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Abstract A measurement of the BY meson lifetime using
B? — J /¥ K*0 decays in data from 13 TeV proton—proton
collisions with an integrated luminosity of 140 fb~! recorded
by the ATLAS detector at the LHC is presented. The mea-
sured effective lifetime is

7 = 1.5053 £ 0.0012 (stat.) = 0.0035 (syst.) ps.

The average decay width extracted from the effective life-
time, using parameters from external sources, is
'y = 0.6639 % 0.0005 (stat.) £ 0.0016 (syst.)

+0.0038 (ext.) ps~!,
where the uncertainties are statistical, systematic and from
external sources. The earlier ATLAS measurement of I'y in
the B — J/¥¢ decay was used to derive a value for the
ratio of the average decay widths I'y and I’y for BY and BA?
mesons respectively, of

r
l"_d = 0.9905£0.0022 (stat.)£=0.0036 (syst.)£0.0057 (ext.).

N

The measured lifetime, average decay width and decay width
ratio are in agreement with theoretical predictions and with
measurements by other experiments. This measurement pro-
vides the most precise result of the effective lifetime of the
BY meson to date.
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1 Introduction

The lifetime, or equivalently the decay width, is one of the
fundamental properties of elementary particles, and hence
it represents an observable of primary phenomenological
importance. In particular, studies of b-hadron lifetimes can
test our understanding of the weak interaction. On the theoret-
ical side, lifetimes of b-hadrons can be computed systemati-
cally in the heavy-quark expansion (HQE) framework [1-8],
which permits b-hadron observables to be calculated through
perturbative expansion in powers of the reciprocal of the b-
quark mass, mj. The theoretical models typically provide
predictions of the ratios of b-hadron lifetimes, since these
can be obtained with higher accuracy than is possible for
the predictions of absolute lifetimes, due to HQE terms can-
celling out in the ratio. Lifetime differences among the b-
hadrons are almost entirely attributable to the corrections
for Pauli interference and weak annihilation, both of which
are enhanced by a relatively large phase space factor where
they enter the expansion at the term proportional to m;3 [9].
This term also includes the non-perturbative matrix of four-
quark operators, which was recently calculated [10] using
QCD sum rules [11,12] formulated in Heavy Quark Effec-
tive Theory (HQET) [13]. The largest contributions to the
total uncertainty in the lifetime ratio, as predicted with the
HQE, come from the hadronic matrix elements.

The effective lifetime 7o is related to the decay widths of
the light (L) and heavy (H) mass eigenstates of the BY— Bo
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Table 1 Theoretical predictions for the B® meson to B meson decay
width ratio

Model Ca/Ty
HQE [16] 1.003 £ 0.006
Lattice QCD [17] 1.00 +0.02

system via the following equation taken from Ref. [14]:

ey

11 (1+2Ay+y2>
TBO 5

:F_dl—y2 I+ Ay

where 'y = (I'L 4+ 'yg)/2 is the average decay width of
the two states, y = Al'y/(2Ty) = ('t — I'y)/(2Tg) is the
normalised width difference, and the asymmetry A depends
on the final state f through the following expression:

f f
A= Ry — Ry
f fr
Ry + Ry
Here the amplitudes R{ and R{[ are defined via the summed

decay rate of the members of the B® — BY system to the final
state f, as also given in Ref. [14]:

(T(B(1))) = T(B°(1)) + T'(B°(1))
= Rl exp (—=Tut) + R exp (~T'vL1).

Using the values of y and A from Ref. [15], inverting
Eq. (1) allows a measured value of I ; to be extracted. Its pre-
dicted valueis 'y = 0.63;"8'0171 ps_1 [16]. Theoretical uncer-
tainties largely cancel out in the decay width ratio I'y/ 'y,
where I’y is average B? meson decay width. Table 1 lists
the decay width ratios of BY and B? mesons as predicted by
the HQE model in Ref. [16] and the lattice QCD model in
Ref. [17].

Previous measurements of the B meson lifetime have
been reported by a variety of collaborations. For the LHC
experiments, these are ATLAS [18], LHCb [19,20] and
CMS [21]. The most recent result comes from Belle II [22].
Other measurements were performed by BaBar [23],
CDF [24], DO [25] and Belle [26].

This article reports a measurement of the effective lifetime
of the B® meson by the ATLAS experiment. Data amounting
to 140 fb~! of \/s = 13 TeV proton—proton (pp) collisions
were collected at the CERN Large Hadron Collider (LHC)
during the period 2015-2018. The B is identified using its
decay mode B — J/yK*9(892) with J/¢ — utpu~
and K*0(892) — Kz . Inclusion of conjugate modes is
implied unless noted otherwise. A combined analysis of the
mass and lifetime distributions is performed, where the mass
is used to improve discrimination between the signal and
background.

@ Springer

The average decay width I'y and the ratio of widths
4/ Ty, using the ATLAS-measured value of I'y [27], are
also determined in this analysis. Values of y and A used to
extract I'; are taken from Ref. [15].

