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CP violation in non-leptonic B decays as a portal to New Physics Robert Fleischer

1. Setting the stage

In the Standard Model (SM), the Cabibbo—Kobayashi-Maskawa (CKM) matrix gives rise to a
plethora of quark-flavour physics phenomena and allows us to accommodate CP violation through
a complex phase. The “quark-flavour code" of the SM is encoded in weak decays of K, D and B
mesons, where the latter offer particularly interesting probes. In scenarios for New Physics (NP), we
typically have new sources for flavour and CP violation. Despite its tremendous success, we have
indications that the SM cannot be complete, where key examples are the baryon asymmetry of the
Universe, as well as the established non-vanishing neutrino masses and dark matter. Furthermore,
we do not understand the origin of the structure of the SM and the patterns of masses and flavour-
mixing parameters with their intriguing hierarchies at a more fundamental level.

Where do we stand? Data taken at the Large Hadron Collider (LHC) have led to the discovery
of the Higgs boson by the ATLAS and CMS collaborations in 2012. These experiments are further
impressively studying the properties of this fascinating particle. However, no other new particles
and deviations from the SM were so far seen by these experiments at the high-energy frontier.
Concerning CP violation and the quark-flavour sector, we have a globally consistent picture with the
CKM paradigm. However, at the high-precision frontier, various “anomalies" with respect to the
SM picture have emerged in observables of certain B-meson decays, where semi-leptonic channels
are in the spotlight since a few years, with potential signals of the violation of lepton flavour
universality, as discussed in detail in [1]. However, also non-leptonic B decays show puzzling
effects, which will be the focus of this presentation. Further long-standing tensions with respect to
the SM arise in the anomalous magnetic moment of the muon.

In view of this situation, we may conclude that NP described by a Lagrangian

L = Lsm + Lnp(¢np, NP, MNP --) (D

is characterised by a large NP scale Anp far beyond the TeV regime, which would be challenging for
direct searches at ATLAS and CMS, or/and symmetries prevent large NP effects in flavour-changing
neutral currents and the flavour sector. Fortunately, we are facing exciting future prospects, in
particular due to the LHC upgrade(s) and the data taking at the Belle II experiment.

In order to deal with NP effects entering far beyond the electroweak scale, “Effective Field
Theories" offer a powerful framework. Here the heavy degrees of freedom, i.e. NP particles as well
as the top quark and the Z and W bosons of the SM, are “integrated out" from appearing explicitly
for low-energy phenomena, and are then described by short-distance functions. In recent decades,
perturbative QCD corrections were calculated and renormalisation group techniques applied for the
summation of large logarithms. Such analyses have been performed for the SM, but also a wide
spectrum of specific NP scenarios. In order to perform model-independent analyses of NP effects,
Standard Model Effective Theories (SMEFT) offer an interesting tool.

Utilising these techniques, for the description of non-leptonic B-meson decays B — f, low-
energy effective Hamiltonians are used that take the following structure in the SM:

FiHealB) = 253 Mo 3 Gl (FIQL )[B)- @
\/i j k

. . j
Here G is Fermi’s constant, the Ackm

ization scale, while the Qi are four-quark operators with their short-distance Wilson coefficients

denote products of CKM matrix elements, u is a renormal-
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Ci(u). Such Hamiltonians characterise different quark-flavour processes, and specific decays are
described through the corresponding hadronic matrix elements. Whereas the Wilson coefficients
can be calculated, including QCD corrections leading to the y dependences, the non-perturbative
hadronic matrix elements usually are affected by large hadronic uncertainties. Beyond the SM, the
Wilson coefficients of SM operators may get new contributions but also new operators may arise. In
general, we may also get new sources of CP violation, which are described by complex couplings.

