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1 Introduction

Measurements of B? — B? mixing parameters are powerful tests of the Standard Model
(SM) of particle physics. The B? and BY flavour eigenstates can be expressed as linear
combinations of the heavy (H) and light (L) mass eigenstates. The decay-width difference,
ATy = I'y, — 'y, is predicted to be in the range (7.6-9.2) x 1072 ps~! depending on the
choice of the renormalisation scheme [1-4]. Experimentally, the golden channel for the
measurement of the B — BY mixing parameters is the decay B? — J/b¢ since it gives a
clean experimental signature and is relatively abundant. Measurements of AI'y using the
BY — Jj)p¢ decay have been reported by the ATLAS [5], CMS [6] and LHCb [7] collaborations.
Though precise, these measurements are in tension with one another, which results in a
large scale factor on the AI'y uncertainty in the HFLAV average [8].! This has motivated
independent measurements in other decay modes such as Bg — J/YKTK~ above the ¢
mass region [9], and BY — (25)¢ [10].

The formalism used in this analysis is similar to that proposed in ref. [11] to measure the
BY mixing phase, ¢s. The small value of ¢5 measured experimentally means that CP-even
modes determine the light mass eigenstate lifetime (71, = 1/I'1,) while CP-odd modes measure
the heavy mass eigenstate lifetime (rgq = 1/T'g), within 0.2fs™% [11]. Thus, ATy can be
determined from the decay-width difference between a CP-odd and a CP-even B mode.

In this paper, AT’y is measured from the decay-width difference between the CP-even decay
of BY — J/ym', with subsequent decays J/ib — utp~ and ' — p°v, and the B — Jipntm
decay mode with the subsequent decay J/v — up~. For the latter mode, the dipion mass
is required to be within 90 MeV/c? of the known f,(980) mass [12] to select predominantly
CP-odd decays [13]. The study is performed using the full dataset collected by the LHCb

'Updated results and plots available at https://hflav.web.cern.ch.
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collaboration in proton-proton (pp) collisions between 2011 and 2018. This corresponds to an
integrated luminosity of 9fb~! collected at centre-of-mass energies of /s = 7, 8 and 13 TeV.

The analysis adopts a similar strategy to that used to place a limit on the corresponding
parameter in the B’-system, ATy, by the ATLAS collaboration [14]. If CP violation is

negligible, the time-dependent decay rate to a CP-eigenstate, f, is
ALt Algt
F(Bg(t) = f) x e st [cosh (25) + nep sinh( 28 )} , (1.1)

where I'y = (T'y + I'L)/2 and nop is —1 for a CP-even state and 1 for a CP-odd state.
Integrating eq. (1.1) over a time bin [t1,t2] gives
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where N1, and Ny are the yields of the CP-even and CP-odd modes in that interval. The
ratio of the yields in the interval is then
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where y = AT';/2I';. Experimentally, the determination of R; requires the observed yields
Nﬁﬁw to be corrected by the relative efficiency in each decay time bin, A;. By writing
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NEAW?
AT is determined from a x? minimization of eq. (1.4) with AT’y and an arbitrary normalization
factor as free parameters. Though eq. (1.4) depends on I'y, this dependence is weak and
vanishes in the limit of narrow decay-time bins.

The number of bins and their ranges are chosen using simulation and pseudoexperiments
so as to minimise the uncertainty on AI's. This results in eight bins (table 1) with similar
yields expected in each. The lower decay-time limit of 0.5 ps is chosen since above this value
the time-acceptance is relatively flat. Above 10 ps the expected yield for the B? — J/n/
decay mode is negligible. Since the last bins are relatively broad, the optimal value of ¢
used to evaluate A; within a bin needs to be considered [15]. Using pseudoexperiments,
the barycentre of the bin calculated using an exponential decay-time model with I' = I’
is found to minimise the bias on ATL.

2 Detector and simulation

The LHCb detector [16, 17] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < b, designed for the study of particles containing b or ¢ quarks. It includes a high-
precision tracking system consisting of a silicon-strip vertex detector (VELO) surrounding



Number Interval [ps]

0.5-0.7
0.7-0.9
0.9-1.2
1.2-1.5
1.5-2.0
2.0-2.5
2.5-3.5
3.5-10.0

0 J O T = W N

Table 1. Decay-time binning scheme.

the pp interaction region, a large-area silicon-strip detector (TT) located upstream of a dipole
magnet with a bending power of approximately 4 Tm, and three stations of silicon-strip
detectors and straw drift tubes placed downstream of the magnet. The tracking system
provides a measurement of the momentum, p, of charged particles with a relative uncertainty
that varies from 0.5% at low momentum to 1.0% at 200 GeV/c. Large samples of J/ip — ptpu~
and BT — JAp K™ decays, collected concurrently with the dataset used in this analysis, are
used to calibrate the momentum scale of the spectrometer [18]. The relative uncertainty on
the momentum scale is 3 x 10~*. For b-hadron decay modes such as BT — J/K T, the mass
resolution agrees between data and simulation to better than 10%.