2 ATLAS detector, data-taking conditions and
simulation

The ATLAS detector' [28] consists of three main compo-
nents: an inner detector (ID) tracking system immersed in
a 2 T axial magnetic field, electromagnetic and hadronic
calorimeters, and a muon spectrometer (MS). The ID cov-
ers the pseudorapidity range || < 2.5 and consists of sili-
con pixel, silicon microstrip, and transition radiation tracking
detectors [29]. The first point of detection is the insertable B-
layer at a radius of 3.3 cm from the beam line; the rest of the
pixel detector consists of 92 million pixels capable of mea-
suring the location of a hit to a precision of 10 wm [30,31]. It
is surrounded by the silicon microstrip detector, which con-
sists of 6 million microstrip sensors. The ID is surrounded
by a high-granularity liquid-argon (LAr) sampling electro-
magnetic calorimeter. A steel/scintillator tile calorimeter pro-
vides hadronic coverage in the central rapidity range. The
endcap and forward regions are equipped with LAr calorime-
ters for electromagnetic and hadronic measurements. The MS
surrounds the calorimeters. It comprises separate trigger and
high-precision tracking chambers measuring the deflection of
muons in a magnetic field generated by superconducting air-
core toroids. The field integral of the toroids ranges between
2.0 and 6.0 Tm across most of the detector. A set of preci-
sion chambers covers the region |n| < 2.7 with three layers of
monitored drift tubes, complemented by cathode strip cham-
bers in the forward region, where the background is highest.
The muon trigger system covers the range || < 2.4 with
resistive plate chambers in the barrel, and thin gap chambers
in the endcap regions. The luminosity is measured mainly
by the LUCID-2 [32] detector that records Cherenkov light
produced in the quartz windows of photomultipliers located
close to the beampipe.

Events are selected by the first-level trigger system imple-
mented in custom hardware, followed by selections made
by algorithms implemented in software in the high-level
trigger [33]. The first-level trigger accepts events from the
40 MHz bunch crossings at a rate below 100 kHz, which the

I ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point. The z-axis is along the beam pipe, the x-axis
points to the centre of the LHC ring, and the y-axis points upward.
Cylindrical coordinates (r, ¢) are used in the transverse plane, r being
the distance from the origin and ¢ being the azimuthal angle around
the beam pipe. The pseudorapidity n is defined as n = — In[tan(6/2)]
where 6 is the polar angle.
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high-level trigger further reduces in order to record complete
events to disk at about 1 kHz.

The data were collected during periods with different
instantaneous luminosities, so several triggers were used in
the analysis [34,35]. All triggers were based on the identifi-
cation of a J/y — puTu~ decay, with various muon trans-
verse momentum (pt) thresholds (usually 4 GeV, 6 GeV
and 11 GeV). The composition of the collected data shifts to
higher thresholds as the number of pp interactions per bunch
crossing (pile-up) increases. Data quality requirements are
imposed on the data, notably on the performance of the MS,
ID and calorimeter systems [36]. The measurement uses pp
collision data corresponding to an integrated luminosity of
140.1 + 1.2 fb~! [37], a value obtained by the LUCID-2
detector [32] for the primary luminosity measurements. An
extensive software suite [38] is used in data simulation, in
the reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition
systems of the experiment.

To model the B® — J /¢ K*0 decay in the ATLAS detec-
tor, a Monte Carlo (MC) simulated sample of signal events
was generated. These events were required to have at least
one pair of oppositely charged muons with pt > 3.5 GeV
and |n| < 2.6 to match the fiducial acceptance of the detec-
tor. Production of b-hadrons in pp collisions was simulated
using PYTHIA 8.244 [39], tuned to ATLAS data via the A14
set of tuned parameters [40], together with the CTEQG6L1 set
of parton distribution functions [41]. The MC events were
then passed through the ATLAS detector simulation program
based on the ATLFAST?2 procedure [42] using the GEANT4
package [43]. The same software as used for processing data
from the detector was also used to reconstruct the simulated
events. The MC events were weighted to reproduce the same
pile-up, and the same trigger conditions as in the data, includ-
ing the pre-scale factors” applied in data-taking.

3 Event reconstruction and selection

Events are first required to pass the trigger selections
described in Sect. 2. In addition, each event must contain
at least one reconstructed primary vertex [44], formed from
at least four ID tracks, and at least one pair of oppositely
charged muon candidates that are reconstructed using infor-
mation from the MS and the ID. The muons used in the
analysis are required to meet the Tight working point iden-
tification criteria [45]. The oppositely charged muon pairs
are re-fitted to a common vertex (using ID track parameters
only), and the pair is accepted if the quality of the fit meets
the requirement x2/ndof < 10 for its reduced x 2 value. Here,

2 A pre-scale factor defines the fraction of events that are kept from all
those that would have passed the trigger requirements.

ndof represents the number of degrees of freedom. Addition-
ally, the J /¢ mass, extracted in the fit, must lie within arange
selected to retain 99.7% of the J /¢ candidates identified in
the fits. The size of the chosen range depends on the pseudo-
rapidity of the muons. The K* — K*+7~ decay candidates
are reconstructed from all tracks that are not identified as
muons from the J/y decay. The oppositely charged tracks
are reconstructed under both the K** and K*° hypotheses,
and the hypothesis giving an invariant mass closer to the
world average value for the K* meson is selected. Selected
tracks satisfying pr(K1) > 1 GeV, pr(z~) > 0.5 GeV
and |5| < 2.5 are used, and the K*0 — K+~ candidate is
required to satisfy pr(K*”) > 3.5 GeV and lie in the range
846 MeV < m(KTm™) < 946 MeV.