Non-leptonic B decays are key players in the field of CP violation. The reason is that CP-
violating rate asymmetries are generated through interference effects which may arise in such
processes. Theoretical predictions are affected by hadronic matrix elements of four-quark operators.
Fortunately, it is possible to circumvent the calculation of the hadronic matrix elements ( f| Qi (w)|B)
in studies of CP violation: First, amplitude relations can be exploited, either in exact relations,
involving pure “tree" decays of the kind B — DK, or approximate relations, which follow from
flavour symmetries of strong interactions, i.e. SU(2) isospin or flavour SU(3), involving B — 77,
B — nK and Bs) — KK modes. Second, in decays of neutral B; or B; mesons, we may get

interference effects through Bg-ﬁg mixing (g = d, s) should both the Bg and the Eg mesons decay
into the same final state, thereby leading to “mixing-induced" CP violation. If one CKM amplitude
dominates the decay, the corresponding hadronic matrix elements cancel in such “mixing-induced"
CP asymmetries, while “direct" CP violation — arising directly at the decay amplitude level through
interference between different decay contributions — would vanish.

Measurements of CP violation in non-leptonic B decays allow determinations of the angles of
the Unitarity Triangle (UT) of the CKM matrix. For detailed analyses of the UT, see Refs. [2]. In
the presence of NP contributions, discrepancies should emerge between constraints from various
processes. A key ingredient for such studies is given by the Bg-ﬁg mixing phases.

. . =0 ..
2. Precision measurements of the Bg—B ¢ Mixing phases

In the SM, Bg—Eg mixing arises from box topologies [3]. This phenomenon is very sensitive
to possible NP contributions which may either enter the loop processes or at the tree level, as, for
instance, in models with extra Z’ bosons. In general, such effects involve also new sources for CP
violation. The CP-violating phases associated with Bg-ﬁg mixing can be written as follows:

$a =28+ N, ¢ = 2270+ oL, 3)

where B is one of the angles of the UT, 1 = |V, 5| =~ 0.22 and n are CKM parameters, and the
¢§P denote NP phases. In our quest for physics beyond the SM, we are moving towards new
frontiers. It is crucial for resolving smallish NP effects to have a critical look at theoretical analyses
and their approximations, where strong interactions lead to hadronic uncertainties. The goal is to
match the experimental and theoretical precisions. Benchmark decays for exploring CP violation
are Bg — J/wKg and Bg — J /¥ ¢, which allow measurements of the Bg,S—BSI’S mixing phases
¢4.s. Uncertainties arise from doubly Cabibbo-suppressed penguin contributions. However, these
effects are usually neglected. How big are these contributions and how can they be controlled?
In the SM, the amplitude of the decay Bg — J /¥ Kg takes the following form [4]:

A(Bg — J/W Ks) = (1 - /12/2) A’ [1 +ea’e? e, “)
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Figure 1: Illustration of the interplay between the determination of the CP-violating phases ¢4 and ¢ and
their hadronic penguin shifts A¢,; and A¢, through control channels (from Ref. [14]).

where A’ and a’¢'?" are hadronic parameters which are governed by colour-suppressed tree and
penguin topologies, respectively, vy is the corresponding UT angle, and € = 1%/(1 — %) ~ 0.05. The
mixing-induced and direct CP asymmetries S and C, respectively, satisfy the following relation:

S(Bg — J/WKs)
V1= C(Bs — J/YKs)>

where Ag¢, is a hadronic phase shift [5]:

= sin(¢q + Ada), )

”

sin Agy o 2€a’ cos 0’ siny + €2a’?,  cos Ady o< 1 + 2ea’ cos 6’ cosy + €2a’* cos2y.  (6)

Neglecting the doubly Cabibbo-suppressed ea’ penguin parameters, we obtain the well-known
result S(By — J/WwKs) = sin ¢4, which is usually applied to determine the UT angle B from the
measured CP-violating asymmetries.

