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TB+ S J/yK+ = 1.637 + 0.004 + 0.003 ps,

Tgo_ s pic+0 = 1.524 £ 0.006 = 0.004 ps,
Tpo_yppe = 1.499 £ 0.013 = 0.005 ps,
TAOgjpa = L4154 0.027 £ 0.006 ps,
Tposy/pe = 1.480 £ 0.011 % 0.005 ps,

where the first uncertainty is statistical and the second is systematic. These represent
the most precise lifetime measurements in these decay modes. In addition, ratios of these
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consistent with Standard Model expectations.
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1 Introduction

Within the framework of heavy quark expansion (HQE) theory [1-7], b-hadron observables
are calculated as a perturbative expansion in inverse powers of the b-quark mass, my. At
zeroth order the lifetimes of all weakly decaying b hadrons are equal, with corrections
appearing at order 1/ mz. Ratios of b-hadron lifetimes can be theoretically predicted with
higher accuracy than absolute lifetimes since many terms in the HQE cancel. The latest
theoretical predictions and world-average values for the b-hadron lifetimes and lifetime
ratios are reported in table 1. A measurement of the ratio of the /12 baryon lifetime, using
the A) — J/ppK~ decay mode,! to that of the BY meson lifetime has recently been made
by the LHCD collaboration [8] and is not yet included in the world average.

In this paper, a measurement of the lifetimes of the B*, BY and BY mesons and Ag
baryon is reported using pp collision data, corresponding to an integrated luminosity of
1.0fb~1, collected in 2011 with the LHCb detector at a centre-of-mass energy of 7 TeV.
The lifetimes are measured from the reconstructed b-hadron decay time distributions of

LCharge conjugation is implied throughout this paper, unless otherwise stated.



Observable Prediction World average

5+ (DS | - 1.641 =+ 0.008
o[ ps | - 1.519 + 0.007
Tpo[ps | - 1.516 4 0.011
TA(b)[pS ] - 1.429 £+ 0.024

Tp+ /7o 1.063 £ 0.027 [15, 22, 23] 1.079 & 0.007
Tpo/Tpo 100 £0.01 [15,23-25]  0.998 = 0.009
Tao/Tpo  0.86-0.95 [3,23,26-32] 0.941+0.016

Table 1. Theoretical predictions and current world-average values [13] for b-hadron lifetimes and
lifetime ratios.

the exclusive decay modes BT — J/ K+, B®— Jhy K*(892)°, BY — J K2, BY— Jhh ¢
and Ag — JAp A. Collectively, these are referred to as Hp, — J/ib X decays. In addition,
measurements of lifetime ratios are reported.

As a result of neutral meson mixing the decay time distribution of neutral Bg mesons
(q € {s,d}) is characterised by two parameters, namely the average decay width I'; and the
decay width difference AT, between the light (L) and heavy (H) B mass eigenstates. The

summed decay rate of Bg and Eg mesons to a final state f is given by [9-11]
(D(BY(t) = )) =T(BAt) = f) +T(By(t) = f) = RS e Tort 4 RS peTont - (11)

where terms proportional to the small flavour specific asymmetry, af, are ignored [12].
Therefore, for non-zero AI'y the decay time distribution of neutral Bg decays is not purely
exponential. In the case of an equal admixture of Bg and ES at t = 0, the observed average
decay time is given by [11]

(1.2)

11 (14244 vy + o2
TBgﬁf = Fql ’

2
- yq 1 + Agl—‘qu

where y, = AT';/(2I';) and Agrq = (R(J;’H - RQL)/(RZLH + R(];’L) is an observable that
depends on the final state, f. As such, the lifetimes measured are usually referred to as
effective lifetimes. In the BY system, where AT's/Ts = 0.159 4 0.023 [13], the deviation
from an exponential decay time distribution is non-negligible. In contrast, in the B? system
this effect is expected to be small as AT'y/Ty is predicted to be (42 +8) x 10™* in the
Standard Model (SM) [14, 15]. Both the BaBar [16, 17] and Belle [18] collaborations have
measured |AT'y/T'y| and the current world average is |AT'y/T'4| = 0.015 £ 0.018 [13]. A
deviation in the value of Al'y from the SM prediction has recently been proposed [19] as a
potential explanation for the anomalous like-sign dimuon charge asymmetry measured by
the DO collaboration [20]. In this paper, AT'y/T; is measured from the effective lifetimes of
BY— Jhp K*(892)° and B®— J/ip K decays, as proposed in ref. [21].

The main challenge in the measurements reported is understanding and controlling the
detector acceptance, reconstruction and selection efficiencies that depend upon the b-hadron
decay time. This paper is organised as follows. Section 2 describes the LHCb detector



and software. The selection criteria for the b-hadron candidates are described in section 3.
Section 4 describes the reconstruction efficiencies and the techniques used to correct the
decay time distributions. Section 5 describes how the efficiency corrections are incorporated
into the maximum likelihood fit that is used to measure the signal yields and lifetimes. The
systematic uncertainties on the measurements are described in section 6. The final results

and conclusions are presented in section 7.

2 Detector and software

The LHCb detector [33] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < 1 < 5, designed for the study of particles containing b or ¢ quarks. The detector
includes a high-precision tracking system consisting of a silicon-strip vertex detector (VELO)
surrounding the pp interaction region, a large-area silicon-strip detector (TT) 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 placed downstream. The combined tracking
system provides a momentum, p, measurement with relative uncertainty that varies from
0.4% at 5GeV/c to 0.6% at 100 GeV/e, and impact parameter resolution of 20 um for
charged particles with high transverse momentum, pr. Charged hadrons are identified using
two ring-imaging Cherenkov detectors [34]. 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 proportional chambers [35].
The right-handed coordinate system adopted has the z-axis along the beam line and the
y-axis along the vertical. The trigger [36] 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.

