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Abstract. It is well known that the study of flavour physics and CP violation is very
important to critically test the Standard Model and to look for possible signature of new
physics beyond it. The observation of CP violation in kaon system in 1964 has ignited
a lot of experimental and theoretical efforts to understand its origin and to look for CP
violation effects in other systems besides the neutral kaons. The two B-factories BABAR
and BELLE, along with other experiments, in the last decade or so made studies in
flavour physics and CP violation a very interesting one. In this article we discuss the
status and prospectives of the flavour physics associated with the strange, charm and
bottom sectors of the Standard Model. The important results in kaon sector will be
briefly discussed. Recently, mixing in the charm system has been observed, which was
being pursued for quite some time without any success. The smallness of the mixing
parameters in the charm system is due to the hierarchical structure of the CKM matrix.
Interestingly, so far we have not found CP violation in the charm system but in the
future, with more dedicated experiments at charm threshold, the situation could change.
Many interesting observations have been made in the case of bottom mesons and some of
them show some kind of deviations from that of the Standard Model expectations which
are mainly associated with the b → s flavour changing neutral current transitions. It
is long believed that the Bs system could be the harbinger of new physics since it is a
system in which both bottom and strange quarks are the constituents. Recently, D0 and
CDF announced their result for the Bs mixing which is claimed to be the first possible
new physics signature in the flavour sector. We plan to touch upon all important issues
pointing out both theoretical and experimental developments and future prospects in this
review article.
Keywords. CP violation; kaon decays; charm decays; B physics.
PACS Nos 11.30.Er; 13.25.Ft; 13.25.Es; 13.25.Hw

1. Introduction
The study of flavour physics and CP violation has been so interesting that huge
machines have been built for the experiments relating to it and a lot of theoretical
developments have occurred in recent times. There is no need to mention that
flavour physics and CP (the combined operation of charge conjugation (C) and
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parity (P)) violation studies in the past have led to many novel discoveries. It
is one of the areas in physics where the theoretical developments and the experimental activities are closely interrelated and at present it is dominated by huge
experimental activities (mainly due to electron–positron asymmetric B-factories).
With the onset of the Large Hadron Collider at CERN, the flavour physics is poised
for another golden period in particle physics where it is said that the LHC data
might redefine the future of particle physics. So the flavour sector is believed to
provide us with the flavour of physics beyond the Standard Model which might be
just around the corner.
The Large Hadron Collider (LHC) at the European laboratory for high energy
physics (popularly known as CERN) in Geneva, Switzerland is ready for experiments from this summer. The LHC is termed as the mother of all experiments,
which was in fact the centre of media attraction in last September during the test
run, for all the hype and also unfortunately for some wrong reasons. The fact is
that this will be the experiment with highest energy till date which will be nearer to
the energy scale believed to have occurred during the early stages of the evolution
of the Universe. Therefore, it is expected that the experiments at the LHC will shed
some light on the prevailing state of affairs during the early Universe and possibly
many more (wanted/unwanted) surprises. The bottom line is that the LHC for
sure is going to change/dictate the future course of action/direction in high energy
physics.
The Standard Model (SM) of electroweak interactions [1] has been extremely
successful in explaining almost all the data observed so far, except the neutrino
sector, upto an energy scale of about 100 GeV. But still there are many reasons
to believe that it is not the ultimate theory of nature, rather the low energy limit
of a more fundamental theory, the true nature of which is not yet known. For
example, some of the problems which could not be answered by the SM are the
gauge hierarchy problem, the matter–antimatter asymmetry of the Universe, the
observed nonzero neutrino mass to name a few. Therefore, intensive search for
physics beyond the SM is now being performed in almost all areas of high energy
physics. Let us remind all the readers that the all important particle of the SM, the
so-called Higgs particle (also called the God particle) [2] is not yet discovered. But
it is widely believed that the Higgs discovery is around the corner (Higgs mass up
to 114 GeV has already been ruled out) [3] and the SM Higgs is almost impossible
to escape the LHC detection if it indeed exists. Otherwise the SM framework where
the masses of all the massive fermions and gauge bosons are generated through the
Higgs mechanism will be in great danger. Without any doubt we hope that plenty
of Higgs will be detected at the LHC (not just the SM Higgs ones) and in a lighter
vein one can provide a nickname for the LHC (Liberal Higgs Café). Apart from the
important task of discovering Higgs, the LHC is believed to provide us clues to the
physics beyond the SM (physics that exists above the electroweak scale and may be
well upto the Planck energy). Suffice it to mention that there are many beyond the
SM scenarios that have been discussed in the literature to describe physics above
the electroweak scale. These viable ideas, which are theoretically very exciting, will
be tested at the LHC and possibly at least some of them will be completely ruled
out. The String theorists are also looking at the LHC for some favour and there
are many interesting ideas here too.
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Major experiments at the LHC are the ALICE, ATLAS, CMS and LHCb. The
ALICE is an ion collider experiment whereas part of the goals of ATLAS and CMS
are associated with the flavour sector. The LHCb is a dedicated B-physics experiment like the B-factories, where apart from the usual B-mesons a large number
of other hadrons containing a bottom quark (like Bs , Bc and Λb ) will be studied.
Needless to mention that the Bs - and Bc -mesons are expected to provide valuable
and clean experimental signals in some cases. Therefore, these studies might corroborate our previous findings from other experiments and/or predictions or else
might reveal something completely unexpected.
Standard Model weak interactions are long known to violate parity and charge
conjugation symmetries, in most cases even maximally. However, the combined
operation CP was believed to be a good quantum number but in 1964 Christenson
et al [4] discovered the violation of CP symmetry in the kaon system. Actually the
violation was observed once in about 500 events. In 1967, Sakharov [5] pointed
out that in order to explain the observed baryon asymmetry of the Universe, CP
violation is essential along with some other requirements (baryon number violation and thermal non-equilibrium). In 1973, Kobayashi and Maskawa [6] proposed
that there should be at least three family of quarks (or six quarks) to explain the
observed CP violation. The 2008 Physics Nobel prize was awarded to Kobayashi
and Maskawa [7] for their pioneering work on CP violation along with Y Nambu.
The immensely successful Standard Model of electroweak theory in fact has three
generations of quarks and Kobayashi–Maskawa mechanism is an integral part of it.
It is well known that flavour physics contributed significantly to the development
of the SM, e.g., (i) the K 0 − K̄ 0 mixing led to a successful prediction of the charm
mass before it was discovered, (ii) CP violation in kaon system indicated that there
should be three generations before any third generation fermion was discovered and
(iii) the large B 0 − B̄ 0 mixing led to the possibility of a very large top quark mass.
So one can expect that history will be repeated again and it would probably be the
flavour physics which will give us the first indication of new physics (NP) beyond
the existing SM.
The article is organized as follows. In §2 we briefly discuss about the CP violation
effect in the Standard Model. Section 3 covers the important developments in the
kaon sector. In §4 we present the evidences of mixing in the D-meson system.
Section 5 is devoted to the bottom (B) meson where we will discuss various rare
decays and CP violation parameters which are important from experimental point
of view. Section 6 will be about the bottom-strange system. New physics signals
from B-factory data are discussed in §7 and the conclusions and future prospects
are outlined in §8.
2. CP violation in the Standard Model
The Standard Model of electroweak interactions is based on the gauge group
SU (2)L × U (1)Y [1] and it contains three families of quarks and leptons. In this
model the left-handed quarks (i.e., quarks with negative helicity) are transformed
as doublets under SU (2)L group as
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QILi