The decay B — J/y¢ arises from the same quark-level processes as the Bg — J/¥ Ks
channel. However, the final state with two vector mesons is a mixture of CP-odd and CP-even
eigenstates f = 0,|| and L, respectively. In order to disentangle them, an angular analysis of the
JIYy — utu=, ¢ - K*K~ decay products has to be performed in the time-dependent decay rate
analysis [6-8]. In analogy to Bg — J /i Kg, doubly Cabibbo-suppressed penguins effects lead to
the following effective CP-violating mixing phase entering the CP-violating observables [9]:

O g, = 0+ 00" = g+ Mgl )

For a smallish mixing phase ¢, in the few degree regime, as follows from the picture of the
experimental data, even a hadronic phase shift A¢§ at the 1° level would have a significant impact.

In the era of Belle II and the LHCb upgrades, the experimental precision requires the control
of the penguin corrections to reveal possible CP-violating NP contributions to B0 —EO mixing. The
topic receives long-standing interest in the theory community (see, e.g., Refs. [4 5, 7 9-14]). The
hadronic phase shifts A¢, and Agbf cannot be reliably calculated within QCD. However, we may
use “control channels" BY — J/yKs, Bg — J/yr°, and BY — J/yp°, which have a different
CKM amplitude structure with the key feature that the penguin parameters are not suppressed by €.
This can nicely be seen in the case of the B — J/yKs amplitude [4]:

A(BY = J/yKs) o« [1 - aee™], (8)

which should be compared with Eq. (4). Measurements of the CP-violating B — J/y/Ks asym-
metries allow the determination of a and 6, which can then be related to their Bg — J/UKs
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9 = g’¢'?, thereby allowing

counterparts through the U-spin symmetry of strong interactions, ae’
us to take these effects into account in the determination of ¢4 from Eq. (5).

In Ref. [14], a simultaneous strategy of various control channels was proposed and applied to
the currently available data, utilising the SU(3) flavour symmetry of strong interactions. The point
is that there is a subtle interplay between the mixing phases and decays, as illustrated in Fig. 1. For
a detailed discussion, also of the numerical analysis with correlation plots, the reader is referred to

that paper and the recent update in Ref. [15]. Let us here just give the main numerical results:

a=0.14*01 0= (17313) . ga=(444719) ©)

which should be compared with the measured value (p‘;ff Tk = (43.6 + 1.4)°, and
av = 0.044%635. oy = (30671%,) . 0y =~ (42 14y, (10)
which should be compared with qﬁ‘;ﬂ} e = (4.1 £1.3)°. In the analysis of the By — J/yV

modes, polarisation-dependent effects had to be ignored due to the current lack of data. In the
future, it would be important to make polarisation-dependent measurements, which could then
be implemented in the strategy to further refine the analysis. The results in Eq. (10) correspond

to the penguin shift A¢, = (o.14jg;§g)°. Using Eq. (3) with ¢M = —222 = —(2.01 £0.12)°
yields oY = — (2.2 + 1.4)°. The future scenarios studied in Ref. [15] show that CP-violating NP
effects could be revealed in the high-precision era with 50 significance. On the other hand, for the
Bg-meson system, the SM prediction of ¢4 is a limiting factor, thereby making ¢ less favourable.

The strategy presented in Ref. [14] provides also interesting insights into factorisation. Having
the hadronic penguin parameters at hand and using information from semileptonic B decays to min-
imise the impact of hadronic form factors, effective colour-suppression factors a, can be determined
from the data, showing agreement with the picture of naive factorisation. This is an interesting
finding as factorisation is — a priori — not expected to work well in these colour-suppressed decays.
Using these results, non-factorisable SU(3)-breaking effects can be constrained at the 5% level,

thereby showing that the method to control the penguin effects through control channels is robust.

3. The B? — D¥K* puzzle

—0
In the SM, the decays B, — DK~ and BY — DK~ arise from colour-allowed tree topologies.

