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1. Introduction

The study of CP violation has already reached an impressive level of precision thanks to a
combined theoretical and experimental effort. Such studies test the Standard Model of particle
physics (SM) and might reveal new physics (NP). Within the SM, CP violation is described by the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. The main theoretical challenge is to disentangle the
effects of new physics and strong interaction effects within the SM. Therefore, in order to fully
exploit the high level of precision attainable at Belle-1II [1] and the LHCb upgrade [2] a continued
interplay between theory and experiment is required.

Non-leptonic B decays are the key players in the study of CP violation. The theoretical anal-
yses of these decays are in general challenging due to hadronic matrix elements of four-quark op-
erators entering the corresponding low-energy effective Hamiltonians. However, the flavour sym-
metries of strong interactions imply relations between the different non-leptonic decays, thereby
allowing the elimination of hadronic amplitudes or their determination from experimental data.
In this talk, I focus on the recent theoretical progress in the study of CP violation using flavour
symmetries. In particular, I will present newly proposed strategies in which theoretical uncertain-
ties can be controlled using experimental data leading to a theoretical precision that matches the
(expected) experimental precision. First, in Sec. 2, we discuss the mixing angles ¢, and ¢; which
probe CP violation in neutral Bg and BY meson mixing, respectively. In Sec. 3, we further discuss
the non-leptonic decays, and in particular the determinations of the CKM parameter ¥ and the mix-
ing phases ¢ and ¢,. Besides the determination of ¢, from tree decays, we discuss in Sec. 3.4 a
recent strategy to extract ¢ from the penguin dominated B — K~ K decay. Then we focus on the
B — ©K system where a tension with the experimental data is found. Finally, we end with a brief
discussion of the recent developments in three-body decays and some concluding remarks.

2. CP violation in B, — B, mixing

Thanks to quantum-mechanical oscillations the initial Bg meson evolves into a time-dependent
linear combination of the Bg and 32 states which can be described by a Schrodinger equation.
Solving this equation gives the physical mass eigenstates H and L

BL) =p|B))+q|B)) , |Bu)=p|B))—ql|B)) , @2.1)

with the corresponding masses M}, M] and the decay widths I'}; and I'f. The mass difference
AM, = M}, — M} ~ 2|M1,| is dominated by short-distance contributions such that NP can have a
significant impact [3]. The width difference AT, =I'} — 'Y, ~ 2I'1, cos ¢, is governed by tree level
contributions and is therefore expected to be rather insensitive to NP contributions [4—6]. Finally,
CP violation in mixing gives rise to the mixing phase

0, = arg (M, /T%,) | 22)
which can be probed using flavour-specific semileptonic decays via [4]
o :F(l:?q(f)ﬁf)—r(Bq(’)%Jf) _ <Arq>tan¢ (2.3)
UD(By(r) > f)+T(By(r) = ) \AM, !
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Figure 1: Dependence of a; on (¢;) +A¥ from (2.6). The broad vertical bands correspond to the exper-
imental range in (2.8), while the narrow band presents an update scenario. The horizontal bands show the
recent LHCb determination [9] and HFAG average [10], respectively.

where the B,(r) — f and B,(r) — f transitions can only occur via mixing. In the SM, the flavor-
specific CP asymmetries of Bg and BY can be determined using the heavy-quark expansion and
inputs from Lattice QCD [7]:

adlsm = (—4.74£0.6) x 107 | a|sm = (2.2240.27) x 107 . (2.4)

s
sl?

diction would be a clear sign of new physics. However, such CP-violating NP would also affect the

Due to the small SM values, especially for @}, any sizeable experimental deviation from this pre-

mixing-induced CP asymmetry of non-leptonic B decays.

2.1 A closer look at a;;

Let us now focus on the By — By system and the constraints on ag, from measurements of CP vi-

olation in exclusive B decays [8]. For B — f decays with a final state f =J/y¢,D; D}, J/yrntn~
caused by b — c¢Cs processes, measurements of the CP asymmetries allow the extraction of

0f = oM + 07" + Ay + Ay 2.5)
where M = —(2.1+£0.1)° [7]. We now rewrite Eq. (2.3) as
af = [(0.46 £0.04) x 1072] x tan ((¢,) + A¥P) , (2.6)

where we inserted the measurements of Al'y and AM,. The numerical suppression in Eq. (2.6)
already renders the value of a) in the range of the current LHCb measurement [9].

