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In the B-meson sector, measurements of weak phases not associated with V,;, are obtained through
time-dependent, flavour-tagged analyses involving B — B mixing. In addition to new phases that
may enter the mixing loop, charmless B decays have an additional mechanism for unknown parti-
cles to induce deviations from the Standard Model expectation due to the sizeable contribution to
these decays from penguin topologies. We present the most recent studies of time-dependent CP
violation in charmless B decays at the LHCb experiment, including B — ¢ ¢, one of the “golden
channels” for New Physics searches.
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1. Introduction

In the Standard Model (SM), charmless decays of b hadrons are generally suppressed at the
tree level, and as such penguin amplitudes containing a virtual-loop contribution can be sizeable or
even dominant. These diagrams can in turn interfere with other diagrams, such as the ones related
to the B — B mixing, giving rise to CP-violation (CPV) effects sensitive to new physics (NP).

Experimentally, hadronic charmless decays cover a large range of available number of events,
from few observed in the B; — KJK K~ mode to hundreds of thousands in the Bt — ntn~x+
mode. The sensitivity to B — B oscillations depends on the LHCb detector ability to estimate
correctly the decay time of the B meson, and to assign the correct flavour at production, a process
known as tagging.

Tagging the flavour at LHCb is done by combining information coming from quarks that
hadronised with the b quark (“same-side” tagging) and information from possibly flavour-specific
decays of the hadron formed by the other b quark of the bb pair (“opposite-side” tagging), as
described in detail in Ref. [1]. The effective tagging power in LHCb is around 5 %.

Selection efficiencies usually depend on the displacement of the B decay vertex, and thus
on the decay time, which needs to be accurately modelled using simulations and control modes.
Furthermore, any measurement depending on the decay time is also affected by the resolution on
this quantity, which is of order 0.03 ps in Run L. In order to improve our knowledge on this quantity,
the behaviour of the resolution as a function of the decay time is modelled on simulated samples.
The results of this modelling are then used to estimate an event-per-event decay-time resolution,
which is in turn convolved with the time-dependent PDFs.

2. Time-dependent CP violation in B(()S) — h™h™ decays

Decays of the B(()S) — h"h™ type, where h is a kaon or a pion, are dominated by the b — d and
b — s transitions which are forbidden at tree level in the SM. As the final state is a CP eigenstate,
it can be accessed from both flavours of the neutral B meson, and as such is sensitive to the time-
dependent CPYV related to B mixing. Additionally, it is necessary to study as well the K7 final state,
as it contributes to the invariant-mass spectra of both ~"A~ modes.

Extracting weak observables from hadronic processes can prove challenging, but exploiting
symmetries can allow for a clean measurements of these observables. For instance, the BY — 't~
and BY — K*K~ decays being equivalent under the d <> s symmetry (“U-spin” symmetry), it has
been proposed in e.g. [2] to exploit that symmetry for a clean extraction of both the y and
angles. That symmetry can be exploited further by fixing the y angle from external sources and as
such reduce systematic uncertainties on the ®; angle from 5° to 0.5° in the LHCb upgrade era [3].

We report the results of the LHCb analysis of the full Run I dataset, published in [4]. The
decay-time-dependent width for the 777~ and K K~ modes is written as

—Cycos(Amgst) 4+ Sysin(Amg st)

cosh( Ag‘“ 1) + A% sinh( % )
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The 7Lf observable is defined as

A
Ap = q J’
PAf
and is related to the mixing parameters of the relevant meson, p and ¢, and to the difference be-
tween the amplitudes of the B and the B meson going to the same state f, Ay and A - respectively.
Additionally, the time-integrated CP asymmetry of a flavour-specific mode f is defined as

AP AP

CP=——F=—"" 7.
A7[*+[Af[?

In each hTh()~ spectrum, the model takes into account event species related to both B and
B, contributions, as well as background events from random associations of tracks (combinatorial
background) and partially reconstructed events from B to 3-body decays. Additionally, components
from other signal modes, where one of the final-state mesons is misidentified, have to be carefully
modelled using simulated events. A simultaneous extended likelihood fit to the invariant-mass,
decay time, decay-time uncertainty, tagging decision, and mistag probability is performed on the
dataset, as shown in Fig. 1, and yields

Crz = —0.34+0.06+0.01, Sgr = —0.63+0.05+0.01

Ckx =0.2040.06+0.02, Skx = 0.1840.06+0.02,
AM(KK) = —0.79+£0.0740.10

Acp(B) = —0.084 £0.004 +0.003,Acp(B;) = 0.2134+0.015 +£0.007

Compared with former LHCb measurements [5, 6], uncertainties are improved by a factor 2
to 3, depending on the observable. Statistical-only uncertainties are also competitive or even better
than current PDG values [7]. Finally, the strongest evidence to date of time-dependent CPV in the
B, sector is obtained, with more than 4 ¢ discrepancy between (Cxg, Skx,A%%) and (0,0, —1) (CP
conserved).