µ I ¶
uLi
=
,
dILi

(1)

while the corresponding right-handed quarks (with positive helicity) transform as
singlets under SU (2)L denoted by uIRi and dIRi . In our notation the superscript I is
for the interaction eigenstates and the subscript i = 1, 2, 3 is the generation index.
The charged and neutral current interactions of the quarks with the SU (2)L gauge
bosons (W ± and Z) are given by
g
LW = √ (Wµ+ ūILi γµ dILi + Wµ− d¯ILi γµ uILi )
2

(2)

and
LZ =

g
µ
Zµ (ūILi γµ uILi − d¯ILi γµ dILi − 2 sin2 θW Jem
),
2 cos θW

(3)

where
µ
=
Jem

1
2 I
(ū γµ uILi + ūIR γµ uIR ) − (d¯ILi γµ dILi + d¯IRi γµ dIRi ) ,
3 Li
3

(4)

is the electromagnetic current and g is the weak coupling constant.
The SU (2)L × U (1)Y Yukawa couplings involving the left-handed doublets of
quarks, right-handed singlets and the Higgs doublet are given as
¶
µ
LY = − Yijd Q̄ILi φdIRj − Yiju Q̄ILi φ̃uIRj + h.c.
·
µ +¶
µ 0† ¶
¸
φ
φ
I
I ¯I
u
I
= − (ūILi d¯ILi )Yijd
d
+
(ū
d
)Y
u
+ h.c., (5)
Li Li ij
φ0 Rj
−φ− Rj
where Y (u,d) s are the 3 × 3 complex matrices and φ is the Higgs field. This part of
the Lagrangian is in general CP violating and the CP violation effect is related to
the complex Yukawa couplings. This can be understood as follows. The hermiticity
of the Lagrangian implies that LY contains terms which come in pairs of the form
Yij ψ̄Li φψRj + Yij∗ ψ̄Rj φ† ψLi .

(6)

Under CP transformation the operators are interchanged as
ψ̄Li φψRj ↔ ψ̄Rj φ† ψLi

(7)

but the Yukawa couplings Yij and Yij∗ remain unchanged. This implies that CP is
a symmetry of LY if Yij = Yij∗ .
Now let us show that quark mixing is the only source of CP violation in the SM.
When the Higgs field φ acquires a vacuum expectation value (VEV), it triggers
spontaneous symmetry breaking (SSB) of the original gauge
√ group as SU (2)L ×
U (1)Y → U (1)QED . On substituting φ0 by its VEV, v/ 2, the mass terms are
obtained as
I
I
Lmass = −d¯ILi (M d )ij dIRj − ūILi (M u )ij uIRj + h.c.,
√
√
I
I
where M d = Y d v/ 2 and M u = Y u v/ 2.
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On transforming from the weak interaction eigenstate basis to the physical mass
eigenstate basis (mass basis corresponds to diagonal mass matrices), one can always
u
d
find unitary matrices UL(R)
, UL(R)
such that
I

ULu† M u URu = M u = diag(mu , mc , mt ),
I

ULd† M d URd = M d = diag(md , ms , mb ),

(9)

where the matrices U are unitary, M u and M d are diagonals. Thus, the mass
eigenstates uL(R)i and dL(R)i are related to the corresponding weak eigenstates by
the following unitary transformations:
u
uL(R)i ,
uIL(R)i = UL(R)i

d
dIL(R)i = UL(R)i
dL(R)i .

(10)

The charged current interaction in eq. (2) in terms of the quark mass eigenstates
is given by
g
LW = √ (Wµ+ ūLi γ µ Vij dLj + Wµ− d¯Li γ µ Vij† uLj ),
2

(11)

V = ULu† ULd ,

(12)

where

is the Cabibbo–Kobayashi–Maskawa (CKM) [6,8] matrix given as


Vud Vus Vub
V ≡ VCKM =  Vcd Vcs Vcb  .
Vtd Vts Vtb
This means that the charged current couplings in the mass eigenstate basis will be
modified as seen from eq. (11). However, the neutral current Lagrangian in the
mass basis remains unchanged, i.e., there are no flavour changing neutral currents
(FCNCs) at the tree level in the SM. One can interpret this mixing phenomenon
in a more general way as the down-type quark interaction eigenstates (dI , sI , bI )
result from the mixing of the corresponding mass eigenstates (d, s, b) and they are
related to each other through the unitary CKM matrix VCKM as
 I 
!Ã !
Ã ! Ã
d
d
Vud Vus Vub
d
 sI  = VCKM s = Vcd Vcs Vcb
s .
(13)
b
b
Vtd Vts Vtb
bI
Let us now find out the number of independent parameters required to parametrize the CKM matrix. In general, an N × N complex matrix contains 2N 2
real parameters; the unitarity constraints reduce it to N 2 real parameters. Since
the phases of the quark fields are not observable, (2N − 1) phases can be rotated
away. Thus we have (N − 1)2 independent physical parameters. Since an N × N
orthogonal matrix has N (N − 1)/2 angles, we conclude that N × N unitary matrix
contains N (N −1)/2 rotation angles and (N −1)2 −N (N −1)/2 = (N −1)(N −2)/2
physical phases. Thus, the 3 × 3 CKM matrix contains three Cabibbo-type angles
Pramana – J. Phys., Vol. 74, No. 5, May 2010
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and one physical phase. This phase is responsible for CP violation in the Standard
Model.
There are many ways to express the elements of VCKM in terms of three rotation
angles and one phase. Thus, many different parametrizations for the CKM matrix
have been proposed in literature. The standard parametrization used by the particle
data group (PDG) is [9]
Ã
!
c12 c13
s12 c13
s13 e−iδ
VCKM = −s12 c23 − c12 s23 s13 eiδ c12 c23 − s12 s23 s13 eiδ
s23 c13 ,
s12 s23 − c12 c23 s13 eiδ −c12 s23 − s12 c23 s13 eiδ c23 c13
where cij ≡ cos θij and sij ≡ sin θij (i, j = 1, 2, 3) (θij are the rotation angles) and
the complex phase δ is responsible for CP violation in the SM.
One of the most important and popular parametrizations is the Wolfenstein parametrization [10] which has the following change of variables:
s12 ≡ λ,

s23 ≡ Aλ2 ,

s13 e−iδ ≡ Aλ3 (ρ − iη),

(14)

where λ, A and ρ are known as the Wolfenstein parameters. The CKM matrix thus
becomes


λ
Aλ3 (ρ − iη)
1 − 21 λ2
,
VCKM = 
−λ
1 − 12 λ2
Aλ2
3
2
Aλ (1 − ρ̄ − iη̄) −Aλ
1
where η 6= 0 is responsible for CP violation in the SM and ρ̄ and η̄ are given by
µ
¶
µ
¶
λ2
λ2
ρ̄ = ρ 1 −
, η̄ = η 1 −
.
(15)
2
2
It was first emphasized by Jarlskog that CP violation can be described via a
rephasing quantity J known as Jarlskog invariant [11] which is independent of the
parametrization and defined as
∗
Im(Vij Vkl Vil∗ Vkj
)=J

3
X

εikm εjln ,

(16)

m,n=1

where the V ’s are the elements of the CKM matrix and i, j, k, l = 1, 2, 3. In terms
of the standard parametrization
J = c12 c23 c213 s12 s23 s13 sin δ.

(17)

Thus, in order to have an observable CP violation effect in the SM, the mixing
angles θij should not be zero or π/2 and the phase δ should not be zero or π.
The Yukawa Lagrangian in eq. (5) is, in general, CP violating. More precisely,
CP is violated if and only if [11]
Im(det[Y d Y d† , Y u Y u† ]) 6= 0.