In Eq. (2.6), we used Eq. (2.5) to rewrite ¢y = (@5) +A¥ where (¢;) = —(1.541.8)° is the
average of the different available exclusive ¢)sf determinations [8]. We emphasize that currently all
the determinations of ¢ are consistent with the SM, which significantly constrains possible new
physics effects. To quantify this, we introduced

1—A${,(BQ — 1)
1+AS B —f)

AV =arg [anwfeiw:—w) , wp=T(B?— f)\/ 2.7)
f

where 1)/ is the CP eigenvalue of the final state and w is a measurable weight function.
For the available exclusive measurements we obtain AW = (2.1 49.0)°, which yields [8]

a, = (0.004+0.075) x 1072, (2.8)
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In Fig. 1, we show this exclusive constraint combined with the sensitivity of af, on (¢;) +AY¥ from
(2.6) and the experimental measurements of ;. We find that our analysis significantly limits the
size of ay; and thereby also the room for new physics. It will be interesting to confront this pic-
ture with more precise measurements, in particular for the BY — D; D and BY — D~ D** modes,
which dominate the current uncertainty of AY. To illustrate the effect of such improved measure-
ments, we have added an experimental benchmark scenario in Fig. 1, in which the uncertainty of
(])SD DI s reduced by a factor of three. It would be interesting to confront this picture with more
precise data.

3. CP violation in non-leptonic B decays

We now focus on CP violation in non-leptonic B decays. The SM low-energy effective Hamil-
tonian for the B — f decay is given by [11]

(f|Herr|B) = Z < Y cilu ) (f10/(w)B)+ ZC f|0q\3>> 3.1)
j u,c
where Vj; are the CKM elements and C;(i) are the short-distance Wilson coefficients. Long-
distance physics is described by the matrix elements of the O; operators. The hadronic matrix
elements (f|O7|B) can be described in the framework of QCD Factorization (QCDF) [12, 13],
where recently, also two-loop contributions have been studied [14]. Despite these efforts power
corrections remain difficult to control and in general the description of non-leptonic decays re-
mains a challenge. Alternatively, flavour symmetries can be used to obtain insights into the strong
interaction dynamics and its non-perturbative effects. In the following, we focus on strategies that
employ flavour symmetries and QCDF to control SU (3) breaking [15].

In the SM, CP violation is described by the CKM matrix, which is illustrated by a Unitarity
Triangle (UT) with the angles ¢, 8 and y. A variety of non-leptonic flavour observables can be used
to determine the UT parameters, exploiting both the direct and mixing-induced CP asymmetries.
The direct CP asymmetry is probed via

A(B— [P —|A(B— )P

dir
AGB =) = RS PP TAGB S NP

3.2)

which is governed through the interference between two different decay amplitudes and requires
both a non-trivial CP-conserving strong and CP-violating weak phase difference.
For neutral Bg decays, the oscillations give rise to a time-dependent decay rate asymmetry:
L(BY(t) = f)—T(B)(t) = F) A% cos(AM,t) + AR sin(AM,t)

Ace(t) = C(BY(r) = f) +T(BY(r) = f) cosh(Arqt/2)+AAFq sinh(Athq/Z) ’ (3-3)

where 2 |2
1— —2ReAs A
Adir ANV o q f

— , A — , Ar 34
( f) +Mff’2 ( f) 1+Mff’2 f = pA (3.4)

and which introduces the mixing-induced CP asymmetry:

- =21 2|4

mX(BY — f) = mht _ 2| ing, . (3.5)

T+ |Ap? 144
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3.1 Determination of y from B — DK decays

The UT angle ¥ is a key input parameter of the CKM matrix and given by

Vudvzb
Y =arg < Vchzb> . (3.6)
It can be determined using B~ — D°K~ and B~ — DK~ decays, where the sensitivity to the
angle v comes from the interference between the two different decay topologies with b — ucs and
b — cits which subsequently decay to the same final state f. Since these decays are goverend by
tree-level transitions and in particular no penguin operators contribute, the determination of v is
theoretically clean. In fact, even electroweak box corrections are tiny [16]. Due to these favourable
features, an experimental precision of 1° is expected to be reachable at Belle-1I [1] and the LHCb
upgrade [2]. These exciting prospect make the angle ¥ also an interesting external input parameter
in the analyses of non-leptonic decays, as discussed in the following subsections.

Finally, also a time-dependent analysis of B — DFK¥ (and similar) decays provides a the-
oretically clean probe of Y+ ¢ [17-19]. Using the CP asymmetries in B — DFK™ system, a
measurement of y from the B; system was obtained [20], and it will be interesting to see how this
measurement will be improved by the LHCb upgrade.