—0
Since both B, and BY mesons may decay into the same final state D} K™, we obtain CP violation

—0
through interference effects between the decay paths that are due to the B’-B oscillations [16—18].
The corresponding observables arise in the time-dependent rate asymmetry

T(BXt) > D{K™)-T(BXt) > D{K™)  C cos(AM, 1)+ S sin(AMj 1)
[(BY(t) —» D{K~) + T(BY(r) — DfK-) cosh(yst/tp,) + Aar sinh(yst/7p,)’
where AM, is the mass difference of the By mass eigenstates and y; = Al /(2T) = 0.062 + 0.004

characterises their decay width difference. A similar expression, with observables C, S and Aar,
holds for the decays into the CP-conjugate final state Dy K*. The quantities

(11

R 2Imé 2Reé

B T A P

(12)
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and their CP-conjugates can be extracted from the time-dependent rate asymmetries, allowing the
determination of the observables &€ and £. In their product, the hadronic parameters cancel [17]:

ExE=e 205, (13)

Consequently, the CP-violating phase ¢ +7y can be determined in a theoretically clean way [16, 17].
Since ¢y is determined through BY — J /i ¢ and similar modes, as discussed in the previous section,
the UT angle vy can be extracted.

In Ref. [19], the LHCb collaboration reported an experimental analysis of CP violation in the
BY — DFK* system, finding the result y = (128*17)° (mod 180°). Here the SM relation C + C = 0
was assumed. The result for y is puzzling since analyses of the UT and other y determinations
using pure tree decays give values in the 70° regime [2, 20].

This intriguing situation has recently been studied in detail in Refs. [21, 22]. Using

(14)

S+S K
tan(¢s + ’}/) ===, tan 63 ==,
Aar + Aar

where J5 is the CP-conserving strong phase difference between the E(S) — DK~ and B — D{K~
decay amplitudes, a transparent determination of these parameters is possible. The corresponding
analysis gives a picture in full agreement with the complex LHCDb fit. The solutions modulo 180° can
actually be excluded, since the corresponding 85 around 180° would be in conflict with factorisation,
while 65 = (—232)" is in excellent agreement with this theoretical framework.

How could NP effects enter this measurement? They could give rise to new CP-violating
contributions to BQ—E(S) mixing, thereby affecting ¢;. However, such effects are included as this
phase is determined through BY — J/¢ and penguin control modes. Using the corresponding
value taking penguin corrections into account shifts the LHCb result to y = (13 lfg)o

Consequently, this puzzling value of y would require NP contributions — with new sources of
CP violation — at the decay amplitude level of the B — D7 K* system. Such effects should manifest
themselves also in the branching ratios of the corresponding decays. Concerning the branching
ratios of By decays, there are subtleties due to BS—E? mixing [18, 23]. The “theoretical" branching
ratios refer to a situation where the mixing effects are “switched off":

1 _
B = 5 [B(B) = DIK ) + BB — DIK ] (5)

The observable & allows us to disentangle the decay paths (in analogy for Dy K™):

€1°
L+[&2

B(E? g D;K_)th = 2 ( ) Bth, B(B? — D:K_)th = 2( )Bth~ (16)

1+]&2

The “experimental” branching ratios refer to the following time-integrated rates:

1 [ =
Bexp = 5 / [T(BY(t) = DIK™) + T(BY(1) — DIK7)] dr, (17)
0
and are related to the theoretical branching ratios through
1 —y?
B = | ————| Bexp- 18
th 1+ﬂAFS ys] exp ( )
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Figure 2: Experimental and SM values of the |a;| parameters for various decay processes [21, 22].

Unfortunately, only a measurement of the following average is available:

BeP = Bexp + Bexp = 2 (Bexp) = (2.27 £0.19) x 1077 (19)

Assuming the SM, as the LHCb collaboration, yields

1-y2
1+ ys(Aar)+

Finally, the following branching ratios can be extracted from the data:

Apr + Aar

Bth = Z_;th = )

(20)

}(Bexp> with  (Aar)+ =

B(BY — DIK ) = (1.94+0.21) x 1074, B(BY — DIK )y = (0.26 £0.12) x 1074, (21)

The framework for the interpretation of these quantities is provided by factorisation, which is
well supported through the measured 6. In order to minimise the impact of hadronic form factor
uncertainties, it is useful to introduce ratios with respect to semileptonic B decays [21, 22]:

B(B, — DK )
—0
dB (BS — D;f‘fg) /dq2|q2=m2;<

= 672 f2 Vs * XD, i lals K 12, (22)

Rpik- = 1eff

where fx is the kaon decay constant, V,,; denotes the corresponding CKM matrix element, and
Xp, k is a calculable quantity governed by phase-space effects. In the parameter

E
DsK D¢K DK
so=ay st 1+ s 23
aleff al ( TDSK) ( )

where aleK characterizes factorisation of the colour-allowed tree amplitude Tp g, which is a “show-
case" example for factorization predicting |a1D sK | = 1.07 £0.02 [24-26], while the non-factorisable
exchange amplitude Ep_ g is constrained through data as |1 + Ep x /Tp, k| = 1.00 + 0.08. Finally,
the experimental data give |alD sK | = 0.82 = 0.11, which is significantly smaller than the QCD

factorisation prediction. Interestingly, the data give a similar pattern for the E(s) — K*Dj channel,
with |af{D“'| = 0.77 £ 0.19. Consequently, this puzzling finding complements the intriguing
pattern for y arising from the CP-violating observables, as would be suggested by CP-violating
NP contributions entering the corresponding decay amplitudes. This result is even more exciting
since analogous patterns arise in decays with similar dynamics as summarised in Fig. 2, where
Eg — D} K~ stands out with a discrepancy of 4.8 0. Puzzlingly small branching ratios for this
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Figure 3: Correlations between the NP parameters of the BY — D7 K* system [21, 22].

mode and the Bg — Din”, BY — Difn~ decays were also noted in Refs. [27, 28], and have been
analysed within NP physics beyond the SM [29-31]. The interesting possibility of NP effects in
non-leptonic tree-level decays of B mesons was discussed in detail in Refs. [32, 33].

In order to take NP effects into account, the ES — DK~ amplitude can be generalised as
A(Eg - D:K_)NP
A(B) — D}K™)sm

eléeup

AB, — DIK™) = A(B, — Di K )sw |1+ e

, (249

hetl

where § and ¢ are CP-conserving and CP-violating phases, respectively. An analogous expression

holds for the E(S) — D7 K* channel. The generalisation of the SM relation (13) is given as follows:
C+C

fxf:\/”m

with y entering through the “effective" angle

o265 +yen)] (25)

2

1 - 1 _
yeﬂrzy+§(A(D+Ad))=y—§(Acp+Acp), (26)

where the NP phase shifts can be expressed in terms of 5, §, ¢ and their CP conjugates as discussed
in detail in Refs. [21, 22]. Using the experimental information encoded in the branching ratios
and CP asymmetries, the constraints on the NP parameters shown in Fig. 3 can be obtained for the
central values of the observables. Taking also the uncertainties into account, NP amplitudes in the
(30-50)% range of the SM amplitudes could accommodate the current experimental data.

4. The B — nK puzzle

Interestingly, B — 7K decays are dominated by QCD penguin topologies since b — uus tree
topologies are strongly CKM suppressed with respect to the penguin contributions. Electroweak
(EW) penguins allow us to divide the B — 7K system into two classes: In the Bg — 7~ K" and
B* — 7" K° decays, EW penguins are colour-suppressed and hence play a minor role. On the other
hand, in the Bg — K% and B* — 7n°K* modes, EW penguins may enter in colour-allowed form
and therefore play a sizeable role, even competing with tree contributions [34-37].

