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Tree-level measurement of the CKiviis one of the most important test of tli&P violation in the Standard Model. Discrepancies between
measurements in the tree-level decays and decays with loop might provide evidence of the Physics Beyond the Standard Model. Results ¢
the recent analysis d8° — D°K*°, B — DX*K*#x*x%, B* — Dh* andB~ — D*K~ decays are presented in this paper. A new
combination of all LHCb measurements is also discussed. Achieved precision of the LHCbé®esult® dominates the world average.
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1. Introduction constructed from the same final state [3]. However, extended
studies of othel3 — DK type channels, including decays

In the Standard Model of particle physics, the Cabibbo-hrough resonant states, increase the precision of thea-
Kobayashi-Maskawa matrix (CKM) [1] is a unitary matrix syrement.

that describes the strength of the flavour-changing weak inter-
action. A series of equations is constructed from the unitarity; 1. | HCb detector
condition of the CKM matrix. These equations have a graphic
representation as triangles (Unitarity Triangles) on the comThe LHCb detector is a single-arm forward spectrometer. It
plex plane, and the angles of these triangles are the CKM maovers the pseudorapidity range< n < 5 (pseudorapidity
trix parameters. The CKM angte= arg(—VuaVus/VeaVes) is related to the angle between particles three-momentum and
is one of the least explored parameter of the CKM matrix.the direction of the beam axis). The program of the LHCb
It can be measured through the interferencé of> ¢ and  experiment revolves around hadrons with c quarks. The
b — w quark transition amplitudes, which occur in the tree-detector is composed of several subsystems. Tracking detec-
level decays ofB mesons. tors before and after 4 Tm dipole magnet allow reconstruc-
Measurement of the CKM angtgin tree-level processes tion of the particle momentum with a relative uncertainty
is calledthe standard candléor the Standard Model because about 0.5% for low momentum and 1.0% for high momen-
of very small theoretical uncertaintyAy/y < 1077 [2].  tum (> 200 GeV/c). The Impact Parameter resolution (the
Discrepancies between anglemeasured in processes with minimum distance of a particle track to primary vertex - PV,
loops and tree-level only processes may provide strong eviproton-proton interaction point) is (15 + 28/) um (pr is
dence for the effects of Physics Beyond the Standard Modetransverse momentum). The two ring-imaging Cherenkov
Measurement of the CKM angteprovided by the LHCb ex- (RICH) detectors, hadron and electron calorimeters identify
periment is the most precise measurement of the CKM anglparticles. Muons are identified in muons chambers which are
~ from a single experiment [3]. This measurement is a comsituated at the end of the LHCb spectrometer. The decay time
bination of a series of single measurements and the most preesolution ofr ~ 45 fs enables a measurement oscillations of
cise one is obtained in the analysis of th& — DK * decay, heutral particles, especiall3® and B mesons. The details
whereD stands for a superposition 61 andD° mesons re-  of the LHCb spectrometer (Fig. 1) with the description of all
main subsystems can be found in Ref. [4].

2. Analysis of B° — DYK*0 decay

Magnet

In the B — DYK*° decay, theK*? stands fork*°(892)
resonance reconstructed fraifit 7~ final state [5]. In both

B° — DK*0 andB° — D°K*0 decays, there are colour-
suppressed quark transitions. Colour suppression results in
a small branching fraction of these decays; however, it en-
hances the interference effect and increases thensitivity.

A data set corresponding to 3.0fband 1.8 fb'! of inte-
grated luminosity collected at centre-of-mass energies of 7-8,
and 13 TeV, respectively, was collected during Run 1, 2015
FIGURE 1. The scheme of the LHCb spectrometer [4]. and 2016. The CKM angley is measured using the GLW
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body ADS modes (bottom). the phase-space integrated decay-time spectrum is analysed.

In the time-dependent approach, the strong-phase variation
methods [6] for decays modes wifh® meson decaying to ©f the phase space of the decay is taken into account. The
CP eigenstate: K*KF or n=xF with the extension to BY — Din*r*7¥ isused to calibrate the detector's effects

rEr¥Fata— and the ADS methods [7] for modes wifh®  and to measure th8? — BY mixing frequency - another pa-
meson decaying tﬁ'?ﬂ-i final stated with the extension to rameter of the CKM matrix which is a difference between
KFrtrtr—. The Gradient Boosted Decision Trees (BDT) Mmass eigenstates & meson.

algorithms were used to improve the separation of combi- Selection of the candidates require the information from
natorial background and signal. The set of algorithms washe particle identification systemi? meson proper time
trained for each decay mode (one for two-body ADS modesand displace ofB? vertex from PV. The BDT algorithm
one for four-body ADS mode, and one for each GLW mode).was used to suppress the combinatorial background. Invari-
The number of vetos was applied to reduce combinatorial andnt mass distributions aB? — Dfr*r*7r~ and B? —
physical background contributions. DF K*+7r* 71~ with fit are shown in Fig. 4.