Each combination of the selected J/¥ — pTu~™ and
K* — Ktx~ candidates is fitted to a common vertex,
forming the B — J/¥ K*° candidates. The vertex fit is
constrained by fixing the invariant mass of the two muon
tracks to the world average value of the J /v mass [46]. The
B? — J/y K*0 candidates that fulfil a x2/ndof < 3 condi-
tion are accepted for further analysis. The BY candidate with
the lowest x2/ndof is selected in events with more than one
candidate meeting the criteria. In total, 10 559 554 BY can-
didates are selected within the mass range 5.00-5.65 GeV.
This range is chosen so that the sidebands of the mass dis-
tribution have enough background events to allow a precise
determination of their properties.

The mean number of pp interactions per bunch crossing
is 31, so it is necessary to choose the best candidate for the
primary vertex at which the B® meson is produced. Primary
vertex (PV) positions are recalculated after removing any
tracks used in the B® meson reconstruction. The PV candi-
date with the smallest three-dimensional impact parameter,
ap (the minimum distance between each PV candidate and
the line extrapolated from the reconstructed B® meson ver-
tex in the direction of the B momentum), is used. For each
BY meson candidate, the proper decay time ¢ is determined
using:

L VA
t = ng’ 2)

PTp

where pr; is the reconstructed transverse momentum of the
B meson candidate and m, denotes the mass of the B®
meson, taken from Ref. [46]. The transverse decay length,
Ly, is the distance in the transverse plane from the primary
vertex to the B” meson decay vertex, projected onto the direc-
tion of the B® transverse momentum.

@ Springer
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4 Maximum-likelihood fit

The lifetime of the B® meson is extracted from a two-
dimensional unbinned maximum-likelihood fit describing
both signal and background. The signal model describes the
BY — J/yK*0 decay events. The background model is
composed of two contributions. The first one, referred to as
‘prompt’ background, corresponds to cases where the J /v
meson coming from the pp — J /v X production process is
combined with a random K*¥ candidate in the same event.
The other contribution, referred to as ‘combinatorial’ back-
ground, is formed of events where a J /¢ meson produced in
the decay of any h-hadron is combined with a K* candidate.

The mass and proper decay time are simultaneously fitted
using the log-likelihood function:

N
InL =" wt)In[ figMiig(m)Tsig(ti. 07, pr,)
i=1
+ (1 — fsig) Mokg (mi)Tokg (ti, 07,5 PT)],

where fiig is the fraction of signal events in the total num-
ber of events, N. The B — J/y K*0 decay is described
by the mass probability density function (PDF) M;e multi-
plied by the time PDF 7;,. The prompt and combinatorial
backgrounds are modelled by the mass and lifetime PDFs
Mok and Tpke. The mass m;, the proper decay time #;, its
uncertainty oy, and the B candidate transverse momentum
pr, are the values measured from the data for each event i.
The weight w(t;), as defined by Eq. (6) in Sect. 5, accounts
for the selection efficiency.

4.1 The invariant mass PDFs

The Mz and Mpkg PDFs model the B signal and back-
ground mass shapes, respectively, in the fitted mass range.
For the signal, the mass is modelled with a Johnson Sy -
distribution [47]:

)
I\ 1 (it

| . 2
X exp |:—§ (V + 8 sinh™! (m,)\_,u)) :| ,

where w, y, § and A are free parameters. For the background,
the mass distribution is modelled by the sum of a polynomial
and a sigmoid function:

Msig(mi) =

Mokg(mi) = fpoty(1 + po - mi) + (1 — fpoly)

M smi —mo)
V14 (s(mi —mo))? )

@ Springer

where f},01y describes the relative size of the two components
and mg, s and po are parameters of the PDF. Here the sig-
moid function was added to better describe the background
contribution from partially reconstructed B mesons in the
lower-mass sideband.

4.2 The proper decay time PDFs

The PDF describing the proper decay time for each event i
is composed of two terms:

T, 04, p1;) = Pj(tiloy;, p1,) - Cjloy, pr;), “4)

where j € (sig, bkg) stands for signal or background, respec-
tively. In each term P; the function describing the proper
decay time behaviour of component j is convolved with the
proper decay time resolution function in order to account for
the proper decay time uncertainty. The resolution function is
modelled as a sum of three Gaussian distributions:

’ 2
_ e —( —1)
R —ti00) = Z res J_S(k) o P <2(5<k> o)2)

The scale factors S*) are free parameters of the fit. The value
of oy, is the per-candidate uncertainty in #;, extracted from
the vertex fit performed for the B® — J /4 K*° candidate,
described in Sect. 3. The parameters fr(eks) represent the rel-
ative contribution of each Gaussian function and fulfil the
normalization condition ) frg;) =1.

