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The LHCDb experiment has performed several studies of B meson decays to a pair of charmed
mesons, using data collected during LHC Run 1 and Run 2. Examples are measurements of branch-
ing ratios in various charged and neutral double charm decay modes [1] and the determination of
the mixing phases in B — D*D~ [2] and B — D{D; decays [3]. ' Tests of the Standard
Model (SM) have been performed by relating CP asymmetries and branching fractions of differ-
ent decay modes of neutral and charged decays of B mesons to two charmed mesons, employing
isospin or SU(3) flavor symmetries [4]. New results of measurements of CP violating observables
in B — D*=D¥ decays [5] and recent measurements in B~ — D(’S)DO decays [6] are presented.

The B® — D**DT decay process is sensitive to the weak phase 23, when the leading-order
color-favoured tree diagram b — c¢d is considered, where 8 = arg[—(V.,V.;)/(V,,V,},)] is one of
the angles of the Unitarity Triangle. The decay can proceed through other processes, like penguin,
W-exchange and annihilation diagrams, where additional contributions to CP violation both from
the SM and from new physics may arise. Each of the D*"D~ and D*~ D™ final states is accessible
from both BY and B° mesons, therefore four decay rates are considered. The time-dependent decay
rate for an initial B’ meson to a D** D~ final state is

dlgo (2 —1/T
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where the parameter </, 7, which represents the overall asymmetry in the production of the f =
D*TD~ and f = D*~ D™ final states, is defined as

(17 + 1A/2) = (17 +1A72)
(17P+14712) + (14712 +1472)

with Ay (A f) and Af (A f) indicating the amplitudes of the decay of a B° and a BY meson to the

fr—

final state f (f). Similar expressions describe the decay of a B® meson and decays to the f final
state. Here 7, denotes the B° lifetime and Am, denotes the mass difference of the two BY mass
eigenstates, which are assumed to have the same decay width [7]. Introducing g and p to describe
the relation between mass and flavor eigenstates, |By 1) = p|B°) +¢|B), the parameters S; and Cy
are defined as

2ﬂmkf 11— ‘lf|2 qu
= 2 Cr= 2 Ap=—22,
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with analogous definitions holding for Sz, and Cz. By combining these parameters, the following
five CP observables for B — D**D¥ decays can be defined [7]

St

1 1 1 1
Spp =5 (S +57), ASpp=5(Sy=S7), Corp=5(Cr+Cp), ACpp=75(C;~Cy), p= ;.

The measurements of these parameters are based on the full sample of pp collision data
recorded by the LHCb experiment between 2011 and 2018, corresponding to integrated luminosi-
ties of 1 and 2fb~! at centre-of-mass energies of 7 and 8§ TeV (Run 1) and of 6 fb~!at 13 TeV
(Run 2).

! Charge-conjugate processes are implicitly included in the following, unless otherwise specified.
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Figure 1: Invariant-mass distributions for the B — D**D~ decay with (left) D — K~ w7~ 7+ and (right)
DY — K~ z*, obtained using the Run 2 data samples. Besides the data points and the full PDFs (solid
black) the projections of the B signal (dashed blue), the BY — D** D~ background (dotted green), the B® —
D**D; background (dash-dotted turquoise), the B — D** D*~ background (long-dash-dotted magenta), the
B(S) — D*TD*~ background (dash-three-dotted red) and the combinatorial background (long-dashed green)
are shown.

The B — D**D~ candidates are selected with the decay chain D~ — K*7~ 7~ and D** —
Dzt withD® — K~ 7t and D° — K~ w7~ " decays. Kinematic, mass and particle-identification
(PID) requirements are imposed to reject background due to the misidentification of one hadron in
the charged D decay chain, such as B — D**D; (KK~ 7~) and Kg — D*"A_ (Kt pr~) decays.
Single-charm B meson decays, such as B(()S) — D*"h~h*h~, where the three hadrons are not pro-
duced in a D™ decay, but directly originate from the B decay, are also rejected. In order to separate
further the signal candidates from the combinatorial background, a boosted decision tree (BDT) [8]
that takes as inputs kinematical, topological and PID variables of all decay products is used. The
BDT is trained using simulated B — D**D~ candidates as a signal proxy, and data candidates in
the high-mass sideband as a background proxy. A different BDT classifier is trained for each of
the four data samples (two D° decay modes, two run periods), and the requirement on the output is
chosen to minimise the uncertainties on the CP violating parameters.

An unbinned extended maximum-likelihood fit is performed on the invariant-mass distribu-
tion of the selected B® candidates, for each of the four data samples independently. The sPlot
technique [9] is employed to determine per-candidate weights that are used for background sub-
traction in the subsequent decay-time fit. A total of about 6000 signal candidates are found in the
four data samples. The mass distributions for the Run 2 samples are shown in Fig. 1.

