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1. A Brief Introduction

The B-meson system provides tests of the Standard Model (SM) and information for New
Physics (NP) searches. A key point is that one can probe very high scales for NP, much higher than
those in direct searches at colliders. We are dealing with precision physics, thus we perform indirect
searches. Central role in the studies of B physics plays the violation of the CP symmetry, which
refers to the non-invariance of the weak interactions with respect to a combined charge-conjugation
(C) and parity (P) transformation. Highlighting the key points of CP violation, we give an overview
of the CP violation in the B–meson system.

CP violation was discovered in 1964 through the observation of the KL → π+π− decay and
is nowadays established in the kaon, B-meson and D-meson systems. As it comes in different
manifestations, we categorise the B decays based on their different dynamics, specifically according
to the topologies that they originate from at leading order. In general, there are either tree or loop
topologies, like penguins and boxes. Firstly, we discuss pure tree decays, such as Bs → D±s K∓

and related modes. Then, we move on to transitions dominated by trees but also with penguin
contributions. Key examples here are the Bd → J/ψKS and Bs → J/ψφ transitions. The third
category refers to decays that are penguin dominated, such as the B → πK and the Bs → K+K−

systems. Lastly, there are decays which arise from electro-weak (EW) penguins and box topologies.

2. Pure Tree Decays

The first category of decays we present are those originating solely from tree topologies. More
specifically, we focus on the Bs → D±s K∓ decays and the associated puzzling anomalies. The
corresponding Feynman diagrams are given in the top panel of Fig.1. Due to B0

s − B̄0
s mixing,

interference effects arise between the B̄0
s → D+s K− and B0

s → D+s K− decays, leading to the
following time–dependent CP asymmetry [1]:

Γ(B0
s (t) → f ) − Γ(B̄0

s (t) → f )

Γ(B0
s (t) → f ) + Γ(B̄0

s (t) → f )
=

[
C cos(∆Ms t) + S sin(∆Ms t)

cosh(∆Γs t/2) +A∆Γsinh(∆Γs t/2)

]
. (1)

The observables C, C̄, S, S̄,A∆Γ, Ā∆Γ allow a theoretically clean determination of the angle γ
of the Unitarity Triangle (UT). How do we determine this angle? We utilise the key relation:

ξ × ξ̄ = e−i2(φs+γ), (2)

where ξ and ξ̄ are observables that measure the strength of the correspodning interference effects.
Following fro Eq. 1, these quantities are determined as:

C = (1 − |ξ |2)/(1 + |ξ |2), S = (2 Im ξ)/(1 + |ξ |2), A∆Γ = (2Re ξ)/(1 + |ξ |2). (3)

They are measured by the LHCb Collaboration, using the assumption that C = −C̄, which holds
in the SM. Here, we use the values from Ref. [2] and extract ξ and ξ̄. The mixing phase φs is
determined through the Bs → J/ψφmodes and including penguin effects as in [3], the most updated
value is φs = (−3.0 ± 1.1)◦. Consequently the only unknown value in Eq. 2 is the γ angle, which
now can be determined. The values of Ref. [2] lead to a value of γ which is much higher than the
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Figure 1: Examples of topologies categorising the decays according to their different dynamics. Top row:
Purely tree decays using as an example the Bs → D±s K∓ system. Second row: Decays with tree and penguin
topologies, such as the B0

d
→ J/ψK0

s and B0
s → J/ψφ mode. Third row: Penguin dominated decays like the

B0
d
→ π0Ks channel, showing firstly the tree diagram, then the colour–suppressed and the colour–allowed

EW penguins as well as the QCD penguin. Bottom row: Box and penguin topologies for transitions like
B0
s → µ+µ−.

regime of 70◦ [4]. This value is determined to be γ =
(
131+17

−22
)◦, suggesting a tension with the SM

at the 3σ level. Such an intriguing value shall be further explored and a detailed analysis can be
found in Refs. [5, 6]. Could this suggest NP?

