :

A, = 1.20%93% £ 0.06 ps.
with neutrino, and :

T2, = 1.18%3:32 4+ 0.06 ps.
without neutrino.

The two results are consistent and are in good agreement with the previous
ALEPH AY lifetime result 74, = 1.12333% + 0.16 ps measured from the impact
parameter of the lepton in the Al™ sample.
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k without neutrino k with neutrino
(method 1) (method 2)

Tay = 1.151031 ps T, = L1.197037 ps
Nfi;ak = (16.0%33) events fogak = (16.139) events
N®, = (34.1+9.5) events | Ny = (26.5 % 10.0) events
N = (89.1+13.1) events | Nyo)y = (86.3 &+ 13.7) events

Toack = 0.8225716 ps Thackg = 0.5610713 ps
N,f:gk = (12.9 £ 3.6) events N,f:gk = (17.2 £ 4.1) events

Thack2 = 5341175 ps Thackz = 3.657200 ps

Table 2: AJ lifetime results.

Source o¥st (ps)
k without neutrino | k£ with neutrino

Resolution function £0.013 +0.013
Background fraction +0.016 +0.017
Background shape +0.030 +0.040
Decay models +0.018 +0.021
b fragmentation <0.010 +0.010
A? 4 body decays +0.020 +0.030
E, calibration - +0.007
A? polarisation 4+0.025 +0.004
A? mass +0.020 +0.020
total 0.056 0.063

Table 3: Systematic errors on the AJ lifetime
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Figure 1: The pK~7* effective mass for (a) same sign and (b) opposite sign A}
lepton correlation.
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Figure 2: A semileptonic decay topology.
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Figure 3: The A angular resolution : difference between the A?(ﬂight direction
and the A}l~ flight direction obtained from Monte Carlo simulation.



-18-

g Mean -0.9612E-03
g 20 RMS 0.2687E-01
~ 175
g 150 |-
k<]
B 125 |-
<
g 100 |-
[e]
S |
50 -
25 -
° 1 1 L 1 Ll‘l L l—l—l— A I 1 1 1 1 l 1 1 1 1 I 1 1 1 L IAA_I 1 1 l 1 1 1L
0.2 -0.15 0.1 -0.05 0 0.05 0.1 0.15 0.2
cm
Figure 4: The A decay length resolution.
2 3
2 2
> C
e B
o
b -
=
[
< 10 3
1 E
: L 1 l 1 1 1 I 1 1 1 I 1 L 1 1 L I 1 L 1
8 4 4 2 0 2 4 , 6 8
(l m"lmn)/ U‘»

Figure 5: The pull distribution : difference between the reconstructed and the
true decay lengths obtained from Monte Carlo simulation.
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Figure 6: The neutrino energy resolution : difference between reconstructed
missing energy and the true neutrino energy obtained from Monte Carlo simu-
lation.
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Figure 7: The kappa distribution from the fully reconstructed Monte Carlo sim-

ulation, (a) without neutrino, (b) with neutrino.
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Figure 8: Result of the extended maximum likelihood fit to the proper-time
distribution of opposite sign AXl~ events in the A} peak region (a) and the
combinatorial background events (b) from side band A}~ events and all wrong

sign At events.



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