The measurement of CP violation in a decay-time-dependent analysis of a neutral beauty
meson decay requires the determination of the production flavor of the B® meson candidate, i.e.
whether it contained a b or a b quark (flavor-tagging). Two classes of tagging algorithms are used
in this analysis. The opposite-side (OS) tagger exploits the fact that b and b quarks are almost
exclusively produced in pairs in pp collisions, allowing the flavor of the signal B candidate to be
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inferred from the flavor of the other & hadron in the event. The OS tagger combines information
on the charge of the muon or electron from semileptonic b decays, the charge of the kaon from
the b — ¢ — s decay chain, the charge of a reconstructed secondary charm hadron and the charges
of the tracks that form the secondary vertex of the other b-hadron decay [10, 11]. The same-side
(SS) tagger exploits the production of correlated protons or pions in the hadronization of the b
(b) quark that forms the signal B® (B") candidate, with its initial flavor identified by the charge of
the particle [12]. Each tagging algorithm provides a tagging decision and the probability that it
is incorrect (mistag, ®). Large data samples of flavor-specific decays, such as B — J/yK™ and
B — D~ x* are used to optimize the algorithms and calibrate the mistag probabilities of each tag-
ger. In this analysis, the combination of OS and SS algorithms is calibrated using data samples of
B — D**D; and B — D' D, decays. These decays are chosen because they are flavor-specific
decays with similar topology and kinematics as the signal decay and with high yields. The per-
formance of the flavor tagging is given by the tagging power, etagDz, where & 18 the fraction of
tagged candidates and D = 1 — 2 represents the dilution induced on the oscillation amplitude.
The tagging power represents the effective loss in signal yield compared to a perfectly tagged sam-
ple. The tagging power for the combination of the OS and SS algorithms in the signal sample is
found to be 5.6 —7.1%, depending on the data sample. This is among the highest tagging powers
measured at LHCb, benefiting from the high p and and p7 values of the selected B® candidates.
An unbinned maximum-likelihood fit is performed to the decay-time distribution of background-

subtracted candidates, simultaneously to the four data samples of tagged and untagged candidates.
The decay-rate PDF includes terms dependent on the flavor tagging parameters (efficiencies and
mistag for the B’ and B” mesons) and on the B’ — B® production asymmetry, that are Gaussian-
constrained to the measurement performed in the B® — D(*)"’DS_ control channels. The decay-time
resolution model is determined from simulation and fixed in the fit to data with an effective reso-
Iution of 60 fs. The decay-time efficiency is modelled by a cubic spline function with five knots
and coefficients determined in the fit to data. The B° lifetime and Amy, are fixed to their known val-
ues [13]. Figure 2 shows the decay-time distribution of the full B — D*¥D* sample while Fig. 3
shows the asymmetry between BY and B signal yields as a function of the decay time, separately
for D**D~ and D*~ D™ final states. The CP violating observables resulting from the decay-time
fit are

Spep = —0.861 £0.077 (stat) £ 0.019 (syst),
ASp-p = 0.0190.075 (stat) = 0.012 (syst),
Cpp = —0.059 0.092 (stat) = 0.020 (syst),
ACp-p = —0.031 £0.092 (stat) £ 0.016(syst).

The statistical uncertainties include contributions due to the size of the samples and due to the
external parameters constrained in the fit. The main statistical correlations are between Sp+p and
Cpp (ps,c = 0.44) and between ASp+p and ACp+p (pasac = 0.46). Systematic uncertainties on
the CP violating parameters are evaluated by considering the variation of the mass model, both for
the signal and background components, and the variation of the flavor tagging calibration model.
The uncertainties related to the knowledge of the decay-time acceptance and decay-time resolution,
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Figure 2: Decay-time distribution of B® — D*T D™ signal candidates, summed over all data samples, where
the background contribution is subtracted by means of the sPlot technique. The projection of the PDF is
represented by the solid line.
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Figure 3: Asymmetry between BY and B signal yields as a function of the decay time, for (blue full dot)
D** D™ and (red empty dot) D*~ D™ tagged signal candidates. The background contribution is subtracted by
means of the sPlot technique. The corresponding projections of the PDF are represented by the blue dashed
(red continuous) line. The BY flavor is determined by the combination of all flavor-tagging algorithms.

and those related to the uncertainties on the input parameters in the decay-time model give small
contributions.