If there are NP effects entering at the amplitude level, they should also manifest themselves in
the branching ratios. Thus, we extract “theoretical” individual branching ratios, which refer to the
branching fractions at time t = 0, where mixing effects are “switched off”:

B(B̄0
s → D+s K−)th = 2

[
|ξ |2/

(
1 + |ξ |2

)]
Bth = (1.94 ± 0.21) × 10−4, (4)

B(B0
s → D+s K−)th = 2

[
1/

(
1 + |ξ |2

)]
Bth = (0.26 ± 0.12) × 10−4, (5)

where Bth = B̄th =
[

1 − y2
s

1 + ys 〈A∆Γ〉+

]
〈Bexp〉 = (1.10 ± 0.09) × 10−4 (6)
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with 〈Bexp〉 ≡
1
2

(
Bexp + B̄exp

)
=

1
2
B

exp
Σ
=

1
2
(2.27 ± 0.19) × 10−4 [7]. (7)

Key quantity is the phenomenological colour factor |a1 |. In order to determine the theoretical
values of |a1 |, we utilise the framework of factorisation, which is expected to work very well for the
b→ c modes and the channel Bs → D+s K− is a prime example. We write the factorised amplitude
in terms of CKMmatrix elements, the kaon decay constant, the corresponding hadronic form factor
and the parameter

aDsK
1 eff = aDsK

1
(
1 + EDsK/TDsK

)
, (8)

which takes the exchange topologies into account. More specifically, the aDsK
1 factor refers to

non-factorisable effects entering the tree topologies, the TDsK stands for these colour-allowed tree
amplitudes while the EDsK describes the non-factorisable exchange topologies. The current state-
of-the-art values are |a1 | ≈ 1.07 with uncertainties at the percent level. Exchange topologies for
the Bs → DsK system do not suggest any anomalous enhancement. For the calculation of the
experimental values of |a1 |, the cleanest theoretical method is to create ratios of branching fractions
with the semileptonic partner decays, such as:

B(B̄0
s → D+s K−)th

dB
(
B̄0
s → D+s `−ν̄`

)
/dq2 |q2=m2

K

= 6π2 f 2
K |Vus |

2 |aDsK
1 eff |

2
Φph

[
FBs→Ds

0 (m2
K )

FBs→Ds

1 (m2
K )

]2

, Φph ≈ 1, (9)

which includes the matrix element |Vus |, the kaon decay constant fK and ratios of form factors.
Analogous ratios can be written for other decays with similar dynamics. Following these lines, we
obtain the experimental |a1 | results for the b→ c modes:

B̄0
s → D+s K−decay: |aDdK

1 | = 0.82 ± 0.11, B̄0
d → D+dK−decay: |aDdK

1 | = 0.83 ± 0.05,

B̄0
d → D+dπ

−decay: |aDdπ
1 | = 0.83 ± 0.07, B̄0

s → D+s π
−decay: |aDsπ

1 | = 0.87 ± 0.06.

In an analogous way, we work for the b→ u modes and obtain

B̄0
s → K+D−s decay: |a

KDs

1 | = 0.77 ± 0.19, B̄0
d → π+D−s decay: |a

πDs

1 | = 0.78 ± 0.05.

Comparing these results with the theoretical predictions, we observe that they are all much smaller
than the theoretical values, showing tensions up to the 4.8 σ level. A pattern which holds also
for the b → u channels, where in principle, factorisation is on less solid ground. This situation
with the |a1 | values marks the second intriguing case in the Bs → D±s K∓ system. These two
puzzles complement each other. The possibility of NP effects in non-leptonic decays is exciting and
discussions can be found in Refs. [8–10].