(18)

In the mass basis, the condition (18) translates to a necessary and sufficient condition for CP violation in the quark sector of the SM as
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(m2t − m2c )(m2c − m2u )(m2t − m2u )(m2b − m2s )(m2s − m2d )(m2b − m2d )J 6= 0.
(19)
Thus, in order that CP be violated in the SM, the following requirements must be
met:
(a) The quarks of the same given charge should not be degenerate in mass.
(b) None of the three mixing angles should be zero or π/2.
(c) The phase δ of the CKM matrix should be neither zero nor π.
It is thus found that the nonzero complex phase is the origin of CP violation in the
SM. Concerning the test of CKM picture of CPV the central target is the unitarity
†
†
triangle. The unitarity of CKM matrix, i.e., VCKM
VCKM = VCKM VCKM
= 1, gives
12 equations (six normalization and six orthogonal relations). The orthogonality
conditions can be represented by six triangles in the complex plane, which are
known as unitarity triangles. The important feature of these triangles is that all
these triangles have the same area and the area is related to the measure of CP
violation J through
J = 2 · A,

(20)

where A denotes the area of the triangle.
The triangle which can be best explored by B-decays is the graphical representation of the relation
∗
Vud Vub
+ Vcd Vcb∗ + Vtd Vtb∗ = 0.

(21)

The important feature of this traingle is that all the sides are of the same order
(e.g., in the Wolfenstein representation they are of order λ3 ) and hence the unitarity
triangle is almost like an equilateral triangle, which naturally provides us a chance
to measure its angles. Had it been quashed as in the case of other triangles, then
we would not have been successful to determine the angles. One can normalize the
above equation by dividing it by Vcd Vcb∗ and choose the base to be of unit length
and the corresponding triangle is shown in figure 1. The angles of this triangle are
termed as: α, β and γ (or φ1 , φ2 and φ3 ) which are defined as
µ
¶
µ
¶
µ
¶
∗
Vud Vub
Vtd Vtb∗
Vtd Vtb∗
γ = arg −
,
α
=
arg
−
,
β
=
arg
−
.
∗
Vcd Vcb∗
Vud Vub
Vcd Vcb∗
(22)
The angles β and γ are directly related to the complex phases of the CKM elements
Vtd and Vub , respectively as
Vtd = |Vtd |e−iβ ,

Vub = |Vub |e−iγ .

(23)

The angle α can be obtained through the relation
α + β + γ = 180◦ .

(24)

It can be seen that a nonzero value of β or γ implies that η is nonzero and thus CP
violation cannot be ruled out. It is, therefore, imperative that the three angles of
Pramana – J. Phys., Vol. 74, No. 5, May 2010
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(ρ,η)
α

Vud Vub*
Vcd Vcb*

Vtd Vtb*
Vcd Vcb*
γ

β
(1,0)

(0,0)
Figure 1. The rescaled unitarity triangle

.
the triangle be measured independently to get decisive information on the origin of
CP violation.
After having an idea of CP violation in the Standard Model, we would now like
to discuss the implications of this theory for the phenomenology of CP violation in
meson decays. Although our main focus will be on B-meson decays, first we would
like to present the important results of kaon and charm sectors.
3. CP violation in the kaon system
We now briefly discuss the manifestation of CP violation in neutral K system. The
two neutral kaons K 0 and K̄ 0 can decay to pions via the weak interaction |∆S| = 1.
Thus, mixing can occur via (virtual) intermediate pion states. These transitions
are |∆S| = 2 transitions and are thus second-order weak transitions. Thus, if at
time t = 0, we have a pure K 0 state, then at any later time t, we can have a
superposition of both K 0 and K̄ 0 . Therefore, we can form the linear combination
(CP eigenstates)
KL,S =

K 0 ± K̄ 0
√
,
2

(25)

where KS and KL are the particles associated with the short-lived and long-lived
K-mesons which can decay to 2π (CP even) and 3π (CP odd) states, respectively.
A diagram called the box diagram as shown in figure 2 depicts the K 0 − K̄ 0 mixing.
With the discovery of the decay KL → 2π in 1964, it was established that KL
and KS are not CP eigenstates anymore but the new CP eigenstates are K1 and
K2 defined as
1
K1 = √ (K 0 − K̄ 0 ),
2
1
K2 = √ (K 0 + K̄ 0 ),
2
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CP|K1 i = K1 ,
CP|K2 i = −K2 ,

Pramana – J. Phys., Vol. 74, No. 5, May 2010

(26)

Flavour physics and CP violation

Figure 2. Box diagrams depicting K 0 − K̄ 0 mixing.

and are related to the mass eigenstates KS and KL by
K1 + ε̄K2
,
KS = p
(1 + |ε̄|2 )

K2 + ε̄K1
KL = p
,
(1 + |ε̄|2 )

(27)

where ε̄ parametrizes the deviation from the CP conserving limit. This violation
is called indirect CP violation as it arises from the fact that the weakly decaying
eigenstates of definite lifetimes, KS and KL , are each an admixture of the wrong
CP to a degree ε̄. The measure for this type of CP violation is defined as
ε≡

A(KL → (ππ)I=0 )
,
A(KS → (ππ)I=0 )

(28)

where ε = ε̄ + iξ and ξ = ImA0 /Re A0 .
CP violation can also be direct and is realized via a direct transition of a CP
odd to a CP even state: K2 → ππ. A measure of such a violation is given by the
complex parameter
µ ¶
1
A2
0
ε = √ Im
exp(iφε0 ),
(29)
A0
2
where AI is the amplitude for K 0 to decay into a two-pion final state with isospin
I, with the strong phase φε0 factored out. Experimentally, the two parameters ε
and ε0 can be determined by measuring the ratios
η00 =

A(KL → π 0 π 0 )
,
A(KS → π 0 π 0 )

η+− =

A(KL → π + π − )
A(KS → π + π − )

(30)

or
η00 = ε − 2ε0 ,

η+− = ε + ε0 .

(31)

The observed CP violation parameters in KL → ππ decays are summarized below
[3].
|η00 | = (2.222 ± 0.012) × 10−3 ,

|η+− | = (2.233 ± 0.012) × 10−3 ,
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|ε| = (2.229 ± 0.012) × 10−3 ,

Re(ε0 /ε) = (1.65 ± 0.26) × 10−3 .

(33)

As can be seen from the expressions (32) and (33), the CP violation parameters
ε and ε0 in the K systems show small effects and since the kaons are light, too
many decay modes are not available. Therefore, it is difficult to relate these CP
violation effects to CKM parameters. However, it came to the realization that CP
violation may not be restricted to neutral kaon systems but may also be present
in the neutral mesons containing charm and bottom quarks. Investigations have
shown that CP violation in charmed D systems may not be observable or is small
in the SM. It is expected that in B-mesons, the effects will be larger and so it will
be easy to relate them to SM parameters.
3.1 Results from rare kaon sector
The rare decays K → πν ν̄, being theoretically very clean and extremely suppressed
in the SM are known to be one of the best probes of new physics in the flavour
sector. The SM predictions obtained in the NNLO level is
Br(KL → π 0 ν ν̄)SM = (2.76 ± 0.40) × 10−11 , [12]
Br(K + → π + ν ν̄)SM = (8.5 ± 0.7) × 10−11 . [13]

(34)