The signal proper decay time distribution of the B signal
candidates is modelled as an exponential function
Py (tiloy,, p1;) = E(t', 10) @ R(t" — 13, 0,),
where E(f, tp0) = (1/tg0) exp(—t/tpo) for t > 0, with the
parameter 7o standing for the B lifetime.

The proper decay time PDF for the background candi-
dates, Ppkg, consists of two parts. One part accounts for the
prompt background and consists of the resolution function
R only. The other part accounts for the combinatorial back-
ground and consists of a sum of three exponential functions,
each convolved with the resolution function R. In summary,
the background proper decay time PDF takes the form:

Pbkg(ti loy;, pT;) = (fprompt - 8Dirac (1) + (1 — fprompt)

k—1

> b [Ja-bECE, rbkgk>> ® R(t' — 1, 07,).
k=1 =1
5)

Here the Thkg, are different lifetimes describing three compo-
nents of the combinatorial background; the parameters b; are
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the relative fractions of these three background components,
and fprompt is the prompt component’s fraction. Parameters
Thkg, » Sprompt and two of the b; are free in the fit; b3 = 1 by
definition.

The probability terms C;(oy;, pt;) in Eq. (4) are two-
dimensional distributions introduced to describe the differ-
ence between signal and background for the per-candidate
time uncertainty o;, and pr, values, respectively [48]. The
distributions of oy, for signal and background are extracted
from the data using the s Plot technique [49] with the B°
candidate mass as the discriminating variable.

5 Efficiencies and corrections

The trigger, offline reconstruction, and event selection cri-
teria bias the reconstructed proper-decay time distribution.
These effects are estimated using signal MC events. The trig-
gers used in this analysis impose no lower threshold on either
the transverse impact parameter dy of each muon or on the
displacement of the J /¢ vertex. The same is true for the
offline tracking and event selections. On the other hand, both
the trigger and offline tracking impose an upper limit on |dp]|,
namely |dy| < 10 mm, for all four final-state tracks from a
B? — J/y K*0 decay. This results in inefficiency at large
values of the proper decay time.

To study inefficiency effects, the signal MC events gen-
erated in the fiducial volume of the ATLAS detector, with
no selection applied to the final-state particles from B —
J/yK* decays, are used. Subsequently, these events are
passed through a simulation of the detector response and
triggers, followed by offline tracking and vertexing algo-
rithms. This procedure includes magnetic field simulation,
tracking efficiency calibration, and trigger pre-scale emula-
tions to ensure a consistency with data. Finally, the event
selection criteria listed in Sect. 3 are applied. The B proper
decay time distributions obtained before and after the whole
chain are used to estimate time inefficiencies for each year
of data-taking. To account for these inefficiencies in the fit,
each event i is weighted by a factor w;, which is inversely
proportional to the time efficiency function and is defined as:

L/w;i(t) = po - [1 — p1 - (Erf((t — p3)/p2) + D] (6)

Here ‘Erf’ denotes the error function, and the values of
parameters pg, p1, p2 and p3 are determined in the fit to the
MC events. The fit is applied individually for each year, due
to their different trigger and data-taking conditions. Since the
analysis is not sensitive to the absolute value of the efficiency,
only corrections to the shape of the time efficiency functions
are applied. Thus the overall normalisation parameter pg is
chosen to have a weight equal to unity on average for each

Table 2 Summary of systematic uncertainties assigned to the value of
the BY lifetime

Source of uncertainty Systematic uncertainty [ps]

ID alignment 0.00108
Choice of mass window 0.00104
Time efficiency 0.00135
Best-candidate selection 0.00041
Mass fit model 0.00152
Mass-time correlation 0.00229
Proper decay time fit model 0.00010
Conditional probability model 0.00070
Fit model test with pseudo-experiments 0.00002
Total 0.0035

year of data-taking. The systematic uncertainties associated
with the time efficiency determination and its application in
data correction are explained in the Sect. 6 and included in
the systematic uncertainties of the measurement.

6 Systematic uncertainties

The systematic uncertainties in the B lifetime arise from
several sources. The uncertainties are estimated from com-
parisons of nominal and modified fit results and from
observed fit biases in modified pseudo-experiments. The sta-
tistical uncertainty of the default fit is oy, = 0.0012 ps. A
summary of all sources of uncertainty that contribute to the
analysis is presented in Table 2, where the total systematic
uncertainty is obtained by adding all of the contributions in
quadrature. Each of the systematic uncertainties is described
below.

e Inner detector alignment: Effects due to the ATLAS
ID misalignment are dominated by the global length
scale biases. These are characterised by detector geome-
try distortions along the track trajectory and affect both
the radial and longitudinal directions, causing biases
to the measured transverse and longitudinal momenta
[50]. This effect manifests itself as a shift in the recon-
structed invariant mass of known resonances. ATLAS
determined that the global length bias equally affects both
radius and length of detector leading to momenta biases:
pr = pr(l + €) and p, = p,(1 + €), where € is a
scale factor. On the basis of J/¥ — uT ™ events the
scale €, = —0.085% has been determined. The value is
consistent with the one extracted for Z — p ™ in the
same paper [50].

