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measured to be

Using a data sample of pp collisions corresponding to an integrated luminosity of 3 fb~!, the &, and
£2,” baryons are reconstructed in the " — J/¥ £~ and £, — J/¢£2~ decay modes and their lifetimes

T(8,) = 1.557049 (stat) £ 0.03 (syst) ps,

T(82,) = 1.547059 (stat) = 0.05 (syst) ps.

These are the most precise determinations to date. Both measurements are in good agreement with
previous experimental results and with theoretical predictions.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.

1. Introduction

Heavy baryons are systems of three quarks, among which at
least one is ¢ or b. The quarks are bound by the strong interaction,
which is described by quantum chromodynamics (QCD). Hadron
lifetimes are among the most useful inputs to tune the parameters
of QCD models. A powerful approach for theoretical predictions of
b-hadron lifetime ratios is the heavy quark expansion (HQE) frame-
work [1] which allows calculations in powers of Aqcp/mp, where
Aqcp is the energy scale at which QCD becomes non-perturbative
and my is the b-quark mass. With the exception of the b hadrons
containing a c¢ quark, the predictions for the various b-hadron life-
times only start to differ at the order AZQCD/mZZJ and are equal
within several percent.

So far only the most abundantly produced b baryon, the Ag

with quark content udb, has been studied in detail. Early Ag life-
time measurements [2-5] yielded values significantly smaller than
the B-meson lifetime determinations, casting doubt on the HQE
and causing increased theoretical activity [6-11]. More recent de-
terminations of the ratio between the Ag and B lifetimes, for
instance that of Ref. [12], are in much better agreement with
the original predictions. However, less information exists on the
strange b baryons, which are less abundantly produced than Ag
baryons. In particular for the 5,~ (dsb) and £2,” (ssb) baryons only
a few theoretical lifetime calculations are available [13,7,8]. Fur-
thermore, most of the predictions date back to the 1990s and have
limited precision, with central values ranging from 1.0 ps to 1.7 ps.
New experimental data are needed to provide more stringent con-
straints on the models.

The weakly decaying 5, and 2, baryons were observed for
the first time at the Tevatron experiments CDF [14,15] and DO

http://dx.doi.org/10.1016/j.physletb.2014.06.064

[16,17]. Prior to these first observations, the average =) lifetime
(including &," and El?) was measured by the LEP experiments
DELPHI [18,19] and ALEPH [20] using partially reconstructed de-
cays. So far the only exclusive lifetime measurement of the strange
b baryons &," and £2;” has been made by the CDF experiment [15,
21]. Recently, LHCb demonstrated its ability to reconstruct a sig-
nificant number of &,” and £, baryons [22] and to measure
precisely b-hadron lifetimes [23].

In this Letter we present lifetime measurements of the &,
and §2;" baryons reconstructed in the & — J/¥ &~ and £, —
J/¥ 2~ decay modes. The daughter particles are reconstructed in
the decay modes J/¢ — utu=, 8~ — Anr~, 27 — AK~ and
A — pm~. Unless specified otherwise, charge-conjugated states
are implied throughout.

2. Detector and event samples

The LHCb detector [24] is a single-arm forward spectrometer
covering the pseudorapidity range 2 < n < 5, designed for the
study of particles containing b or ¢ quarks. The detector includes
a high-precision tracking system consisting of a silicon-strip ver-
tex detector surrounding the pp interaction region, a large-area
silicon-strip detector located upstream of a dipole magnet with
a bending power of about 4 Tm, and three stations of silicon-
strip detectors and straw drift tubes [25] placed downstream of
the magnet. The combined tracking system provides a momen-
tum measurement with a relative uncertainty that varies from
0.4% at low momentum, p, to 0.6% at 100 GeV/c, and an im-
pact parameter measurement with a resolution of 20 pum for
charged particles with large transverse momentum, pr. Different
types of charged hadrons are distinguished using information from
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two ring-imaging Cherenkov detectors [26]. Photon, electron and
hadron candidates are identified by a calorimeter system consisting
of scintillating-pad and preshower detectors, an electromagnetic
calorimeter and a hadronic calorimeter. Muons are identified by a
system composed of alternating layers of iron and multiwire pro-
portional chambers [27].

