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1 Introduction

Measurements of flavour oscillation frequencies [1, 2] and time-dependent charge-parity (CP)
asymmetries of neutral B mesons [3, 4] require knowledge of the signal B-meson flavour at
production. The experimental technique to determine this information at collider experiments
is referred to as flavour tagging.

At the LHCb experiment, dedicated algorithms are used to infer the production flavour
by exploiting the production and decay mechanisms of B mesons in pp collisions. They
are classified into two types of algorithms, opposite-side (OS) and same-side (SS) taggers.
The OS taggers [5, 6] exploit the fact that b quarks are predominantly produced in bb pairs,
and thus the flavour at production of the reconstructed B meson is opposite to that of the
other b hadron in the event, referred to as the opposite-side b hadron. Therefore, flavour
tagging can be performed using the decay products of the accompanying b hadron in the
event. The five OS taggers in use at LHCb are based on muons, electrons, kaons, charm
decays and the charge of the B decay vertex. The SS taggers [7, 8] use charged particles
produced in the hadronisation process in association with the reconstructed signal B meson.
For BY mesons, the SS tagger uses a charged kaon and for B? mesons, a charged pion
or a proton. The charge of these particles indicates the b-quark content of the B meson.



Information from SS and OS algorithms is usually combined in flavour-tagged analyses to
increase the measurement precision. Flavour-tagging algorithms provide an event-by-event
tagging decision as well as a mistag estimation 7 that gives the probability of a false decision,
which needs to be calibrated on control samples of flavour-specific decays to determine the
mistag probability w(n) of the event.

The performance of a flavour-tagging algorithm is measured by its tagging power e,
which is defined as

Eeff = Etag(D?), D=1-2uw, (1.1)

where et,g denotes the fraction of events that have a tagging decision and D is the per-
event dilution. Mistagged candidates reduce the oscillation amplitudes and therefore the
statistical power of flavour-tagged data. Notably, the dilution factor (D?) is obtained by
averaging D? over all events. The tagging power quantifies the effective statistical sample size,
making improved flavour tagging essential to maximise the precision of the oscillation-related
observables. In the case of weighted events e,z and (D?) are computed as
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where w is the per-event weight and the index 7 runs over all events, while the index j

Etag = (12)

runs over the subset of tagged events.

This paper describes a new approach called inclusive flavour tagging (IF'T), which exploits
the available information in a pp collision event containing a bb pair at a more global level
than the SS and OS taggers [9]. Instead of searching for information that matches particular
underlying physics processes as the SS and OS tagging algorithms do, the IFT includes
information from the majority of charged-particle tracks produced in an event. A similar
technique, developed for electron-positron collisions, was recently implemented at the Belle II
experiment [10] and showed improvement over existing methods.

The IFT presented here is based on a deep neural network architecture DeepSets [11].
Two IFT algorithms, one for B? mesons and one for B? mesons, are trained on simu-
lated BY — J/p[— ptp | K*(892)° [ Kt~ | and B? — J/p[— ptu~]¢(1020) [ KTK ]
decays, respectively.!? Each algorithm returns an independent event-by-event probability
y € [0,1], from which a tagging decision d and a mistag prediction n are set according
to the value of y as

+1 if y>0.5,
d={ 0 if y=0.5, (1.3)
-1 if y<0.5,

where +1 corresponds to a B meson and —1 to B meson, and

11—y it y>0.5,
n= _ (1.4)
Y if y<0.5.

'The inclusion of charge-conjugate processes is implied throughout this paper, unless otherwise noted.
2For simplicity, the resonances K*(892)° and ¢(1020) are referred to as K*° and ¢ in the following.



The mistag probabilities are calibrated on B® — J/pKTn~ decays, where the kaon-pion
pair lies within the mass range of the K*(892)" resonance, and on BY — D7t decays using
pp collision data collected by the LHCb experiment at a centre-of-mass energy of 13 TeV
during Run 2. This calibration is essential because the classifiers are trained on simulated
samples, which do not perfectly replicate the characteristics of LHCb data. The IFT is
validated on B® — J/pKQ [ 77 77| decays and BY — JApK ™K~ decays in the vicinity of
the ¢ resonance.

All studies are performed independently on the samples collected in the years 2016,
2017 and 2018 to account for possible differences between the data collected in varying
data-taking conditions.

2 Detector and simulation

The LHCb detector [12, 13] is a single-arm forward spectrometer covering the pseudorapidity
range between 2 and 5, designed for the study of particles containing b or ¢ quarks. The
detector used for these studies includes a high-precision tracking system consisting of a
silicon-strip vertex detector (VELO) surrounding the pp interaction region [14], a large-area
silicon-strip detector (TT) located upstream of a dipole magnet with a bending power of about
4T m, and three stations of silicon-strip detectors and straw drift tubes [15] 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. The minimum distance of a track to a primary pp collision vertex (PV), the impact
parameter (IP), is measured with a resolution of (15+29/pr) um, where pr is the component
of the momentum transverse to the beam, in GeV/c. Different types of charged hadrons are
distinguished using information from two ring-imaging Cherenkov detectors [16]. Photons,
electrons and hadrons are identified by a calorimeter system consisting of scintillating-pad
and preshower detectors, an electromagnetic and a hadronic calorimeter. Muons are identified
by a system composed of alternating layers of iron and multiwire proportional chambers [17].

The online event selection is performed by a trigger [18], which 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. At the hardware trigger stage, events are
required to have a muon with high pr or a hadron, photon or electron with high transverse
energy in the calorimeters. Following the hardware trigger stage, different software trigger
algorithms are applied depending on the decay mode, following the strategy of refs. [2—4].