Various charged hadrons are distinguished using information from two ring-imaging
Cherenkov (RICH) detectors. In addition, photons, electrons, and hadrons are identified by a
calorimeter system consisting of scintillating-pad and preshower detectors, an electromagnetic
and a hadronic calorimeter. The calorimeter response is calibrated using samples of 70 — ~~y
decays [19]. Muons are identified by a system composed of alternating layers of iron and
multiwire proportional chambers.

The online event selection is performed by a trigger, which consists of a hardware stage
followed by a two-level software stage [20]. For the Run 2 dataset, the alignment, and
calibration of the detector is performed in near real-time such that the results are used in the
software trigger [21]. The same alignment and calibration information is propagated to the
offline reconstruction, ensuring consistent information between the trigger and offline software.
The first stage of the software trigger 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/c? without biasing the lifetime distribution. The second stage performs a full
event reconstruction. Events are retained for further processing if they contain a displaced
Jhp — ptp~ candidate. The J/ip decay vertex is required to be well separated from each
reconstructed primary vertex (PV) of the pp interaction by requiring the distance between
the PV and the decay vertex divided by its uncertainty, the decay-length significance, to
be greater than three. This introduces a nonuniform efficiency for b-hadron candidates that
have a decay time less than ~ 0.4 ps.

Simulated pp collisions are generated using PYTHIA [22] with a specific LHCb configura-
tion [23]. Decays of hadronic particles are described by EVTGEN [24], in which final-state



radiation is generated using PHOTOS [25]. The interaction of the generated particles with the
detector, and its response, are implemented using the GEANT4 toolkit [26] as described in
ref. [28]. Several sources of background are also studied using the RapidSim fast simulation
package [29].

3 Event selection

The offline selection for both the BY — J/n' and BY — J/iprtn~ modes starts from a
pair of oppositely charged particles, identified as muons, that form a common decay vertex.
Each muon must have a transverse momentum (pr) greater than 500 MeV/c and good track
quality. The invariant mass of the u*p~ pair is required to be within +50 MeV/c? of the
known J/i) mass [12].

Photon candidates are selected from well-identified neutral clusters reconstructed in the
electromagnetic calorimeter that have a transverse energy in excess of 500 MeV. Candidate
oY mesons are reconstructed from pairs of tracks with opposite charge that are identified as
pions by the RICH detectors. The invariant mass of the dipion pair is required to be within
the range 620-930 MeV/c?. To select the BY — Jipntn~ decay, pairs of pion candidates with
opposite charge are combined in a similar manner. In this case, the invariant mass of the
dipion pair is required to be within 90 MeV/c? of the world average fo(980) mass [12] and the
scalar sum of the p values for the two pions must be greater than 1 GeV/c.

Candidate ' — p’y decays are formed by combining the selected p” and 7 candidates.
The invariant mass of the combination is required to be within 50 MeV/c? of the known 7’
mass [12] and the pr of the candidate must be larger than 2 GeV/ec.

Candidate BY decays are formed from the selected J/) and 7’ candidates, or dipion
pairs. Each BY candidate is assigned to the PV with the smallest X12P7 where X12p is defined
as the difference in the vertex-fit x? to a given PV reconstructed with and without the
candidate tracks being considered. A loose requirement that X%P is less than 25 effectively
reduces combinatorial background. A kinematic vertex fit is applied to the BY candidates.
In this fit, to improve the mass resolution, the J/i) and n’ masses are constrained to their
known values [12]. The x? per degree of freedom of this fit is required to be less than 5.
As discussed in section 1, only candidates with a decay time in the range 0.5 — 10 ps are
selected. As well as removing combinatorial background at low decay times, this defines a
region where the acceptance is relatively flat.