The trigger consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. For this mea-
surement, events are first required to pass the hardware trigger,
which selects muons with high transverse momentum. In the sub-
sequent software stage, events are retained by two independent
sets of requirements. One demands a muon candidate with mo-
mentum larger than 6 GeV/c that, combined with another oppo-
sitely charged muon candidate, yields a dimuon mass larger than
2.7 GeV/c?. The other requires a muon candidate with momentum
larger than 8 GeV/c and an impact parameter above 100 pm with
respect to all of the primary pp interaction vertices (PVs) in the
event. Finally, for all candidates, two muons are required to form a
vertex that is significantly displaced from the PVs.

The Z,” and £, lifetime measurements presented here are
based on the combination of the two data sets recorded in 2011
and 2012. During the year 2011 the LHCb detector recorded pp
collisions at a centre-of-mass energy of /s =7 TeV corresponding
to an integrated luminosity of 1 fb='. In 2012, it recorded approxi-
mately twice as much data at /s = 8 TeV. Between 2011 and 2012,
an improvement in the tracking algorithm of the vertex detector
was introduced, leading to different trigger and reconstruction ef-
ficiencies in the two data sets. The polarity of the dipole magnet
was periodically inverted so that roughly half of the data was col-
lected with each polarity.

Four million 5~ (£2,) signal events, corresponding to approx-

imately 135 fb~! (1700 fb~!) of LHCb data, were simulated with
each of the 2011 and 2012 data taking conditions. The pp colli-
sions are generated using PyTHIA [28] with a specific LHCb config-
uration [29]. Decays of hadronic particles are described by EVIGEN
[30], in which final state radiation is generated using PHoTOS [31].
The interaction of the generated particles with the detector and
its response are implemented using the GEANT4 toolkit [32] as de-
scribed in Ref. [33].

3. Reconstruction and selection

The J/v — utu~ decay is reconstructed from oppositely
charged particles that leave deposits in the vertex detector, the
tracking stations and the muon system. The hyperons in the
b-baryon decay chains (£, 2~ and A) are long-lived; approx-
imately 10% of all reconstructed b-baryon candidates are recon-
structed with all tracks leaving deposits in the vertex detector. To
retain as many candidates as possible, tracks that have no vertex
detector information are also considered for the reconstruction of
the hyperon decays.

The 5, and £, candidates are selected through identical re-
quirements except for the ranges in which the baryon masses are
reconstructed. In addition, for the £2, case the charged track from
the 2~ decay is required to be identified as a kaon by the parti-
cle identification detectors, removing more than 95% of the back-
ground pions.

All final-state tracks are required to satisfy minimal quality
criteria and kinematic requirements. In order to reduce back-
grounds from combinations of random tracks, the decay vertices
are required to be well reconstructed. The J/¢, &, £~ and
A candidates are selected within mass windows of +60 MeV/c?,
+11 MeV/c?, £11 MeV/c? and +6 MeV/c?, respectively, around
the corresponding known masses [34].

The hadronic final-state tracks are required to have large impact
parameters with respect to the PV associated with the b-baryon
candidate. The associated PV is chosen as the PV giving the small-
est increase in the x?2 of the PV fit when the b baryon is included.
The associated PV is also required to be isolated with respect to
other PVs and consistent with the nominal interaction region.

The b-baryon mass is computed after a complete kinematic fit
of the decay chain [35] in which the masses of both daughter par-
ticles are constrained to their known values [34]. No constraint is
applied on the A mass. The resulting b-baryon invariant mass is
required to lie in the range 5600-6000 MeV/c? for &, candidates
and 5800-6300 MeV/c? for £, candidates. The decay time of the
b-baryon candidate, t, is computed from the decay length, d, as

=4 My (1)
Byc p

where m is the reconstructed mass and p the reconstructed mo-
mentum of the b-baryon candidate. The decay length itself is ob-
tained from a refit of the decay chain with no mass constraints
in order to keep the correlation between the reconstructed decay
time and mass at a negligible level. Backgrounds are further sup-
pressed by requiring this decay chain fit to be of good quality. The
reconstructed decay time is required to lie in the range 0.3-14 ps.
The lower bound of this decay-time range helps to suppress back-
ground coming from random combinations of tracks with real ]/
mesons produced at the PV. In less than 1% of the cases, more
than one candidate per event pass the selection criteria and only
the candidate with the best decay chain fit result is retained.