In the modes containing a J/1) meson, the trigger relies on reconstructing the J/i — pu* ™
decay and identifying candidates consistent with a J/i) meson displaced from the PV associated
with the signal B-meson decay. In the B? — D, 7% decay mode, the first-stage software
trigger applies a multivariate algorithm to select either a good-quality track with a high
pr or a good-quality two-track secondary vertex. In the second stage, the software trigger
selects candidates consistent with a b-hadron decay topology, with a two-, three-, or four-track
vertex with a sizeable pr and a significant displacement from any PV. Note that the hadron
trigger applies stricter pr requirements than the dimuon trigger, leading to a pr spectrum
that is shifted toward higher values.



Simulated events are used to train the flavour-tagging algorithms, to model the signal mass
and the decay-time distributions, to verify the analysis procedure and to study systematic
effects. In the simulation, pp collisions are generated using PyTHIA [19, 20] with a specific
LHCDb configuration [21]. Decays of unstable particles are described by EVTGEN [22], in which
final-state radiation is generated using PHOTOS [23]. The interaction of the generated particles
with the detector, and its response, are implemented using the GEANT4 toolkit [24, 25] as
described in ref. [26].

3 Inclusive flavour-tagger training

In pp collision events, the tracks observed after excluding those associated with the signal
B-meson decay can be grouped into four categories. The first category includes light charged
hadrons, such as pions, kaons or protons, produced during the hadronisation process along
with the signal B meson. It is referred to as a same-side-fragmentation (SSF) track category
and is used by the SS taggers. The second category includes tracks associated with the
decay of an opposite-side b hadron, referred to as opposite-side-decay (OSD) tracks. These
OSD tracks are the types of tracks used by the OS algorithms. Another category consists of
light charged hadrons produced in the fragmentation of the opposite-side b hadron that are
referred to as opposite-side-fragmentation (OSF) tracks. The last category consists of the
remaining tracks originating from the pp collision, referred to as underlying tracks. These
are considered background for the purposes of flavour tagging.

All four track categories are included in the IFT. The SSF, OSD and OSF categories
carry information on the initial flavour of the signal B meson, in particular through the
charge of the track and additional particle-identification (PID) information. The information
provided by the OSD and OSF categories is nearly independent of the signal B-meson
kinematics. On the other hand, the type of SSF track depends on the type of the light quark
in the signal B meson. Pions and protons are produced along with a B meson, while kaons
are produced along with a BY meson. Therefore, to achieve an optimal performance, the
classifiers for BY and BY mesons are trained independently on different samples. The B°
tagger is trained on simulated events containing B — J/pK*? decays and the BY tagger
on simulated events containing BY — J/p¢ decays.

Another aspect to consider for the construction of the neural network is the variation
of the number of tracks in each event. The data samples of this study were collected at
an instantaneous luminosity of 2 x 1033 cm~=2s7!, for which the number of reconstructed
tracks per event is approximately 40, with a small fraction of events containing more than
100 tracks. The DeepSets neural network architecture allows a variable number of inputs,
making it a suitable choice of classifier. In addition, it provides an advantage in training
duration that is an order of magnitude shorter than similar architectures such as recurrent
neural networks. DeepSets architectures have been successfully employed in the development
of flavour-tagging methods, such as in the OS jet tagger by the CMS collaboration [27].

3.1 Training samples

The simulated B® — JA4pK*? and B? — J/i¢ samples used for training are generated under
Run 2 detector and accelerator conditions. Events must satisfy trigger requirements and



additional selection criteria, consistent with those applied to data. The signal B-meson
candidate is reconstructed from its charged decay products, while the remaining tracks in
each event are used as input for the tagger training.

The chosen simulated samples correspond to decay channels with B-meson candidates
selected by loose trigger requirements, ensuring coverage of a broad kinematic region. For
the BY tagger, simulated flavour-specific B® — J/i)K*? decays are used for training and the
corresponding data sample, B — JAK T, is used for mistag calibration. The charge
of the final-state pion identifies the flavour at decay time, enabling calibration through a
time-dependent analysis of the flavour-tagged decay rate. For the BY tagger, training is
performed using the BY — J/1p¢ simulated sample, while calibration of the mistag probability
is done using a data sample of the flavour-specific B — D; 7+ decay. This strategy is chosen
because a tagger trained on BY — J/b$ generalizes better to other BY decay modes, such
as BY — D7 7", than vice versa. This is primarily due to the broader kinematic range of
BY — J/p¢ decays enabled by less stringent trigger requirements, see section 2, which allows
the classifier to learn across the full kinematic phase space.

3.2 The DeepSets classifier

The DeepSets [11] process flow is illustrated in figure 1. Unlike a standard feed-forward
network, which takes a single fixed-length feature vector as input, DeepSets operates on
a variable-sized set of vectors #;. Each input vector corresponds to a track and contains
relevant features, which are described in the following sections. For convenience, these vectors
are arranged in a matrix X. The matrix is passed through a feed-forward neural network,
denoted ¢, which maps each input vector, i.e. each matrix column, individually to a higher-
level representation. The resulting set of transformed vectors is then aggregated through a
permutation-invariant pooling operation (a simple summation). In this way, the overall output
is insensitive to the ordering of the tracks, even though the ¢ network itself acts on individual
tracks. Finally, the pooled representation is passed to a second feed-forward network, p,
which produces the final network response, S(X) = p(>; ¢(#;)). In the implementation used
for the IFT, the ¢ network contains an input layer followed by two hidden layers of equal
size, while the p network consists of a hidden layer and an output layer with a single node.