For both channels, specific vetoes are applied to remove background from exclusive
b-hadron decays. In the case of the BY — J/iyn' decay mode, backgrounds from B? —
Jiprtn~ and BY — JiprTm~ decays combined with a random photon are efficiently
suppressed by rejecting J/ipnTw~ combinations with a reconstructed mass greater than
5249 MeV/c?. Background from the decay B — JK*® (— K*7~) is removed by tighten-
ing particle identification requirements if either of the two possible reconstructed J/iy KT m~
masses is within 30 MeV/c? of the known B mass [12]. Finally, background to the B? — J/in/
mode from the decay BY — J/p¢(— ntr~n") is suppressed by a requirement on the photon
helicity angle.

For the BY — Jipmtn~ decay mode, background from BY — JWK* (— KTn™) is
suppressed by the dipion mass window requirement and further reduced by the same veto used



for the J/ion' channel. Background from BT — J/yh't decays, where h = 7, K, is suppressed
by rejecting the candidate if any J/ht combination has a mass within +35MeV/c? of the
known BT mass [12].

The final step of the selection is to apply a multivariate classifier [30] based on a gradient
boosted decision tree (BDTG) [32]. This classifier is trained to distinguish the simulated
signal from the data in the background-dominated region where the B-candidate mass is
between 5500 and 5650 MeV/c?. In the case of the B — J/int 7~ decay mode, variables
related to the b-hadron kinematics, vertex quality and isolation, known to be compatible
between data and simulation, are used. For the B? — J/ipn' decay mode, four additional
variables, related to kinematics and quality of the photon candidate, are added. The BDTG
requirement for the BY — J/yn' mode is chosen, using pseudoexperiments, to minimise the
uncertainty on ATs. In the case of the BY — J/ibr™ 7~ mode, since the decay only contains
charged particles, the combinatorial background is lower and only a loose requirement on the
BDTG response is needed. The chosen requirement keeps 90% of the signal candidates while
removing 95% of the background. For both modes, the BDTG requirement does not bias
the decay-time distribution. After the full selection, roughly 5% of the events are found to
contain more than one candidate. In this case, only one candidate chosen at random is kept.

4 Invariant mass fit

To obtain the yield in each decay-time bin, simultaneous extended unbinned maximum-
likelihood fits are performed to the J/pn' and the J/ipmt 7~ invariant mass distributions
in the eight decay-time bins described in section 1. Fits are performed separately for the
four datasets recorded in 2011 and 2012, 2015 and 2016, 2017, 2018. The invariant mass
distributions with the fit projection overlaid for each dataset are shown in figure 1 for the
BY — J/in' candidates and in figure 2 for the B — J/ipm 7~ candidates.

The fit model for the J/v¢n' invariant-mass distribution has four components: the
BY — Jjbn signal, the B® — J/n' decay, the partially reconstructed decay B? — J/jpg
with ¢ — 7t7~ 7%, and combinatorial background. The default signal model is chosen to
be a double-sided Crystal Ball (DSCB) function. This is a generalization of the Crystal
Ball function [33] with power law tails on both sides of the mass peak. In the fit to the
data, the DSCB tail parameters are fixed to the values obtained from simulation, while the
mean and resolution parameter (o,) are left free.

The B° — J/pn' decay is modelled using a DSCB shape with the same tail parameters
as the BY component. Since the mass resolution scales with the energy release (Q-value), the
resolution parameter for this component is constrained to sg - o, where sg = 0.97 £ 0.02.
The difference in the positions of the B? and BY mass peaks is also Gaussian-constrained
to the known value of m(BY) — m(B°) = 87.22 4+ 0.16 MeV/c? [12]. The yield of the B°
component is left free in each decay-time bin since the fraction of B? and B° decays depends
on the decay-time.

Partially reconstructed background from the B? — J/ib¢ decay with ¢ — atn— 70 is
modelled with a bifurcated Gaussian function. In the fit to the data, the shape parameters are
fixed to the values obtained from simulation while the relative fraction compared to the signal
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Figure 1. Invariant mass distributions with the fit projection overlaid for the J/in’ mode for the
four datasets. For each dataset the eight time bins are summed.

mode, fy, is left free. The combinatorial background component is modelled by an exponential
function, with the slope allowed to float independently in each of the eight decay-time bins.