Therefore, the next step is to move towards studies of New Physics (NP). For this purpose, we
introduce the NP parameters:

ρ̄ eiδ̄eiϕ̄ ≡ A(B̄0
s → D+s K−)NP/A(B̄0

s → D+s K−)SM, (10)

with δ̄ and ϕ̄ denoting the CP-conserving and CP-violating phases, respectively (and ρ, δ, ϕ for the
CP-conjugate case). Now we generalize Eq. 2 and obtain:

ξ × ξ̄ =

√
1 − 2

[
C + C̄

(1 + C)
(
1 + C̄

) ]e−i[2(φs+γeff )], (11)
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which is theoretical clean and includes an an “effective” angle

γeff ≡ γ + γNP = (131+17
−22)

◦, where γNP = f (ρ, ρ̄, ϕ, ϕ̄). (12)

Setting δ = δ̄ = 0, correlations between the NP parameters can be determined through the following
formulas:

tan∆φ =
ρ sin φ + ρ̄ sin φ̄ + ρρ̄ sin (φ̄ + φ)

1 + ρ cos φ + ρ̄ cos φ̄ + ρρ̄ cos (φ̄ + φ)
, where ∆φ = −(61 ± 20)◦[6], (13)

b = 1 + 2ρ cos δ cos φ + ρ2 =
B(B̄0

s → D+s K−)th/
[
dB

(
B̄0
s → D+s `

−ν̄`
)
/dq2 |q2=m2

K

]
6π2 f 2

K |Vus |
2 |aDsK

1 |2XDsK

, (14)

where |aDsK
1 | is now an input parameter. An analogous relation can be written for b̄ and both

quantities can be determined:

b = 0.58 ± 0.16, b̄ = 0.50 ± 0.26, (15)

showing tension with the SM value of 1. This model–independent strategy, which is discussed in
detail in Refs. [5, 6], indicates that the data could be accommodated with NP contributions at the
30% level. It is worth noting that a new standalone LHCb Run II measurement has recently been
reported [11] and it should also be further explored. This strategy may lead to the establishment of
new sources of CP violation in the future.

3. Decays Dominated by Trees But Also Involving Penguin Contributions

The B0
d
→ J/ψK0

s and B0
s → J/ψφ decays have been characterised as the golden modes for

establishing CP violation in the B system and have historically received a lot of attention. Nowadays,
with impressive experimental progress, we have reached the level of precision where it is important
to start including the penguin contributions.

The Feynman diagrams describing these processes are depicted in the second row of Fig.1,
illustrating the contributions of the colour suppressed tree diagrams as well as the penguin topolo-
gies, which are doubly-Cabibbo suppressed. This entails that the decay amplitude is proportional
to the term λ2, where λ ≡ |Vus | ≈ 0.22 is the Wolfenstein parameter. Consequently, calculating the
penguins is very difficult.

The central role for the analysis here is played by the mixing phases φs and φd. Due to con-
tributions from the doubly Cabibbo-suppressed penguins, a hadronic phase shift ∆φq is introduced
and we measure an effective phase φeffq defined as follows:

φeffq = φq + ∆φq = φ
SM
q + φ

NP
q + ∆φq . (16)

Here φq is the phase that we access experimentally and consists of the SM part, which is determined
through the Unitarity Triangle (UT) and the NP part which includes effects from CP violation from
the beyond the SM. The parameter ∆φq depends on penguin parameters, the a and θ, and provides
a measure of the ratio of penguin over tree contributions.
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Since the hadronic effects that characterise the non-leptonic B0
d
→ J/ψK0

s and B0
s → J/ψφ

systems are difficult to calculate in QCD, as non-perturbative, we follow a different strategy,
as presented in Ref. [3]. We utilise control channels, where the hadronic effects are not doubly
Cabibbo–suppressed. More specifically, applying the SU(3) flavour symmetry of strong interaction,
the penguin parameters of the b̄→ s̄cc̄ and b̄→ d̄cc̄ transitions are related as follows:

a′eiθ
′

= aeiθ . (17)

The partner control channels of the B0
d
→ J/ψK0

S
decay are the B0

s → J/ψK0
S
and B0

d
→ J/ψπ0

channels while for B0
s → J/ψφ we have the B0

d
→ J/ψρ0 channel. Therefore, we utilise all these

five channels and we make use of their CP asymmetries, using the relation:

sin
(
φeffq

)
= η fA

mix
CP (Bq → f )/

√
1 −

(
Adir

CP(Bq → f )
)2
, (18)

where η f is the CP eigenvalue of the final state f . A simultaneous fit for the penguin parameters
and mixing phases from the CP asymmetries of all these Bs → J/ψX channels, where we properly
take into account the dependencies between φd, ∆φd, φs and ∆φs, leads to the extraction of the
corresponding hadronic parameters and the mixing phases:

φd =
(
45.4+1.3

−1.1

)◦
, φs = (−3.0 ± 1.1)◦ . (19)

These are the most updated values, which take the penguin effects into account. Consequently, the
main highlight is that this strategy includes the impact of the penguins on the CP asymmetries.