Two distinct classes of tracks are reconstructed using hits in the tracking stations on
both sides of the magnet, either with hits in the VELO (long track) or without (downstream
track). The vertex resolution of b-hadron candidates reconstructed using long tracks is better
than that for candidates reconstructed using downstream tracks. However, the use of long
tracks introduces a dependence of the reconstruction efficiency on the b-hadron decay time.

In the simulation, pp collisions are generated using PyYTHIA 6.4 [37] with a specific
LHCD configuration [38]. Decays of hadronic particles are described by EVTGEN [39],
in which final state radiation is generated using PHOTOS [40]. The interaction of the
generated particles with the detector and its response are implemented using the GEANT4
toolkit [41, 42] as described in ref. [43].

3 Candidate selection

The reconstruction of each of the H,— J/i) X decays is similar and commences by selecting
Jp — ptp~ decays. Events passing the hardware trigger contain dimuon candidates with
high transverse momentum. The subsequent software trigger is composed of two stages.
The first stage performs a partial event reconstruction and requires events to have two



well-identified oppositely charged muons with an invariant mass larger than 2.7 GeV/c2.
The selection at this stage has a uniform efficiency as a function of decay time. The second
stage performs a full event reconstruction, calculating the position of each pp interaction
vertex (PV) using all available charged particles in the event. The average number of PVs
in each event is approximately 2.0. Their longitudinal (z) position is known to a precision
of approximately 0.05 mm. If multiple PVs are reconstructed in the event, the one with the
minimum value of X%P is associated with the J/i) candidate, where X12p is the increase in
the x? of the PV fit if the candidate trajectory is included. Events are retained for further
processing if they contain a J/ip — ptp~ pair that forms a vertex that is significantly
displaced from the PV. This introduces a non-uniform efficiency as function of decay time.

The offline sample of J/4) meson candidates is selected by requiring each muon to have
pr larger than 500 MeV/c and the J/iy candidate to be displaced from the PV by more than
three times its decay length uncertainty. The invariant mass of the two muons, m(u*u™),
must be in the range [3030, 3150] MeV/c2.

The b-hadron candidate selection is performed by applying kinematic and particle
identification criteria to the final-state tracks, the details of which are reported in section 3.1
to 3.5. No requirements are placed on variables that are highly correlated to the b-hadron
decay time, thereby avoiding the introduction of additional biases. All final-state particles
are required to have a pseudorapidity in the range 2.0 < n < 4.5. In addition, the z-position
of the PV (zpy) is required to be within 100 mm of the nominal interaction point, where
the standard deviation of the zpy distribution is approximately 47 mm. These criteria cause
a reduction of approximately 10% in signal yield but define a fiducial region where the
reconstruction efficiency is largely uniform.

The maximum likelihood fit uses the invariant mass, m(.J/4 X), and proper decay time,
t, of each b-hadron candidate. The decay time of the b-hadron candidate in its rest frame is
derived from the relation ¢ = m1/q, where m is its invariant mass and the decay length, [,
and the momentum, ¢, are measured in the experimental frame. In this paper, ¢ is computed
using a kinematic decay-tree fit (DTF) [44] involving all final-state tracks from the b-hadron
candidate with a constraint on the position of the associated PV. Unlike in the trigger, the
position of each PV is calculated using all available charged particles in the event after
the removal of the b-hadron candidate final-state tracks. This is necessary to prevent the
final-state tracks from biasing the PV position towards the b-hadron decay vertex and helps
to reduce the tails of the decay-time resolution function. This prescription does not bias the
measured lifetime using simulated events. The x? of the fit, XQDTF, is useful to discriminate
between signal and background. In cases where there are multiple b-hadron candidates
per event, the candidate with the smallest X%TF is chosen. The z-position of the displaced
b-hadron vertices are known to a precision of approximately 0.15 mm.

Studies of simulated events show that in the case of B — J/i K** (BY— J/p ¢) decays,
imposing requirements on X%TF introduces a dependence of the selection efficiency on
the decay time if the K™ and 7= (K and K~) tracks are included in the DTF. If no
correction is applied to the decay time distribution, the measured lifetime would be biased
by approximately —2fs relative to the generated value. Using simulated events it is found
that this effect is correlated to the opening angle between the K and 7= (K* and K ™)



Channel Yield
BT — Jp KT 229434 + 503
BY— Jhp K*° 70534 4 312
BY— JpK? 17045+ 175
BY— JRp o 18662 £ 152
A)— Jhp A 3960 + 89

Table 2. Estimated event yields for the five b — J/i) X channels selected using the criteria described
in section 3.1 to 3.5.

from the K*0 (¢) decay. No effect is observed for the muons coming from the J/i) decay
due to the larger opening angle in this case. To remove the effect, the calculation of X%TF
for the BY — J/ib K* and B? — J/p ¢ channels is performed with an alternative DTF in
which the assigned track parameter uncertainties of the kaon and pion are increased in such
a way that their contribution to the b-hadron vertex position is negligible.

Candidates are required to have ¢ in the range [0.3,14.0] ps. The lower bound on the
decay time suppresses a large fraction of the prompt combinatorial background that is
composed of tracks from the same PV, while the upper bound is introduced to reduce
the sensitivity to long-lived background candidates. In the case of the B — J/) K9 and
/12 — Jip A decays, the lower bound is increased to 0.45ps to compensate for the worse
decay time resolution in these modes.