3. Measurement of gbfg inB? — K U decays

The BY — KK decay, observed by LHCD for the first time in 2011 [8], is dominated by
gluonic penguin diagrams. As such, the study of this mode is complementary to that of processes
dominated by electroweak penguins, involved in the so-called “B anomalies”. The weak phase in
this mode, ¢Sda, is equal in the SM to that of b — ccs transitions, measured to be
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Figure 1: Simultaneous fits to (top,left) mzz, (top,middle) the decay time, (top, right) the un-
certainty on the decay time, (bottom left) the mistag probability of the opposite-side tagger, and
(bottom, right), the mistag probability of the same-side tagger. The B — n* 7~ signal is in white,
the BY — n* 7w~ in blue, the B — K+~ background in orange, the combinatorial background in
green, and the 3-body B decays background in red.

= —0.021+£0.031 rad.

We report the results of the analysis performed on the full Run I dataset of the LHCb experi-
ment, published in [9], which updates a previous analysis that was performed using only the 2011
dataset [10]. The new analysis considers 19 different amplitudes, including some tensor compo-
nents for the first time, as reported in Fig. 2.

Decay Mode j1 Ja  Allowed values Number of
of h amplitudes

BY — (K*m)j(K—7%)5 scalar-scalar 0 0 0 1

BY — (K*t77); \*(802) scalar-vector 0 1 0 1

BY — K*(892)°(K—=n%)§ vector-scalar 1 0 0 1

BY — (K*77)§K35(1430)°  scalar-tensor 0 2 0 1

B? — Kj(1430)°(K—7*)5  tensor-scalar 2 0 0 1

B? — K*(892)°K*(892)° vector-vector 1 1 0,1, L 3

B? — K*(892)°K5(1430)°  vector-tensor 1 2 0, ], L 3

BY — K3(1430)°K*(892)°  tensor-vector 2 1 0, ], L 3

B? — K3(1430)°K3(1430)°  tensor-tensor 2 2 0, |1, Ly, ||2, Lo 5

Figure 2: Amplitudes considered in the model to describe the BY — K U phase space. The ji >
quantities designate the spin of the first (second) K7 pair, and 4 is the helicity of the state.

The angle ¢§13 is measured for the first time, and its value
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Sdﬁ =—0.10+0.13+0.14 rad,

where the first uncertainty is statistical and the second is systematic, is compatible with the
SM expectations.

4. Measurement of ¢*° in B — ¢ ¢ decays

As the B(()s) — KK decays, the BY — ¢ ¢ decay is dominated by a gluonic penguin ampli-
tude. However, the underlying transition is b — sss, and as such the time-dependent CPV is related
to the ¢% angle, which is predicted to be smaller than 0.02rad in the SM [11, 12]. A previous
LHCb analysis has measured

5 = —0.1740.1540.03 rad,

where the first uncertainty is statistical, and the second is systematic [13].

We report the results of the analysis described in [14], and performing an amplitude analysis
on data collected from 2011 to 2016, for a total luminosity of more than 4fb~!. The analysis does
not find a significant B® — ¢ ¢ component, and sets the world’s best upper limit on that decay

B(B" = ¢¢) <2.7x1074(90%CL).

Additionally, the B — ¢ ¢ amplitude is measured as a sum of three terms, denoted with the 0,
L, || subscripts and whose parameters are measured to be

|Ao|* = 0.381+0.00740.012,
|A1|* =0.29040.008 +0.007,
8, =2.81840.178+0.073 rad,
8| =2.559£0.045£0.033 rad,

which is is good agreement with previous measurements.
Finally, the CP-violating parameters A and ¢** are measured to be

A =0.9940.05+0.01,
¥ = —0.07340.11540.027 rad.

As aresult, no significative CPV is found, and the results are compatible with the SM.
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5. Perspectives

Time-dependent CPV in charmless b-meson decays is a sensitive probe of NP, due to both

the suppression of tree-level amplitudes in these decays and to the precision of SM predictions.

The LHCb experiment is already contributing to these measurements, with the leading precision
in the B(()S — hh™ modes and the first measurement of ¢4, using the B® — K U decay chan-

nel. All measurements in these proceedings are statistically limited, and in most cases systematic

uncertainties are dominated by contributions that are statistical in nature, such as the size of sim-

ulated samples. As a result, the full potential of the LHCb experiment will unfold in the coming

years, starting with the inclusion of the full Run 2 dataset (9fb~!) and especially with the upgrade,

planned to start taking data in 2021.
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