Recently, the BNL experiment (E949) [14] observed three K + → π + νν events and
−10
the branching ratio was found to be Br(K + → π + νν) = 1.73+1.15
, however
−1.05 × 10
with large uncertainties. Regarding the KL , we have only the upper bound for
Br(KL → π 0 ν ν̄) < 6.7 × 10−8 [15], as this decay is experimentally very challenging.
We have plenty of data in the kaon sector from KTeV, KLOE, NA48 experiments.
It is believed that at J-PARC (E-14) Japan and NA62 (P326) CERN experiments,
hopefully, it will be possible to identify the new physics in the rare decay mode
KL → π 0 ν ν̄ (which is a golden mode in the kaon sector as far as new physics is
concerned).
Another important parameter is the determination of |Vus | from the leptonic and
semileptonic kaon decays. In fact using Kl3 (K → πlν) decays, where l = e, µ, the
Gobal Flavianet fit [16] to all kaon data obtained the value of Vus to be |Vus | =
0.2246 ± 0.0012. New physics (say, from charged Higgs) effect in Kl2 (new results
expected from KLOE, NA62) can be compared with that of B → τ ν to constrain
the parameter space. Search for direct CP violation in K → 3π decays has obtained
null result and no direct CPV in K → 3π observed at the level of O(10−4 ).
4. Mixing in the charm sector
Let us now turn our attention to the charm sector. First, let us go into a bit
of history: discovery of charm quark was made in 1974. In 1980s the theory
of D-mixing for both short distance (SD) and long distance (LD) contributions,
within the framework of the SM, was developed. We had experimental results from
E687, E791 and FOCUS Collaborations in 1990s. In 2000s the CLEO, BELLE and
BABAR experiments contributed to the data in the charm sector and finally after
684
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a long wait in 2007, D0 − D̄0 mixing (interestingly by all the experiments, i.e.,
BELLE, BABAR, CLEO, CDF) [17–19] was observed. Since this is an important
result, we will discuss a bit on this in the following. The heavy flavour averaging
group (HFAG) (charm subgroup) [20] obtained the mixing parameters in the D0
system (2007) as
xD =

∆m ¡ +3.2 ¢
= 8.4−3.4 × 10−3 ,
Γ̄

yD =

∆Γ
= (6.9 ± 2.1) × 10−3 .
2Γ̄

(35)

Now we discuss the formalism and notations used here. In order to study the
D0 − D̄0 mixing, the time evolution of the mass eigenstates are defined as
|D1 (t)i = |D1 ie−(

Γ1
2

+im1 )t

,

|D2 (t)i = |D2 ie−(

Γ2
2

+im2 )t

.

(36)

1
(|D1 i − |D2 i),
2q

(37)

The weak states are related to the mass eigenstates as
|D0 i =

1
(|D1 i + |D2 i)
2p

and |D̄0 i =

where p and q are the mixing parameters. Similarly, the time evolution of the weak
eigenstates is given by
½
¾
q
0
−( Γ̄
+im̄)t
0
0
2
|D (t)i = e
cosh[(· · ·)t]|D i + sinh[(· · ·)t]|D̄ i ,
p
½
¾
p
0
−( Γ̄
+im̄)t
0
0
2
|D̄ (t)i = e
sinh[(· · ·)t]|D i + cosh[(· · ·)t]|D̄ i .
(38)
q
∆m
In the above expressions we have used (· · ·) = ( ∆Γ
4 + i 2 ), m̄ = (m1 + m2 )/2;
Γ̄ = (Γ1 + Γ2 )/2, ∆m = m2 − m1 ; ∆Γ = (Γ2 − Γ1 ).
For ∆mt ¿ 1 and ∆Γt ¿ 1, one can write |hf |H|D0 (t)i|2 for a process D0 (t) →
f , in a simple form which is
½
0
2
−Γ̄t
|hf |H|D (t)i| ∝ e
1 + [y Re(λ) − x Im(λ)](Γ̄t)
¾
2
2
2x + y
2
+ |λ|
(Γ̄t) ,
(39)
4

where we have introduced the notation x = ∆m/Γ̄, y = ∆Γ/2Γ̄ and λ =
(q/p)(A(D̄0 → f ))/(A(D0 → f )). To elaborate the formalism, now we will consider a specific example. So we discuss the D0 mixing using the lifetime difference
with D0 → K − π + . There are two possibilities: (i) D0 (t) → K + π − which is doubly
Cabibbo suppressed (DCS), (ii) D0 → D̄0 → K + π − , where D0 goes over to D̄0
and then decays to K − π + (which is Cabibbo favoured (CF)). We can thus write
eq. (39) as
¯ ¯
½
¯q¯p
|hf |H|D0 (t)i|2 ∝ e−Γ̄t RD + ¯¯ ¯¯ RD [y cos(φ + δ) − x sin(φ + δ)]
p
)
¯ ¯2 2
¯ q ¯ x + y2
2
¯
¯
(Γ̄t) .
(40)
×(Γ̄t) + ¯ ¯
p
4
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Here f is K + π − and
¯ ¯
¯ q ¯ −1/2
q A¯f
λ=
= ¯¯ ¯¯ RD ei(φ+δ) .
p Af
p

(41)

In the above expression we have explicitly introduced the strong and weak phases
in the decay process. δ is the strong phase between the DCS and CF amplitudes
1/2
and φ is the corresponding weak phase. RD is the ratio of DCS to the CF ampli1/2
tude, RD = |A(D0 → K + π − )/A(D̄0 → K + π − )|. The expression can be further
simplified as
¯ ¯
½
¯q¯p
0
2
−Γ̄t
|hf |H|D (t)i| ∝ e
RD + ¯¯ ¯¯ RD [y 0 cos φ − x0 sin φ](Γ̄t)
p
)
¯ ¯2 02
¯ q ¯ x + y 02
2
¯
¯
(Γ̄t) ,
(42)
+¯ ¯
p
4
where x0 and y 0 are related to x and y through
x0 = x cos δ + y sin δ,

y 0 = y cos δ − x sin δ.

(43)

It should be noted here that |q/p| = 1, φ = 0 correspond to no CP violation.
There have been studies using three-body K decays using the Dalitz plot techniques to measure various CP asymmetry parameters which we are not quoting
here and can be found in the literature [21]. Before concluding this section we note
that CLEO-c and BES-III are two experiments which will continue to explore the
physics in the charm sector.
The two-dimensional contour plots between different mixing parameters [20] are
shown in figure 3. One can see from the top panel of figure 3 that no CPV point
(|q/p| = 1, φ = 0) is within the 1-σ range, and therefore no CP violation has been
established so far in the D0 system, whereas if one looks at the bottom panel of
figure 3, the no-mixing point (x, y =0) is excluded by more than 6-σ and this is
the evidence of mixing in the D0 system, which is now firmly established by all the
existing experiments.
The ratio R of D0 → K + π − to D0 → K − π + decay rates can be approximated
as simple quadratic function of t/τ [18,22], where t is the proper time and τ is the
mean D0 lifetime,
√

x02 + y 02
(t/τ )2 .
(44)
4
In the absence of mixing x0 = y 0 = 0 and R(t/τ ) = RD . In the left panel of figure 4
(taken from [18]) again it is shown that no-mixing is excluded. In the right panel,
the value R with and without mixing [18] is shown which clearly establishes the
mixing in charm system.
R(t/τ ) = RD +

RD y 0 (t/τ ) +

5. CP violation in B-meson system
Now we will discuss the physics related to B-system (for a review, one can refer
[23]). The subject has received much attention in recent times because of the fact
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Figure 3. Two-dimensional contour plot between |q/p| and the weak phase
φ (top panel) and between x and y (bottom panel). The experimental ranges
are depicted by various colours as indicated in the figure.

that two dedicated giant B-factories were constructed, named BABAR (SLAC,
USA) and BELLE (KEK, Japan) which were designed to perform B-related studies
and hopefully to uncover the signal of new physics apart from verifying the SM
predictions. The data taking at BABAR is already over whereas the BELLE will
stop taking data in a year’s time. The BELLE will be upgraded to what is called
Super-KEKB and BABAR will be replaced by Super-B at Frascati, Italy. These
are the two upcoming facilities which are known in the literature as the Super-B
factories which will continue to take data in the B-sector. The objectives will be
the precision measurements of various parameters and looking for signals of physics
beyond the SM. It should be emphasized here that there is another dedicated B
experiment which is going to start taking data soon at the Large Hadron Collider
(LHC) and is known as LHC-b experiment. There is no need to mention that
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Figure 4. In the left panel of the plot, R vs. normalized proper decay time
t/τ is plotted and the horizontal line corresponds to no mixing and the dotted
line to that of mixing. In the right side we have shown a plot of y 0 vs. x02
where the blob corresponds to the central value as obtained from the D0 data
and the + corresponds to the no-mixing point.