The Jiprt 7~ invariant-mass fit model has five components: the BY — J/iprTn~ signal,
the B® — J/yntn~ decay, the misreconstructed B® — Jap K7~ decay, B — J/in' decays
with n” — 777+, and combinatorial background. The invariant mass distribution of the
BY — Jipntm~ decay is well described by the sum of two DSCB functions with common
mean and tail parameters. In the fit to the data, the tail parameters are fixed to the values
obtained from simulation. Each of the two resolution parameters obtained from the simulation
are multiplied by a scale-factor that varies freely in the fit. The B® — J/int7~ decay is
dominated by an intermediate p meson and is suppressed by the requirement that the
dipion mass is within 90 MeV/c? of the known mass of the fo(980) resonance. The remaining
background from this source is modelled with the sum of two DSCB functions with the
same tail and fraction parameters as for the BY — JiymrTn~ decay. The position of the
peak is Gaussian-constrained relative to the BY and the mass resolution is constrained to
the B? mode assuming Q-value scaling.

The decay B — J/ip K7~ is suppressed using the veto explained in section 3. The shape
of the remaining background from this source is modelled using a histogram template obtained
from the RapidSim simulation, including the convolution with the detector resolution. The
size of this component is estimated by studying the J/iKTn~ invariant mass distribution in
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Figure 2. Invariant mass distributions with the fit projection overlaid for the J/pr+ 7~ mode for the
four datasets. For each dataset the eight time bins are summed.

data. Using these studies, the fraction of this component, whose uncertainty is dominated by
the knowledge of the branching fraction, is constrained relative to the signal to be 0.01 + 0.1.

Background from the partially reconstructed decay Bg — JAipn' with ' — 7tr~ v is
modelled using a histogram template from the RapidSim simulation, including the convolution
with the detector resolution. The relative yield of the component to the signal decay is
constrained to be f,y = 0.6 = 0.9% using the known branching fractions and the relative
efficiency obtained from the simulation. Finally, by combining pairs of same-sign pion
candidates with selected J/i) candidates, the combinatorial background component is found
to be well modelled by a second-order Chebychev polynomial. Based on the same-sign fits,
in order to minimise the free parameters in the simultaneous fit to the data, the second-
order parameter of this function is shared between the decay-time bins, while the first order

parameter is left free and allowed to vary in each bin.

5 Decay-time acceptance

Due to the requirements made in the trigger and offline selection, the acceptance of the
detector varies with decay time. At low decay times, the decay-length significance requirement
removes events, while at high decay time, inefficiencies are introduced by the requirement on
the candidate x#» and the VELO track reconstruction [34]. The simulation is used to verify



Dataset AT [ps~!] P(x?)

2011&12  0.039 = 0.026  0.83
2015&16 0.081 = 0.022  0.77
2017 0.117 £ 0.024  0.57
2018 0.102 £ 0.021  0.78

Table 2. Values of AT, and the x? probability obtained from the fits to R for the four datasets. The
uncertainties are statistical.

that the decay-time acceptance largely cancels due to the similarity of the two decays and
their selections. The remaining relative acceptance correction is found to be well described
by the form A, (t) = 1 — ft, using the simulation. The result of a fit to the simulation of this
form is used to generate the acceptance correction, A;, for each bin by evaluating A, (¢) at the
bin barycentre. The largest relative acceptance correction (1.18) is found in the last bin of the
2011 and 2012 dataset since the size of the VELO tracking-efficiency correction is large [35]
for each mode, and thus it does not cancel in A;. For the other datasets, improvements to
the VELO tracking algorithm lead to a smaller relative acceptance correction of 1.03 or less.
The overall effect of the relative acceptance correction is small. If it were ignored entirely,
the central value of ATy would change by half the statistical uncertainty. As part of the
systematic studies, alternative functional forms and choices to evaluate the acceptance are
considered. Another approach, used as a cross-check, is to assume the acceptance is flat
within a decay-time bin. In this case, the relative acceptance is extracted from the simulation
directly in the eight decay-time bins.

6 Results and systematic uncertainties

The yields of the B? — J/ipn' and B? — Jipnt 7~ decay are extracted from the extended
unbinned simultaneous maximum-likelihood fit to the eight decay-time bins described in
section 4. The ratio of yields in each bin is corrected by the corresponding relative decay-time
acceptance, and the x? fit described in section 1 is performed. Figure 3 shows the fit result
for each dataset. The resulting values of Al'y are summarized in table 2. The weighted
average of the results is AI'y = 0.087 & 0.012 ps—! where the uncertainty is statistical.