Invariant-mass distributions with fits for four-body ADS ~ The BY — Dfr*r* 77 candidates were used in the cal-
and GLW modes are shown in Fig. 2. Fits include sev-ibration of taggers of flavour tagging algorithms [10] which
eral contributions: signal oB® — DYK*° and B —  aim was to determine the flavour of ti?Y meson produced
DYK*°, combinatorial background described by an exponenin the proton-proton collisions. There are two complemen-
tial function, partially reconstructed background frdf — tary methods: the opposite-side (OS) tagger and the same-
D*°K*0 where pion ory from D*? is missing, partially re- side (SS) tagger. The same-side (SS) tagger exploits the kaon
constructed background from* — DK*7n"7~ where one charge produced together with tl meson in the fragmen-
of the pions is not reconstructed am{ — Dnt7—, where tation process. Opposite Side (OS) tagger exploits the decay
one of the pions is misidentified as kaon. products of the othdrhadron § hadrons are always produced

C' P asymmetries evaluated in this analysis are compatiin bb pairs): lepton (electron or muon) from semileptoisic
ble with zero within two standard deviations [5]. The global decays or kaon fromlh — ¢ andb — s processes. Each al-
x> minimization allows interpretation of these results in gorithm provides a decision for each candidate and tagging
terms ofr2X™° 4 and §2K70, Figure 3 shows the contour efficiencies.

Figure 5-left presents the proper-time spectrum for
taggedB? candidates. The mixing asymmetry f&’ —
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FIGURE 3. Result of the 2D scans 65" vs. v (left) ands 5 < °

VS. rB’?K*O (right) with contour corresponding to 68.6%, 95.5% and FIGURE 4. Invariant mass distributions faB? — DI ntr®a¥
99.7% C.L., respectively. candidates (left) an? — D K* 7% 7T (right) with the fit.
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FIGURE 5. Background-subtracted decay-time distribution of

BY — D¥K*x*x¥ candidates (left) and mixing asymmetry
along with the model-independent fit projections (right).

Amyg = (17.757 £ 0.007 + 0.008) ps ',

where the first uncertainty is statistical and the second sys- r

tematic.

Results of measurement of the CKM anglim the phase-
space-integrated analysis are presented belowCTheoef-
ficients (detailed definitions in Ref. [97), APT, A?M, Sy
andS? evaluated in this analysis:

Cy =0.631 %+ 0.096 + 0.032
APl = —0.334 £ 0.232 + 0.097
A?AF = —0.695 £ 0.215 £ 0.081

Sy =—0.424 £0.135 £ 0.033
57 = —0.463 £ 0.134 £ 0.031
can be converted into the parameteys: 23;, r, k andd.

two quasi-independent models describelthe c andb — u
type decays. ldeally, the model should provide a good de-
scription of the invariant mass distributions and keep the
number of included contributions as small as possible. The
model complexity is limited using the LASSO technique.

The Fig. 6 presents the invariant-mass distribution of
background-subtracted? — DT K*7*7F candidates with
the fits from the model fob — ¢ andb — w type contri-
butions. The summary of measurements of the CKM ma-
trix parameters, including the CKM angte with model-
independent and model-dependent methods is presented be-
low:

Parameter Model-independent Model-dependent
0.4715:08+6-:02 (.56 + 0.05 4 0.04 + 0.07
0.88+0-12+0.04 9 79 4 0.04 £ 0.06 + 0.04

5 (—6T1512)° (-14+10+4+5)°
v =28, (42+1555)° (424+10+4+5)°

4. Analysis of B¥ — Dh* decay

The LHCDb collaboration performed the model-independent
study of theB* — DK®* and B* — D=* decay with

D — Kirtr~ or D — K2KTK~ using the GGSZ
method [11]. The full LHCb Run 1 and 2: 9 b of data
collected at centre-of-mass energies of 7, 8, and 13 TeV has
been exploited [12]. Because t: mesons may decay in-

The full phase-space spectrum comprises resonances thgitle or outside the VELO detectak’y mesons are recon-

potentially contribute to thé&? — D K+7* 7T decay. The
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FIGURE 6. Invariant mass distributions faB? — DI K*#x* 7T
candidates with the fit and indication of contribution frém— ¢
andb — u decays amplitudes.

structed in several different ways. TH€2 mesons recon-
structed fromlong tracks decay inside the VELO and have a
better track, mass and momentum resolution thgnrecon-
structed fromdownstream type tracks outside the VELO
detector. The significantly higher number of downstream
typesK 2 mesons compensates for the worse quality of down-
stream tracks; however, it implies the additional selection of
these tracks.