Tevatron II is taking data and so CDF and D0 are expected to play important roles
in this sector and to provide important clues for the upcoming LHC-b experiment.
Analogous to K 0 − K̄ 0 mixing, the neutral B-mesons (Bq0 (q = d, s)) experience
the particle–antiparticle mixing phenomena. Due to the mixing the mass eigenstates denoted as BH and BL , where H(L) stands for Heavy(Light), differ from
the corresponding flavour eigenstates Bq0 and B̄q0 and this mixing is responsible for
the CP violation in B-system within the SM. Here we very briefly describe the
oscillation phenomenon in the neutral B-meson system. It is a second-order weak
transition and is induced via a box diagram as in the kaon system (figure 2) with
s replaced by b and d by q = (d, s) for Bq − B̄q0 mixing. The flavour eigenstates in
0
0
the Bd,s
− B̄d,s
mixing are given by
Bd0 = (b̄d),

¯
B̄d0 = (bd),

Bs0 = (b̄s),

B̄s0 = (bs̄).

(45)

Due to the flavour mixing, the time evolution of the Bq0 − B̄q0 system is described
by
µ 0
¶
dψ(t)
|Bq (t)i
i
= Ĥψ(t), with ψ(t) =
,
(46)
|B̄q0 (t)i
dt
where
Ĥ = M̂ − i

Γ̂
=
2

µ

M11 − i Γ211 M12 − i Γ212
M21 − i Γ221 M22 − i Γ222

¶
(47)

with M̂ and Γ̂ being the mass matrix and decay width matrix, respectively and
∗
they are Hermitian. Due to hermiticity of the M and Γ matrices, M21 = M12
,
∗
Γ21 = Γ12 and due to CPT invariance, M11 = M22 ≡ M , Γ11 = Γ22 ≡ Γ. The
Hamiltonian thus becomes
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µ
Ĥ =

M12 − i Γ212
M − i Γ2

M − i Γ2
Γ∗
∗
M12
− i 221

¶
.

(48)

Now onwards we will concentrate only on Bd0 − B̄d0 system, but analogous relations
will hold for Bs -system as well. With the diagonalization of the Hamiltonian matrix,
one obtains two physically observed mass eigenstates given by
BH = pB 0 + q B̄ 0 ,

BL = pB 0 − q B̄ 0 ,

(49)

where
p= p

1 + ε̄B
2(1 + |ε̄B |2 )

,

1 − ε̄B

q=p

2(1 + |ε̄B |2 )

(50)

and ε̄B corresponds to ε̄ in the kaon system and H and L indicate heavy and light,
respectively. In the B 0 − B̄ 0 system, the lifetime difference ∆Γ = ΓH − ΓL is much
smaller as compared to the mass difference ∆M = MH − ML , i.e., ∆Γ ¿ ∆M .
Therefore, the mass eigenstates BH and BL are usually distinguished by their
masses and not by their lifetimes. The mixing parameters p and q are related to
the off-diagonal elements of the mass matrix which are given as
s
∗ − i Γ∗
M12
q
2 12
=
,
(51)
p
M12 − 2i Γ12
which in the limit Γ12 ¿ M12 reduces to
r ∗
q
M12
≈
.
p
M12

(52)

The mass difference ∆Md can be expressed in terms of the off-diagonal elements in
the B 0 -meson mass matrix
(d)

∆Md = 2|M12 |.

(53)

In the SM, the effective Hamiltonian describing the ∆B = 2 transition, induced
by the box diagram, is given by [24]
Ĥ =

G2F 2 2
¯ V −A (db)
¯ V −A ,
λ M S0 (xt )ηt (db)
16π 2 t W

(54)

where λt = Vtb Vtd∗ , ηt is the QCD correction factor and S0 (xt ) is the loop function
S0 (xt ) =

4xt − 11x2t + x3t
3 log xt x3t
−
,
2
4(1 − xt )
2 (1 − xt )3

(55)

2
with xt = m2t /MW
. Evaluation of the box diagrams gives the element M12 as

(M12 )d =

G2F 2
1
2
hB̄d |Ĥ|Bd i =
f B̂B mBd MW
(Vtd∗ Vtb )2 S0 (xt )ηt ,
2mBd
12π 2 Bd d
(56)
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where we have used the vacuum insertion method to evaluate the matrix elements
of the four quark current operators which is given as
¯ µ (1 − γ5 )bdγ
¯ µ (1 − γ5 )b|Bd i = 8 f 2 B̂B m2 ,
hB̄d |dγ
3 Bd d Bd

(57)

where fBd is the Bd -meson decay constant and B̂Bd is the bag parameter. Thus,
we have
∗
(M12
)d ∝ (Vtd Vtb∗ )2 ,

∗
)s ∝ (Vts Vtb∗ )2 .
(M12

(58)

As the CKM elements Vtd and Vts are expressed in terms of the angle β(s) of the
unitarity triangle as
Vtd = |Vtd |e−iβ ,

Vts = |Vts |e−iβs ,

one can obtain
µ ¶
q
= exp(−2iφd,s
M ),
p d,s

φdM = β,

(59)

φdM = βs .

(60)

Now let us see the effect of mixing in the time development of a pure flavour
eigenstate. Due to mixing, the proper time evolution of states that are pure B 0 or
B̄ 0 at time t = 0 is given by
q
|B 0 (t)i = g+ (t)|B 0 i + g− (t)|B̄ 0 i,
p
|B̄ 0 (t)i =

p
g− (t)|B 0 i + g+ (t)|B̄ 0 i,
q

(61)

where
g+ (t) = exp(−Γt/2) exp(−iM t) cos(∆M t/2),
g− (t) = exp(−Γt/2) exp(−iM t)i sin(∆M t/2).

(62)

Now let us consider the decay of initial B 0 (B̄ 0 ) into a common final CP eigenstate
fCP . Defining the amplitudes for these processes as
A = hfCP |Ĥ|B 0 i,

Ā = hfCP |Ĥ|B̄ 0 i,

(63)

and their ratio
λ=

q Ā
,
pA

(64)

the time-dependent rates for initially pure B 0 or B̄ 0 states to decay into the final
CP eigenstate at time t is given by
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µ
0

2 −Γt

Γ(B (t) → fCP ) = |A| e

1 + |λ|2
2

¶
1 − |λ|2
+
cos ∆M t − Im λ sin ∆M t ,
2
µ
1 + |λ|2
Γ(B̄ 0 (t) → fCP ) = |A|2 e−Γt
2
¶
1 − |λ|2
−
cos ∆M t + Im λ sin ∆M t .
2

(65)

As these two decay rates are not identical, they would signal CP violation in the
corresponding decay processes.
In general, CP violation effects in B-system are classified into three categories
which are basically known as (i) CP violation in mixing, (ii) CP violation in decay
and (iii) CP violation in the interference of mixing and decay. We now briefly
elaborate these things in a concise way.
(i) CP violation in mixing
This type of CP violation is due to the fact that the mass eigenstates are different
from the CP eigenstates and is defined by Re(ε) 6= 0 or |q/p| 6= 1. The effect can be
observed in semileptonic decays of B and K where the final states contain ‘wrong
charge’ leptons and can be attained only through B 0 − B̄ 0 mixing. The asymmetry
is defined as
aSL (B) =

