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1 Introduction

The Standard Model (SM) predicts that only the C'P-odd heavy-mass eigenstate in the
BY — Bg pair decays into a di-muon final state [1, 2]. This exclusivity does not generally
hold when considering contributions Beyond the Standard Model (BSM) such as minimal
supersymmetric Standard Model extensions [3], that can potentially perturb the effective
lifetime in BY — uu decays. These perturbations can be significant also in absence of
measurable BSM effects on the BY — pu branching fraction (BR). The effective BY — upu
(B~ ) dt
B T TBA) =)t -
BY mesons and I'(Bs (t) — pu) = T(BY (t) = pp) +T(BY (t) — pp). In the SM hypothesis
T, coincides with the lifetime of the heavy BY eigenstate Tpu . The experimental average of
the B2-BY lifetimes and their difference [4] yields the prediction TE}YI = (1.624 £ 0.009) ps,
with new physics effects perturbing it at most by the difference between the heavy and
light eigenstate lifetimes (0.193 ps [4, 5]).

Previously, measurements of 7, (all largely consistent with the SM expectation) have
been published by the CMS [6, 7] and LHCb [8, 9] collaborations, in conjunction with
the latest results on the branching fractions BR (B? — uu) and BR (B? — uu). Experi-
mental results on these branching fractions have been published also by the ATLAS col-
laboration [10-12]. A combination of the 7,, measurements made by LHCb and CMS
collaborations on their 2011-2016 datasets has also been published [13].

The ATLAS experiment [14] at the LHC is a multipurpose particle detector with a
forward-backward symmetric cylindrical geometry and a near 47 coverage in solid angle.!

lifetime is defined as 7,,,, where t is the proper decay time of the B? and

'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 7 is defined as n = — In[tan(6/2)]
where 0 is the polar angle.



It consists of an inner tracking detector surrounded by a thin superconducting solenoid
providing a 2 T axial magnetic field, electromagnetic and hadron calorimeters, and a muon
spectrometer. The inner tracking detector covers the pseudorapidity range |n| < 2.5. It
consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy mea-
surements with high granularity. A steel/scintillator-tile hadron calorimeter covers the
central pseudorapidity range (|n| < 1.7). The endcap and forward regions are instru-
mented with LAr calorimeters for both the EM and hadronic energy measurements up to
In| = 4.9. The muon spectrometer surrounds the calorimeters and is based on three large
superconducting air-core toroidal magnets with eight coils each. The field integral of the
toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrom-
eter includes a system of precision tracking chambers and fast detectors for triggering. A
two-level trigger system is used to select events. The first-level trigger is implemented in
hardware and uses a subset of the detector information to accept events at a rate below
100 kHz. This is followed by a software-based trigger that reduces the accepted event rate to
1kHz on average depending on the data-taking conditions. An extensive software suite [15]
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.

2 Dataset and event selection

This analysis is based on the Run 2 data recorded in 2015 and 2016 from pp collisions at the
LHC at a center-of-mass energy of /s = 13 TeV. Data used in the analysis were recorded
during stable LHC beam periods. Data quality requirements were imposed, notably on
the performance of the muon spectrometer, inner detector and calorimeter systems [16].
The total integrated luminosity collected by ATLAS in this period is 36.2fb~! with an
uncertainty of 2.1%. These values are determined using a methodology similar to that
detailed in ref. [17], based on calibration of the luminosity scale using x—y beam-separation
scans, and use the LUCID-2 detector [18] for the baseline luminosity measurement.

The data and Monte Carlo (MC) samples used in this analysis are identical to those
of the ATLAS collaboration’s most recent publication on the B — upu Branching Ratios
(BR) [12], including the same per-event MC weights employed to correct data-MC discrep-
ancies.

Together with di-muon signal candidates, the B¥ — J/¢(— pTp~)K™* signal (ref-
erence channel) is employed in the study of the analysis’ systematic uncertainties. The
data employed is collected with triggers subject to time-dependent pre-scales [19], affecting
the signal and reference channel differently: accounting for these effects, the total effec-
tive integrated luminosity employed amounts to 26.3fb~! for (BY — pu) and 15.1fb~1! for
(B = J/¢(= ptu™)K™).