In this analysis the tracks forming the B® candidate ver-
tex are re-fitted with the J /4 candidate mass constrained

@ Springer
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to the world average value, effectively removing the mis-
alignment effect from the data. The impact of the ID mis-
alignment in the lifetime determination is estimated by
performing an alternative fit, where the tracks forming
the B® meson vertex are re-fitted without constraining
the J /¢ mass to its world average value. It is worth not-
ing that the measurement of the momentum bias, using
invariant mass of resonances [50], involving radial and
longitudinal scale length biases, also includes momen-
tum biases due to magnetic field distortions. The proper
decay time in this analysis is calculated using the ratio of
Lyy and pr, with Eq. (2). The value of Ly, is sensitive
to the radial length scale bias in the same way as pr,,
while Ly is not sensitive to the magnetic field distortions.
So in the proper decay time, the misalignment effects
only partially cancel. To follow a conservative approach,
the alternative fit without a J/y mass constraint was
performed and compared to the default fit that includes
J /¥ constraint, resulting in a difference 0.90, of the
BO lifetimes, which is included into systematic uncer-
tainty due to misalignment. Additionally, to account for
the momentum scale bias affecting low-pr hadrons, the
pr values of hadrons from the K*0 decay are altered by
—0.085% [50]. The difference of lifetimes between this
alternative fit and the default one is conservatively taken
as a systematic uncertainty associated with the momen-
tum bias of the low- pt hadrons due to ID misalignment.
The two effects have been symmetrised and summed in
quadrature, giving the value of 1.00yy¢, that serves as an
estimate for the total systematic uncertainty due to ID
misalignment.

Choice of mass window: The sensitivity of the lifetime
fit to the chosen B® mass window is estimated by choos-
ing other intervals as alternatives to the default mass
range of 5000-5650 MeV. Several other intervals are
studied, varying the mass range limits by 20 MeV or
440 MeV. The largest deviation of the alternative fit life-
times from the default value, 0.904,¢, is taken as an esti-
mate of this systematic uncertainty.

Choice of primary vertex: As mentioned in Sect. 3,
among the multiple primary vertices typically found in
an event, the PV with the smallest ag is chosen by default.
An alternative approach is to use the PV with the high-
est sum of the squares of the constituent tracks’ trans-
verse momenta, p%. The difference between the B°
fitted lifetimes obtained using the default and alternative
approaches is negligibly small compared to the statisti-
cal uncertainty of the fit. The small difference is due to
the fact that the PV position resolution in the transverse
plane is same as the beam-spot size. A PV position differ-
ence in the z-direction is not relevant, since the lifetime
is extracted in the transverse plane, as defined in Eq. (2).

@ Springer

e Time efficiency: Time efficiency curves are used to cor-

rect for the proper decay time dependence of reconstruc-
tion, trigger and candidate selection inefficiencies. They
are built with information from MC events, as is described
in Sect. 5. Two alternative time efficiency functions are
obtained by replacing the error function in Eq. (6) with
either a hyperbolic tangent function or (x4 1)1/, The
larger of the changes in the fitted lifetime, of size 0.60%4t,
is taken as a systematic uncertainty. To account for poten-
tial systematic effects due to the limited MC sample size,
a large number of alternative time efficiency functions
are obtained by smearing the number of MC events in
the time bins used to determine the time efficiency func-
tion. These functions are then used to rerun the unbinned
maximum-likelihood fit on the data. The set of these fit
results is characterized by its mean value and standard
deviation, and these contribute a systematic uncertainty
of 0.80ga¢. An alternative fit using data events satisfy-
ing the requirement ¢ < 8 ps, where the efficiency is
almost constant, is performed to validate the modelling
of the efficiency dependence on the lifetime for high life-
times, where the efficiency decrease is large. This system-
atic test examines associated effects, such as modelling
of tracking efficiencies, triggers, variations in the mag-
netic field, and provides a conservative estimate of their
uncertainties. The systematic uncertainty derived from
this test is 0.50t,. Choosing a somewhat different upper
requirement on ¢ has minimal impact on the test results.
Another test is performed by building alternative time
efficiency functions based on a signal MC with helicity
angles shaped according to full PDF of B® — J /v K*0
measured by LHCD [51]. The resulting lifetime is identi-
cal with the default one within 0.30,¢. All contributions
to the systematic uncertainty associated with the time
efficiency are added in quadrature.

Best-candidate selection: 90% of events that meet all
the selection criteria (listed in Sect. 3) contain just one
B? meson candidate. The others have 2.1 candidates on
average. These were all found to share the same J /v in
their event. Only the candidate with the lowest x2/ndof
in the event is retained for the analysis. The systematic
uncertainty due to candidate selection is estimated by
applying an alternative time efficiency curve calculated
from MC events by using the true generated candidates
instead of the lowest x2/ndof candidate. The systematic
uncertainty estimated from this test is 0.30 . Both effi-
ciency functions, based on different candidate selection
criteria, were validated on signal MC events, reproduc-
ing the lifetime value with a precision well below the
statistical uncertainty.