Γ(B̄ 0 (t) → l+ νX) − Γ(B 0 (t) → l− ν̄X)
1 − |q/p|4
=
,
0
+
0
−
1 + |q/p|4
Γ(B̄ (t) → l νX) + Γ(B (t) → l ν̄X)

(66)

where B 0 (0) = B 0 , B̄ 0 (0) = B̄ 0 and the time evolution of these states are given by
eqs (61) and (62). The asymmetry becomes nonzero as the phases in the transitions
B 0 → B̄ 0 and B̄ 0 → B 0 differ from each other.
(ii) CP violation in decay
This type of CP violation is also known as direct CP violation and is best described
in charged B and K decays. It can also be measured in the neutral modes. Defining
Af + = hf + |Hweak |B + i,

Āf − = hf − |Hweak |B − i,

(67)

the asymmetry is given as
±
±
Adir
CP (B → f ) =

1 − |Āf − /Af + |2
Γ(B + → f + ) − Γ(B − → f − )
=
.
Γ(B + → f + ) + Γ(B − → f − )
1 + |Āf − /Af + |2
(68)

For direct CP violation, one requires at least two different interfering contributions
to the decay amplitude having different weak (φi ) and strong (δi ) phases. For
example, they can be two tree diagrams, two penguin diagrams or one tree and one
penguin diagram. In this way, we can write the decay amplitude Af + and its CP
conjugate Āf − as
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Af + =

X

Ai ei(δi +φi ) ,

Āf − =

i=1,2

X

Ai ei(δi −φi ) .

(69)

i=1,2

It should be noted that the weak phases φi in the CP conjugate amplitudes have
opposite signs, whereas the strong phases δi have the same sign as CP is conserved
in strong interactions. Thus, we can have |Āf − /Af + | 6= 1 and the direct CP
asymmetry is, therefore, nonzero and is given as
±
±
Adir
CP (B → f ) =

−2A1 A2 sin(δ1 − δ2 ) sin(φ1 − φ2 )
.
A21 + A22 + 2A1 A2 cos(δ1 − δ2 ) cos(φ1 − φ2 )

(70)

(iii) CP violation in the interference of mixing and decay
This type of CP violation occurs in neutral B-decays only where the final states
are common to both B 0 and B̄ 0 . The effect can be observed by comparing the
time-dependent decays into final CP eigenstates. From eq. (65), one can obtain the
time-dependent CP asymmetry defined as
ACP (t) =

Γ(B 0 (t) → fCP ) − Γ(B̄ 0 (t) → fCP )
Γ(B 0 (t) → fCP ) + Γ(B̄ 0 (t) → fCP )

mix
= Adir
CP (fCP ) cos(∆M t) + ACP (fCP ) sin(∆M t),

(71)

mix
where Adir
CP is the direct CP violating parameter and ACP is the contribution describing CP violation in the interference of mixing and decay which is also usually
called mixing-induced CP violation. In terms of λ, they are defined as

Adir
CP (f ) =

1 − |λ|2
≡ Cf ,
1 + |λ|2

Amix
CP (f ) =

−2 Im λ
≡ Sf .
1 + |λ|2

(72)

The CKM weak phases can be determined by measuring the mixing-induced CP
asymmetry parameters. If there is only one contribution to the decay amplitude or
if the different contributions to the decay amplitude have the same weak phases,
then the hadronic matrix elements and the strong phases drop out and one obtains
A(B̄ 0 → f )
= ηf e−2iφD ,
A(B 0 → f )

(73)

with ηf = ±1 being the CP parity of the final state and φD is the weak phase in
the decay amplitude A(B 0 → f ). Hence,
λf = ηf exp(2iφM ) exp(−2iφD ),

|λf |2 = 1

(74)

and
Adir
CP (f ) = Cf = 0,

(75)

Amix
CP (f ) = −Im λf = ηf sin(2φD − 2φM ) = Sf .

(76)

Consequently, the asymmetry is given as
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ACP (t) = Sf sin(∆M t).

(77)

In general we can write
X
A=
Ai exp(iδi ) exp(iφi ),
i

Ā =

X

Ai exp(iδi ) exp(−iφi ),

(78)

i

where Ai are real, φi are weak CKM phases and δi are strong phases. Thus, Ā = A
if all amplitudes that contribute to the direct decay have the same CKM phase,
which we denote by φD and one can have Ā/A = exp(−2iφD ).
Let us briefly discuss the measurement of sin 2β in B → ψKs mode. The mixing
phase in the Bd system is given in eq. (60). The decay phase in the quark subprocess
∗
b → cc̄s is Ā/A = (Vcb Vcs
)/(Vcb∗ Vcs ). Thus
µ ∗
¶µ ∗
¶
Vtb Vtd
Vcs Vcb
λ(B → ψKs ) =
(79)
Vtb Vtd∗
Vcs Vcb∗
which gives Im λ = sin(2β).
In addition, there is small penguin contribution to b → cc̄s. However, it depends
on the CKM combinations Vtb Vts∗ which has to a very good approximation the
∗
. Hence only a single weak phase
same phase (modulo π) as the tree diagram Vcb Vcs
contributes to the decay.
This method was first suggested by Bigi and Sanda [25] and β has been cleanly
determined from this golden mode B → J/ψKs by both the B-factories with value
sin 2β = 0.673 ± 0.023 .

[20]

(80)

The same angle β can also be obtained from B → φKs , ηKs etc. but with some
uncertainties. CKM angle α is affected by the penguin pollution (which is because
we do not understand how to effectively calculate the penguin contribution) and
can be determined from B → ππ, ρρ etc. The best method to do so is the Gronau
and London method [26]. Now we are left with the final angle; the CKM angle
γ. γ can be obtained from the modes such as B → DK, Bs → Ds K etc. The
Gronau–London–Wyler (GLW) [26] and the Atwood–Dunietz–Soni (ADS) [27] are
two useful methods in which γ could be determined but because of experimental
difficulties actually this was not possible. In fact, it was thought that γ cannot
be determined in the B-factories and we have to wait until the hadronic machines
for its determination. In 2003, one interesting method known as Giri–Grossman–
Soffer–Zupan (GGSZ) [28] was proposed (which is also known as Dalitz method in
the literature) for the determination of the same using multi-body D-decays. And
for the first time in 2003, the CKM angle γ was determined using this method at
BELLE [29] and the next year at BABAR [30]. In this method, the modes used
are B − → D0 K − followed by D0 decaying to a multibody final state. For the
determination of γ, interference of amplitudes containing the CKM elements Vub
(which contains the weak phase γ) and Vcb (which is real in the SM) are considered.
Let A1 = B − → D0 K − (ūb → ūcūs) and A2 = B − → D̄0 K − (ūb → ūuc̄s). These
∗
∗
amplitudes contain the CKM elements as A1 ∼ Vcb Vus
; A2 ∼ Vub Vcs
and they
0
0
interfere with each other if both D and D̄ can decay into the same final state.
These two amplitudes contain the phases θ = −γ + δ and θ̄ = γ + δ, where δ is the
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Figure 5. The CKM-fitter unitarity triangle in the (ρ̄, η̄) plane constructed
using all the available data.