B meson candidates are reconstructed based on a decay vertex fitted to two or three
tracks for the signal and the reference channels respectively, depending on the decay process
to be reconstructed. The invariant mass of each B candidate is calculated using muon
trajectories measured by combining the information from the inner detector and the muon



spectrometer to improve upon the mass resolution obtained from inner detector information
only [20]. The coordinates of primary vertices are obtained from charged-particle tracks
constrained to the luminous region of the colliding beams in the transverse plane, after
excluding the tracks used in the signal candidates’ reconstruction. The matching of a B
candidate to a primary vertex is done by extrapolating the candidate trajectory to the point
of closest approach to the beam axis, and choosing the primary vertex with the smallest
separation along z. Ref. [12] verifies in simulation that this method matches the correct
vertex with a probability above 99% for all relevant pile-up? conditions. The BY — upu

candidate mass is obtained from the measured di-muon four-momentum, while its proper
Logym™

decay time is calculated as fu* u- = —po°—, where Ly, is the decay length projected

along the reconstructed BY momentum in the transverse plane, m}l;](?G the world averaged

mass of BY mesons from ref. [5] and p?g the magnitude of the candidate’s reconstructed
transverse momentum.

The same analysis selections as in ref. [12] are employed, including the same definition
for the invariant mass signal-dominated ([5166—5526] MeV) and background-dominated
([4766—5166] MeV and [5526—5966] MeV) sideband regions. Invariant mass fits are per-
formed in the [4766—5966] MeV range. As part of the event selection, the Boosted Decision
Tree (BDT) from ref. [12] is employed to discriminate signal from the very large back-
ground: this BDT relies on 15 physical input variables related either to isolation properties
of the B candidates and final state particles, or to topological and kinematic properties of
the B — pu decay (see ref. [12] for details).

The final event selection is simplified from multiple BDT output categories of ref. [12]

to a single one. The requirement is chosen optimising the signal significance \/;-YkiB in the
[5166—5526] MeV candidate invariant mass range. The optimisation procedure is based on
MC simulated events normalised to the SM expectation for the signal yield (S), and to
background in a looser-BDT control region for the background yield (B). The background
control region coincides with the bin 0 BDT requirement (> 0.1439) employed in the BR
analysis [12]. This requirement selects a background-dominated sample immediately next
to the signal-sensitive BDT region. The control region is employed exclusively in this
optimisation procedure.

The optimal BDT range is found to be [0.3650—1], corresponding to 49 signal and
27 background events expected — under the SM hypothesis — in the [5166—5526] MeV
candidates’ invariant mass range.

3 The effective lifetime measurement

After the event selection outlined in section 2, the invariant mass distribution of actual
data candidates is shown in figure 1. The superimposed five parameters invariant mass
fit is the result of an un-binned extended maximum likelihood fit to candidates in the
[4766—5966] MeV mass region. The fit includes three PDF models, identical to what was

2The pile-up is defined as the average number of pp collisions in the same bunch crossing.
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Figure 1. Invariant mass distribution of di-muon candidates passing the optimised BDT selection
in the 2015-2016 dataset. The linear background component (red) is consistent in shape with
simulations of di-muons originating from different b-quarks in pp — bb processes. The exponentially
falling background component (green) is instead consistent in shape with Same Side Same Vertex
(SSSV) decays, i.e. muons corresponding to particles produced from the decay of a single b or b
quark. The BY signal component is shown in blue.

The bottom panel reports the per-bin residuals, calculated as the difference between the top panel’s
data points and the black fit line.

used in the BR analysis [12] (which motivates the choice through MC studies). A double-
Gaussian is employed to model the B? — pu signal. The background model includes
an exponentially decaying component (to model same-side same-vertex (SSSV) B meson
decays, i.e. muon pairs originating from a single B meson decay) and a linear contribution
(to model the combinatorial background, i.e. random pairing of muons from bb decays).
The latter component has a free slope and is imposed to be zero whenever the linear model
would become negative. All yields and background shape parameters are unconstrained
in the fit. Consistently with ref. [12], the relative fraction, mean and width of the signal
Gaussian distributions are constrained to the fully simulated MC signal, within the detector
mass-scale (+£5MeV) and mass-resolution (£5%) uncertainties. Additional resonant and
non-resonant contributions are neglected in the fit model. The corresponding systematic
uncertainties are evaluated by comparing the measurement shift using simulations that
include these additional contributions, as explained in section 4. The fit yields 58 +13 (stat.
only) BY — pu signal events in the range [4766—5966] MeV.
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Figure 2. Signal proper decay time distribution extracted with the sPlot background subtraction
procedure applied to the invariant mass fit illustrated in figure 1. The superimposed signal MC
template is the result of the lifetime fit procedure discussed in the text. The uncertainties on
the data points are calculated as Poisson fluctuations on the MC yield prediction (continuous red
histogram) in the corresponding bin.