The weights and biases of both networks are optimized during training. A rectified linear
unit is used as the activation function in the hidden layers. The training is performed by
minimizing the binary cross-entropy loss, evaluated over mini-batches and updated through
backpropagation. A sigmoid activation ensures that the output of S(X), the classification
score y, is constrained to the interval [0,1]. The value of y indicates whether the signal B
meson contained a b quark (y = 0) or a b quark (y = 1) at production. In total, the network
architecture contains 3890 trainable parameters.

3.3 Classifier training

The training of each tagger on its corresponding simulated sample proceeds in two steps.
First, to reduce the complexity of the task faced by the DeepSets network, a multiclass
boosted decision tree (BDT) classifier is trained using the XGBoost toolkit [28-30]. The BDT
classifier assigns each track a probability of belonging to one of four categories: SSF, OSD,
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Figure 1. Illustrative representation of DeepSets: the neural network response S is inferred from the
input matrix X based on two processing steps. First, a feed-forward neural network, ¢, is applied to
each feature vector @; of the input matrix. The resulting sequence of output vectors ¢(z;) is then
summed up into a single vector, which is evaluated by another feed-forward neural network, p. Figure
adapted from ref. [11].

OSF and underlying event tracks. These category probabilities serve as inputs for the second
stage, where a DeepSets neural network is trained to distinguish between the two B-meson
production flavours. The network’s output is the final prediction score, denoted by .

The tracks used for training are required to have hits in at least the VELO and the T'T,
and must additionally satisfy the following criteria: momentum between 2 and 200 GeV/¢;
ghost probability lower than 0.35; arctan (pp/p.) > 0.012, where p, refers to the momentum
component parallel to the beam axis, which ensures that the track exhibits a sufficient angular
separation from the beam axis. Both the BDT and the DeepSets classifiers use a common set
of 23 track-related input features. The feature selection builds on the set originally proposed
in the paper introducing the IFT algorithm [9]. The features include:

o PID information on whether the track is an electron, a muon, a pion, a kaon or a proton;
the probability that the track does not correspond to the genuine particle trajectory,
referred to as ghost probability;

o track charge; p and pr of the track; component of the track momentum along the signal
B-meson momentum direction; ionisation charge deposited in the silicon layers of the
VELO by the track;

o IP of the track with respect to the decay vertex of the signal B-meson candidate; IP of
a track with respect to the PV associated to the signal B meson and the difference in
x? of a given PV reconstructed with and without the considered track; track-fit y?;

o difference between the pseudorapidities of the track and the signal B meson; cosine of
the angular difference in azimuth between the track and signal B-meson momentum
directions; difference along the beam line direction between the track origin and the
PV associated to the signal B meson;

¢ BDT-based variable that uses all underlying tracks in the event to determine the
isolation of the track.



The DeepSets network, in addition, includes the four output probabilities of the track-
classification BDT per track, as well as information from the five OS and three SS taggers,
mentioned in section 1. For each of these, the corresponding mistag probability and tagging
decision are combined into a single input variable d(1 — 2n). The addition of the SS and OS
taggers leads to a relative improvement in tagging power of approximately 5%. Note that
even without them, the IFT performance exceeds that of the combined SS and OS taggers.

Since the training set includes a substantial fraction of tracks with limited information
about the B-meson production flavour, e.g. tracks originating from different pp collisions
of the event, a study was carried out to reduce their impact. In events with multiple PVs,
such tracks are likely to be classified as background by the BDT. To reduce their impact,
a preselection based on the background-related BDT output was tested prior to applying
the DeepSets classifier. While this preselection successfully removed about 20% of the tracks
without degrading tagging performance, it did not yield a significant improvement in training
time or overall performance. Therefore, for simplicity, all tracks are retained in the current
implementation. Nevertheless, the study suggests potential avenues for reducing complexity
in future developments, particularly relevant for the LHCb upgrades, where the number of
PVs and associated tracks is expected to increase significantly.

After the training, the distributions of the classifier output for the B and B? taggers are
displayed in figure 2, showing a separation between the two B-meson flavours. In the same
figure, the corresponding receiver operating characteristic (ROC) curves are shown. They
display the rates of correctly tagged events (true positives) against those of mistagged events
(false positives) and serve as an initial indicator of the performance of the classifier.

4 Calibration of the mistag probability

The mistag probability estimated by the IFT algorithms is calibrated using data samples of
flavour-specific B® — JAyK T~ and B? — D7t decays. An unbinned maximum-likelihood
fit to the decay-time t is performed to resolve the neutral B-B flavour oscillation. The
event-by-event decay-time resolution o, estimated from a calibration of the decay-time
uncertainty, is included as a conditional observable in the probability density function (PDF)
P(t|oy). A precise understanding of the decay-time resolution is crucial, especially for BY
mesons, since a miscalibration can introduce a dilution of the oscillation amplitude that
can be attributed to the flavour tagging. The PDF is a convolution of the neutral B-meson
time-dependent decay rate I'(¢) and the decay-time resolution function G(t|oy), multiplied
by the decay-time acceptance function €(t),

P(tloy) < e(t) [T(#) x G(t — t'|or)] - (4.1)

The decay-time acceptance for both calibration channels is modelled by cubic splines, whose
parameters are allowed to vary in the fit. The decay-time resolution is modelled by a single
Gaussian function, where oy is a per-candidate conditional variable. The neutral- B-meson
time-dependent decay rate,