3.2 The mixing angles ¢, and ¢,

Measurements of the mixing phases ¢, and ¢ play a key role in testing the SM, as new physics
might enter. In the SM

VeV Vi Vi
SM _ cd Veh SM __ ts Vb

=2 =2arg| ——=> ] , =2p=2arg | ——c,. | - (3.7)
g B g ( VaVi, > P Bs g < ; ’csVd,>

The golden mode for the determination of ¢, is B; — J/wKg and By — J /w¢ for ¢, [21]. Currently
these phases are determined at the few degree level and are in agreement with the SM predictions.
With Belle-1I and the LHC upgrade, we will enter a new era of precision physics and an experi-
mental precision of 0(0.5°) [1,2] is expected.
The CP asymmetries in these decays determine the “effective” mixing angle
AZ (B — f)
V1 - ABBY — £

where the penguin shift A¢, is decay mode specific [21]. Although this term is doubly Cabibbo

sin @1 = =sin (M +Ady+6,") (3.8)

suppressed, these hadronic effect are mandatory to control in order to differentiate between the
SM and NP. Using SU(3) symmetry, which provide valuable insights into the hadronic parameters
[21-26], these penguin effects can be controlled [27].

3.3 Controlling penguin effects in B — J/yKs and BY — J/y¢

Assuming only contributions from tree and penguin topologies, we parametrize the golden
decay modes B) — J/yKs and BY — J/y¢ as [22]

2 nl .
l) ¢ [1 —i—sa}e’efe’y} , (3.9)

M@%ﬂ:O—z
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Figure 2: Determination of a and 6 from current data of B, — J/yP decays [27] and (b) Scenario to
illustrate the determination of Ay from the BY — J/wKs CP asymmetries (update of [27] by K. de Bruyn).

where € = % ~0.05 and A = |V,,| is the CKM element. Here ¢” is a CP-conserving hadronic
amplitude, ¢’ and the CP-conserving strong phase 6’ parametrize the QCD penguin contributions.
Using Eq. (3.9), the hadronic phase shift Ag, and the CP asymmetries can be expressed in terms of
the @’ and 6’, which can be determined using U-spin partner decays in which the penguin effects
are not suppressed. For Bg — J/wKs the most prominent candidate is the BY — J/wKg decay [22].
For the BY — J/w¢ decay, suitable penguin control channels are modes with two vector mesons in
the final states, most prominently BS —J/yp [21,22].

In terms of the hadronic parameters, the penguin control decays are written as
A(By = f) = =A% |1 —azee| (3.10)

Using now 7 as external input, the penguin parameters a and 6 can be extracted in a clean way from
measurements of the CP asymmetries. In the limit of SU(3) symmetry, a = a’ and 8 = 6’. These
relations are only affected by non-factorizable U-spin breaking corrections [27]. Unfortunately, the
CP asymmetries of the BY — J/wKy have not yet been measured. However, the penguin parameters
can be determined when combining all measurements for B, — J/yP decays as shown in Fig. 2a.
The extracted penguin parameters result in a penguin shift of (update of [27]):

AGIYES = (—0.71193%)° (3.11)

which relies on some theoretical assumptions. In addition, we show in Fig. 2b a benchmark sce-
nario for future measurements of the CP asymmetries in BY — J /WK which gives (update of [27]):

AGIYES = (=0.70+0.12(stat) *9 13 (U-spin))° , (3.12)

which is at the same level as the expected experimental precision and shows that the penguin shift
is controlled by data.

For the ¢; determination, the penguin shift can be determined in a similar way using the CP
asymmetries in the Bg — J/yp? control channel. In fact, this strategy is already implemented by
LHCb and their analysis shows that the penguin shifts are tiny and well under control [28].



CP violation in non-leptonic B decays K. Keri Vos

3.4 Extraction of ¢, from B — K~ K"

It is interesting to compare the determinations of v and ¢, from tree decays to those from pen-
guin dominated decays, as this sector is in particular sensitive to new heavy particles that might
enter in the loops [29]. An interesting decay for the extraction of ¥ and ¢, is the QCD penguin
dominated B — K~ K™ decay [15]. Using flavour symmetries, the required hadronic inputs can be
related to those of the U-spin partner decay Bg — - " decay [30-33]. Using the first measure-
ment of CP violation in B? — K~ K™, the LHCDb collaboration determined [34, 35]

y=(63577)° 6=—(69%%7)", (3.13)
which agrees with the determinations from pure tree decays. However, the theoretical precision
of this method is limited by U-spin breaking corrections to the penguin topologies, making it
challenging to reduce the theoretical uncertainty to below 0(0.5°) [36]. Therefore, a new strategy
was proposed [36] in which both ¥ and ¢, are employed as input parameters such that the SU(3)-
breaking effects can be probed.