The second important point in the analysis of these decays is the clean determination of the
colou–suppression factor |a2 |with the help of ratios of branching fractionswith partner semileptonic
decays, in a similar way as it was already used in the case of the Bs → D±s K∓ system and the |a1 |

determination. Thus, one can write [3]:

B(B0
d
→ J/ψπ0)

dB/dq2 |q2=m2
J/ψ
(B0

d
→ π−`+ν`)

∝ (1 − 2a cos θ cos γ + a2) ×
[
a2(B0

d → J/ψπ0)
]2
, (20)

which allows the extraction of |a2 |. For this case, the obtained value is |a2 | = 0.363+0.066
−0.079, which

agrees well with naive factorisation, suggesting that factorisation seems to work better than it was
expected in this category of decays.

Last but not least, discussing important aspects of the B0
q–B̄0

q mixing phenomenon, we would
like to emphasize interesting applications of φd and φs as well as highlight the topic of the
UT apex determination. One way of determining the UT apex is utilising the angle γ and the
UT side Rb. However, in the extraction of Rb tensions arise between various theoretical and
experimental approaches. More specifically, there are discrepancies between the inclusive and
exclusive determinations of the |Vub | and |Vcb | matrix elements. Therefore, we advocate that it is
important to perform the analysis separately for the inclusive and exclusive case and avoid making
averages, in order to determine Rb and consequently extract the UT apex. In addition, a third
possibility is studied in the literature, which is hybrid combination of exclusive |Vub | and inclusive
|Vcb |. Studying the apex extraction for every case and on top of that, utilising the hyperbola

6
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Figure 2: Illustration of the puzzle related to CP asymmetries of the B0
d
→ π0KS decay.

following from εK , we come to the conclusion that the hybrid scenario is the one that provides the
most consistent picture with the SM [12]. Therefore, in the future, it can be used to resolve the
inclusive and exclusive puzzle. A key question is how big the space for NP in B0

q–B̄0
q mixing is.

Utilising the mixing phases, NP contributions can be explored and parametrised, performing fits
for the parameters κq and σq. These parameters denote the size of NP effects and the phase for
additional CP violating effects, respectively. The results of these fits have interesting applications
in rare leptonic decays, a category that we will discuss later.

4. Decays Dominated by Penguins

Let us know discuss the B → πK and B(s) → KK systems, where the main contributions
come from penguin topologies. Firstly, regarding the B→ πK decays, the most interesting channel
for CP violation studies is B0

d
→ π0KS , as this is the only mode that exhibits mixing-induced CP

violation. As illustrated in the third row of Fig.1, the decay is dominated by QCD diagrams, but
EW penguins play also an important role. Therefore, it is particularly interesting to measure CP
violation in this channel with highest precision.

Following the analysis presented in Refs. [13–15], isospin relations between decay amplitudes
can be utilised in order to obtain correlations between the mixing-induced and the direct asymmetry
of the B0

d
→ π0KS channel. This correlation between the CP asymmetries is given in Fig. 2.

Comparing the contour that comes isospin analysis (green contour) with the current data for the CP
asymmetries (black cross), we find tensions between them. In order for this puzzle to be resolved
there either should be a change of data or NP effects in the EW penguin sector should be present.
A new Belle II measurement [16] suggests a value of the CP asymmetries of the B0

d
→ π0KS mode

which seems to agree better with the isospin results within uncertainties (orange cross). This is an
interesting point that should be further explored.

