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ceedings present an update of the LHCb measurement of CP asymmetries in two-body charmless
decays of beauty mesons, B‘()S) — K*n* and B(()S) — n*x~, using the full Run 2 pp collision
dataset, corresponding to an integrated luminosity of 6fb~" collected at a centre-of-mass energy
/s = 13 TeV. The reported time-dependent CP-violation measurement of the rare Bg — gt
decay is performed for the first time ever. Statistical uncertainties on the measured CP-violation
observables are reported, showing an improvement with respect to previous LHCb measurements.
The remaining steps towards the final result, including the evaluation of systematic uncertainties

and the implementation of improved flavour-tagging algorithms, are also introduced.
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1. Introduction and motivation

The Standard Model of particle physics (SM) is currently unable to explain the observed
asymmetry between matter and antimatter in our Universe. In the SM, an asymmetric behaviour
between the two is expected, via a non-invariance of weak interactions under the combined charge-
conjugation (C) and parity-reversal (P) transformations [1-3]. Experimental CP Violation (CPV)
was discovered in 1964 in neutral kaons [4], and since then it has remained a very active sector with
CPV subsequently observed in beauty and charmed mesons. Recently, the LHCb Collaboration
was also able to observe it in charmless beauty-baryon decays [5], completing a search that lasted
decades since CPV was only ever observed in mesons.

Charmless decays of beauty hadrons are of particular interest in CPV studies. In these decays,
contributions from tree-level diagrams are suppressed to the extent become comparable to those
coming from loop-level (penguin) diagrams. The interference of the two can lead to sizeable CPV.
Furthermore, in recent years some interest in the theoretical community has grown due to some
tensions arising in the global fit to all charmless B ({B°, BY}) to two-body final states [6].

In these proceedings, the planned update of the measurement of CP asymmetries in B® — ntx~
and B(()S) — K*n* decays with the entire LHCb Run 2 pp collisions dataset is presented, with
the aim of superseding the previous measurement performed with 2015 and 2016 data. At the
same time, the first ever time-dependent CPV measurement of the rare BY — n*7~ decay is also
performed. For brevity, the studied decays are collectively denoted as B — h*h’~ (h € {n,K}) for
the rest of these proceedings, and CP-conjugate decays are implied throughout.

The time-dependent asymmetry of the B mesons decaying into a CP eigenstate is described by
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where Am and AT are the mass and width differences of the B(()S) - E?s)

S observables quantify their CPV in the decay and in the interference between the mixing and the

systems, while the C and

decay, respectively. For the B decays to a Flavour-Specific (FS) final states, only the CPV in the decay
can contribute to the total time-integrated asymmetry, Acp. The time-dependent asymmetries are
measured by means of a fit to the decay-time distributions, while the time-integrated asymmetry is
obtained by correcting the asymmetry in the observed number of decays by all relevant experimental
asymmetries.

2. Analysis strategy

2.1 Dataset

The strategy of the analysis follows closely the one used to analyse Run 1 and 2015/2016 data
[7], extended to the whole LHCb [8] Run 2 dataset collected in pp collisions at the LHC with
centre-of-mass energy /s=13 TeV, corresponding to an integrated luminosity of 6 fb~!. The dataset
is known to contain signal events, namely B — h*h’~ decays reconstructed in the correct h*h’~
hypothesis, as well as multiple sources of background. The first one is the so-called cross-feed
background, given by B — h*h’~ decays reconstructed in a wrong A”’*h’”’~ hypothesis. These
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decays are tackled by means of Particle IDentification (PID) requirements. These background
components are particularly tricky to deal with, since they peak in the same invariant-mass regions
as the signals and, if not properly assessed, bias the CPV observables. A second source comes from
partially reconstructed B decays, meaning B — h*h’~ X where the X is not reconstructed. This
background is less problematic, as it is mostly located in lower invariant-mass regions. Finally, the
combinatorial background consists of events created by the random association of uncorrelated 4*
and &'~ candidates. This background is tackled using multivariate analysis.