In events with multiple PVs, b-hadron candidates are removed if they have a X%P with
respect to the next best PV smaller than 50. This requirement is found to distort the decay
time distribution, but reduces a source of background due to the incorrect association of
the b hadron to its production PV.

The invariant mass is computed using another kinematic fit without any constraint on
the PV position but with the invariant mass of the u*u~ pair, m(u*u™), constrained to
the known J/ip mass [45]. Figures 1 and 2 show the m(J/ X)) distributions for the selected
candidates in each final state and table 2 gives the corresponding signal yields.

3.1 Selection of BT — J/p Kt decays

The B candidates are reconstructed by combining the J/i) candidates with a charged
particle that is identified as a kaon with pr larger than 1 GeV/c and p larger than 10 GeV/ec.
The invariant mass, m(.J/) K*), must be in the range [5170, 5400] MeV/c?, where the lower
bound is chosen to remove feed-down from incompletely reconstructed B® — J/i K*O decays.
The X%TF of the fit, which has 5 degrees of freedom, is required to be less than 25. Multiple
BT candidates are found in less than 0.02% of selected events.

3.2 Selection of B® — J/) K*0 decays

The K*° candidates are reconstructed by combining two oppositely charged particles
that are identified as a kaon and a pion. The pion and K*° must have p greater than
0.3 GeV/c and 1.5 GeV/¢, respectively. The invariant mass, m(K 7~ ), must be in the range
(826, 966] MeV/c?.



5000

12000
10000
8000
6000
4000
2000

Candidates / ( 3 MeV/c?)

Pull
ALV ow s

W
—
wn
(=)

2500

2000

1500

1000

500

Candidates / ( 3 MeV/c?)

Pull
Abowas

W

Pull
AL oww s

150

Bt Jp K+

Candidates / ( 0.2 ps )

?”ng#wﬂﬁqm%mygﬂﬁ
CINBERAR ST

53b0 53%0 5400
m(J/y K¥) [MeV/c?]

Pull

5200 5250

LHCb
BO — Jjp K*0

Candidates / (0.2 ps )

Pull

TR T T

5230 53b0
m(/y K*0) [MeV/e?]

5200

LHCb
B — JAp K9

Candidates / ( 0.2 ps )

b M
LTS T

——

—_

.
G =
[ .

—ef
=
e !

Pull

|u!-:.|:!|u|| TRTT

—.—
T —e—

5230 SSbO
mJ/y K(S’) [MeV/c?]

5200

10*

LHCb
10° Bt JW K+
10?
10
1
4F E
gnwmmM}wmﬁHmlninm;
5 - + H T T HTTTHTT*T i
aE | LI
5 10
t [ps]
10*
LHCb
10 B0 — Jhy K*0
10?
10
1
4F ' ' E
éz_}h *+*# i 4.1%.#.{11 el H}th+ ur.{ iy, {H
S SRR L TR {H
4 , , 3
5 10
t [ps]
10*
10 B LHCb
o BO— Jpp K9
10
| '?'
4F ' : E
é i +.h+11 ] ..h+ lf it H.{f IR ﬂ; HHH'*';
2] ”TT‘ T 1++*+ e
AF ) ) E

5 10
t [ps]

Figure 1. Distributions of the (left) mass and (right) decay time of BT — Jip KT, B®— Jjhp K*°
and B°— J/ip K candidates and their associated residual uncertainties (pulls). The data are shown
by the black points; the total fit function by the black solid line; the signal contribution by the red
dashed line and the background contribution by the blue dotted line.
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Figure 2. Distributions of the (left) mass and (right) decay time of B?— J/ip ¢ and AY — Jjp A
candidates and their associated residual uncertainties (pulls). The data are shown by the black
points; the total fit function by the black solid line; the signal contribution by the red dashed line
and the background contribution by the blue dotted line.

The B° candidates are reconstructed by combining the J/i) and K*° candidates. The
~), must be in the range [5150, 5340] MeV/c?
bound is chosen to remove the contribution from BY — J/wf*o decays. The x31p of the

invariant mass, m(J/ K*m , where the upper
fit, which has 3 degrees of freedom, is required to be less than 15. Multiple B? candidates
are found in 2.2% of selected events.

3.3 Selection of B®— J/ K? decays

The Kg candidates are formed from the combination of two oppositely charged particles
that are identified as pions and reconstructed as downstream tracks. This is necessary
since studies of simulated signal decays demonstrate that an inefficiency depending on the
b-hadron decay time is introduced by the reconstruction of the long-lived K{ and A particles
using long tracks. Even so, it is found that the acceptance of the TT still depends on the
origin of the tracks. This effect is removed by further tightening of the requirement on the

position of the PV to zpy > —50 mm.



For particles produced close to the interaction region, this effect is suppressed by the
requirements on the fiducial region for the PV, which is further tightened by requiring that,
to account for the additional acceptance introduced by the TT.

The downstream pions are required to have pp greater than 0.1 GeV/c and p greater
than 2 GeV/e. The K? candidate must have pr greater than 1 GeV/c and be well separated
from the B° decay vertex, to suppress potential background from B° — J/) K*0 decays
where the kaon has been misidentified as a pion. The x? of the KSO vertex fit must be less
than 25 and the invariant mass of the dipion system, m(7 7 ™), must be within 15 MeV/c?
of the known K{ mass [45]. For subsequent stages of the selection, m(7*7~) is constrained
to the known K{ mass.

The invariant mass, m(J/p K9), of the J/iy and K¢ candidate combination must be in
the range [5150, 5340] MeV/c?, where the upper bound is chosen to remove the contribution
from BY — J/p KQ decays. The X%TF of the fit, which has 6 degrees of freedom, is required
to be less than 30. Multiple B° candidates are found in less than 0.4% of selected events.