1
T (thn, Cpnye) o €47 (1= Chys () cost ( 5AT 1at) + Coy (1= 2e() cos (Amat)|
(42)
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Figure 2. Distribution of the trained IFT classifier outputs y obtained from (top left) B — J/p K*°
and (top right) BY — J/i¢ simulation, showing the training subsets and the test subsets and ROC
curve compared to a random guess function of the trained (bottom left) B® — JApK*? and (bottom
right) BY — J/p¢ simulated samples.

is a function of the difference between the heavy and light decay widths, Al'y,, and mass
differences Amg s, where the subscript d denotes B mesons and s denotes B? mesons. The
value of Cppys is +1 if the B-meson flavour at decay, identified by the charge of the final-state
pion, matches its flavour at the time of production, determined from the tagging decision. If
the flavours do not match, Cpys is set to —1, and if the candidate is untagged it is set to
0. The parameters Al'y, Amg s, and I'y ¢ are constrained to their known values by applying
Gaussian penalty terms based on their respective uncertainties [4, 31, 32]. The value of ATy
is fixed to zero. The calibrated mistag probability w is parametrised as a linear function
of the estimated probability n,

2 2

= 1 1 _
wB(n) = po — iﬁpo + (pl - 2AP1) (n—mn),

wP(n) = po + 1Apo + (pl + 1Ap1) (n—mn),
(4.3)

where pg and p; are the linear function offset and slope, and 7 is the average estimated mistag
probability of the sample. The factor Aw(n) = Apg + Ap1(n — 1) accounts for different mistag
probabilities between B and B mesons. A second-order polynomial fit yields coefficients
consistent with those of a linear model and therefore, the simpler functional form is adopted.
Events in which the calibrated mistag probability exceeds 0.5 are treated as untagged. This
results in a calibrated tagging efficiency lower than 100% for the IFT.



T 1T T T T T 1 T T T T [ T T T T T T T T T 1T
& T B
310 3 LHCb . -+ Data E
% E 5.41fb — Total fit 3
= r — BY — JipKt T
— 10° 0 L T
o E — B = J/YyK'm 3
~ - Combinatorial -
2 L 4
4
5 UE E
el = 3
.=
5 C ]
g T /\ 7
103 o
© E1 1 | TR T T I N Y B T A 111
5200 5250 5300 5350 5400

m(J/wK+t ) [MeV/c?]

Figure 3. Invariant-mass distribution of B® — JA)K 7~ candidates in the combined data sample
with the result of the fit also shown.

The ideal calibration value p; = 1 corresponds to the case where the predicted mistag n
equals the calibrated mistag probability w and the linear calibration model is exact. The
values App; = 0 indicate that there is no difference between the tagging of B mesons
and B mesons. In practice, deviations from the ideal case arise from differences between
data and simulation, residual model bias, detection asymmetries, model nonlinearity and
species-dependent effects. This is what causes that w differs from 7, which is obtained from
training on simulation. The calibration on data aims at correcting such discrepancies by
matching w to the observed mistag fraction in the data. Such effects have been observed in
tagging algorithms both within and beyond LHCb (see e.g. refs. [7, 8, 10]).

4.1 Calibration of the B? classifier

To reduce background contributions, loose requirements are applied on B — J/Ktn~
candidates, based on ref. [4]. These include pr and PID selections, which reduce backgrounds
caused by misidentifying the pion as either a kaon or a proton.

The dominant remaining background is combinatorial, with a minor contribution from
BY — Jhp K71~ decays. These background contributions are subtracted using the sPlot [33]
technique, based on an unbinned maximum-likelihood fit to the invariant mass of the B-
meson candidates.

The mass distribution and corresponding fit result for the data sample combined over
all data-taking years and Cppys values are shown in figure 3. The signal mass distribution is
modelled with a Hypatia function [34] where the tail parameters are fixed from simulation,
while the mean and width of the Gaussian core are free in the fit to the data. The same
functional form is used to describe the BY — J/p K+~ contribution, differing only by a
shift in the mean corresponding to the known B? — B? mass difference [31]. An exponential
function is used to describe the combinatorial background contribution and its parameters
are free in the fit to the data. The resulting signal yields are 399 x 103, 394 x 10% and
471 x 103 for 2016, 2017 and 2018, respectively.
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The B° meson has an oscillation period that is significantly larger than the LHCb detector
decay-time resolution. Therefore, for simplicity, the calibration of the decay-time resolution
of B — Jhp K71~ decays is obtained from simulated decays instead of data. For this, the
simulated dataset is split into eight bins of the reconstructed decay time. For each bin ¢ an
unbinned maximum-likelihood fit to the difference of the reconstructed and the true decay time
is performed and is taken as the time resolution oy ; of this bin. Subsequently, the effective
decay-time resolution is obtained through a linear fit on o;; values. A linear dependence
between the estimated and calibrated decay-time resolutions is assumed. To account for
possible differences with the decay-time resolution in data, it is verified that variations of
5 times the statistical uncertainties on the calibration parameters do not affect the flavour-
tagging performance. These variations also cover the case where no calibration is applied (i.e.,
the calibrated decay-time resolution is identical to the uncalibrated one). This demonstrates
that the decay-time resolution for B® decays has little influence on the tagging calibration.

