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The LHCb experiment is a general purpose forward spectrometer operating at the Large
Hadron Collider, optimised for the study of B and D hadrons. LHCb has collected 3 fb~*
of integrated luminosity, which provides an unprecedentedly large sample of B hadron decays
to final states involving charmed hadrons. These decays offer many complementary ways to
measure the angle v of the CKM triangle. The latest combination of LHCb measurements
to provide a value of « is presented, along with the first measurements of C P-violating ob-
servables in BY — DK™ and Bt — Dzt decays with D — K3K*7T final states. The
first observations of a number of b-baryon decays that have the potential to contribute to
measurements of  are also reported.

1 Introduction

The CKM parameter ~ is currently the least well-constrained angle of the CKM triangle. Com-
binations made in summer 2012 by the CKMFitter L and UTFit 2 collaborations, before the
inclusion of measurements from LHCb, gave v = (66 &+ 12)° and v = (76 £ 10)° respectively.
Measurements of «v can be made using B decays that are mediated only by tree-level transitions,
for example B decays to open charm mesons. Since these transitions are unlikely to be affected
by New Physics, they provide a “standard candle” to measure the Standard Model (SM) value
of «v. The value of v measured in this way can then be compared to values measured using
B decays mediated by loop-level transitions, for example B decays to light charmless hadrons.
A significant difference between these values would indicate a New Physics contribution to the
loop processes.

This document presents the latest results from the LHCb experiment 3 measuring CP-
violating observables in hadronic B decays to open charm. Results from time-independent
analyses of Bt — DK™ and BT — D" decays, with various final states of the D meson, are
combined to give a first LHCb value for . The first analysis of BY — DK™' and B™ — Dzt
decays with D — KgK +77F final states is also described. Finally, studies of b-baryon decays to
D%h and A.h final states (where h represents a charged pion or kaon) are reported.

Most of the results reported here are based on data corresponding to 1 fb~! of integrated
luminosity, collected in 2011 at a centre-of-mass energy of 7 TeV, while some results also include
the 2 fb~! of data collected in 2012 at a centre-of-mass energy of 8 TeV.



2 Gamma combination from time-independent analyses of Bt — DK' and Bt —
Drt

In general, time-independent methods of measuring v from hadronic B decays to open charm
take advantage of the interference between b — ¢ and b — wu transitions at tree-level, where
the D final state is accessible to both D® and D°. The most commonly used B decays are
BT — DK' and BT — Dz . Aside from the weak phase v, these analyses also measure the
hadronic parameters 7p(p) and dg(p), where the ratio of the favoured to suppressed B(D) decay

amplitudes is 7 D)ei(‘sB(D>). The method to extract these hadronic parameters and v depends
on the D final state. The three methods discussed in this document are usually referred to by
the initials of the authors of the paper(s) that first proposed the method. There is the “GLW”
method4, where the D decays to a C'P eigenstate, the “ADS” method 9 where the D decays to
a quasi-flavour-specific state, and the “GGSZ” method ¥ where the D decays to a self-conjugate
three-body final state.

LHCb has published measurements, all based on 1 fb~! of data, using D — 7#t7~, KTK~
and K*7F in a two-body ADS and GLW analysis 7, D — K*7Frtr~ in a four-body ADS
analysisS, and D — K3nt7r~ and D — KJKTK™ in a GGSZ analysis Y. These measurements
have been combined, using a frequentist approach, to obtain a combined LHCb value for ~ 10,
In addition to the LHCb measurements, CLEO-c measurements are also used to constrain some
of the parameters of the relevant D systems UL The experimental likelihoods are combined as

L(@) = f;( A A;(a)),

where A are the experimental observables (such as, Rcpy, x4, etc), and @ are the physics
parameters (such as v, rp, etc). Confidence intervals are then obtained from this likelihood
in a frequentist way. The confidence intervals are rescaled to account for undercoverage and
neglected correlations between systematics. The effects of DY — D’ mixing, and of possible C'P
violation in the D decays, are taken into account. The confidence intervals for v and rp from a
combination of the DK and D7 measurements are shown in Fig. 1. The 68% confidence interval
for ~ is [55.4, 82.3]°.

Following the publication of Ref. 10 , LHCDb performed a preliminary update of the GGSZ
analysis with D — K277~ and D — K2KTK~ final states, using 3 fb~! of data 12 This
result has been used to make a preliminary combination I3 with the 1 fb~! LHCb analyses that
were used for the published combination described above. The preliminary combination uses
measurements from BT — DK™ decays only. The resulting confidence interval for 7 is shown
in Fig. 2. Also shown is a comparison of the confidence interval for v from the preliminary
combination with that from a combination of BT — DK™ measurements based only on the
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Figure 1: Confidence intervals, resulting from the combination of the DK and D7 measurements, for v (left),
and rp (right).



1 fb~! dataset. The preliminary LHCb measurement of « from this combination is v = (67+£12)°.
The measurements used for this combination were included in the global CKM fits for the first
time in results presented at the summer conferences in 2013. The fitted values for v were
v = (68.0782)° from CKMFitter, and v = (70.1 + 7.1)° from UTFit.