3.4 Selection of B? — J/ip ¢ decays

The ¢ candidates are formed from two oppositely charged particles that have been identified
as kaons and originate from a common vertex. The K™K~ pair is required to have pr
larger than 1 GeV/c. The invariant mass of the K*K ™~ pair, m(K+K ™), must be in the
range [990, 1050 MeV/c2.

The BY candidates are reconstructed by combining the J/4) candidate with the K+ K~
pair, requiring the invariant mass, m(J/ K+ K~), to be in the range [5200, 5550] MeV/c?2.
The XQDTF of the fit, which has 3 degrees of freedom, is required to be less than 15. Multiple
BY candidates are found in less than 2.0% of selected events.

3.5 Selection of A) — J/ip A decays

The selection of /18 — J/p A candidates follows a similar approach to that adopted for
B — Jip K decays. Only downstream protons and pions are used to reconstruct the
A candidates. The pions are required to have pp larger than 0.1 GeV/c, while pions and
protons must have p larger than 2 GeV/c. The A candidate must be well separated from the
/12 decay vertex and have pr larger than 1 GeV/c. The x2 of the A vertex fit must be less
than 25 and m(pm~) must be within 6 MeV/c? of the known A mass [45]. For subsequent
stages of the selection, m(pm~) is constrained to the known A mass.

The invariant mass, m(J/i) A), of the J/i) and A candidate combination must be in the
range [5470,5770] MeV/c?. The x?rp of the fit, which has 6 degrees of freedom, is required
to be less than 30. Multiple /12 candidates are found in less than 0.5% of selected events.

4 Dependence of efficiencies on decay time

Section 3 described the reconstruction and selection criteria of the H,— J/i) X decays and
various techniques that have been used to minimise the dependence of selection efficiencies
upon the decay time. After these steps, there remain two effects that distort the b-hadron
decay time distribution. These are caused by the VELO-track reconstruction efficiency,
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Figure 3. VELO-track reconstruction efficiency for kaon tracks reconstructed using the (a) online
and (b) offline algorithms as a function of the kaon p, as defined in eq. (4.1). The red solid lines
show the result of an unbinned maximum likelihood fit using the parameterisation in eq. (4.2) to
the background subtracted data (black points).

evELO, and the combination of the trigger efficiency, etrigger, and offline selection efficiency,
Eselection|trigger+ L 1is section will describe these effects and the techniques that are used to
evaluate the efficiencies from data control samples.

4.1 VELO-track reconstruction efficiency

The largest variation of the efficiency with the decay time is introduced by the track
reconstruction in the VELO. The track finding procedure in the VELO assumes that tracks
originate approximately from the interaction region [33, 46]. In the case of long-lived
b-hadron candidates this assumption is not well justified, leading to a loss of reconstruction
efficiency for charged particle tracks from the b-hadron decay.

The distance of closest approach of the track to the z-axis is defined as

[(d—v)-(px2)
p x 2|

p= (4.1)
where p is the momentum of the final-state track from a b-hadron candidate decaying at
point d, 2 is a unit vector along the z-axis and v is the origin of the VELO coordinate system.
During data taking the position of the LHCb VELO is monitored as a function of time and
is centred around the LHC beam line. Using a control sample of BT — J/i) K candidates
where the K is reconstructed as a downstream track, the VELO-track reconstruction
efficiency, evrro(p), is computed as the fraction of these tracks that are also reconstructed
as long tracks. From samples of simulated b-hadron decays, it is observed that eygro(p)
can be empirically parameterised by

evero(p) = a(l + ¢p?), (4.2)

where the parameters a and ¢ are determined from a fit to the unbinned efficiency
distribution.

Figure 3 shows the VELO-track reconstruction efficiency obtained using this method
and table 3 shows the corresponding fit results. Since different configurations of the VELO



a ¢ [mm~2]
Online 0.9759 £+ 0.0005 —0.0093 £ 0.0007

Offline  0.9831 £0.0004 —0.0041 =+ 0.0005

Table 3. VELO reconstruction efficiency in data for kaon tracks reconstructed with the online and
offline algorithms. In both cases, the correlation coefficient between a and c is 0.2.

reconstruction algorithms are used within the LHCb software trigger (online) and during
the subsequent processing (offline), it is necessary to evaluate two different efficiencies. The
stronger dependence of the online efficiency as a function of p is due to the additional
requirements used in the first stage of the software trigger such that it satisfies the required
processing time.

Applying the same technique to a simulated sample of BT — J/i) K decays yields
qualitatively similar behaviour for eygrLo(p). Studies on simulated data show that the
efficiency for kaons and pions from the decay of ¢ and K*° mesons is smaller than for
the kaon in BT — J/ip KT decays, due to the small opening between the particles in the
¢ and K* decays, as discussed in section 3. In addition, there are kinematic differences
between the calibration BT sample and the signal samples. Scaling factors on the efficiency
parameters are derived from simulation to account for these effects, and have typical sizes in
the range [1.04, 1.65], depending on the decay mode and final-state particle being considered.

The distortion to the b-hadron candidate decay time distribution caused by the VELO-
track reconstruction is corrected for by weighting each b-hadron candidate by the inverse of
the product of the per-track efficiencies. The systematic effect introduced by this weighting
is tested using simulated samples of each channel. The chosen efficiency depends on whether
the particle is reconstructed with the online or offline variant of the algorithm. Studies on
simulated data show that tracks found by the online tracking algorithm are also found by
the offline tracking efficiency. For example, the efficiency weight for each B® — J/p K*°
candidate takes the form

_ pt no K+ T
WPRO J/ap K+0 = 1/ (5VELO,online EVELO,online €VELO,offline 5VELO,ofﬂine) ) (4.3)
since the two muons are required to be reconstructed online, while the kaons and the pions
are reconstructed offline.