strong phase in B + → DK + process and the ratio of the amplitudes is parametrized
as rB = |A(B − → D̄0 K − )/A(B − → D0 K − )|. For these modes rB ∼ 0.1, and
therefore the sensitivity of γ ∼ 1/rB is around 10%. The present global fit of the
CKM unitarity triangle by the CKM fitter group [31] is shown in figure 5.
From the above discussions one can notice that nonleptonic decays play key role
in the studies of CKM phenomenon. Therefore, here we briefly describe how to
deal with such processes. The effective ∆B = 1 Hamiltonian [32], describing the
weak hadronic decays of B-mesons is given as
(
GF X
∗
Heff (∆B = 1) = √
Vpb Vpq
(c1 (µ)O1p (µ) + c2 (µ)O2p (µ))
2 p=u,c
)
10
X
∗
ci (µ)Oi (µ) ,
(81)
−Vtb Vtq
i=3

where GF is the Fermi constant, q = d, s and ci (µ) are the Wilson coefficients
evaluated at the renormalization scale µ. Oi are the current–current four-fermion
operators given as
O1p = (p̄b)V −A (q̄p)V −A ,
O2p = (p̄α bβ )V −A (q̄β pα )V −A ,
X
O3(5) = (q̄b)V −A
(q̄ 0 q 0 )V −A(V +A) ,
q0

O4(6) = (q̄α bβ )V −A

X

(q̄β0 qα0 )V −A ,

q0
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O7(9) =

X
3
(q̄b)V −A
eq0 (q̄ 0 q 0 )V +A(V −A) ,
2
0
q

O8(10)

X
3
eq0 (q̄β0 qα0 )V +A(V −A) ,
= (q̄α bβ )V −A
2
0

(82)

q

where O1(2) denotes the colour allowed (suppressed) tree, O3−6 the QCD penguins
and O7−10 the electroweak penguin operators. α and β are colour indices and
(q̄i q2 )V ±A = q̄1 γµ (1 ± γ5 )q2 . In the sums, the quark q 0 runs over the quark fields
that are active at the scale µ = O(mb ), i.e., q 0 ∈ u, d, c, s. The Wilson coefficients
ci (µ) (short distance part) are basically perturbative whereas the long distance
parts are the hadronic matrix elements hOi (µ)i and nonperturbative.
The hadronic matrix elements hOi i are conventionally evaluated by assuming the
factorization hypothesis [33]. This consists of the decay amplitudes being factorized into products of two current matrix elements by inserting the vacuum. This
approximation amounts to evaluating the matrix elements of the four-quark operators, given in (82), between the decaying B-meson and the final hadronic states
f1 f2 as the product of two matrix elements of the type hf1 |q̄b|Bi which mediates
the B → f1 transition and hf2 |q̄ 0 q 0 |0i which describes vacuum → f2 transition.
The resulting matrix elements are parametrized in terms of form factors and decay
constants. The form factors are usually calculated using a model and therefore
the results are model-dependent. Therefore, the exploration of CPV is not an easy
task. The decay constants and form factors for B → P, V transitions are defined as
h0|Aµ |P (q)i = ifP qµ , h0|Vµ |V (p, ε)i = fV mV εµ ,
µ
¶
m2P − m2P 0
0 0
0
hP (p )|Vµ |P (p)i = pµ + pµ −
qµ F1 (q 2 )
q2
m2 − m2 0
+F0 (q 2 ) P 2 P qµ ,
q
2
0
hV (p , ε)|Vµ |P (p)i =
εµναβ ε∗ν pα p0β V (q 2 ),
mP + mV
·
hV (p0 , ε)|Aµ |P (p)i = i (mP + mV )ε∗µ A1 (q 2 )
ε∗ · p
(p + p0 )µ A2 (q 2 )
mP + mV
¸
ε∗ · p
2
2
−2mV 2 qµ [A3 (q ) − A0 (q )] ,
q

−

(83)

where P and V denote pseuodoscalar and vector mesons, Vµ and Aµ the vector and
axial-vector currents, ε is the polarization vector of V and q = p − p0 . The decay
constants are given by fP , fV and the form factors by F1 (q 2 ), F0 (q 2 ), V (q 2 ), A1 (q 2 ),
A2 (q 2 ), A3 (q 2 ). Various models, for example quark models [33,34], light-cone sum
rule approach [35,36], etc. can be employed to evaluate these form factors.
The results of generalized factorization method can be improved by including
the nonperturbative corrections. There are various methods that are available in
the market like QCD factorization [37], perturbative QCD [38] and soft colinear
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effective theory (SCET) [39] to evaluate the hadronic matrix elements but all of
them have their own problems and lots of work need to be done to understand the
dynamics.
6. Bs -system and new physics
Let us now discuss a bit about the beauty-strange (Bs ) system. As a matter of
curiosity the question arises as to what is so important about this system and why
should we pay much attention to this. There are at least three important reasons.
The first reason is that the studies of Bs -system is complimentary to the studies
in Υ(4S) involving Bd -mesons. Also there exist several alternative methods to
measure the CKM angle γ using Bs -decay modes. These include Bs → Ds± K ∓
[40], Bs → D0 (D̄0 )φ [41], Bs → Kπ [42], Bs → K + K − [43] etc.
The second reason is that from the B-factories data we have noticed some kind
of deviations in b → s penguin-mediated transitions. Therefore, Bs -system can be
used as a complementary probe to suppliment the results obtained from Bd -system.
Recently, Fleischer and Gronau [44] proposed a method based on flavour SU (3) for
identifying and extracting new physics amplitudes in charmless Bs decays using the
time-dependent CP asymmetries.
The third reason is that the bottom-strange system has large mass difference
which makes the system very interesting. The CDF Collaboration [45] recently
reported new results on Bs − B̄s mass difference
∆MBs = (17.77 ± 0.10 ± 0.07) ps−1 .

(84)

Although the experimental result appears to be consistent with the SM predictions
[46]
(∆MBs )SM |(HP+JL)QCD = (23.4 ± 3.8) ps−1 ,

(85)

it does not completely exclude the possibility of new physics effects in Bs − B̄s
mixing phenomena.
The important difference of Bs -system with respect to Bd − B̄d system is that the
value of the width difference ∆Γs is predicted to be significantly nonzero, allowing
information on φs , the CP violating phase related to Bs − B̄s mixing, to be extracted
without tagging the flavour of the Bs -meson. Within the SM, due to the hierarchical
nature of the CKM matrix elements, φs is predicted to be small, i.e., φs = 2βs =
2 arg(−Vts Vtb∗ /Vcs Vcb∗ ) ' 0.04. This can be easily visualized by looking into the
CKM matrix in the Wolfenstein parametrization and keeping terms upto O(λ5 )


1 − 21 λ2 − 18 λ4
λ
Aλ3 (ρ − iη)

V =  −λ + 21 A2 λ5 [1 − 2(ρ + iη)]
1 − 12 λ2 − 18 λ4 (1 + 4A2 )
Aλ2
1 2
1
1 2 4
3
2
4
Aλ [1 − (1 − 2 λ )(ρ + iη)] −Aλ + 2 Aλ [1 − 2(ρ + iη)] 1 − 2 A λ
+O(λ6 ),

(86)

where λ ' 0.22. However, the measured values of the phase by CDF [47] and D0
[48] are found to be large
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φs (CDF) ∈ [0.24, 1.36] (68% C.L.)
+0.02
φs (D0) = 0.57+0.30
−0.24 (stat.)−0.07 (syst.).