Mass fit model: To estimate how mismodelling of
the mass distribution affects the fitted B° lifetime,
three contributions are considered. The first contribu-
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tion comes from kinematic reflections, where one of the
tracks is either misidentified as another particle or com-
pletely missing. The MC simulation is used to model
the shapes of the kinematic reflections, and four chan-
nels that are non negligible, BT — J /YK +, BA? —
J/WKK-7t), B® — J/yKTK~ and B® —
J/Wp (™) (with intermediate ¢ and p° resonances
accounted for in the last two channels), are included
in the fit to data with freely floating relative fractions,
while the lifetimes are shaped same as the combina-
torial background. Contributions of the various chan-
nels are included either individually or together. These
alternative fits result in the B lifetime values that dif-
fer from the nominal one by up to 1.00gy. For the
B? — J/YK*0(K ") decay contribution, the signal-
like lifetime model was also tested by fixing the lifetime
to the B? flavor-specific world average value [46], pro-
ducing results consistent with the fit that modeled the life-
time distribution as the combinatorial background across
all four channels. Other channels like A, — J/¥ Kp,
Ay — J/YAY and A, — J/yYpm~ are found to be
negligible. The resulting deviation from the default fit’s
BV lifetime value is used as a systematic uncertainty. Sec-
ondly, the signal mass is tested by running alternative fits
with different signal mass models, where the Johnson Sy -
distribution in Eq. (3) is replaced by a double-sided Crys-
tal Ball distribution [52] or Student’s #-distribution [53].
The maximum deviation from the default fit is included in
the systematic uncertainty. Lastly, the systematic uncer-
tainty from the choice of background mass PDF is esti-
mated by using alternative functions where the sigmoid
component of Eq. (3) is replaced by either an arctan func-
tion or (1 + |s(m; —mo)|) L. Systematic deviations from
all the variations described above, added in quadrature
give a systematic error of 1.30 and they are included
in the total systematic uncertainty.

Mass-time correlation: The correlations between the
invariant mass and the pseudo-proper decay time, and
their potential impact on the fit results, is studied. For
the signal events the MC simulation shows a negligible
correlation between these two variables. A data driven
method is used for background events, the mass-sideband
regions 5.000 GeV < mp < 5.100 GeV (left) and
5.450 GeV < mp < 5.650 GeV (right) are divided
into six bins of equal size of 50 MeV. Then using the
lifetime background description of the default PDF func-
tion, Eq. (5), the component fractions fprompt, b1, and by
are determined through likelihood fits for each of the six
mass bins. These values are found to be linearly depen-
dent on the mass. An alternative PDF is then constructed
in the mass-lifetime fit with fprompt(m;) = a + b(m; —
5.279 GeV), bi(m;) = ¢ + di(m; —5.279 GeV) and
by(m;) = ¢y +dr(m; — 5.279 GeV), where a, b, ¢y, di,

¢z and d» are free parameters of the fit. These are found to
be consistent with the linear dependency observed in the
mass-sideband bins. This alternative fit results in the B°
lifetime value, thatis by 1.90, different from the default
one. This difference is taken as a systematic uncertainty
of the fit due to mass-time correlation.

Proper decay time fit model: The proper decay time
resolution model is a sum of three Gaussian distributions
with a common mean at zero and freely floating relative
fractions. Alternative resolution models employing two
or four Gaussian functions were evaluated. The impact of
choosing the three-Gaussian resolution model instead of
an alternative one is treated as a systematic uncertainty.
The decay time probability density function for back-
ground events is constructed by combining three expo-
nential functions. The use of this model is validated by
examining events gathered from the invariant mass side-
bands. An alternative model with four exponential func-
tions was tested, resulting in negligible systematic uncer-
tainty.

Conditional probability model: The probability terms
Cj(oy;, pr1;) in Eq. (4) are two-dimensional distributions
introduced to describe differences between signal and
background events with regard to their per-candidate time
uncertainties o, and pr, values. One source of systematic
uncertainty is the binning choice. Another source is the
choice of method used to smooth the binned distribution.
The default model uses a kernel smoothing method based
on Gaussian smearing with variable width to cope with
zero-content bins, and additional interpolation between
bins is performed as a systematic test. The systematic
uncertainty in the B lifetime from these sources is eval-
uated as the maximum deviation from the nominal fit
result when combining the variations described above,
and is found to be 0.50,¢. An additional test was con-
ducted to assess the impact of using Punzi distributions
derived from the same dataset, where the dataset was
split into halves and a Punzi distribution was extracted
from the second half. The observed difference of 0.3,
between the fit results using the Punzi distribution from
the original dataset and the one from the second half
is incorporated into the total systematic uncertainty in
quadrature.