In the case of the BY— J/p K2 and A)— J/p A channels, since no VELO information

is used when reconstructing the K? and A particles, the candidate weighting functions take

+ —
_ I I
the form w = 1/ (sVELO,online 6VELO,OHline) :

4.2 Trigger and selection efficiency

The efficiency of the second stage of the software trigger depends on the b-hadron decay time
as it requires that the J/i) meson is significantly displaced from the PV. A parameterisation
of this efficiency, eqrigger(t), is obtained for each b — J/i» X decay mode by exploiting a
corresponding sample of b — J/i X candidates that are selected without any displacement
requirement. For each channel, the control sample corresponds to approximately 40% of
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Figure 4. Combined trigger and selection efficiency, €selection(t), for BT — J/p K+ candidates.

the total number of signal candidates. A maximum likelihood fit to the unbinned invariant
mass distribution m(J/i) X) is performed to determine the fraction of signal decays that
survive the decay-time biasing trigger requirements as a function of decay time.

The same technique is used to determine the decay time efficiency of the triggered
candidates caused by the offline selection, eyciection|trigger(f), Which is introduced by the
requirement on the detachment of the J/3 mesons in the sample used to reconstruct the
b-hadron decays. The combined selection efficiency, selection(t), is given by the product of
Etrigger (t) and Eselection|trigger (t).

Figure 4 shows egelection (t) obtained for the BT — J/p K+ channel as a function of decay
time. The efficiencies obtained for the other H,— J/i) X channels are qualitatively similar.
Studies using simulated events show that the efficiency drop below 0.5 ps is caused by the
J/p displacement requirement. The dip near 1.5 ps appears because the PV reconstruction
in the software trigger is such that some final-state tracks of short-lived b-hadron decays
may be used to reconstruct an additional fake PV close to the true b-hadron decay vertex.
As a result the reconstructed J/i) meson does not satisfy the displacement requirement,
leading to a decrease in efficiency.

The efficiency parameterisation for each channel is used in the fit to measure the
corresponding b-hadron lifetime. An exception is made for the Ag — J/ib A channel where,
owing to its smaller event yield, ggelection(t) measured with B® — J/p KU decays is used
instead. The validity of this approach is checked using large samples of simulated events.

5 Maximum likelihood fit

For each channel, the lifetime is determined from a two-dimensional maximum likelihood fit
to the unbinned m(J/i) X') and ¢ distributions. The full probability density function (PDF)
is constructed as P = fs(Sm X St) + (1 — fs)(Bm x B;), where fs is the signal fraction,
determined in the fit, and S,,, x S; and B,,, x B; are the (m(J/i X), t) PDFs for the signal
and background components, respectively. A systematic uncertainty is assigned to the
assumption that the PDFs factorise.
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The signal mass PDF, S,,, is modelled by the sum of two Gaussian functions. The free
parameters in the fit are the common mean, the width of the narrower Gaussian function,
the ratio of the second to the first Gaussian width and the fraction of the first Gaussian
function. The background mass distribution, B,,, is modelled by an exponential function
with a single free parameter.

The signal b-hadron decay time distribution is described by an exponential function
with decay constant given by the b-hadron lifetime, 7, _, 74 x. The signal decay time PDF,
St, is obtained by multiplying the exponential function by the combined ¢-dependent trigger
and selection efficiency described in section 4.2. From inspection of events in the sidebands
of the b-hadron signal peak, the background decay time PDF, B;, is well modelled by a
sum of three exponential functions with different decay constants that are free in the fit.
These components originate from a combination of prompt candidates, where all tracks
originate from the same PV, and long-lived candidates where tracks from the associated PV
are combined with other tracks of long-lived particles. For each channel the exponential
functions are convolved with a Gaussian resolution function with width o and mean A, an
offset of the order of a few femtoseconds that is fixed in the fit. Using a sample of prompt
J/p background events, the decay time resolution for H, — J/i) X channels reconstructed
using long tracks has been measured to be approximately 45 fs [47]. For B?— J/) K{ and
AY— Jhp A decays, which use downstream tracks to reconstruct the KQ and A particles,
a similar study of an event sample composed of prompt J/4) mesons combined with two
downstream tracks, reconstructed as either a K9 or A, has determined the resolution to be
65 fs. The systematic uncertainties related to the choice of resolution model are discussed
in section 6.

The negative log-likelihood, constructed as

—Inl =—« Z w; InP, (5.1)
events %
is minimised in the fit, where the weights w; correspond to the per-candidate correction for
the VELO reconstruction efficiency described in section 4.1. The factor o = >, w;/ >, w?
is used to include the effect of the weights in the determination of the uncertainties [48].
Figures 1 and 2 show the result of fitting this model to the selected candidates for each
channel, projected onto the corresponding m(.J/4» X) and ¢ distributions.

As a consistency check, an alternative fit procedure is developed where each event is
given a signal weight, W;, determined using the sPlot [49] method with m(J/y X)) as the
discriminating variable and using the mass model described above. A weighted fit to the
decay time distribution using the signal PDF is then used to measure the b-hadron lifetime.
In this case, the negative log-likelihood is given by eq. (5.1) where w; is replaced with
Wiw; and o = > (Wiw;)/ > ;(Wiw;)?. The difference between the results of the two fitting
procedures is used to estimate the systematic uncertainty on the background description.