Concerning the B0
s → K−K+ decay, we have the first observation of CP violation by the LHCb

Collaboration [17]. The interesting finding is that there is a surprising difference between the direct
CP asymmetries of the B0

s → K−π+ and B0
d
→ π−K+ decays. As discussed in Ref. [18], exchange

and penguin-annihilation topologies can accommodate this difference at the level of 20%. In the
same paper, the determination of the γ angle of UT is discussed using only CP asymmetries and no

7
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branching ratio information. The result of γ =
(
65+11
−7

)◦ agrees excellently with the value coming
from B→ DK decays, which provides a clean determination. Additionally, the phase φs can also be
obtained through a new novel method using semileptonic B0

s and B0
d
differential rates, highlighting

again how useful the methodology with ratios with semileptonic partner decays is.

5. Decays Arising from Electroweak Penguins and Box Topologies

The last category refers to decays that arise from EW penguin and box topologies, such as the
B0
d
→ µ+µ− and B→ K`+`− transitions, which have much simpler dynamics with respect to strong

interactions than the non-leptonic decays. The corresponding topologies for the B0
s → µ+µ− decay

are shown at the bottom row of Fig. 1.
Let us first refer back to the phenomenon of B0

q–B̄0
q mixing that we discussed in Sec. 3 and

provide more details regarding the applications of mixing on leptonic decays. NP studies depend
strongly on both the UT apex and the |Vcb | matrix element. Thus, in the determination of NP in the
B0
s → µ+µ− decay, it is essential to manage to minimise the impact of the CKM parameters [12].

How can we do that? We create the ratio between the branching fraction of this decay and the mass
difference ∆ms [19, 20]:

Rsµ = B̄(B0
s → µ+µ−)/∆ms, (21)

where the CKM elements drop out in the SM. We note though that we have to take possible NP
contributions in the B0

q–B̄0
q mixing into account, following the NP analysis in Ref. [12]. This allows

us to constrain the pseudo-scalar and scalar parameters, |Ps
µµ | and |Ss

µµ | from the branching ratio
and the ratio Rsµ, thus it is an important point in the NP studies.

These rare decays have interesting phenomenology related to CP violation and the time depen-
dent CP asymmetries have similar structure as those in the non-leptonic decays. More specifically,
for the B0

s,d
→ `+`− decays, the CP–violating asymmetries coming from interference effects

would be very interesting to measure but this is experimentally very challenging. Similarly, for
B0
d
→ KSµ

+µ− channel, the interference effects through B0
d
–B̄0

d
mixing lead to mixing-induced

CP violation. Usually for the CP–violating effects in the NP analysis of rare decays, only real
coefficients are considered. However, Wilson coefficients could also be complex. This case is really
interesting to explore and a discussion can be found in Ref. [21].

An experimental highlight here is the December 2022 R(∗)K measurement [22, 23], which is
now compatible with the SM predictions. In addition, the measured decay rates of the B→ Kµ+µ−

decays are too small and below the SM predictions at the 3.5 σ level. What could these imply for
the Lepton Flavour Universality (LFU) violation? An analysis discussed in Refs. [21, 24] explores
CP–violating effects in the NP analysis of rare decays considering complex Wilson coefficients.
The proposed strategy suggests that starting from a complex muonic Wilson coefficient and using
as input the new 〈RK 〉 measurement allows the determination of the electronic Wilson coefficients
and consequently the extraction of the direct and mixing-induced CP asymmetry for the electronic
modes [24]. As a result, constraining the electronic NP Wilson coefficients, their magnitude and
the mixing phases differ significantly from their muonic counterparts and the similar pattern follows
for the resulting CP asymmetries between the electronic and the muonic channels. The conclusion
is that despite the fact that the RK anomaly is now gone, if there is CP–violating NP entering, there
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is still significant violation of the electron-muon universality at the level of the Wilson coefficients.
This is a key finding for searches of CP violation in the final state decays involving electrons and
muons and consequently tests of LFU at the high-precision era.

6. Outro

CP violation continues to be a prime player for exploring the flavour sector and New Physics
searches for both theorists and experimentalists. Exciting times are ahead!
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