A  maximum-likelihood fit to the background-subtracted decay time of the
B — Jhp K7~ sample is performed using eq. (4.1) with inputs from eq. (4.2). The fit
result combined across all data-taking years and initial and final flavours is shown in figure 4.
The resulting calibration function is shown in figure 5. The calibration parameters are
summarised in table 1. Their mutual correlations do not exceed 10%. Differences in the
calibration parameters between data-taking years are small, yet significant enough to justify
determining them independently.

4.2 Calibration of the Bg classifier

The B? — D; 7t candidates are selected through the D; — KK~ 7~ decay mode following
the strategy of ref. [2]. The purity of the sample is improved by imposing PID requirements
on pions and kaons. Additional vetoes on the invariant masses of the D, decay products are
applied to suppress backgrounds from D° decays and from misidentified particles originating
from D~ and A_ decays.

,10,
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Year Po D1 Apo Ap; n

2016 0.4146 £ 0.0012 0.896 £ 0.012 0.0006 £ 0.0017 —0.189 +£0.018 0.4056
2017 0.4124 +£0.0012 0.922+0.012 —0.0016 £0.0017 —0.234 £0.018 0.4044
2018 0.4128 £ 0.0011 0.926 £0.011 —0.0021 £0.0016 —0.182 +0.016 0.4038

Table 1. Results of the unbinned decay-time fit for the IFT calibration parameters in B® — JpK+tn~
data as well as the average uncalibrated mistag estimation. The uncertainties are statistical.

As in the case of the B classifier, the background in data is subtracted using the sPlot
technique. The distribution of the BY-meson candidate mass along with the fit to the data
is shown in figure 6. Following the strategy of ref. [4], the signal mass model is described
by a Hypatia function and the combinatorial background is modelled with an exponential
function. The background shapes of b-hadron decays, including BY — Dy K+, B — D= x|
BY — D7, BY - D;p" and A) — A-nT, are modelled based on simulated samples.
The background subtraction is performed in two steps. First, a fit to the invariant-mass
distribution of the BY candidates in the region [5100, 5600] MeV/c? is performed, in which
the signal shape parameters are fixed to the values obtained from simulation. The shape
parameter of the combinatorial background and the fractions of partially reconstructed
and misidentified b-hadron decays are free to vary in the fit. In the second step, a fit is
performed in the narrower mass window [5300, 5600] MeV/c? to extract the sWeights. Here, all
parameters are fixed to the results of the first fit, except for the signal and total background
yields, which are allowed to vary. The resulting B? — D7 signal yields are 85 x 103,
87 x 10 and 101 x 10 for 2016, 2017 and 2018, respectively.

In the fit to the decay-time distribution, the decay-time acceptance is modelled, as in
the case of B — J/K*7~ decays, with cubic splines. The cubic spline parameters are
free in the fit to the data.
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Figure 6. Invariant-mass distribution of B — D7+ candidates in the combined data sample with
the result of the fit also shown.

The BY decay-time resolution, oy, is calibrated in a fit to the decay-time distribution of
background-subtracted prompt D; — K™K~ 7~ decays produced from pp collisions combined
with an opposite-charge track. These are selected in the same way as the BY — D7 7+ decays,
except for the requirement on the BY candidate decay time, which is not imposed. An unbinned
maximum-likelihood fit to the decay-time distribution of the candidates is performed in each
of ten oy bins using a PDF proportional to

fsig : [(fprompt(s(t) + flleit/m) * G(t - tl)} + prvei|t|/ﬁv (4'4)

where the resolution function G(t) consists of the sum of two Gaussian functions with a
common mean, two standard deviations o1 and o9 and a relative fraction f; [35]. The prompt
signal component, contributing with a fraction fprompt, is assumed to have zero lifetime and
is modelled with a Dirac ¢ distribution. In addition, two components with finite lifetimes, 7
and 7, and fractions fypy = (1 — fsig) and fiy = (1 — forompt) are modelled with exponential
functions. The exponential functions represent prompt D, candidates associated to a wrong
PV, and D_ mesons originating from decays of heavier particles. The standard deviations of
the two Gaussian components in G(t —t') are combined into a single effective resolution, oeg,
which yields the same dilution of the B%-meson oscillation amplitude, Dy, as the resolution
model G(t —t') in eq. (4.4). This effective resolution is computed according to

D; = fle—a%Amgﬂ + (1 o f1>e—a§Am§/27

Oet = V—2In Dy /Amg.

Differences in the selection between the prompt Dy 7+ calibration sample and the BY — Dy 7"

(4.5)

sample are accounted for by scaling o; according to differences among the corresponding
simulated samples. A x? fit is performed in bins of the measured decay-time resolution o;
assuming a linear dependency of oeg on oy. The results are shown in figure 7. The results of
this fit are used as a per-candidate conditional variable, which are converted to the standard
deviation of the Gaussian decay-time resolution model in eq. (4.1).
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Figure 8. Background-subtracted decay-time distribution of BY — Dy 7% candidates in the data
sample combined across all data-taking years and initial and final flavours, together with the fit result.

Year Do p1 Apg Apy n

2016 0.4038 +0.0041 0.954 £0.037 0.0147 +0.0037 —0.083 +0.035 0.3872
2017 0.4014 £ 0.0036 0.877 £0.032 0.0062 £ 0.0036 0.027 £0.034 0.3871
2018 0.4022 £0.0033 0.880 4+ 0.030 0.0123 £0.0034 —0.046 +£0.031 0.3864

Table 2. Results of the unbinned decay-time fit for the IFT calibration parameters in B — D 7+
data as well as the average uncalibrated mistag estimation. The uncertainties are statistical.