6 Systematic uncertainties

The systematic effects affecting the measurements reported here are discussed in the following
and summarised in tables 4 and 5.
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Source TR+ Jpp K+ TBOSJ K TR KY  TAS A TBO—Jfhe
Statistical uncertainty 3.5 6.1 12.8 26.5 114
VELO reconstruction 2.0 2.3 0.9 0.5 2.3
Simulation sample size 1.7 2.3 2.9 3.7 2.4
Mass-time correlation 1.4 1.8 2.1 3.0 0.7
Trigger and selection eff. 1.1 1.2 2.0 2.0 2.5
Background modelling 0.1 0.2 2.2 2.1 0.4
Mass modelling 0.1 0.2 0.4 0.2 0.5
Peaking background — — 0.3 1.1 0.4
Effective lifetime bias - - - - 1.6
B production asym. - —~ 1.1 —~ -
LHCDb length scale 0.4 0.3 0.3 0.3 0.3
Total systematic 3.2 3.9 4.9 5.7 4.6

Table 4. Statistical and systematic uncertainties (in femtoseconds) for the values of the b-hadron
lifetimes. The total systematic uncertainty is obtained by combining the individual contributions in
quadrature.

Source Tp+/TBo TBo/Tpo Tao/Tpo Tp+/Tp- Ty /ng 7o /To Al'4/Tq
Statistical uncertainty 5.0 8.5 18.0 4.0 35.0 8.0 25.0
VELO reconstruction 1.6 1.7 1.1 - - - 4.1
Simulation sample size 2.0 2.2 2.8 2.1 5.3 3.0 6.3
Mass-time correlation 1.6 1.2 2.3 - - - 4.7
Trigger and selection eff. 1.1 1.8 1.5 - - - 4.0
Background modelling 0.3 0.1 1.5 0.2 3.0 14 3.8
Mass modelling 0.2 0.4 0.2 0.1 0.2 0.2 0.8
Peaking background - 0.3 0.7 - - - 0.5
Effective lifetime bias - 1.0 - - - - -
B production asym. - - - - - 8.5 1.9
Total systematic 3.2 3.7 4.4 2.1 6.1 9.1 10.7

Table 5. Statistical and systematic uncertainties (in units of 1073) for the lifetime ratios and

AT'4/T4. For brevity, Tpo (750) corresponds to the measurement of Tpo_, jjy g0 (750, 7 wf*‘))' The

total systematic uncertainty is obtained by combining the individual contributions in quadrature.

The systematic uncertainty related to the VELO-track reconstruction efficiency can be
split into two components. The first uncertainty is due to the finite size of the B* — Jja) K+
sample, reconstructed using downstream kaon tracks, which is used to determine the
per-candidate efficiency weights and leads to a statistical uncertainty on the eygro(p)
parameterisation. The lifetime fits are repeated after varying the parameters by 10 and
the largest difference between the lifetimes is assigned as the uncertainty. The second
uncertainty is due to the scaling factors, which are used to correct the efficiency for phase-
space effects, obtained from simulated events. The fit is repeated using the unscaled
efficiency and half of the variation in fit results is assigned as a systematic uncertainty.
These contributions, of roughly the same size, are added in quadrature in table 4.
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A number of additional consistency checks are performed to investigate possible mis-
modelling of the VELO-track reconstruction efficiency. First, eyvgro(p) is evaluated in two
track momentum and two track multiplicity bins and the event weights recalculated. Using
both data and simulated events, no significant change in the lifetimes is observed after
repeating the fit with the updated weights and, therefore, no systematic uncertainty is
assigned. Secondly, to assess the sensitivity to the choice of parameterisation for eygro(p)
(eq. (4.2)), the results are compared to those with linear model for the efficiency. The effect
is found to be negligible and no systematic uncertainty is applied. Thirdly, the dependence
of the VELO-track reconstruction efficiency on the azimuthal angle, ¢, of each track is
studied by independently evaluating the efficiency in four ¢ quadrants for both data and
simulation. No dependence is observed. Finally, the efficiency is determined separately for
both positive and negative kaons and found to be compatible.

The techniques described in section 4 to correct the efficiency as a function of the decay
time are validated on simulated data. The lifetime is fit in each simulated signal mode and
the departure from the generated lifetime, A7, is found to be compatible with zero within
the statistical precision of each simulated sample. The measured lifetimes in the data sample
are corrected by each A7 and a corresponding systematic uncertainty is assigned, given by
the size of the statistical uncertainty on the fitted lifetime for each simulated signal mode.

The assumption that m(J/i X) is independent of the decay time is central to the
validity of the likelihood fits used in this study. It is tested by re-evaluating the signal
weights of the alternative fit in bins of decay time and then refitting the entire sample using
the modified weights. The systematic uncertainty for each decay mode is evaluated as the
sum in quadrature of the lifetime variations, each weighted by the fraction of signal events
in the corresponding bin.

For each signal decay mode, the effect of the limited size of the control sample used to
estimate the combined trigger and selection efficiency is evaluated by repeating the fits with
Eselection(t) randomly fluctuated within its statistical uncertainty. The standard deviation
of the distribution of lifetimes obtained is assigned as the systematic uncertainty.

The alternative likelihood fit does not assume any model for the decay time distribution
associated with the combinatorial background. Therefore, the systematic uncertainty
associated to the modelling of this background is evaluated by taking the difference in
lifetimes measured by the nominal and alternative fit methods.

The fit uses a double Gaussian function to describe the m(J/i) X) distribution of signal
candidates. This assumption is tested by repeating the fit using a double-sided Apollonios
function [50] where the mean and width parameters are varied in the fit and the remaining
parameters are fixed to those from simulation. The differences in lifetime with respect to
the default results are taken as systematic uncertainties.