2.2 Selection

Proton-proton collision events were collected by LHCb during LHC Run 2 and selected online
by a three-level trigger, and are then stored for later offline selection. The online trigger consists of a
hardware LO trigger, which selects events that deposit sufficient energy in the hadronic calorimeter.
Then, the information is passed to the first level of a high-level trigger, HLT1, where the tracks are
reconstructed and are required to have a displaced enough vertex with respect to the pp interaction
point and relatively high transverse momentum, in order for them to be compatible with being
produced in a heavy flavour-hadron decay. Finally, each filtered event is reconstructed at the HLT2
level, where a trigger line optimised for B — h*h’~ decays selects the data, by looking at kinematic
and topological properties of both the charged tracks and the reconstructed B. Then, selected events
reach the offline selection stage. Two different selections are devised, one for the rare B — %7~
and one for the remaining decays. The latter selection is consistent with the one used in [7] for what
concerns the PID requirements applied to the tracks. An adaboost MVA algorithm implemented in
TMVA [9] is used to discriminate between signal and background events. The algorithm is trained
using simulated B® — n*7~ events, while pure combinatorial background candidates are obtained
from real data by imposing a requirement on the invariant mass in the 7+~ hypothesis (7 ,+,-)
such that only pure combinatorial-background events are selected (m,+,- € [5.6,6.2] GeV/c?).
The optimal working point of the algorithm is chosen by optimising the expected significance
(S/VS + B) of the B — n* 7~ signal (S) over the combinatorial background (B) in a +60 MeV/c?
window around the nominal B® mass. For what concerns the rare B — n*n~ decay, a looser
PID requirement on pions is used in order to retain more signal events, since simulation shows that
the increase in cross-feed contamination from BY — 7K~ introduces subleading bias effects with
respect to the expected statistical uncertainty. A gradient boosted MVA implemented in scikit-learn
[10] is used to discriminate signal and background candidates, where proxy signal events are given
by simulated BY — 7n*7~ events and background ones are selected in a fashion similar to the one
of the B — n*7n~ selection. This time, the expected significance is optimised in a +60 MeV/c?
window around the nominal BY mass. Since the optimal working point of this selection relies on
the branching ratio of the channel, which has a large uncertainty, pseudoexperiments are used to
confirm the choice of the working point.

2.3 PID calibration

D** — D% — K~n*)n* decays [11] are used to create efficiency maps for charged pions
and kaons in the various final-state hypotheses. These maps, created in bins of track momentum,
pseudorapidity and occupancy of the detector, are integrated over the kinematics of simulated events
for each decay mode in order to extract the PID efficiency in each possible final state. These are
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used to relate the signal yield of each decay to the yield of the corresponding cross-feed component
in the final state hypothesis. These maps are also used to determine the PID asymmetry for the FS
decays into 7*K¥ final states.

2.4 Decay-time effects and acceptances

Decay-time effects, given by decay-time resolution o and bias ¢,, both damp the CPV observ-
ables and introduce an effective mixing among them. It is therefore important to properly account
for them. This is done by studying real-data J /¥ — u*u~ decays, as well as J /¢y — u*u~ and
B(S) — n*n~ simulated events. Calibration curves for both o and &, as a function of the decay-time
error are produced for each sample, and are used to estimate the expected oy and 9, in data, under the
assumption that the data/simulation ratio in J /¢ — u*u~ correctly reproduces that of B — h*h’'~
decays. Another key ingredient of the analysis is the set of decay-time acceptances £(¢). These
are obtained by fitting both B — K*7~ data and all the B — h*h’~ sirnulated samples and the
acceptance entering the fit is obtained via ad“(“‘) (1) = ada‘a HOE s (t) /eM BO—> wnD):

2.5 Flavour tagging

Flavour tagging identifies the flavour of a neutral beauty meson at production. At LHCb this
is done using two complementary classes of multivariate algorithms [12]: Opposite-Side (OS)
taggers, which infer the signal flavour from the decay products of the other beauty hadron in the
event, and Same-Side (SS) taggers, which use particles produced alongside the signal meson during
hadronisation. Each tagger provides a decision and an event-by-event mistag probability. An initial
calibration of the taggers is performed thanks to the use of B’ (s) D(S)n decays. Their pr
distributions, which influence the tagging response, are reweighted to match that of the B — h*h’'~
sample. The tagger responses are then recalibrated during the final fit using the FS B — K*n~
and B — n*K~ decays.

