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1. Introduction

CP violation in the Standard Model (SM) occurs though the complex phase in the quark mixing
matrix. This matrix, called Cabibbo-Kobayashi-Maskawa (CKM) matrix, is a unitary matrix and
can be expressed as

Vid Vus Vb 1-22/2 A AL (p—in)
Vekm = | Vea Ves Ve | = —A 1-2%/2  AA?
Via Vis Vi AM(1—p—in) —AA? 1

From the unitarity of the matrix, one can derive a relation
VudVap +VeaVep +ViaVp = 0,

from which a triangle can be drawn over the complex plane, as shown in Fig. . The triangle can be
overconstrained by measurements of the three angles ¢; = 3, ¢» = &, ¢3 = v and the sides, giving
a test of the SM. The present constraint is shown in Fig. B. So far the measurements are generally
consistent; however, there is still room that some New Physics (NP) effect could exist.

1(0,0) (1,0)

Figure 1: Definition of the Unitarity Triangle.

Many of the measurements to constrain CKM matrix have been done with flavor physics ex-
periments. Belle and Babar are the B factory experiments with an asymmetric e e~ collider. They
already completed the operation, but still produce new results from their data already taken. LHCb
is a b-physics experiment at LHC, and is now leading the study with B and B decays. B physics
is also studied at ATLAS and CMS experiment at LHC. Belle II experiment, the successor of Belle
aiming at 50 times higher integrated luminosity, has started its physics run in 2019, and it will
provides new results in near future.

In this proceedings, recent measurements on ¢, @3, a weak phase ¢, (discussed in Sec. B),
|V.»| as well as amplitude analyses of 3 body B decays from LHCb are summarized.

2. Measurement of ¢ (= f3)

The measurement of sin(2¢;) has been one of the most important topic in B factories, and it
has been precisely measured as sin(2¢;) = 0.699 +0.017 [0] with b — ¢Cs tree processes. Mea-
surements of the same value with other processes with penguin loops such as b — ggs (¢ = u,d, s)
are useful to probe non-SM contribution in the penguin loop. Recently, Belle has performed mea-
surents of the CP violation parameter S in B — J/yn° and B® — nOEOKg . The former proceeds
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Figure 2: Constraints in the Unitarity Triangle.

through b — céd process, where the contribution of the penguin diagram is expected in addition
to the dominant tree contribution. Hence, a deviation of S from —sin(2¢, ), where the minus sign
comes from the CP eigenvalue of the final state, may help to understand the penguin contribution
in this decay, which could also improve the uncertainty of sin(2¢); ) measured with b — c¢cs. The
latter proceeds through the one-loop b — ggs process, and a deviation of S from — sin(2¢;) can be
a hint of NP.

In both modes, the central values from BaBar [B] were relatively far from —sin(2¢;) from
b — c¢s, though the errors were large. Belle measurement of the CP violation parameters in B’ —
J/wn® with the full data set of 711 fb~! taken at Y(4S) resonance gives § = —0.59 +0.19+0.03
and A(= —C) = 0.15£0.14 7003 [B], while, for B — 7°7°K?, Belle obtains § = —0.92 7037 7019
and A = 0.28 +0.21 +0.04 [@]. The results are consistent with sin(2¢;) from b — c¢s, though the
errors are still large. Search for NP with CP violation in the b — ggs process are one of the main
studies at Belle II experiment, and new results will be expected once Belle II accumulate significant
amount of data.

3. Measurement of ¢

From the relation of the unitarity of the CKM matrix V,,V,; + ViV, + ViV, =0, one can draw
an another squashed triangle in the complex plane. The angle between V.V, and V;,V,; is called S,
which can be measured using the mixing-induced CP violation in B? decays like B — J/w¢. The
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SM prediction gives ¢, = —2; = —36.91’(1):(7) mrad according to the CKMfitter group [B]. Because
of the fast BY oscillation, an excellent time resolution below 100 fs is necessary to measure ¢, and
hence this can be studied only at the hadron colliders where the boost factor is large.