Fit model test with pseudo-experiments: The fit model
can be sensitive to some of the nuisance parameters (e.g.
parameters modelling the mass and background lifetime
distribution shapes), which could potentially lead to a
bias in the measured physics parameters, even if the
model describes the fitted data well. The nominal fit
model, with its parameter values extracted from the fit
to data, was used to generate an ensemble of pseudo-
experiments, which were subsequently fitted with the
same model. The mean deviation of the B lifetime val-
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Fig. 1 a Invariant mass fit projection and proper decay time fit pro-
jection for the B — J /% K* sample shown in two different proper
decay time ranges: b t € (—0.5; 1.0) psand ¢ # € (1; 20) ps. The solid
blue line shows the total fit while the short-dashed red line shows the
signal. The sum of prompt and combinatorial backgrounds in the mass
fit projection is represented by the dash-dotted grey line. The lifetime
projections show the prompt background as a dash-dotted grey line and

ues extracted from the pseudo-experiment fits is assigned
as a systematic uncertainty.

Various tests are done to confirm the stability of the results
across trigger selections and B? candidate pr range. The data
sample is divided according to three categories of triggers,
based on the muon pr thresholds used in the trigger algo-
rithms. Additionally, three subsamples are created by split-
ting into three pt ranges with similar data statistics. In both
cases, the resulting BY lifetime value remains consistent with
the full dataset fit.

@ Springer
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(©

the combinatorial background as a long-dashed black line. The lower
panel of each figure shows the ratio of each data point to the total fitted
value. The green band in the ratio plot represents the envelope of model
variations included in the systematic uncertainty, while the bars on the
data points indicate statistical uncertainties. In subfigure ¢, the model
variation band is too small to be visible

The systematic uncertainties listed in Table 2 are treated
as uncorrelated and thus added in quadrature.
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Run 2 Total uncertainty 1.5053 + 0.0012 (stat.) + 0.0035 (syst.)
o= Fitted value with stat. uncertainty
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Fig. 2 The fitted values of the B lifetime, measured with B® —
J/w K*0 decays, for the 2015+2016, 2017 and 2018 subsamples com-
pared to the value for the whole sample. The B lifetime value for each
subsample is shown by a black point, with the error bar indicating the
statistical uncertainty

7 Results
7.1 BO lifetime result

The BY effective lifetime value measured with a total of
2450500 4 2400 B signal events? is found to be

0 = 1.5053 + 0.0012 (stat.) & 0.0035 (syst.) ps. 7

The invariant mass and lifetime projections of the two-
dimensional maximum-likelihood fit are shown in Fig. 1.
The lower panels show the ratio of each data point to the
fitted value and, for the top figure only, a band that repre-
sents the envelope of mass fit model variations included in
the systematic uncertainty.

As a consistency and stability test, the B lifetime value
was fitted separately for each data-taking period (2015+2016,
2017 and 2018). Figure 2 shows the degree of stability over
time. The p-value for consistency of the three individual
results, accounting for statistical uncertainties only, is 0.038.

7.2 Determination of the B® average decay width I'; and
the ratio 'y / 'y

Equation (1) is used to extract the average decay width
I'y from the measured effective lifetime tzo0. The value of
2y = AT'y/ Ty = 0.001 £+ 0.010 is taken from the com-
bination of measurements by HFLAV [15]. The production
rate asymmetry A = —0.578 £ 0.136 is calculated from the
polarization amplitudes [15]. Using the values of y, A and

3 The number of signal events is calculated from the total number of
event candidates and the signal fraction value of 0.23175 £ 0.00022
obtained by the fit.

the fitted BO lifetime, the average decay width is

Ty = 0.6639 =+ 0.0005 (stat.) & 0.0016 (syst.)
4+0.0038 (ext.) ps~ .

The uncertainty originating from the external HFLAV uncer-
tainties (denoted ‘ext.”) is given separately. It is calculated
from the uncertainties in the values of y and A, and it domi-
nates the overall uncertainty.

The ratio of the average decay widths of the BY and
B? mesons, ['y/ s, is another quantity of interest in this
analysis. The average decay width I'y was measured previ-
ously by the ATLAS Collaboration [27] as I’y = 0.6703 £+
0.0014 (stat.) £ 0.0018 (syst.) ps_l. The resulting ratio is

r
F_d = 0.9905£0.0022 (stat.)£0.0036 (syst.)£0.0057 (ext.),
N

where the statistical, systematic and external uncertainties
are propagated from the quantities above. In the ratio 'y / 'y
the systematic uncertainties of the ATLAS measurements of
7o and I'y primarily come from different sources. They are
therefore treated as uncorrelated and can simply be added in
quadrature.

7.3 Comparison with other measurements and theory
predictions

A comparison of the current B lifetime result with the latest
and most precise results from other experiments is shown
in Fig. 3. This result is compatible with most of the other
measurements. In the case of LHCb, three precise measure-
ments are quoted, each of them in a different channel. The
one in the B — J/ ng channel agrees with the ATLAS
result. In each of the following comparisons, the quantity o
is estimated by combining the uncertainties from ATLAS
and the other source. Thus, the other two LHCb results
have lifetimes larger than the current ATLAS value by 2.30
in B - J/yK** and 1.50 in B — K*n~. The lat-
est world average measured value, published in 2024, is
1.517 4 0.004 ps [46], which differs from this measurement
by 2.10. This value includes all results obtained in the history
of BY lifetime measurements.