A particularly interesting situation arises in the Bg — 7Kg decay [38-40], which offers the
following CP-violating time-dependent rate asymmetry:

T(By(t) — x°Ks) - T(B%(r) — n°Ks)

= AZKS cos(AMyt) + ST KS sin(AMgt),  (27)

T(By(t) — 7Ks) + T(BY(r) — n0Ks)
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Figure 4: Correlation between the CP asymmetries of Bg — 719Ks, as discussed in the text (from [40]).
0 0
where AgPKS and SgPKS are the direct and mixing-induced CP asymmetries, respectively. The
isospin symmetry of strong interactions implies the relation
V2A(BY — 7°K%) + A(BY — n7K*) = 3430, (28)
where the I = 3/2 isospin amplitude A3/, takes the form
3432 = (T + C) (eiy - qei¢eiw) . (29)

Here the absolute value of the sum of the colour-allowed and colour-suppressed tree amplitudes 7
and C, respectively, can be determined with the help of the B* — 7+ 70 branching ratio:

[T+ €| = Rrc |Vas [ Vaal V2IAB* — 7*7°)], (30)
where Ry.c ~ fk/fr describes SU(3)-breaking corrections. The EW penguins are described by

-3
" 2A2R,

Co + Cio
Ci+CG

~ AC
PEW +PEW

T+C

iw —

ge'?e' = —

R, = (0.68 £ 0.05)R,, 31)

where Prw and f’gw are colour-allowed and colour-suppressed amplitudes, respectively, R, is
the side of the UT from the origin, and R, describes SU(3)-breaking corrections which can be
calculated using QCD factorisation techniques and input from lattice QCD [38]. The C;» and
Co, 10 are short-distance Wilson coeflicient functions of current—current and EW penguin operators,
respectively. Applying the SM values of these coefficients gives the numerical value in Eq. (31).

Introducing the angle ¢go = arg(AooA(’;O) between the decay amplitude Agg = A(Bg — 1°K9)
and its CP-conjugate Ao, the following relation can be derived:

71'0 . T
SEKS = sin(ga — doo)y[1 — (AZS)2, (32)

Using the isospin relation in Eq. (28) with the minimal SU(3) input entering Egs. (30) and (31),
this expression allows the calculation of correlations between the direct and mixing-induced CP
asymmetries of the B?l — n’Kg decay. Using the current data results in the “Isospin relation" upper
band in Fig. 4. The vertical “Sum rule prediction" band is related to sum rules involving branching
ratios and direct CP asymmetries of B — nK decays [41, 42]. Consequently, we encounter yet
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another puzzling pattern related to CP violation in non-leptonic B decays [38—40]. Using further
information from charged B — nK decays, which satisfy also an isospin relation in analogy to
Eq. (28), correlations in the ¢—¢g plane of the EW penguin parameters can be obtained, as discussed
in detail in Ref. [40]. NP effects with new sources for CP violation entering through such topologies
could accommodate the current data.

5. Conclusions and outlook

We are moving towards new frontiers with non-leptonic B decays. Concerning the benchmark
decays Bg — J/yKs and BY — J/y¢, penguins corrections can be included through control
channels, utilising a combined strategy of various channels. In view of the impressive future
precision for ¢4 and ¢y, this will be crucial for matching the experimental with the theoretical
precisions. Future measurements of ¢ may still result in NP effects with more than 5o significance.

In the B — D7K* system, intriguing CP-violating observables were measured that are
complemented through puzzling patterns in the B — DTK® branching ratios, suggesting NP
effects in the decay amplitudes. The pattern of the branching ratios is complemented with analogous
phenomena in other decays with similar dynamics. A model-independent framework to include and
constrain the corresponding NP effects was developed and can be further applied in the future.

Puzzling patterns arise also in B — 7K decays. An amplitude isospin relations with minimal
SU(3) input gives intriguing correlations for the CP asymmetries of the Bg — 7°Kg decay, where
mixing-induced CP violation plays a key role. These patterns could be accommodated through a
modified electroweak penguin sector, which could arise in NP scenarios with extra Z’ bosons.

The current situation raises exciting questions: Could the puzzling patterns in the B — DTK*
and B — nK decays actually be manifestations of the same kind of New Physics? Could there be
links with the “B decay anomalies" in semi-leptonic and leptonic rare B decays receiving currently
a lot of attention? What about specific NP models and links with collider physics and direct NP
searches? It will be interesting to shed further light on these topics and questions in the future.
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