As described in section 5 the dominant background in each channel is combinatorial in
nature. It is also possible for backgrounds to arise due to misreconstruction of b-hadron
decays where the particle identification has failed. The presence of such backgrounds is
checked by inspecting events in the sidebands of the signal and re-assigning the mass
hypotheses of at least one of the final-state hadrons. The only contributions that have an
impact are A) — J/ppK ™~ decays in the BY — J/i) ¢ channel where a proton is misidentified
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as a kaon and the cross-feed component between BY — Ji) KQ and A) — Jip A decays
where pion and protons are misidentified. In the case of B? — J/) ¢ decays, the fit is
repeated including a contribution of Ag — J/ppK~ decays. The two-dimensional PDF
is determined from simulation, while the yield is found to be 6% from the sidebands of
the B? sample. This leads to the effective lifetime changing by 0.4 fs, which is assigned
as a systematic uncertainty. A similar procedure is used to determine the invariant mass
shape of the cross-feed background between B® — J/ K? and Ag — J/ A decays, while
the decay time is modelled with the exponential distribution of the corresponding signal
mode. A simultaneous fit to both data samples is performed in order to constrain the yield
of the cross-feed and the resulting change in lifetime of —0.3fs and +1.1fs for BY and A,
respectively, is assigned as a systematic uncertainty.

Another potential source of background is the incorrect association of signal b hadrons
to their PV, which results in an erroneous reconstruction of the decay time. Since the fitting
procedure ignores this contribution, a systematic uncertainty is evaluated by repeating
the fit after including in the background model a component describing the incorrectly
associated candidates. The background distribution is determined by calculating the decay
time for each Bt — J/i) K+ decay with respect to a randomly chosen PV from the previous
selected event. In studies of simulated events the fraction of this background is less than
0.1%. Repeating the fit with a 1% contribution results in the lifetime changing by 0.1 fs
and, therefore, no systematic uncertainty is assigned.

The measurement of the effective lifetime in the B?— J/i) ¢ channel is integrated over
the angular distributions of the final-state particles and is, in the case of uniform angular
efficiency, insensitive to the different polarisations of the final state [47]. To check if the
angular acceptance introduced by the detector geometry and event selection can affect
the measured lifetime, the events are weighted by the inverse of the angular efficiency
determined in ref. [47]. Repeating the fit with the weighted dataset leads to a shift of the
lifetime of —1.0fs, the same as is observed in simulation. The final result is corrected by
this shift, which is also assigned as a systematic uncertainty. The BY effective lifetime could
also be biased due to a small CP-odd S-wave component from B? — Ji) KT K~ decays
that is ignored in the fit. For the m (K™K ~) mass range used here (section 3), ref. [51]
indicates that the S-wave contribution is 1.1%. The effect of ignoring such a component
is evaluated by repeating the fit on simulated experiments with an additional 1% CP-odd
component. A change in the lifetime of —1.2fs is observed, which is used to correct the final
lifetime and is also taken as a systematic uncertainty. Finally, as described in section 3,
only events with a decay time larger than 0.3 ps are considered in the nominal fit. This
offset leads to a different relative contribution of the heavy and light mass eigenstates such
that the lifetime extracted from the exponential fit does not correspond to the effective
lifetime defined in eq. (1.2). A correction of —0.3fs is applied to account for this effect.

The presence of a production asymmetry between B° and B° mesons could bias the
measured B — J/i K effective lifetime, and therefore AT'y/Ty, by adding additional terms
in eq. (1.2). The production asymmetry is measured to be Ap(B%) = (0.6 & 0.9)% [52], the
uncertainty of which is used to estimate a corresponding systematic uncertainty on the
BY — Jj K lifetime of 1.1fs. No uncertainty is assigned to the B® — J/ K*¥ lifetime
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since this decay mode is flavour-specific’ and the production asymmetry cancels in the
untagged decay rate. For the BY system, the rapid oscillations, due to the large value of
Amg = 17.768 4 0.024 ps~! [53], reduce the effect of a production asymmetry, reported as
Ap(BY) = (7 +5)% in ref. [52], to a negligible level. Hence, no corresponding systematic
uncertainty is assigned.

There is a 0.02% relative uncertainty on the lifetime measurements due to the uncertainty
on the length scale of LHCb [53], which is mainly determined by the VELO modules z
positions. These are evaluated by a survey, having an accuracy of 0.1 mm over the full length
of the VELO (1000 mm), and refined through a track-based alignment. The alignment
procedure is more precise for the first track hits, that are less affected by multiple scattering
and whose distribution of z positions have an RMS of 100 mm. In this region, the differences
between the module positions obtained from the survey and track-based alignment are
within 0.02mm, which is taken as systematic uncertainty. The systematic uncertainty
related to the momentum scale calibration affects both the b hadron candidate mass and
momentum and, therefore, cancels when computing the decay time.

The systematic uncertainty related to the choice of 45 fs for the width of the decay-time
resolution function (65fs in the case of B® — JAp K2 and A) — J/pA) is evaluated by
changing the width by £15fs and repeating the fit. This change in width is larger than
the estimated uncertainty on the resolution and leads to a negligible change in the fit
results. Consequently, no systematic uncertainty is assigned. Furthermore, to test the
sensitivity of the lifetimes to potential mismodelling of the long tails in the resolution,
the resolution model is changed from a single Gaussian function to a sum of two or three
Gaussian functions with parameters fixed from simulation. Repeating the fit with the new
resolution model causes no significant change to the lifetimes and no systematic uncertainty
is assigned. The lifetimes are insensitive to the offset, A, in the resolution model.