The proper decay time distribution in data is background-subtracted employing per-
event weights calculated according to the sPlot technique [21]: signal and backgrounds
weights are calculated from the result of the mass fit, yielding the background-subtracted
distribution shown in figure 2. The lifetime measurement is obtained by minimising the
binned x? between the data histogram and lifetime-dependent pure signal MC templates
extracted from MC simulated samples, as illustrated below in figure 3. The x? calculation
accounts for the statistical uncertainty on the weight-corrected MC as well as the Poisso-
nian uncertainty in each data bin as expected from the predicted MC content for that bin.
The MC templates, corresponding to different lifetimes, are generated as a function of the
fit parameter Tgubs by re-weighting each signal MC event by the signal true proper decay
time distribution. The evaluation of the 7, statistical sensitivity and of most systematic
uncertainties relies on MC pseudo-experiments. These are based on generating the events
in the phase space of di-muon mass and proper decay time, using analytical models for the
signal and background components. The mass parameterisation of each of these compo-
nents is consistent with the invariant mass fit, while the proper decay time distributions
are empirically modelled with an exponential function (weighted by an error function in
the case of the signal component) to take into account acceptance and efficiency effects.

Finally, the distributions are convoluted with a Gaussian Probability Density Function
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Figure 3. x? scan vs MC lifetime. The minimum of the scan (x?/NDOF = 7.7/11), located at
Tl?ubs = 0.99 ps, is used to determine the central value of the lifetime measured and is indicated by

the red vertical dashed arrow.

(PDFs), representing the time resolution. The parameters of these models are fixed ac-
cording to the signal and background components in MC simulated samples. The resulting
shapes are verified to be consistent with the signal and background distributions obtained
from data.

When extracting the B — pu lifetime, the bin width of the proper decay time his-
togram is chosen for simplicity to be constant. The analysis procedure is applied to MC
pseudo-experiments for different bin widths and fit ranges, choosing the optimal configu-

ration to reach the best statistical uncertainty on Tgubs. A closure test is performed on MC

pseudo-experiments generated at T/}Eue = E}YI, yielding a bias on TBPS of (82 +£4)fs. This
bias is verified to arise from the low-statistics regime of the fit. 7O is therefore redefined

it
as Tl?“bs — 82fs and taken as the central value for the measurement, with the uncertainty

estimated from a MC pseudo-experiments based Neyman construction [22]. As THT;“e is
varied in the range [TBSL,TBgl] a 15fs bias decrease is observed. This value is included as

systematic uncertainty due to the fit bias lifetime dependency (see section 4).

Figure 3 reports the y? scan as a function of Tl?“bs. The Ax? = 1 interval from this

curve would not result in a reliable estimation of the TEJDS statistical uncertainty with the
non-Gaussian estimator used for the measurement. This uncertainty is instead derived
from the Neyman CL band construction illustrated in figure 4. The x? minimum and the
Neyman belt construction yield T,%bs = 0.997032 (stat. only) ps. The imbalance between
positive and negative statistical uncertainties is already suggested by the asymmetry in

the x? scan of figure 3. The effect is further emphasised by the subtraction of the closure
test bias.
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Figure 4. 68% and 95% CL bands obtained with a Neyman construction based on MC pseudo-
experiments for the signal and background components. The yellow lines interpolate the band

boundaries in order to smooth the effects of limited number of MC pseudo-experiments used. The

dashed-dotted blue line corresponds to the average expected Tl?ﬂbs value at a given THTliue value. The

horizontal dashed black line corresponds to the experimentally observed value of TI?,PS = 0.99 ps,

yielding a 68% CL band of [0.92,1.41] ps (thick vertical dashed purple lines) and a 95% CL band of

[0.77,1.73] ps (thin vertical dashed purple lines). The same construction at the 79P% corresponding

pp
to TEZ‘“’ = E}YI yields [1.44,2.26] ps as 68% CL band.

4 Systematic uncertainties

Systematic uncertainties on 7, arise from fit-procedure assumptions, data-MC discrepan-
cies and neglected backgrounds. These effects are discussed in detail below and estimated,
unless otherwise specified, with the MC pseudo-experiments described above.