Systematic uncertainties related to the knowledge of the detector acceptance largely
cancel in A;. The uncertainty from the finite size of the available simulation samples is
estimated by resampling the covariance matrix of the fit used to obtain [, running the
fit procedure and calculating the weighted average of the four datasets. This results in a
systematic uncertainty of 4.6ns~!. In the baseline fit, a linear model is used to determine
A;. To estimate the uncertainty due to this choice, a parabolic model and a histogram-based
approach are considered. Based on these studies, an uncertainty of 3.0ns™! is assigned. For
the 2011 and 2012 dataset, where the acceptance corrections due to the trigger and selection
are largest, additional data-driven checks of the acceptance ratio are made using the methods
described in ref. [35]. Though the individual acceptance correction for each mode changes,
A; is not significantly affected, and no further uncertainty is assigned.
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Figure 3. Measurements of R for the four datasets. The red line for each plot shows the result of the
fit described in the text.

The correctness of the fit procedure has been extensively verified using pseudoexperiments.
The largest bias found in those tests arises from the choice of the decay-time value used
to evaluate the acceptance correction. Based upon those studies, a 0.3ns™! uncertainty
is assigned.

Several uncertainties arise from the limited knowledge of physics inputs to the fit. The
method assumes that ¢s; is zero.  Experimentally, the current world average is
¢s = —0.049 £ 0.019rad [8]. Based upon pseudoexperiments, a systematic uncertainty
of 0.1 ns™! is assigned to allow for a non-zero value of ¢s. The analysis uses BY — Jibrt 7~
decays with a dipion mass within 90 MeV/c? of the known f,(980) mass, which are predomi-
nantly CP-odd. The angular analysis in ref. [36], limits the size of the CP-even component
in this dipion mass region to be less than 0.6% at 95% confidence level. Including a 0.6%
CP-even component in the generation of pseudoexperiments and ignoring it in the fit results in
a negligible bias. The default fit uses the current world average, I's = 0.6628 4+ 0.0035 ps~* [8],
as input. Varying I'y within its uncertainty results in a 0.1ns~! uncertainty on ATL;.

Another source of uncertainty arises from the modelling of the signal and background
components in the mass fits used to determine the yields. Al's is measured using alternative
models that describe the signal distribution and the results comparing to the measurement
with the default fit model is found to be consistent. The impact of the background model is
evaluated by varying the assumptions related to the modelling of the short-lived combinatorial



Source Value [ns™!]

Simulation sample size 4.6
Acceptance model 3.0
Bin centre method 0.3
CP violation 0.1
Is 0.1
J/n’ background model 6.9
Jhpnt ™ background model 0.8
Total 8.9

Table 3. Systematic uncertainties on the measurement of AT;.

and long-lived partially reconstructed components. The only significant variation is found to
come from the combinatorial background model. For the B — J/in’ mode, as an alternative
to the baseline exponential model, a first-order Chebychev function is considered. Using the
fit results obtained for each bin, pseudoexperiments are generated with the default model,
and then fit with the alternative background model. A bias of 6.9 +0.1ns~! is found for the
BY — J/ipn' mode and assigned as a systematic uncertainty. For the BY — J/ibnT 7~ mode,
generating pseudoexperiments with a first-order Chebychev polynomial and then fitting with
a second-order (and vice versa) results in a bias of 0.8 & 0.1ns™!, which is assigned as the
systematic uncertainty due to the background model.

The systematic uncertainties are summarized in table 3. Adding them in quadrature
leads to a total systematic uncertainty of 8.9ns™!. The stability of the result is tested
by comparing the results for the four datasets (figure 4). The x? probability for the four
measurements, accounting for the statistical uncertainty and the uncorrelated part of the
systematic uncertainty, is 12% indicating that the four values are in good agreement.

7 Summary

Using the full LHCb pp collision dataset collected between 2011 and 2018, the B? — J/in/
and Bg — Jpmt ™ decay modes are used to measure the decay-width difference

AT, = 0.087 £ 0.012 4+ 0.009 ps 1,

where the first uncertainty is statistical and the second systematic. This is the first time-
dependent measurement using the BY — .J/in’ decay mode. The value is in agreement with
the HFLAV average, ATy = 0.074 & 0.006 ps—! [8], determined from the time-dependent
angular analyses of the B — J/i¢ decay mode where the initial flavour of the state is
tagged. It also agrees with the HFLAV average, A's = 0.083 £ 0.005ps™! [8], which includes
constraints from other untagged effective lifetime measurements. The alternative approach
to determine AI'; presented in this paper may help to resolve the observed tensions between
the measurements made by the LHC collaborations in the B — J/i)¢ mode.

,10,
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