Currently, work is underway to implement the deep-set-based taggers [13] into the work
presented in these proceedings, which should help improve the final result by increasing the statistical

power through a higher flavour-tagging efficiency.

2.6 Fit model

A simultaneous fit is performed, fitting the invariant mass, decay time and flavour-tagging
responses of the 7* 7~ and 7*K™ final states. Signal events are modelled using a double Gaussian
core with shared mean and with a Johnson Sy, tail, whose fraction is determined from simulated
events, for the invariant mass. The decay-time distribution is parametrised to account for the
type of final state (FS or CP eigenstate) in order to fit the CPV observables and B production
asymmetries. Invariant-mass distributions of cross-feed backgrounds are modelled with the KDE
method [14] applied to simulated events, while the decay-time models are the same as signal ones
also accounting for mistakenly swapping a FS state for a CP eigenstate or vice versa. Partially-
reconstructed background is modelled using a single ARGUS function in the 7*7~ final state,
where the end point is given by the nominal B® mass reduced by the mass of the 7°, while in the
K*n¥ final state two ARGUS functions are used, one with the same end point and one with the BY
mass instead of the B®. The same double-Gaussian resolution model applied to signal events is also
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applied here. The decay-time model is obtained by means of KDE method after proper subtraction
of the combinatorial background from the 7+ .- € [5,5.2] GeV/c? invariant-mass range. For what
concerns the invariant-mass model, the combinatorial background is described by an exponential
whose slope depends on an empirical function of the decay time. The decay-time distribution is
instead obtained by applying KDE to events in n1,+,- € [5.6,6.2] GeV/c?.

2.7 Results

The fit procedure leads to the statistical uncertainties reported in Tab. 1. These results improve
on those reported in [7] and are consistent with the increase in statistics. Figure 1 shows the
invariant-mass and decay-time spectra obtained from the fit for the B — %7~ selection.

Table 1: Statistical uncertainties on the CPV observables extracted from the fit for all Run 2 years combined.
All values are obtained from the B — n*n~ selection, except those for BS — ntx~, which are obtained
from the BY — n*n~ selection.

CPYV observable Statistical uncertainty [%]

C(B® - n*n7) 2.8

S(B® = n*n7) 2.6

Acp(BY = K*n™) 0.21

Acp(BY — n*K") 0.78

C(BY — n*n7) 25

S(BY — n*x7) 25

D(B® — n*n7) 31
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Figure 1: Invariant-mass (left) and decay-time (right) spectra obtained from the fit in the 7* 7~ final-state
hypothesis for the BY — 77~ selection.

3. Conclusion and next steps

The analysis is currently missing systematic uncertainties that need to be estimated. This will
be achieved by generating pseudoexperiments from the nominal fit result and fitting them with both
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the baseline and alternative models. The differences between the resulting fitted values quantify
the systematic uncertainty given by each assumption made in the analysis. These include the PID
efficiencies, the decay-time resolution and bias, the acceptance model, and the shapes of the various
components used in the fit. As stated in Sec. 2.5, efforts are ongoing to switch to deep-set based
flavour-tagging algorithms to reduce the statistical uncertainty of the results presented in these
proceedings, since time-dependent observables (B(()s) — ntn”) are expected to be statistically
limited. Current plans involve starting the analysis for the Run 3 sample, which will greatly improve
the statistics available for these decays thanks to both a significant increase in luminosity and in
reconstruction efficiency due to the new fully-software based trigger employed by LHCb.
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