4. Resolution and efficiency

The decay time resolution is obtained by fitting the difference
between the reconstructed decay time, t, and the true decay time,
tirue, in simulated events. The fit model is a single Gaussian func-
tion G(t — terye, £, Ores) Where the mean, t, and the width, ores, are
left free. For both considered decay modes and both data-taking
periods, t is compatible with zero and oyes is close to 50 fs.

A bias in the measured lifetime can arise from a non-uniform
efficiency as a function of the b-baryon decay time [23]. There are
two types of inefficiencies which alter the decay time distribution.
The first affects mostly candidates with small decay times and is
induced by the requirements of the trigger that reject predomi-
nantly short-lived b baryons. The second affects mostly candidates
with large decay times and is due to the geometrical detector ac-
ceptance, the reconstruction process and the selection criteria that
lead to a lower efficiency for long-lived b baryons. Both effects are
estimated and corrected for using simulation. This approach is val-
idated with several techniques described in Section 6.

The two trigger selections used for these lifetime measure-
ments include a requirement on the decay length significance of
the J/v meson. In addition, one selection also contains a require-
ment on the impact parameter of the muons from the J/v decay.
The two requirements induce an inefficiency at low values of the
reconstructed decay time. To assess this effect, simulated events
undergo an emulation of the trigger. In addition, an unbiased trig-
ger selection is used to remove the contribution from the detector
acceptance, the reconstruction and the selection. The resulting effi-
ciency as a function of the reconstructed decay time is fitted with
an empirical function of the form

e1(t) =erf(a- (t —to)"),

u
2 / e~ dx, )
0

where erf(u) =

El
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Fig. 1. Efficiency for triggering simulated 5, events as a function of the reconstructed decay time under the 2012 data-taking conditions. Only a restricted decay-time range
is shown in order to emphasize the region where the effect is large. The left panel shows the efficiency for events passing the trigger with only the requirement on the
J /¥ vertex displacement. The right panel shows the efficiency for events passing the trigger with requirements on both the J/y vertex displacement and the muon impact
parameter and required to not pass the other trigger. The results of fits with functions proportional to that given in Eq. (2) are overlaid.

03—
LHCb simulation

E, =y E

2012 conditions

0.25

0.2

Arbitrary unit

0.15

0.1

0.05

T

5 10
&, decay time [ps]

0.3 —————1————————
LHCb simulation

Q =Ty Q
2012 conditions

0.25

0.2

Arbitrary unit

0.15

0.1

0.05

....I....I..’..I....I....I....

Q, decay time [ps]

Fig. 2. Efficiency due to the detector acceptance, reconstruction and selection of simulated Z,~ (left) and £, (right) events as a function of the reconstructed decay time
under the 2012 data-taking conditions. The results of fits with functions proportional to that given in Eq. (3) are overlaid.

Table 1
Fitted B values (in ps—') for the efficiency described in Eq. (3) extracted from sim-
ulated &~ and £2; decays. The quoted uncertainties are statistical only.

Decay mode 2011 conditions 2012 conditions
E > J/vE~ (—13.1+4.8) x 1073 (—20.2+5.0) x 1073
2y —> /v~ (—23.34+3.5) x 1073 (—19.3+3.9) x 1073

and where q, tg and n are free parameters. The distributions of the
decay products of the b baryons depend on the decay mode and
on the year of data taking. This dependence slightly affects the
shape of the efficiency as a function of the reconstructed decay
time. Thus separate efficiency functions are obtained for the two
decay modes, for the two data taking periods and for the two trig-
ger selections. The efficiency functions corresponding to the 2012
data taking conditions for the &)~ case are shown in Fig. 1 as an
example.