3 Time-independent analyses of BY — DK' and B* — Drt with D — KJK*n¥
final states

LHCb has made the first study of CP violation in Bt — DK' and Bt — Dr" decays
with D — KgK:tﬂ':F final states, using 3 fb~! of data 14 This is the first time an “ADS-
like” analysis has been performed with a Singly-Cabibbo-Suppressed (SCS) final state L5 The
final states are labelled Opposite-Sign (OS) or Same-Sign (SS) by comparing the charge of the
kaon from the D decay with the charge of the initial B meson. The analysis of the three-
body D final state requires knowledge of how the average interference amplitude (kx4x~) and
strong phase difference (dxgxr) vary across the D Dalitz plot. This information is taken from
measurements by the CLEO-c collaboration 10, The LHCH analysis measures the yield ratios
(R) and charge asymmetries (A) between OS and SS final states, and between DK and D7
final states. Combining this information with the CLEO-c¢ measurements allows ~, rp, rp and
0p to be extracted. The analysis is performed across the whole D Dalitz plane, and also in a
restricted region around the K** resonance, to take advantage of the higher coherence factor
(kKgKr) in that region.

Examples of the fits to the invariant mass of the B candidates are shown in Fig. 3. The
measured values of the observables are shown in Table 1. The scans of the x? probability over

Table 1: Results for BT — DK™ and BT — Dn" observables measured in the whole Dalitz region, and in the
region around the K*¥ resonance. The first uncertainty is statistical and the second is systematic.

Observable Whole Dalitz plot K** window
Rss/08,0x 1.528+0.058+0.025 2.57+0.13 +0.06
RpK/Dr,ss 0.092+0.009+0.004 0.084+0.01140.003
RpK/pr,08 0.066+0.0094-0.002 0.056+0.01340.002

Ass pi 0.040£0.091+0.018 0.026+0.10940.029
Aospx 0.233£0.12940.024 0.33640.208+0.026
Ass pr —0.025£0.024+0.010 —0.012£0.028+0.010
Aos.pr —0.0524+0.029£0.017  —0.054£0.043+£0.017

the v — rp parameter space are shown in Fig. 4, for the fit to the whole D Dalitz region and the
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Figure 2: Left: confidence interval for v from the preliminary combination of DK measurements including the
3 fb~! GGSZ analysis. Right: comparison with the combination of DK measurements based only on the 1 fb~!
dataset. The purple (green) interval corresponds to the updated (1 fb~! only) combination.
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is due to knowledge of the efficiency of the PID cuts used to separate protons from kaons
and pions. The charm hadron branching fractions are included in the quoted ratio to avoid
dependence on the poorly-known A} — pK 7" branching fraction.

A tighter selection, based on a Boosted Decision Tree, is used to search for the previously
unobserved modes where the “bachelor” particle from the b-baryon decay is a kaon rather than
a pion. The invariant mass distributions of candidates passing this tighter selection are shown
in Fig. 6 for the D’pK~ (left) and Aj’K‘ (right) final states. In the D’pK ~ final state, peaks
are observed at both the A0 and :b masses. The significances of these peaks are 9.0 for the
A0 — DY K~ signal, and 5.9¢ for the = ”0 — DK~ signal. Both decays are therefore observed
for the first time, with ratios of branchmg fractions measured to be
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Figure 5: Invariant mass distributions for A} — AT7~ (left) and AY) — D pr~ (right) candidates passing the
loose selection.
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Figure 6: Invariant mass distributions for D°pK ™~ (left) and AT K~ (right) candidates passing the tighter selection.



R fop x B, PK7) 0.44 +0.09 £ 0.06
= - = =0.44 £ 0. .06,
Ey—DpK fao x B(A) — DOpK~)

where the first error is statistical and the second systematic. The ratio of fragmentation functions
fEcb) /f AD is included in the quoted ratio, as its value is currently unmeasured. The D%pK ~ mass
spectrum is also used to precisely measure the difference between the masses of the Eg and Ag
baryons:

Mmzy —myg = 1748+24£0.5 MeV /c?,

where the first error is statistical and the second systematic. For both the ratios of branching
fractions and the mass difference, the largest systematic uncertainty is due to the modelling of
the background contributions to the D’pK ~ mass fit. The measurement of the mass difference
can be combined with the LHCb measurement of m A9 in the A0 — J/YA decay mode 1Y to give

mzy = 5794.3£24£07 MeV/c?,

where the first error is statistical and the second is systematic and includes the error on m AD-
This is the most precise measurement of mzo to date.

In the A} K~ final state, a prominent peak is observed at the Ag mass. There is also evidence
for a peak at the Eg mass, with a significance of 3.30. The ratios of branching fractions are
measured to be

R B(AY — A+ K-)
ASHA;‘FK_ B(Ag N AZ'_’]T )
 BEY - ATKT) x B(Af — pK—7T)

(
Repnir- = B(Z) — DOpK~) x B(D® — K—r+)

= 0.0731 £ 0.0016 £ 0.0016,

=0.57+£0.22 £0.21,

—
—
—
—
—
—

0
b
0
b

where the first error is statistical and the second systematic. For both ratios of branching frac-
tions, the largest systematic uncertainty is due to the modelling of the background contributions
to the Af K~ mass fit. The ratios of branching fractions measured in this analysis are consistent
with expectations based on consideration of the CKM matrix elements involved in the dominant
decay processes.
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