Recent measurement on B — J/w¢ from ATLAS is based on LHC Run 2 data taken at
13 TeV pp collision corresponding to 80.5 fb~![B]. In this analysis, the flavor tagging is performed
using weighted sum of the charge in a cone around a lepton or in a jet, and is calibrated using the
B™ — J/wK™ control sample. They perform a fit with nine physical parameters including ¢, decay
width I'y and its difference ATy, leading to ¢, = —0.068 £ 0.038 £0.018 rad, where the systematic
error mainly comes from the flavor tagging. Combining with the previous result with 19.2 fb~! at
7 and 8 TeV [], ATLAS obtains

¢s = —0.076 £0.034+0.019 rad
ATy = 0.068+0.00440.003 ps~!.

LHCb measures ¢, with B — J/wK*K~ [B] and B® — J/wn"x~ [B] using 1.9 fb~! data
from LHC Run 2. They obtain ¢y = —94 + 4147 mrad from B — J/wK*K~ and ¢, = —57 +
604+ 11 mrad from B — J/wr* 7™, leading ¢; = —41 4 25 mrad when combined.

Figure B shows the status of measurements of ¢, and Al'y with b — cCs processes. The experi-
mental average ¢; = —55 £ 21 mrad is consistent with the SM prediction —36.91’(1):(7) mrad, though
the current experimental error is still one order larger. The measurements are limited by statistic,
and further improvement is expected when more data is available. In fact, the precision at LHCb at
High-luminosity LHC with 300 fb~! is expected to be around a few mrad [IT)].
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Figure 3: Measurements of ¢, and Al'y with b — cCs processes.

Similarly to ¢;, measurements of @, using loop diagram can be a test of NP because of the
possible contribution of heavy NP particles in the loop. With 3.0 fb~! data at 7 and 8 TeV, LHCb
has performed a measurement of ¢ in the b — dds process using B — (K™~ )(K~x+) decays,
and obtains ¢Sd§ = —0.10£0.13£0.14 rad [[@]. LHCb has also measured ¢ in the b — s process
with B — ¢ ¢ to be ¢ =73+ 15427 mrad [[2]. Both are consistent with ¢ measurements from

b — c¢s and the SM prediction.
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4. Measurement of ¢ (= 7)

The angle ¢3(= ) can be measured using B — DK*) and B — DK*). The former proceeds
through the color favored tree process with CKM elements V., V., while the latter proceeds through
the color suppressed tree process with V,;;, V... When one consider the final states to which both D
and D can decay, one can extract the weak phase ¢3 and g (the strong phase difference of the two
amplitudes) from the interference of these two processes. Because the decays are dominated only
by tree contributions, the measurement of @ is theoretically very clean. There are many D decay
modes that can be used to extract ¢3, but the amplitude ratio rg = |A(B — DK)|/|A(B — DK)| and
the strong phase 8z are mode-dependent, and the sensitivity to ¢3 depends on the modes as well as
the central value of ¢s.

There are several methods with different D decays to use for the extraction of ¢3. The method
with multi-body final states common to D and D is called GGSZ method [[3], which uses the
Dalitz plot dependence of the interference. Belle has recently reported a new measurement using
B~ — DK~ with D° — KJn* 7~ 7° using the 711 b~ data set [I].

The measurement is based on a model-independent formalism via binned Dalitz plot analysis.
For the B decay, the partial decay width in i’th bin can be written as

7 = Ki+rgKi+2VKRi(coe +siy-) 4.1)
I =K+ K+ 2@(@& — S+ ), (4.2)

where x4 = rgcos(8p & ¢3), y+ = rpsin(8g & ¢3), and K; and K; are the fraction of flavour-tagged
DY and D° events. ¢; and s; are the cosine and sine of the strong phase difference between D and
DP events, and data from CLEO-c are used as an input for them. D° — Kgn+7r_ would be the
primary mode for such studies, but D° — Kgnﬂr* ¥ is also interesting because it has twice larger
branching fraction.