The dependence of the efficiency on the decay time due to the
geometrical detector acceptance, the reconstruction and the selec-
tion is found to be well described with a linear function,

£2(t) =1 + B. (3)

The free parameter f is obtained by fitting a function proportional
to &x(t) - fooo eXp(—ttrue/Tgen) G (t — tirue, 0, Otes) dtirue to the recon-
structed decay time distribution of simulated signal events that are
generated with a mean lifetime of Tge, and that are fully recon-
structed and selected. Separate values for S are determined for the
two different decay modes and the two data-taking periods and
are given in Table 1. The efficiency functions corresponding to the
2012 data taking conditions for the &," and £2," cases are shown
in Fig. 2 as an example.

5. Lifetime fit

The lifetime is extracted from a two-dimensional extended
maximum likelihood fit to the unbinned b-baryon mass and decay-
time distributions. The mass and decay time are computed with
the techniques described in Section 3. Assuming a negligible cor-
relation between these two quantities, the two-dimensional proba-
bility density functions for the signal and the background are each
written as the product of a mass term and a decay-time term.

For the mass distribution, the signal is described with a single
Gaussian function in which the mean and width are free parame-
ters. Independent means are used for the data recorded in 2011
and in 2012, since different calibrations are applied. The back-
ground in the mass distribution is modelled with an exponential
function. The signal in the decay time distribution is described
with the product of the efficiency functions (described in Egs. (2)
and (3)) and a convolution between an exponential function and a
Gaussian function describing the decay time resolution,

00
St =N-e1(t) - &2(t) - / e_ttme/rc(t — ttrue, 0, Otes) dltrue,  (4)
0

where N is a normalisation parameter and 7 the fitted lifetime.
The decay time resolution oes is fixed to the value obtained in
simulation, separately for each decay mode and each year of data
taking. The background in the decay time distribution is modelled
with the sum of two exponential functions that are also convolved
with the fixed decay time resolution function. With the exception
of oyes, all background parameters are left free in the fit. A study
based on pseudo-experiments shows that no observable bias to the
measured lifetimes arises from the fit model itself.
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Fig. 3. Distributions of the reconstructed invariant mass (top) and decay time (middle and bottom) of the &, — J/¥ £~ (left) and 2" — J/¥£2~ (right) candidates. The

middle (bottom) panels show the decay time distributions of the candidates in the signal (background) mass regions. The signal mass region is defined as 5773-5825 MeV/c?
for £,” and 6028-6073 MeV/c? for £2, candidates, as shown by the vertical dotted lines in the mass distributions, whereas the background mass regions include all other

candidates. The results of the fits are overlaid.

Table 2

Fitted parameters with statistical uncertainties for the &)~ and £, signals.
Parameter By = J/vE” 2y = J/ve-
Signal yield 313+20 58 +8

Mass resolution
Lifetime (7)

8.5+0.5 MeV/c?

+0.10
1.557 409 PS

7.5+1.0 MeV/c?
+0.26
1.547557 ps

The fit is performed for all selected b-baryon candidates. Due
to the low signal yields, asymmetric uncertainties are calculated.
Fig. 3 shows the invariant mass and decay time distributions and
the projection of the fit results for the Z,” and £, baryons. Ta-
ble 2 displays the fit result for the relevant signal parameters.

As a consistency check for the fitting method, a measurement
of the Ag — J/¥ A lifetime is performed using the same data set
and techniques as presented in this paper. The measured Ag life-
time is consistent with the world average [34] and with recent
measurements from LHCb [23,12].

6. Systematic uncertainties

Unless specified otherwise, the evaluation of the systematic un-
certainties is performed by varying in turn each fixed parameter of

Table 3
Systematic uncertainties on the lifetime measurements in fs. For the total uncer-
tainty, all the contributions are summed in quadrature.

Source gy~ J/vE™ 2y - J/ye2”
Trigger efficiency 9.9 6.5
Reconstruction and selection efficiency 29.0 45.0
Signal modelling 5.9 114
Combinatorial background modelling 3.0 3.0
Cross-feed background 0.1 11.1
Detector length scale 0.3 0.3
Total 314 48.3

the fit within its uncertainty and taking the change in the fit re-
sult. The total systematic uncertainty is obtained as the quadratic
sum of the individual contributions. Distributions of results from
fits to pseudo-experiments are used for the leading contributions
(efficiencies and modelling) in order to ensure that they are not
incorrectly estimated due to a statistical fluctuation of the data.
A summary of all contributions to the total systematic uncertainty
is given in Table 3.