First, the fit procedure is based on a number of assumptions. The analytical mod-
els describing the SSSV and combinatorial backgrounds are replaced respectively with a
Gaussian tail and an exponential function, yielding average shifts of 22 fs and 14fs. A shift
of 60fs is observed when the number of SSSV background events is varied by +100% in
the simulation to account for normalisation assumptions. This variation is used without
any further refinement as it is quite small compared to the expected statistical uncertainty
although it is conservative with respect to the SSSV yield uncertainty (152 4+ 13 events
from the fit on data).

The sPlot re-weighting effectively subtracts the combinatorial background relying on
an admixture of data events above and below the signal peak invariant mass region. A
potential correlation between the background candidates’ proper decay time and invariant



mass is tested by repeating the fit and sPlot extraction of 7, on the same data, excluding
in turn the upper or the lower sidebands. The largest shift observed for these two options
is 56 fs and is taken as systematic uncertainty.

The nominal invariant mass fit does not take into account other b-hadron decays whose
presence is considered as a source of systematic uncertainty. Each of these contributions
is individually merged (in proportion to its expected SM yield after the analysis selection)
with the normal MC pseudo-experiments, and the average difference in measured lifetime
before and after this inclusion is measured for the semi-leptonic b-meson decays (2fs), the
two-body hadronic b-meson decays (3 fs), the inclusive BE decays (10fs) and the B® — upu
decays (16 fs).

The dominant data-MC systematic effect arises from the difference in vertex resolu-
tion between data and MC. This resolution tends to be underestimated in MC but is also
distributed differently for the signal and reference channels. The effect is therefore esti-
mated by measuring the BT — J/1 K7 lifetime on data and comparing the result against
the world-average experimental value [4]. The measurement is performed applying to the
reference channel the same fit procedure employed to extract 7,,. The average difference
between the result obtained on B* — J/9K?* data and MC pseudo-experiments is then
measured in bins of proper decay length resolution (or,,). A bin-by-bin weighted average
based on the proper decay length resolution distribution of the simulated B? — uu signal
is performed to take into account differences between signal and reference channels. The
final shift is found to be 134fs. Aside from topological differences between the reference
and signal channels, kinematical differences can also skew the measurement. The data/MC
ratio for the B¥ — J/¢K* signal di-muon pseudo-rapidity separation is applied to the
BY — pu signal, yielding an additional shift of 6fs. Uncertainties in the kinematic and
reconstruction corrections (detailed in ref. [12]) applied to MC candidates are accounted
for by repeating the measurement on MC pseudo-experiments with and without these
corrections applied, observing a combined shift of 65 fs.

In this analysis the MC proper decay time fit templates are derived with the assumption
that only the heavy BY mass eigenstate contributes to the decay, as predicted by the SM.
The systematic effect due to this assumption is already included in the 15fs systematic
uncertainty ascribed to the fit bias lifetime dependency.

All the systematic effects discussed above are conservatively symmetrised and then
combined in quadrature into an overall systematic uncertainty of 0.17ps, yielding the
ATLAS measurement of T/?Hbs = 0.9975:0% (stat.) + 0.17 (syst.) ps. The impact on 7, of
the different sources of systematic uncertainties described above is reported in table 1.

5 Conclusions

This paper presents the first ATLAS measurement of the B — pu effective lifetime, based
on a fraction of the experiment’s Run 2 dataset corresponding to 26.3fb~! of 13 TeV LHC

proton-proton collisions. The result obtained is T/?/fs = 0.9970:0% (stat.) £ 0.17 (syst.) ps. It

is consistent with the SM prediction TE}YI = (1.624 £ 0.009) ps [4] as well as with the other

available experimental results.



Uncertainty source ATE/ES [fs]
Data - MC discrepancies 134
SSSV lifetime model 60
Combinatorial lifetime model 56
B kinematic reweighting 55
B isolation reweighting 32
SSSV mass model 22
By background 16
Fit bias lifetime dependency and B? eigenstates admixture 15
Combinatorial mass model 14
Pileup reweighting 13
B, background 10
Muon A,, correction 6
B — hh' background 3
Muon reconstruction SF reweighting 2
Semileptonic background 2
Trigger reweighting 1
Total 174

Table 1. Summary of the systematic uncertainty contributions affecting the BY — pupu lifetime
measurement. The last line represents the sum in quadrature of all systematic effects.
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