The final state raw asymmetry, which is also determined from the decay-time fit, has to be
corrected for instrumental asymmetries. These asymmetries affect reconstruction, detection and
particle identification and are related to the different interaction cross-sections with matter and
different detection and identification efficiencies of positive and negative pions and kaons. The re-
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constructed B” — D*TD~ decay is charge symmetric. However, since all instrumental efficiencies
depend on momenta, and the p and pr spectra of kaons and pions in the D** and DT decays are
observed to be slightly different, the cancellation is not expected to be complete. To a good level
of approximation, the asymmetry in B® — D**D~ decays, denoted with Agt_D+, can be related to
the D*~ and D~ instrumental asymmetries, AdD;f and Aé)e;, as

’leDejtiD+ = Aé)e*ti —Ady -

Each of the D*~ and D~ asymmetries is measured using samples of prompt D~ — Kt 2~ 7~ de-
cays, after a kinematic weighting of the distribution of the D~ final state particles to match the
spectra of signal kaons and pions. The resulting asymmetries are very small: in Run 2 they are
found to be AdD;fm = 0.0011 £ 0.0040 £ 0.0030 (0.0009 + 0.0026 & 0.0051) in the D° — K~ 7+
(D° — K~ ) decay mode, where the first uncertainty is statistical and the second is system-
atic. After subtracting the instrumental asymmetries, the weighted mean of the final state asymme-
tries is evaluated over the four samples resulting in

p-p = 0.008 £0.014 (stat) £ 0.006 (syst).

The main contributions to the systematic uncertainty on <7p+p comes from the uncertainty on the
instrumental asymmetries and from the variation of the mass model.

These results on the B® — D**DT CP violating parameters are compatible with previous mea-
surements performed by the Belle [14] and BaBar [15] experiments and exclude the hypothesis of
CP conservation at more than 10 standard deviations. The precision of Cp+p and ACp+p param-
eters is comparable with that of previous measurements, while for Sp+p, ASp-p and @p-p, this
measurement improves significantly the precision of the current world average [7].

The measurements of the CP asymmetries in B~ — D~D" and B~ — D; D° decays are per-
formed at LHCb with Run 1 data [6]. In these decay modes of charged B mesons, non-zero CP
asymmetries are expected due to the interference of the tree and loop amplitudes, at O(10~2) in the
SM. The time-integrated CP asymmetry is defined as

cp_ [(B~— D,D") ~T(B* — Dz;)D:O)
L(B~ — D D) +T (B — Dz;)DO)

and it is measured from the yield of selected signal candidates. Charmed mesons are reconstructed

inthe D~ — K*n~ 7~ and D; — K"K~ 7~ decay modes, while D° mesons are reconstructed in
the D’ — K~ 7+ and D° — K~ 77~ 7" decay modes. The mass distribution of the B~ and B*
candidates are shown in Fig. 4, for the two-body D° decay samples. The raw asymmetries need
to be corrected for production and detection asymmetries. The production asymmetry between B~
and B mesons at LHCb has been measured using the B~ — Dz~ decay to be Ap = (—0.5+
0.4)% [16], with no significant dependence of the asymmetry on the transverse momentum or on
the rapidity of the B meson. Four contributions to the asymmetry of the detection efficiencies
are considered: asymmetries in the tracking efficiency, different kaon interaction cross-sections
with the detector material, and asymmetries in the trigger and particle identification efficiencies.
These asymmetries are evaluated using control samples of fully and partially reconstructed D**
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Figure 4: Invariant-mass distribution of (top) B~ — D;DO and (bottom) B~ — D~ DO candidates, with
DY — K~ rtt, separated by charge. The left plots are for B~ candidates whereas the right plots are for B+
candidates. The overlaid curves show the signal (dashed turquoise) and the combinatorial background (dash-
dotted green) components of the PDF. In the B~ — D, D decay also a single charm background (dotted red)
component is present.

decays [17] and of D™ — K- 7"t and of D* — Ksm'decays [18]. The uncertainties on the
contributions to the production and detection asymmetries are considered to be uncorrelated, and
values of Ap + Age equal to (—1.4+0.5)% and (—0.3 40.4)% are obtained for B~ — D; D" and
B~ — D™D decays, respectively. The CP asymmetries are measured to be

A P(B~ = D; D) = (—0.440.5(stat) +0.5(syst))%,
ZP(B~ =D D) = (2.3+£2.7(stat) £ 0.4 (syst))%.

This is the first measurement of .27 P (B~ — D; D") and the most precise determination of .7F (B~ —
D~D"). Neither result shows evidence for CP violation.

In conclusion, beauty to double-charm decays have been successfully studied at LHCb. The
violation of CP symmetry has been observed in B — D**D~ decays, while no evidence for CP
violation has been found in B~ — D(’S>D0 decays. The full exploitation of the Run 2 data sam-
ple for double-charm decays has not been performed yet. The importance of these channels will
increase in the upcoming Run 3, with the LHCb upgraded detector, due to the removal of that hard-
ware trigger, which limited the trigger efficiency in hadronic channels. The future LHCb-Upgrade
Phase 2, proposed for the High-Luminosity LHC era, will allow all statistical uncertainties in the
measurements of these decays to be further reduced.
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