Two contributions are considered as uncertainties due to the
trigger efficiency. One arises from the finite size of the simulation



158 LHCb Collaboration / Physics Letters B 736 (2014) 154-162

samples and is taken into account by varying the parameters of
the efficiency function ¢; within their uncertainties. The other is
due to a potential discrepancy between data and simulation. This
second contribution is assessed by repeating the fit using an effi-
ciency obtained from a data sample of B® — ] /1//1(8 decays that
are topologically similar to the b-baryon decays of interest and
reconstructed in data collected by the same trigger. In this case, ex-
tracting the efficiency from data is possible because a large sample,
selected with triggers that do not bias the decay time distribution,
is available (see Ref. [23]).

Two contributions are considered as uncertainties in determin-
ing the reconstruction and selection efficiency. One arises from the
finite size of the simulation samples and is assessed by varying
the parameter 8 within its statistical uncertainty. The other takes
into account the quality of the simulation of the geometrical de-
tector acceptance, the reconstruction process and the selection. For
this second contribution, the g parameter is varied by +50% to
cover any possible discrepancy between data and simulation [36].
The total systematic uncertainty related to the reconstruction and
selection efficiency, taken as the quadratic sum of the two con-
tributions, is larger for 2, than for Z,~ decays due to the larger
value of the g parameter for £2,” in 2011 data.

Several alternative fits are performed to assess the systematic
uncertainties related to the signal modelling. In one fit, the Gaus-
sian function describing the signal model in the b-baryon mass
distribution is replaced by the sum of two Gaussian functions of
common mean. The widths and the relative yields are left free. To
assess the effect of the decay time resolution function, the widths
of the corresponding Gaussian functions are varied by +10%. In an-
other alternative fit, this resolution function is taken as the sum of
two Gaussian functions instead of one, where the parameters are
still taken from simulation. This takes into account potential tails
in the decay time resolution distribution. All variations of the func-
tion describing the decay time resolution change the fit result by a
negligible amount. Therefore the systematic uncertainty related to
the signal modelling is dominated by the signal description in the
mass distribution.

The systematic uncertainties due to combinatorial background
are taken into account with three alternative fit models. In the
first, the background in the mass distribution is described with a
linear function. In another fit the background is modelled with two
different exponential functions for the two different years of data
taking. As an alternative description of the background in the de-
cay time distribution, three exponential functions, instead of two,
are convolved with the Gaussian resolution.

The only other significant background expected is a cross-feed
between the two b-baryon decays. The rate and mass distribu-
tion of the cross-feed backgrounds is determined by reconstructing
simulated decays of one channel under the hypothesis of the other.
According to simulation, 0.24 (3.0) £2,” (&) decays are expected
to be reconstructed as &," (£2,) over the full mass range. The ef-
fect of this background on the lifetime measurement is determined
by injecting simulated background events into a fit of simulated
signal events and taking the observed bias as the systematic un-
certainty.

The overall length scale of the vertex detector is known with
a relative precision of 0.02% [23]. As the measured decay length
is directly proportional to the overall length scale, this precision
directly translates into a relative uncertainty on the lifetime mea-
surements.

7. Conclusion

Using data samples recorded during the years 2011 and 2012,
corresponding to an integrated luminosity of 3 fb~!, the lifetimes
of the weakly decaying Z,” and §2;” baryons are measured to be

T(&,) = 1557009 (stat) = 0.03 (syst) ps.
(£2;) = 1.547339 (stat) £ 0.05 (syst) ps.

These are the most precise lifetime measurements of these b
baryons to date. Both measurements are in agreement with the
previous experimental results, in particular with the most recent
ones from the CDF Collaboration of 7(Z,") =1.324+0.14 ps and

7(£2,) = 1.66 = 0.47 ps [21]. The measurements also lie in the
range predicted by theoretical calculations [13,7,8].
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