Several consistency checks are performed to study the stability of the lifetimes, by
comparing the results obtained using different subsets of the data in terms of magnet
polarity, data taking period, b-hadron and track kinematic variables, number of PVs in
the event and track multiplicity. In all cases, no trend is observed and all lifetimes are
compatible with the nominal results.

The majority of the systematic uncertainties described above can be propagated to the
lifetime ratio measurements in table 7. However, some of the uncertainties are correlated
between the individual lifetimes and cancel in the ratio. For the first set of ratios and
for AT'4/Ty, the systematic uncertainty from the VELO-reconstruction efficiency weights
and the LHCb length scale are considered as fully correlated. For the second set of ratios,
other systematic uncertainties, as indicated in table 5, cancel, since the ratio is formed
from lifetimes measured using the same decay mode. In contrast to the situation for the
measurement of the BY lifetime in the B® — J/ K*° mode, the BY production asymmetry
TE L RO since
terms like Ap cos(Amgt) do not cancel in the decay rates describing the decays of BY and

does lead to a systematic uncertainty on the measurement of Tgo_, ) g0 /

2Flavour-specific means that the final state is only accessible via the decay of a BEJS) meson and accessible

by a meson originally produced as a E?S) only via oscillation.

~16 —



B° mesons to Jfp K*0 and J/@/}F*O final states. The effect of candidates where the flavour,
via the particle identification of the decay products, has not been correctly assigned is
investigated and found to be negligible.

7 Results and conclusions

The measured b-hadron lifetimes are reported in table 6. All results are compatible with
existing world averages [13]. The reported TN Jjp A is smaller by approximately 20 than
a previous measurements from LHCb [8]. With the exception of the /18 — J/ib A channel,
these are the single most precise measurements of the b-hadron lifetimes. The BY meson
effective lifetime is measured using the same data set as used in ref. [47] for the measurement
of the BY meson mixing parameters and polarisation amplitudes in B?— J/) ¢ decays. The
B? meson effective lifetime computed from these quantities is compatible with the lifetime
reported in this paper and a combination of the two results is, therefore, inappropriate.
Table 7 reports the ratios of the BT, BY and A lifetimes to the BY lifetime measured in
the flavour-specific B® — J/i K*° channel. This decay mode provides a better normalisation
than the B? — J/ KQ channel due to the lower statistical uncertainty on the BY meson
lifetime and due to the fact that the B® — J/i K*0 lifetime only depends quadratically
on Al'y/T'y, as shown in eq. (7.1). The statistical and systematic uncertainties from
the absolute lifetime measurements are propagated to the ratios, taking into account
the correlations between the systematic uncertainties. All ratios are consistent with SM
predictions [15, 22-25, 30-32] and with previous measurements [13]. Furthermore, the

K
different from unity would indicate a violation of CPT invariance or, for B® — J/p K*°
decays, could also indicate that ATy is non-zero and B? — J/p K*0 is not 100% flavour-
specific. No deviation from unity of these ratios is observed.

The effective lifetimes of BY— JK*® and B — JAK? decays are used
to measure Al'y/Ty.  Flavour-specific final states such as B? — JaK*® have
Ai;j‘]/ VR 0, while Ai(lijj/ VRS _ cos(20) to a good approximation in the SM, where
B = arg [—(VeaV})/(ViaViy)] is one of the CKM unitarity triangle angles. Hence, the two

ratios 7+ /T, A /TZg and TBO_>J/¢K*O/T§04>J/¢—*O are reported. Measuring any of these

effective lifetimes can be expressed as

1 1
w=——">(1492), 7.1
TBO—.J /3 K*0 Fdl—yg( +va) (7.1)

1 1 (1 +2008(25)yd+y§)

1 7.2
TBO— J/pKY Cy1— yg 1+ cos(28)yq i

Using the effective lifetimes reported in table 6 and 8 = (21.575:2)° [13], a fit of AT and
Iy to the expressions in eq. (7.1) and eq. (7.2) leads to

Ly= 0.656+0.003+0.002ps ", (7.3)
ATy = —0.029 + 0.016 + 0.007 ps ™1,

where the first uncertainty is statistical and the second is systematic. The correlation
coefficient between AT'y and I'g is 0.43 when including statistical and systematic uncertainties.
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Lifetime Value [ps |

Tt gpit  1.637 £ 0.004 4 0.003
Tho o 1.524 + 0.006 + 0.004
Tooo ke 1499 £ 0.013 = 0.005
TAOS Jp A 1.415 £ 0.027 £ 0.006
Thosyws 1480 + 0.011 + 0.005

Table 6. Fit results for the B*, B%, BY mesons and Aj baryon lifetimes. The first uncertainty is
statistical and the second is systematic.

Ratio Value

TB+/TBOA>J/,¢}K*O 1.074 4+ 0.005 £ 0.003
TB(S)/TBO%JM,K*O 0.971 £ 0.009 + 0.004
TAg/TBO*}J/wK*O 0.929 + 0.018 4+ 0.004
TR+ /TB- 1.002 £ 0.004 4 0.002
TAg/TZQ 0.940 + 0.035 4+ 0.006
TBo_U/d,K*o/TEoHJ/wF*o 1.000 4+ 0.008 + 0.009

Table 7. Lifetime ratios for the B, BY, BY mesons and A) baryon. The first uncertainty is
statistical and the second is systematic.

The combination gives
ATy
d

= —0.044 + 0.025 £ 0.011, (7.5)

consistent with the SM expectation [14, 15] and the current world-average value [13].
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