(87)

Combined data anlyses including the semileptonic asymmetry in the Bs decay indicate that the CP violating phase deviates about 3σ from the SM predictions [49].
If this large phase still persists in the upcoming results from Fermilab, it would be
the first clear signal of new physics beyond the Standard Model.
Let us concentrate on the topic where new physics signature has been claimed
in the literature. Decays of Bs -meson via b → cc̄s transition, e.g., Bs → J/ψφ can
probe φs . However, the vector final state J/ψφ contains mixture of polarization
amplitudes: CP odd A⊥ and CP even A0 and Ak . This can be understood as
follows. While the Bs -meson has spin 0, the final states J/ψ and φ have spin 1.
Consequently, the total angular momentum of the final state can be either 0, 1 or 2.
States with angular momentum 0 and 2 are CP even while the state with angular
momentum 1 is CP odd. These terms need to be disentangled using the angular
analysis [50] in order to extract φs . Recently, CDF Collaboration has carried out a
flavour tagged time-dependent analysis of Bs → J/ψφ using 2.8 fb−1 of data and
observed a very large CP asymmetry SJ/ψφ ∈ [0.24, 1.36] [47]. Within the SM, this
asymmetry is expected to be vanishingly small which comes basically from Bs − B̄s
mixing phase. Since this mode receives dominant contribution from b → cc̄s treelevel transition, the new physics contribution to its decay amplitude is expected
to be negligible. Therefore, the observed large CP asymmetry is believed to be
originating from the new CP violating phase in Bs − B̄s mixing.
Let us consider the mass and width differences in the Bs system which are given
as
∆Ms = MsH − MsL ≈ 2|M12 |,

∆Γs = ΓL − ΓH ≈ 2|Γ12 | cos(φs ). (88)

Therefore, the width difference between the mass eigenstates is also sensitive to
the same new physics phase. The confidence region in the two-dimensional space of
2βs = φs and ∆Γ is reported in [51] and the corresponding correlation plot is shown
in the top panel of figure 6. Assuming the SM predicted value of 2βs = 0.04 and
∆Γ = 0.096 ps−1 , the probability of deviation is around 15% which corresponds to
1.5 G standard deviation [47]. In future with the reduced error bars we can say
whether actually we have seen the signature of new physics [52] or not. Also the
results from LHC will be very crucial to confirm or rule out the claim.
A conventional way to parametrize the new physics in a model-independent way
is [53]
full
hBs |Heff
|B̄s i
= CBs e2iφBs ,
SM
hBs |Heff |B̄s i

(89)

full
where Heff
is the effective Hamiltonian generated by both SM and new
SM
physics, while Heff
contains only the SM contribution. CBs = 1 and φBs = 0 correspond to the SM expectation and deviation from these would signal the existence of
physics beyond the SM. Using various experimental inputs of Bs -meson decays the
UTfit Collaboration [52] obtained the bounds on NP parameters as shown in figure
6 (bottom panel) and found that the deviation of the phase φBs from zero is at
3.7σ level.
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Figure 6. Correlation plots between ∆Γs and βs with CDF Run II 2.8 fb−1
data (top) and the probability region in φBs –CBs plane where the dark (light)
regions correspond to 68% (95%) C.L. (bottom panel).

7. New physics signals from B-factory data
Although the results of the currently running two asymmetric B-factories are
almost in the line of SM expectations and there is no clear indication of new
physics so far, there are some interesting deviations from SM expectations which
could provide us an indirect signal of new physics. Here we are presenting the
list of few such deviations which are associated with the CP violation parameters of flavour changing neutral current (FCNC) mediated b → s transitions.
Some modes with apparent difficulty are B → Kπ, B → φKs , B → φK ∗ ,
Bs → Kπ etc.
• Let us first concentrate on the decay modes B → Kπ, where the direct CP
violation in the B-system was first observed and which subsequently ruled out
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the superweak CP violation scenario [54] forever. There appears to be some
disagreement between the direct CP asymmetry parameters of B − → π 0 K −
and that of B̄ 0 → π + K − . ∆ACP (Kπ), which is the difference of these
two parameters, is found to be around 15% [20], whereas the SM expectation is vanishingly small. This constitutes what is called ∆ACP (Kπ) puzzle in the literature and is believed to be an indication of the existence of
new physics.
• Next we consider the decay mode B̄ 0 → φK 0 . In the SM, it proceeds through
the quark level transition b → ss̄s and hence the mixing-induced CP asymmetry
in this mode (SφK ) is expected to give the same value as that of B → J/ψKs
with an uncertainty of around 5% [55]. However, the present world average of this
parameter is SφK = 0.39 ± 0.17 [20], which has nearly 2.4σ deviation from the
corresponding SψKs , with SφKs < SψKs .
• Recently, a very largish CP asymmetry has been measured by the CDF Collaboration [47] in the tagged analysis of Bs → J/ψφ with value Sψφ ∈ [0.24, 1.36].
Within the SM this asymmetry is expected to be vanishingly small, which comes
basically from Bs − B̄s mixing phase. Since this mode receives dominant contribution from b → cc̄s tree-level transition, the NP contribution to its decay
amplitude is naively expected to be negligible. Therefore, the observed large
CP asymmetry is believed to be originating from the new CP violating phase in
Bs − B̄s mixing.
• Bs → µ+ µ− problem has been widely discussed in the literature. This
process is very clean and the only non-perturbative part involved here is the
decay constant of Bs -meson. Therefore, it is a good hunting ground to look
for new physics. The SM value of its branching ratio is quite small (Br(Bs →
µ+ µ− ) = (3.35 ± 0.32) × 10−9 ) [56] which is well below the present experimental upper limit [20] (Br(Bs → µ+ µ− ) < 4.7 × 10−8 ). So if there were
a signal of new physics elsewhere in b → s transitions, it could also be
found in this mode. Therefore, Bs → µ+ µ− is a golden mode to detect
new physics.
All the above-mentioned deviations may be considered as the smoking gun signal
of new physics. It is then natural to ask what type of new physics could be responsible for all such deviations. The first step to answer such questions was discussed
in [57], where the effects of a variety of new physics models on the CP asymmetries
in B-decays were studied. However, here we are not focussing on various types
of the new physics models, rather we have limited ourselves to the much broader
and general interpretation of the new physics scenario, the minimal flavour violation
(MFV) scenario [58]. In the minimal flavour violation models, the general structure
of FCNC process present in the SM is preserved. In particular all flavour violating
and CP violating transitions are governed by the CKM matrix, with the CKM phase
being the only source of CP violation. In particular there are no FCNC transitions
at the tree-level. The only relevant operators in the effective Hamiltonian below
the weak scale are the ones that are relevant in the SM. Various extended Higgs
models [59,60], supersymmetric models [61,62], the SM with one universal extra
dimension [63] and under certain assumptions the warped extra dimension models
[64] belong to this class. At present most experimental data that we have at our
disposal, are consistent with MFV but this information is still rather limited. On
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the other hand, there are at least two pieces of data that could point towards the
importance of new operators, new sources of flavour violation and in particular of
CP violation. These are the ∆ACP (Kπ) problem and Sψφ problem. To elaborate
a bit on this issue, let us consider the case of Sψφ . To explain the result obtained
for φs , new sources of CP violation beyond the CKM phase are required, which
strongly disfavour the MFV hypothesis. These new phases will in general produce
correlated effects in ∆B = 2 processes and b → s decays. These correlations cannot be studied in a model-independent way, but it will be interesting to analyse
them in specific extensions of the SM. In this respect, improving the results on CP
violation in b → s penguins at the present and future experimental facilities is of
utmost importance.
8. Conclusions
To conclude, we have outlined the recent results in the kaon sector and pointed
out the future experiments where dedicated kaon experiments are to be taken
up. We discussed briefly the observation of mixing in the charm system with
some examples and emphasized that understanding the charm sector is very
much crucial. There are some dedicated experiments in the charm sector which
will enrich our understanding. Then we discussed the B-sector results and outlined the stages leading to the confirmation of the CKM phenomenon of CP violation. Finally, we discussed the interesting result relating to the Bs -system
where new physics signature can show up. With many experiments and thus
with huge data, the flavour and CP sector will certainly guide us to a better understanding of the high energy physics and to decipher the signals of
new physics.
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