Compared to the previous ATLAS measurement [18] at
/s = 7 TeV, the new ATLAS measurement reduces the
systematic uncertainty by a factor of 4.7. Although the pre-
vious measurement was based on B — J/y K, which
typically has larger systematic uncertainties because of the
longer-lived K g , much of the improvement comes from the
insertable B-layer installed in ATLAS after Run 1, which pro-
vides more precise vertexing and hence better time resolu-
tion. Furthermore, better ID alignment in Run 2 than in Run 1
allowed the related systematic uncertainties to be reduced. In
addition, the larger dataset recorded in Run 2 allowed more
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[ Statistical uncertainty
[ Systematic uncertainty

ATLAS B’— Jiy K™ 140 fo'@13 Tev
1.5053 £ 0.0012 (stat.) £ 0.0035 (syst.)
ATLAS B’ J/y K?. 4.9 b @7 Tev
1.509 + 0.012 (stat.) + 0.018 (syst.)

LHCb B’— Jy K™, 1 fb''@7 Tev

1.524 + 0.006 (stat.) + 0.004 (syst.)

LHCb B"— J/y K. 1 b @7 Tev

1.499 + 0.013 (stat.) + 0.005 (syst.)

LHCb B> K, 1 v\ @7 Tev

1.524 + 0.011 (stat.) £ 0.004 (syst.)

1.515 £ 0.005 (stat.) £ 0.006 (syst.)
DO B’ D'y, X, 104 b @1.96 Tev
1.534 £ 0.019 (stat.) £ 0.021 (syst.)

1.507 + 0.010 (stat.) = 0.008 (syst.)
Belle 11 B> D" K"/n*, 190 fo' @Y (4S)
1.499 + 0.013 (stat.) + 0.008 (syst.)

BaBar B’»D 1° v, 81 fb @Y (49)

1504 +0.013 (stat.) '7'¥ (syst.)
Belle multiple channels, 140 fo'@y (4S)
1.534 £ 0.008 (stat.) £ 0.010 (syst.)

== Mecasurement with total uncertainty

CMS B'— Ty K™, B"— J/y K. 19.7 fb @8 Tev

CDF B’ Jhy K™, B> Jhy K. 43 b @196 Tev

ATLAS

Fig. 3 A comparison of the current ATLAS result for the B lifetime
with the previous ATLAS result [18] in the B — J/ v,ﬁKg channel,
and with those from other experiments. For the LHC, there are two
measurements by LHCb [19] in B® — J/¢K*® and B — J/y K2
decays, another LHCb result [20] in the BY — K*7~ channel, and
the CMS [21] combined result for B — J /% K*0 and B — J/ng
decays. Other contributions come from the Tevatron experiments: from
DO [25]inthe B — D~ u* v, channel, and from CDF [24] with a com-

precise modelling of the decays and a decrease in related
uncertainties.

The ATLAS T’ value extracted from this B lifetime mea-
surement is compatible with the HQE theory prediction of
0.63f8'(;71 ps_1 [16] within 0.30, where the uncertainty o
is estimated by combining the uncertainty of this result and
the uncertainty given in Ref. [16]. The ATLAS result for
I'y/ Ty is compatible with the theory predictions of HQE
and lattice QCD models [16,17] (see also Table 1) within
1.30 and 0.40, respectively, and with the experimental aver-
age (1.001 £ 0.004) [15] within 1.30, where the respective
o values are estimated by combining the uncertainties from
the ATLAS measurements and the other sources.
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1.56
©(B") [ps]
bined result for B® — J/y K*® and B — J/¢ K. From e*e™ col-
liders, the leading result from Belle II [22] in the B® — D™~ K+ /z+
channel and the result from BaBar [23] in the B — D*~¢T v, channel
are shown. The last measurement presented is a combination of multiple
channels, performed by the Belle experiment [26]. This combination
includes measurements from the following decays: B® — D*~ ¢+,
B - D*xt B® - Dzt B - D*pt, BO — J/yK*0,
B — J/y K

8 Conclusions

This paper presents a measurement of the B? effective life-
time and the average decay width 'y using B® — J/y K*°
events reconstructed from a 140 fb~! data sample of pp
collisions collected with the ATLAS detector during the
/s = 13 TeV LHC run. The B effective lifetime is mea-
suredtobe tg0 = 1.5053 +0.0012 (stat.) £ 0.0035 (syst.) ps.
This ATLAS result is compatible with other experimental
measurements and is the most precise measurement to date.
The measured average decay width of the heavy and light
BY mass eigenstates is I'ly = 0.6639 £ 0.0005 (stat.)
0.0016 (syst.) & 0.0038 (ext.) ps~'. This value is in good
agreement with the theory prediction. The measured average
decay width I'; is combined with the average decay width I'
measured previously by ATLAS to obtain theratio 'y / I’y =
0.9905 £0.0022 (stat.) £0.0036 (syst.) =0.0057 (ext.). This
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result is compatible with the theory predictions from HQE
and lattice QCD calculations, as well as with the experimen-
tal average.
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