The total number of B~ — DK~ events is 815+ 51. The phase space is divided into 9 bins
that are selected so that different internal resonances are contained in different bins. From the fit
to Eq. B and B2, the parameters x+ and y+ can be extracted. The contour of these parameters is
shown in Fig. B(a). This can be translated into the constraint of @3 as shown in Fig. B(b). This is the
first measurement of ¢ with this mode, and this measurement improves @3 measurement by Belle
experiment from (78 *12)° to (741 13)°. The sensitivity of this analysis at 50 ab~ ! is 4.4° [[F], so
this mode is promising at Belle II.

LHCb has performed an updated measurement of ¥ (= ¢3) using B — DK*® with D — K* 7,
K'K-,ntn ,K'n ntn,ntn ntn with4.8 fb~! from LHC Run 1 and 2 [IA]. In terms of the
y extraction, the D decay modes K™ 7~ and 7" 7~ n* 7~ work as the GLW method [I2], in which
the CP eigenstate of D meson is used, while the remaining modes work as the ADS method [IR],
in which the CP violation is enhanced with doubly Cabibbo suppressed decays.

. +0
Figure B shows the contour plots 85X

experimental average of ¥ is (71.11“5‘:2)0 [@], while the average from LHCb measurements is
(74.01’2:(8))" [[I], so the ¥ measurement is dominated by LHCb. This new result is expected to

further improve it slightly.

versus Y from this measurement. Currently, the
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Figure 4: (a) One (solid line), two (dashed line) and three (dotted line) standard deviation likelihood con-
tours for the (x.,y+) parameters for B — DK decays. The cross marks the expected value from the
world average values ¢3, r5K, §PK. (b) Statistical confidence interval for ¢5 from Belle with and without
this result.
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Figure 5: Contour plots over 85X versus y from the LHCb measurement.

5. Measurement of |V, |

The sides of the unitarity triangle |V,;| and |V,;| can be measured using semileptonic decays of
B mesons through b — ¢fv and b — ulv (£ = e, 1) respectively. There are two approaches, inclusive
and exclusive, to extract |V,;| or |V,,;| from these decays. The inclusive approach does not specify
the hadron states and measure the parton level decay rate. The exclusive approach specify the final
states hadrons, so this approach is experimentally cleaner. Theoretically in the latter case, the decay
rate is parametrized in terms of the momentum transfer ¢ and the form factor is estimated with
lattice QCD at high ¢ and light cone sum rule at low ¢*>. There has been a long standing tension
between the two approaches as seen in the world average of |V,;| and |V,;;| shown in Fig.8 [[]; in
the inclusive approach, |V;| = (42.194£0.78) x 1073 and |V,;| = (4.32£0.17) x 1073, while in
the exclusive approach, |V,;| = (39.25+0.56) x 1073 and |V,;| = (3.49+0.13) x 1073, In both
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|Vep| and |V,,p|, the exclusive approches give around 30 lower values.
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Figure 6: Combined |V,;| and |V,;| from exclusive measurements. The average of the inclusive measure-
ments is shown by a data point with error bars.

There exist two major form factor parametrizations: CLN [Z0] and BGL []. CLN has been
mainly used in all the previous measurements, but recently BGL is getting more favored because
of the model independent approach. There were some implications that the parametrization might
be related to the tension, which suggested the reanalysis of the previous measurements using BGL
parametrizaion [Z2].

Belle has a new result of the untagged analysis of B — D*/v with 711 fb~! data set [Z3].
In this analysis, simultaneous fit to 3 angular variables cos 6y, cos 8y, x and hadronic recoil w is
performed to extract form factors and |V,;,|. The two form factor parametrization CLN and BGL
are used for comparison. The obtained results are |V,;| = (38.4+£0.24+0.6+0.6) x 1073 for CLN
parametrization and |V,,| = (38.340.3 £0.7+0.6) x 10~ for BGL parametrization, where the
third error is an error from lattice QCD uncertainties. These two values are consistent with each
other as well as other exclusive measurements, and are not consistent with inclusive measurements.

In this analysis, Belle has also obtained the branching ratio of electron and muon modes for the
lepton flavor universality (LFU) test: Z(B° — D*~e*v)/%(B" — D*~u*v)=1.01£0.01£0.03.
This is the most stringent LFU test in B decays and the result is consistent with unity.