The combinatorial background is suppressed by the BDT
algorithms. In the analysis oB* — Dh* decay, two
different BDT algorithms were trained. One for selection
of events withK'} reconstructed from long tracks, and an-
other for events withk' reconstructed from the downstream
track. The BDT classifier rejected approximately 98% of
background events and only 7% of signal events in the vali-
dation sample.

The invariant mass distributions for thég* — DK+,

B* — Dzt with D — Klrtn=orD — KYKTK~ for

a different type of tracks with the fit are presented in Fig. 7.
The Dalitz plots for the signal region (events wilit me-

son mass within 30 Me)Xt? mass windows around nominal
B-meson mass) are shown in Fig. 8. Four different binning
schemes are available to measure ¢hands; parameters.

The binning schemes are created assuming a strong-phase
difference distribution. This assumption is based on BaBar
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model [13]. The optimal binning schemes f@° —
K%t7~ andD® — K9K*+ K~ are presented in Fig. 9.
The results forP%, yPK and the CKM angley are pre-

sented in Fig. 10. The results are given with C.L. at 68.3%

and 95.5%.
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FIGURE 9. Binning schemes foD? — K277z~ decays (left)
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This measurement of the CKM angjés the most precise
determination ofy at LHCb.

5. Analysisof B~ — D*K~

Analysis of B~ — D*K~ decay is the example of the ex-
tension ofB — DK decays studies over resonant states [14].
In this decay, the vectob* meson decay td(y/7) final
state. TheD meson decay t@'P-evenD — K+tK~ or

D — w7~ final state or nor@P D — K+xT. It enables
the measurement of the CKM angjeusing GLW and ADS
methods.

The B~ — D*K~ decay was partially reconstructed
with the inclusion ofy or 7°. This is the first analysis of
this type at LHCb. The main advantage of partially recon-
structed studies comes from significantly larger yields. Be-
cause the efficiency of the reconstruction of the neutral par-
ticle at LHCb is lower than charged particles, the number of
full reconstructed candidates is significantly lower.

The data sample was collected during proton-proton col-
lisions at centre-of-mass energies of 7, 8, and 13 TeV corre-

TheC P observables are interpreted in terms of CKM an-spons to 5.7 fol. Events selection based on the requirement

gle~, 6 andr g ratio. The results of measurement are:

Parameter Result
v (68.775:3)°
gk 0.0904+3:9977
5K (118.3%55)°
po* 0.0050 = 0.0017
507" (201+24)°

of D° meson mass within 25 Me\? mass window around
the nominal mass oD® meson. The main components of
the selection included the particle identification and BDT al-
gorithm. The BDT was trained using a simulation sample
of B- — D*K~ events and data sample containing events
with B~ candidates mass above 5900 Me¥. The Fig. 11
show invariant-mass distribution @8* — [K*x*]ph™
candidates. The fit includes 16 contributions from the signal,
physical background, combinatorial background, misidenti-
fication and more.
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6. The CKM angle v combination and conclu-
sions

The LHCb combination includes results of analysis of 16 de-
cay modes using methods described in this paper. From the
last combination in 2018 [18], there are two ne®{( —
DTK*7*t7rT andB — DK*) and five updated results. The
full list of contributions can be found in Ref. [3]. The LHCb
collaboration provides the CKM angte measurement split

by the initial B state and the combination (Fig. 13) [3]:

Configuration 68.3% C.L.
(674)°
(645)°
(8255)°
(8255)°

95.4% C.L.
(6753)°
(6475)°
(8219)°
(82:35)°

Combination
B+
BO
BO

Analyses of the full Run 1 and Run 2 data from LHCb
provide significant improvement in reducing the uncertainty
of the CKM angley. The LHCb result:y = 67 +-4° is in ex-
cellent agreement with the result from the CKMfitter group:
(65.7t9-2)° [16] and UTfit collaboration: (65:82.2)f [17].
LHCDb also performed the single most accurate measurement

of the CKM angley: v = (68.7412;?)" [12]. Improvement

of measurement precision of the CKM angleénay provide
The result of the analysis is over 28 6fP observables compelling evidence of physics beyond the Standard Model.
[12]. The CKM angley has not been measured directly in
this analysis, however the P observables provide an input Acknowledgments
to profile likelihood contours of the CKM matrix parameters:

y,rgK/”,égK/”,rg*K/” andég*K/”. The profile likeli-  This research was supported in part by National Re-

hood contours for the CKM angte and other parameters at search Centre, Poland (NCN) and grant No. UMO-
68%, 95%, and 99.7% C.L. are shown in Fig. 12. 2018/31/N/ST2/01471.
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