A maximum-likelihood fit to the background-subtracted decay time of the B — Dy m™
sample is performed. The fit results are shown in figure 8. The resulting IFT calibration
function is shown in figure 9. The calibration parameters are summarised in table 2. The
correlations between them do not exceed 5%.
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Figure 9. Distribution of the measured mistag fraction w as a function of the mistag probability 7 in
BY — D77t data. The data points are obtained by performing a decay-time fit in each 7 bin and
extracting the fraction of mistagged events.

5 Performance

The performance of the IFT algorithm after calibration is evaluated on data and compared
to the performance achieved by combining the existing LHCb flavour-tagging algorithms,
the OS and the SS taggers. The five OS taggers are used to compare both the B® and
the BY taggers. On the other hand, given the different hadronisation processes for B® and
B? mesons, the SS taggers used in the comparison are based on pions and protons for BY
and on kaons for B? decays.

The combination of multiple tag decisions, d;, and mistag estimations, 7;, is obtained
by calculating the probability of the signal candidate to contain a b or a b quark, denoted

as P(b) and P(b),
Py =—22 _ p)y=1-P®), (5.1)

where the probabilities p(b) and p(b) for uncorrelated tagging decisions are defined as

p(b) = 1:[ <1 —;di —d;(1 _771‘)> )
p(0) =11 (1 - +di(1 - Ui)) : o

The combined tagging decision and the combined mistag estimate are given by

deomb = SlgH(P(E) - P(b))7

g (5.3)
Neomb = 1 — maX(P(b)7 P(b))

The combination of the SS and OS taggers proceeds in three steps. First, the individual
OS taggers are combined into a single OS decision and mistag estimate. Independently
of the OS taggers, the two SS taggers used in the B? classifier are combined into a single
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Year Tagger Etag () (D?) Etag(D?)(%)
2016 SS and OS  87.030 +0.058 0.0466 + 0.0010  4.05 £+ 0.09
IFT 95.789 £0.035 0.0582£0.0011 5.58 £0.10
9017 SS and OS  87.208 +0.058 0.0485 + 0.0010 4.23 +0.09
IFT 95.024 £0.038 0.0617 £0.0011  5.87£0.10
2018 SS and OS  87.631 +£0.052 0.0493 £ 0.0010 4.32 4+0.09
IFT 95.172£0.034 0.0615£0.0010 5.85+0.10

Table 3. Performances on B® — Ji)K 7~ data for the combination of SS and OS taggers versus
the IFT. The uncertainties are statistical.

Configuration Etag(%0) (D?) Etag(D?) (%)
only SS 51.79 £0.05 0.0343 £0.0008 1.77 £0.03
only OS 4904+ 0.02 0.1239 +0.0031 0.61 +0.02
SS and OS 28.75+£0.05 0.1126 £0.0013  3.24 £0.04
SS or OS 85.06 £0.03 0.0664 +0.0006 5.64 + 0.06
neither 10.93 £0.02 0.0128 =£0.0020 0.14 £0.01

Table 4. Performance of the IFT on BY — J/KTn~ data for all years, evaluated separately for
events with only SS tagger decisions, only OS tagger decisions, both SS and OS tagger decisions, at
least one tagger decision (SS or OS), and no tagger decision from either SS or OS taggers.

SS decision and mistag estimate. Subsequently, the OS combination mistag estimate and,
in the case of the BY classifier, the SS combination or, in the case of the BY classifier,
the SS kaon mistag estimate, are calibrated according to egs. (4.3). In the final step, the
calibrated OS combination and the SS combination or SS kaon are again combined into a
single decision and mistag estimation, which is further calibrated according to egs. (4.3).
Performing the calibration after combining the taggers is essential to properly account
for potential correlations between them, which could otherwise bias the resulting mistag.
The calibrations are verified to be in agreement with those obtained using a dedicated
flavour-tagging calibration software package lhcb-ftcalib [36].

5.1 Performance of the B° classifier

The performance of the BY classifier on data is determined for two decay modes,
BY — JWK*r~ and B® — JApK$ decays. It is compared to the performances of the SS and
OS taggers and their combination. The performances on the B — J/) K+ 7~ samples are
summarised in table 3. A relative tagging power increase of at least 35% over the combination
of SS and OS taggers is observed.

The IFT tagging power on B — J/p K t7~ data in relation to the tagging decision of the
SS and OS taggers across all years is shown in table 4. For this study, the dataset is divided
into five subsets based on the tagging decisions: events with only an SS tagger decision,
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Year Tagger Etag (%) (D?) Etag(D?) (%)
SS and OS  69.18 £0.35 0.0473+0.0011  3.27 £0.08

2016 IFT 95.42£0.16 0.0563 £0.0012 5.37+£0.12
9017 SS and OS  68.65+0.34 0.048240.0011 3.31+0.08
IFT 98.53£0.09 0.0571+0.0012 5.63 +£0.12
9018 SS and OS  69.58 £0.31 0.0487 +£0.0010  3.38 £ 0.07
IFT 96.41 +£0.13 0.0673 £0.0011 5.524+0.11

Table 5. Performances evaluated for B® — J/pKQ data for the combination of SS and OS taggers
and the IFT. The uncertainties are statistical.

only an OS tagger decision, both SS and OS tagger decisions, at least one tagger decision
(SS or OS), and events with neither SS nor OS tagger decisions. A recalibration is then
performed separately on each of these subsets using the full dataset spanning all years. Since
events with w > 0.5 are treated as untagged, recalibrating each subset independently results
in total efficiencies and performances that differ from those computed on the full dataset.
The absolute tagging power obtained in events not tagged by either the SS or OS taggers
represents only a small fraction of the overall improvement in tagging power achieved by
the IFT. In contrast, the IFT tagging power for events tagged either by the SS or the OS
taggers, accounts for the dominant share of the improvement with respect to using the SS
and OS taggers alone. This indicates that the improvement in the tagging power is driven
by additional information the IFT uses in events tagged by SS and OS.