Using the CP asymmetries B — K~ K* and Bg — 7", the hadronic parameter A¢; in
Eq. (3.8) for the B — K~ K* decay which we define as A¢k is determined. Combined with the
determination of ¢ from the BY — K~ K+ CP asymmetries via Eq. (3.8) this then allows for the
extraction of ¢;. In the determination of A@gx both the factorizable and non-factorizable U-spin
corrections are taken into account. The first are probed using

L(BY—»nnt) (B! - K KV)

Rz = , Rg = — . (3.14)
T dT(BY — 0t vy) /6] ;e |dT(BY = K—(+vy) [dg?| o_,p
In addition, non-factorizable U-spin effects are probed by [36]
T
ANF a 14+rp|| 1+x
&e= || = |7 , e (3.15)
ave| lang|[1+rp|[1+x

where the primes indicate a b — s transition such that £ — 1 in the SU(3) limit and rp =
PU) /T and x = E + PA™) /T 4 P() are ratios of tree (T), penguin (P), exchange (E) and penguin-
annihilation (PA) topologies.

The parameter i has a theoretically favourable and robust structure and allows the use of
data to quantify U-spin breaking corrections. We estimate the effect of SU(3) breaking by allowing
for 20% U-spin breaking. We then find, for the tree-level contributions a{IF which were calculated
in QCDF [14] a correction of O(1%). The hadronic parameters rp and x can be determined from
data and are O(0.2) [36], such that we obtain a correction of O(4%) to the ratio . However, the
effects of U-spin breaking can be probed directly from future data. Specifically, measurements of
CP asymmetries of the pure P decays Bg — K°K°, B? — K°K°, would allow for a determination of
both rp and rp, while the pure E and PA decays BY — K"K~ ,BY — n"n~ would probe x and x'.
Finally, combining these corrections leads to & ~ O(5%) [36].

Matching the expected experimental precision of 0.5° in the upgrade era, would require both
a 5% precision on differential rate of BY — K~¢*v, and a 5% precision on the SU(3)-breaking
corrections probed by {r. Unfortunately, measurements of the differential decay rate of BY —
K~ ¢* v, are not available. They are strongly encouraged in order to apply the new strategy. Com-
paring ¢ obtained from the penguin-dominated B — K~ K* decays to the SM predictions and
determinations from tree decays as discussed in Sec. 3.2 might reveal new sources of CP violation.
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4. Search for new physics in B — 7K

The B — K decays are particularly interesting to test the SM, especially to probe possible new
physics effects in the electroweak (EW) penguin sector. These decays have been in the spotlight
for decades as previous data showed puzzling patterns (see e.g. [37-40]).

The EW penguins are parametrized by

ge?e’® = — (Ppy +P5,) / (T +C)) 4.1)

where ¢ (®) is a CP-violating (conserving) phase. The phase ® is small and vanishes in the SU(3)
limit [41]. Here Ppy, (T') and Py, (C') denote the colour-allowed and colour-suppressed EW pen-
guin (tree) amplitudes. In the SM, these EW penguin parameters can be calculated using SU(3)
flavour symmetry [41-43], yielding gsm = (0.68 & 0.05)R, where R, may differ from 1 through
SU (3) breaking corrections. In the SM, ¢ = 0, therefore, a non-zero phase ¢ would be a “smoking-
gun” signal for new CP violating physics. Recently, we pointed out that the current Bg — n%Ks CP
asymmetries are in tension with the SM [44].

The BS — m9K° decay is of particular interest, because it is the only B — K mode that
exhibits a mixing-induced CP violation. It is given by

2
ADX(BY — 1OK0) = SEK5 = sin(¢y — doo) 1/ 1 — (Ag(;’(5> , 4.2)

where o = arg(AgAg,) with Agg = A(Bg — 1%Ks) and its CP conjugate decay amplitude Ay .
The B — nK decays obey the isospin amplitude relation [45,46]