BaBar has performed full 4-dimensional analysis of B — D*/v using 426 fb~! data set [4].
Hadronic reconstruction with 2968 modes is done for the other side B meson in this analysis.
The obtained |V,;| values are |V,;| = (38.4040.84) x 1073 for CLN parametrization and |V,;| =
(38.3640.90) x 10~ for BGL parametrization.

In both BaBar and Belle results, the tension between inclusive and exclusive approaches still
persists, after examining both BGL and CLN parametrizations.

6. CP Violation in Three Body Hadronic B Decays

Search and study of CP violation has been performed in various charmless B decays. LHCb
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measured the CP asymmetry of B — 77 K"K~ to be «/cp = —0.12340.017£0.01240.007 [13],
where the last error is due to the CP asymmetry of the reference mode, and found that the asym-
metry is localized in the phase space. Belle confirmed it and measured the K™K~ invariant mass
dependence of «/cp [2A].

In order to understand further the source of the CP asymmetry in three body B decays, LHCb
has performed an amplitude analysis of Bt — wtK* K~ using 3.0 fb~! data taken at LHC Run
1 [E2]. They observes 2502 4= 102 events for BT — K"K~ and 1566 + 84 events for B~ —
n~KTK~. A Dalitz plot fit is performed assuming contributions from five resonance amplitudes,
non-resonance amplitude and 7w <> KK S-wave rescattering amplitude. The contributions and
obtained fractions and ./¢cp are summarized in Table [I. It is found that large CP asymmetry comes
from the rescattering component, which can explain the previous results.

Table 1: Result of amplitude analysis on BY — 7t KK~ by LHCb. This table is extracted from Table 1 of
Ref. [7]

Contribution  Fit Fraction(%) Acp(%)
K*(892)° 75+0.6+0.5 +12.34 8.7+ 4.5
K;(1430)°  45+0.7+12 +104+14.94 8.8
Single pole 323+1.5+4.1 —-10.74+ 53+ 3.5
p(1450)°  30.7+£1.2409 —109+ 44+ 24
12(1270) 7.5+0.8+0.7 +26.7+102+ 4.8

Rescattering 16.4+0.8+£1.0 —-66.4+ 3.8+ 1.9

¢(1020) 03£0.1+£0.1 +9.84+43.6+£26.6

LHCb also performs an amplitude analysis for BY — ntn~n* with 3.0 fb~! data taken at
LHC Run 1 [IF]. In this analysis, five resonant components p (770)°, @(782), f>(1270), p(1450)°,
p3(1690)° and S-wave comonent are considered. In order to describe the S-wave component, three
different approaches (isobar model, K-matrix formalism, quasi-model-independent approach) are
used. From the fit to the Dalitz plot, large CP violation is found in f,(1270) and S-wave component.
Additionaly, from the analysis on the helicity angle distribution, CP violation is also found in
p(770)°-scalar inteference.

These new amplitude analyses may give new picture on the CP violation in hadronic B decays.
LHCb can do more studies on this topic with Run2 data.

Belle may not be competetive to LHCb with these modes but has advantage for modes with
neutral particles in the final states. Belle has performed a study on Bt — KgKgK + [9] and has
obtained (BT — KOKIK') = (6.54+2.6+£0.4) x 10~7 and o/cp(BT — KKK ') = (1.6 3.9+
0.9) x 1072, This is not an amplitude analysis, but the branching fraction and CP asymmetry in
bins of Myoxo are examined. The amplitude analysis will be possible at Belle II, once an order
larger data than Belle is accumulated.

7. Summary

Recent measurements related to CKM matrix elements and CP violation in 3 body B decay
have been summarized. There has been a significant improvement on the precision of f;, though
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the experimental error is still large compared to the theoretical uncertainty. The discrepancy of |V|
in exclusive and inclusive measurement is still unchanged, and this should be understand to pursue
NP contribution from the unitarity triangle. In near future, more results from LHCb are expected
and Belle II will join the game for more precise measurements.
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