The B° IFT was developed using simulated B — J/yK*? decays. To assess whether
its performance improvement over the current flavour-tagging algorithm is also observed in
other decay modes, the calibration from the control channel is adapted to the B® — J/a) K. (S)
decay in data, and the tagging power is subsequently measured. Decays of Kg — 7~ are
reconstructed from two tracks forming a good-quality vertex in two different categories: the
first one consists of Kg mesons that decay within the acceptance of the vertex detector, and
the second contains Kg that decay outside of the vertex detector. The selection criteria are
based on the latest measurement of sin(23) [3], though they are simplified by not applying a
full multivariate selection. The resulting signal yields are 29 x 103, 30 x 10% and 34 x 103
for 2016, 2017 and 2018, respectively.

The mistag probability for all taggers is calibrated using BY — J/yK T~ decays which
are weighted so that the distributions of the pr and pseudorapidity of the signal B meson, the
number of tracks and the number of PVs match those in B — J/ K g data. Table 5 compares
the calibrated tagging power across all years for the SS and OS tagger combination and
the IFT on B — J/?/)Kg data. Interestingly, the relative improvement over the SS and OS
taggers is greater than in B® — J/ipK 7w~ data. This is due to differences in tagging efficiency,
as shown in tables 3 and 5. In the recent sin(23) measurement, which uses a more refined
candidate selection, the tagging efficiency is (85.34 + 0.05)%, similar to B® — JapK T~
decays, see table 3. Differences in the tagging dilution between this study and the sin(20)
measurement are negligible. Therefore, the reduced tagging power of the SS and OS taggers
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Year Tagger Etag (%) (D?) Etag(D?) (%)
SS and OS  73.81+0.16 0.0877 4+ 0.0054  6.47 +0.40

2016 IFT 87.97£0.13 0.0882+0.0050 7.76 £0.44
9017 SS and OS  79.05+0.15 0.0758 +0.0043 5.99+0.34
IFT 96.87 £0.06 0.0747 +£0.0038 7.23£0.37
2018 SS and OS  74.34+£0.15 0.08194+0.0042 6.09 £+ 0.31
IFT 95.49 £0.07 0.0760 £ 0.0036  7.25+0.34

Table 6. Performances on B? — D7+ data for the combination of SS and OS taggers and the IFT.
The uncertainties are statistical.

compared to that measurement is attributed to lower tagging efficiency resulting from the
simplified signal selection. In contrast, the performance of the IFT remains robust under
these changes. By correcting the efficiency to one of the B — J/) K (S) samples selected as in
the sin(2/3) measurement to 85%, while keeping the dilution constant, the IFT improvement
aligns with that observed in B® — J/pK*71~ decays.

5.2 Performance of the Bg classifier

The tagging performance of the B? classifier is evaluated on B? — D7 and
BY — Jip KT K~ data using the calibration from BY — D 7" data. The selection is identi-
cal to that developed for the ¢ measurement [4]. The resulting signal yields are 99 x 103,
103 x 10% and 123 x 10? for 2016, 2017 and 2018, respectively.

An improvement of the IFT over the SS and OS combination at the level of approximately
20% is observed, as shown in tables 6 and 7. For the performance on BY — J/i K+ K~ data,
the IFT is calibrated on BY — D; 7t data weighted so that the distributions of the pr
and pseudorapidity of the signal B meson, the number of tracks and the number of PVs
match those in B? — JipK+TK~ data. The difference in absolute tagging power between
the two modes, both for the SS and OS combination and for the IFT, is expected. This is
mainly due to the different signal BY-meson pr spectra of the two modes (see section 5) and
the known dependency of the SS tagger performance on the B-meson pr [8]. The tagging
power on B — D, 7" data in relation to the tagging decision of the SS and OS taggers is
shown in table 8. These values are obtained using the same method as for B® — JayK* 7~
decays and exhibit similar behaviour.

The impact of the IFT on the precision of the CP-violating phase ¢ is measured in
a blinded fit to B? — J/K+ K~ data, performed analogously to the ¢, analysis [4]. The
uncertainties on the calibration parameters are constrained by applying Gaussian penalty
terms in the fit based on their respective statistical and systematic effects. The use of the IFT
reduces the uncertainty on ¢4 by approximately 10% compared to the combination of SS and
OS taggers. This result is consistent with the observed 20% improvement in tagging power,
which corresponds to an effective increase in the data sample size by a factor of 1.2, leading
to an expected uncertainty reduction proportional to the square root of the factor of increase.
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Year Tagger Etag (%) (D?) Etag(D?) (%)
9016 SS and OS 74.91 +£0.14 0.0623 +£0.0039 4.67 £ 0.29
IFT 91.18 £0.09 0.0609 £0.0035 5.55£0.32
9017 SSand OS 76.18 £0.14 0.0582+0.0034 4.44 +0.26
IFT 93.18 £ 0.08 0.0578 £0.0030 5.38 =0.28
9018 SSand OS 72.31£0.13 0.0628 £ 0.0033 4.54 +0.24
IFT 90.32 +£0.09 0.0604 £ 0.0029 5.46 +=0.26

Table 7. Performances evaluated for BY — J/ipK ™K~ data for the combination of SS and OS taggers
and the IFT. The uncertainties are statistical.