V2A(BY — 1°K%) +A(B — m7K ") = —(T'+C') (€ — ge'e'®) = 3A3)5 = 3|A3 5|2 | (4.3)

and similar for the CP-conjugate decays. This amplitude relation can be used to determine @y via
amplitude triangles (see [44] for a detailed discussion). Using Eq. (4.2), then gives a theoretically
clean correlation between the direct and mixing-induced CP asymmetries in BS — 10Ky [39, 44,
47]. This determination only requires additional information on the normalization of the I = 3/2
amplitude, which can be obtained using the SU (3) relation [42,48]

LlS

| +C’|_RT+c fyA(B+—>n %), 4.4)

where Ry ¢ = 1.2+ 0.2 and the uncertainty accounts for non-factorizable SU(3) breaking [12,
13]. In addition, we implement a constraint on the triangle amplitude configurations obtained
from B — mw data. For current data, we find a tension in the experimental data which might
indicate NP in the EW penguin sector [44]. To further study this sector and to reveal the underlying
dynamics, it is interesting to determine the electroweak penguin parameters g and ¢ using the
analogue of the isospin amplitude relation in Eq. (4.3) for the charged B — nK decays. Using
then the measurements of the direct CP asymmetry and the braching ratio of the B* — 77K and
BT — n'K™* decays, we can determine g as a function of ¢ as given in Fig. 3. The different branches
arise because the amplitude triangles obtained through Eq. (4.3) have a four-fold ambiguity. We
note that there is still a lot of room for NP.
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Figure 3: (a) Contours in the ¢—¢ plane for the charged B — K decays. (b) Future benchmark scenario
considering also the mixing-induced CP asymmetry in the Bg — 9K decays [44].

In the future, the EW parameters g and ¢ can actually be determined using in addition the
mixing-induced CP asymmetry of Bg — n°Kj. To illustrate this, we consider a future measurement
of Sg(;,KS = 0.67. Figure 3 shows that this new strategy can determine the EW penguin parameters
in a theoretically clean way. This offers exciting prospects for Belle-1I and the LHCb upgrade.

5. CP violation in three-body decays

Hadronic three-body decays constitute a large part of the branching fraction for non-leptonic B
decays. Due to there non-trivial kinematics, they contain much more information on strong phases
than two-body decays. Interesting patterns of CP violation were found in the experimental data,
especially for B — mw decays [49]. The theoretical description of these decays is challenging
and they have been studied in a large variety of approaches, with a recent first attempt using QCDF
[50,51].

Following [50], the Dalitz plot distribution can be split into three different regions, where
different factorization descriptions apply. In the central region, where all the invariant masses are
roughly the same, the amplitude is expected to factorize completely. However, the b-quark is too
light for this complete factorization to occur. Therefore, the complete Dalitz plot consists only of
edges (i.e. regions where two of the decaying particles move collinearly). Here all the resonances
are located and the decays resemble quasi-two body decays. In this region, full factorization breaks
down and new non-perturbative quantities need to be introduced. The factorization theorem in this
region is given by [50]

(tatn|0i|B) =T/ @ FF7™ @@y + THQFE" ™ @@, 5.1)

where T; are perturbatively calculable hard scattering kernels, ¢, and FZ~" are the pion light-
cone distribution amplitude (LCDA) and the B — 7 form factor which are known from two-body
decays. The new elements are the B — 7t form factor FB77% [52, 53] and the 27-LCDA, which
introduce non-perturbative strong phases. The B — n vector form factor was studied using light-
cone sum rules [54], while the normalization of the 27-LCDA can be obtained from e*e™ data.
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Using this information, a first study of the leading-order contributions to CP violation in B — w7
using QCDF was performed [51]. However, the lack of knowledge of the scalar B — ww form
factor and higher-order corrections currently limits this study. Further investigations are required
to clarify these issues. Especially considering the large amount of data that will become available,
three-body decays offer interesting avenues that should still be explored.

6. Summary

A continued combined effort between theorists and experimentalists is required to fully ex-
ploit the upcoming high-precision era in flavour physics. Theoretically, the main challenge is to
find the cleanest strategies in which theoretical uncertainties are well under control and can be

further reduced through future experimental data. In this talk, I discussed the clean determination

S
sl»

symmetries. The SU (3)-breaking corrections are controlled using QCDF and experimental inputs.

of the semileptonic asymmetry @, the UT angle ¥ and the mixing phases ¢, and ¢, using flavour

This also allows for an extraction of the hadronic parameters, which give insight into long distance
physics, thereby paving the road for future theoretical progress. The new strategies offer interesting
prospects for Belle-1I and the LHCb upgrade, and show that the uncertainties from strong interac-
tion effects can be sufficiently controlled. Finally, we may either once again confirm the SM or
establish new physics.
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