Configuration Etag(%) (D?) Etag(D?) (%)
only SS 41.24+0.10 0.0475£0.0029 1.96 £0.03
only OS 11.41 £0.07 0.1266 £0.0058 1.44 +0.09
SS and OS 26.36 £ 0.09 0.1498 £0.0037 3.95£0.15
SS or OS 77.54+0.09 0.0939 £0.0022 7.284+0.20
neither 18.59 £ 0.08 0.0092 +0.0045 0.17+=0.10

Table 8. Performance of the IFT on BY — D; 7t data for all years, evaluated separately for events
with only SS tagger decisions, only OS tagger decisions, both SS and OS tagger decisions, at least one
tagger decision (SS or OS), and no tagger decision from either SS or OS taggers.

5.3 Performance trends

A possible dependence of the IFT calibration parameters on kinematic and event-level ob-
servables of the sample is checked using B® — JApK+7~ and B? — D, 7" data by repeating
the calibration in bins of pr and pseudorapidity of the signal B meson, the track multiplicity
and the number of PVs. The trends in the IFT performance, shown in figures 10 and 11,
are similar to those observed for the SS and OS tagger combination. The tagging power
increases as a function of the transverse momentum of the signal B-meson candidate, which is
understood to be driven by the SS tracks. The mistag probability of the SS tagger decreases
with pr since the number of random tracks decreases at high pr, while the tagging power of
the OS tagger remains nearly constant. In the B? sample, the tagging power decreases with
increasing pseudorapidity, mainly driven by the SS tracks and an inverse correlation of the
pseudorapidity with pr. No clear trend is observed in the BY sample where the statistical
uncertainty is also significantly larger. In both samples, higher track multiplicities lead to
a lower performance as a consequence of the higher probability of using a wrong track for
tagging and therefore a higher mistag rate. Furthermore, the tagging power decreases with
an increasing number of PVs, primarily driven by the incorrect association of tracks to the
opposite-side hadron as well as the increased track multiplicity which is highly correlated to
the number of PVs. In both modes, the calibration parameters in each bin of the studied
variables differ by less than two standard deviations from the expected constant value.
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Figure 10. Performance of the IFT and the SS and OS tagger combination in B® — JayK 7~ data

as a function of the signal B-meson (top left) pr and (top right) pseudorapidity, (bottom left) the
track multiplicity and (bottom right) the number of PVs.

6 Validation and systematic uncertainty studies

Validation studies are performed on simulated BY — J/ib¢ decays to assess possible biases
on CP-violating observables introduced by the IFT algorithm. The model is first trained
and then applied to a statistically independent simulated sample that was not used for
training. A fit for the determination of the CP-violating phase ¢5 is performed on these
samples, using the efficiencies and acceptances from the ¢ analysis [4]. The fit results are
in agreement with the generated values for ¢,.

The portability of the mistag calibration between calibration and signal decay channels
is studied as a potential source of a systematic uncertainty. This effect is studied separately
for the B® and B? IFT classifiers. For the BY classifier, it is evaluated by comparing the
calibration parameters from a fit to simulated BY — J4pK*? and B® — J/pKQ decays, while
for the BY classifier, it is assessed using simulated BY — Dy 7" and B? — J/ib¢ decays. In
both cases, the former is the control channel, while the latter is the physics channel.

In this study, B — JWpK*+tn~ (B? — D7) decays are weighted so that the distribu-
tions of the pr and pseudorapidity of the signal B meson, as well as the number of tracks and
PVs, match those in B® — JKQ (BY — J/p¢) decays. Each decay channel is calibrated
independently using information on the generated flavour of the B meson.

For the B° classifier, the differences between the calibration parameters of the
BY — JWK*r~ and B — J/pKQ simulated decays are comparable to their statistical uncer-
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Figure 11. Performance of the IFT and the SS and OS tagger combination in BY — D 7" data as

a function of the signal B-meson (top left) pr and (top right) pseudorapidity, (bottom left) the track
multiplicity and (bottom right) the number of PVs.

tainties. This applies to both the differences observed in the SS and OS tagger combination
and in the IFT. The differences are also comparable to the statistical uncertainties of the
calibration parameters observed in B — J4pK+7~ data.

For the BY classifier, the differences between the calibration parameters of the B® — J/i)¢
and the B — Dy 7T simulated decays are well below the statistical uncertainties, both in
simulation and in data, for the SS and OS tagger combination as well as for the IFT.
Additionally, for both the B® and BY classifiers the differences are found to remain stable
under retraining of the IFT neural networks.

7 Conclusion

A new algorithm, IFT, is developed to determine the flavour at production of neutral B
mesons in pp collisions utilising all tracks from the collision. It is trained separately for B°
and BY mesons using the DeepSets neural network. The classifier outputs are calibrated using
BY — JipK*t7r~ and BY — D7t decays collected by the LHCb experiment in pp collisions
at 13 TeV. The IFT algorithm is validated on data and simulation and its performance is
found to depend on the kinematic variables of the B meson, and event variables such as track
and PV multiplicity, in the same way as the combination of the SS and OS taggers used so
far at the LHCb experiment. The IFT algorithm provides a tagging power that is greater
than the combination of SS and OS taggers by a relative 35% for BY mesons and 20% for
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BY mesons. This translates into an expected reduction of the statistical uncertainty on the
CP-violating parameters by approximately 15% and 10%, respectively.
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