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Abstract: We discuss various implications of recent experimental results concerning CP violation

and mixing in K → ππ, B → ψKS , D → Kπ and D → KK decays.

1. Progress in Experiments

The study of CP violation is entering a new era.

For a long period only a single CP violating ob-

servable has been measured [1]:

|εK | = 2.27× 10−3. (1.1)

In the near future, however, we will learn the val-

ues of CP asymmetries in various B decays [2, 3,

4]. Then we will be able to test the Standard

Model (SM) picture of CP violation [5]. More-

over, already at present we know more about CP

violation than eq. (1.1). In particular, in the last

year, the following new measurements have been

made:

(i) Direct CP violation in K → ππ decays

has been observed. The two latest measurements

give:

ε′

ε
=

{
(28.0± 4.1)× 10−4 KTeV [6],

(14.0± 4.3)× 10−4 NA48 [7],
(1.2)

which, in combination with previous results [8,

9, 10], give a world average of

ε′

ε
= (1.93± 0.24)× 10−3. (1.3)

(ii) CP violation inB → ψKS has been searched

for. The three most precise measurements give:

aψKS =



0.79+0.41−0.44 CDF [11],

0.12± 0.37± 0.09 BaBar [12],
0.45+0.43+0.07−0.44−0.09 Belle [13],

(1.4)
∗Supported by the Israel Science Foundation founded

by the Israel Academy of Sciences and Humanities, by

the United States − Israel Binational Science Foundation
(BSF) and by the Minerva Foundation (Munich).

which give an average of

aψKS = 0.42± 0.24. (1.5)

(For previous measurements, see [14, 15, 16].)

(iii) Mixing and CP violation have been searched

for in doubly Cabibbo suppressed D → Kπ de-

cays. The most interesting result concerns the

parameter y′ which is related to the width dif-
ference and the mass difference between the two

neutral D mesons:

y′ = (−2.5+1.4−1.6)× 10−2 CLEO [17]. (1.6)

(For previous, related results, see [18, 19, 20, 21,

22, 23].) The experimental results for all CP vio-

lating observables in these decays are consistent

with zero.

(iv) Mixing has been searched for by compar-

ing the time dependence of the D → K+K− de-
cay rates to that of the Cabibbo favoredD → Kπ

decay rates. The parameter yCP, which gives the

difference between the respective exponents, was

measured to be

yCP = (3.42± 1.57)× 10−2 FOCUS [24]. (1.7)
In this review, we will describe various impli-

cations of these new measurements. That should

help one to understand how future measurements

will further test the SM and hopefully probe new

sources of CP violation.

2. Open Questions

2.1 Features of CP violation

The Standard Model picture of CP violation is

rather unique and very predictive. Consequently,
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it can be tested by experiments in unambiguous

ways. Yet, at present CP violation is one of the

least tested aspects of the Standard Model. The

problem lies in the fact that there is very little

experimental data concerning CP violation.

Here are some of the features of CP violation

within the SM:

(i) There is single source of CP violation,

that is the δKM-phase.

(ii) CP violation appears only in the charged

current interactions of quarks.

(iii) CP violation is closely related to flavor

changing interactions. If the weak interactions

were flavor diagonal, the SM would be CP con-

serving.

(iv) CP is not an approximate symmetry of

the weak interactions, δKM = O(1). The small-
ness of the two measured parameters, εK and ε

′,
is related to the smallness of flavor violation in

the first two generations and not to small phases.

(v) CP is explicitly broken. It arises from

complex Yukawa couplings.

(Non-perturbative corrections to the Stan-

dard Model tree-level Lagrangian are expected

to induce θQCD, a CP violating parameter. This

second possible source of CP violation is related

to strong interactions and is flavor diagonal. The

bounds on the electric dipole moment of the neu-

tron imply that θQCD ≤ 10−9. The Standard
Model offers no natural explanation to the small-

ness of θQCD. We assume that this ‘strong CP

problem’ is solved by some type of new physics,

such as a Peccei-Quinn symmetry [25], which sets

θQCD to zero.)

It is important to realize that none of fea-

tures (i)-(v) is experimentally established and that

various reasonable extensions of the SM provide

examples where these features do not hold. In

particular, it could be that CP violation in Na-

ture has some or all of the following features:

(i) There are many independent sources of

CP violation. For example, the minimal super-

symmetric standard model has forty four inde-

pendent phases.

(ii) CP is violated in the lepton sector and/or

in neutral current interactions and/or in new sec-

tors of the theory. In particular, the recent ev-

idence for neutrino masses [26] makes it very

likely that CP violation appears in the lepton

mixing matrix. Other examples include super-

symmetry [27, 28, 29], where CP violation ap-

pears also in gluino couplings, that is , in strong

interactions.

(iii) Flavor diagonal interactions violate CP.

For example, in supersymmetry there are new

phases in gaugino masses and in bilinear Higgs

couplings that are likely to induce a large electric

dipole moment of the neutron.

(iv) CP is an approximate symmetry. We

discuss this possibility in more detail below.

(v) CP is spontaneously broken.

This situation, where the SM gives a very

unique description of CP violation and experi-

ments have not yet confirmed this description,

is the basis for the strong interest, experimental

and theoretical, in CP violation. There are two

types of unambiguous tests concerning CP viola-

tion in the Standard Model: First, since there is

a single source of CP violation, observables are

correlated with each other. For example, the CP

asymmetries in B → ψKS and in K → πνν̄ are

strongly correlated [30, 31, 32]. Second, since CP

violation is restricted to flavor changing quark

processes, it is predicted to practically vanish

in the lepton sector and in flavor diagonal pro-

cesses. For example, the transverse lepton polar-

ization in semileptonic meson decays, CP viola-

tion in tt̄ production, and (assuming θQCD = 0)

the electric dipole moment of the neutron are all

predicted to be orders of magnitude below the

(present and near future) experimental sensitiv-

ity.

To demonstrate how little is the Kobayashi-

Maskawa mechanism of CP violation tested, we

now give two explicit examples of classes of mod-

els where CP violation is very different from the

SM.

2.2 Superweak CP violation

The original superweak scenario was proposed in

ref. [33]. It stated that CP violation appears in

a new ∆S = 2 interaction while there is no CP

violation in the SM ∆S = 1 transitions. Conse-

quently, the only observable CP violating effect is

εK , while ε
′ ∼ 10−8 and electric dipole moments

(EDMs) are negligibly small. CP violation via

neutral scalar exchange is the most commonly

studied realization of the superweak idea.
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The idea was extended to other meson decays

by defining the term ‘superweak CP violation’ to

imply that there is only indirect CP violation.

Indirect CP violation refers to CP vio-

lation in meson decays where the CP violating

phases can all be chosen to appear in ∆F = 2

(mixing) amplitudes.

Direct CP violation refers to CP viola-

tion in meson decays where some CP violating

phases necessarily appear in ∆F = 1 (decay) am-

plitudes.

If, for example, one extends the superweak

scenario to the B system by assuming that there

is CP violation in ∆B = 2 but not in ∆B = 1

transitions, the prediction for CP asymmetries in

B decays into final CP eigenstates is that they

are equal for all final states [34, 35, 36]. In addi-

tion, the asymmetries in charged B decays van-

ish.

As long as εK was the only measured CP vio-

lating parameter, one could assume that CP vio-

lation appears only in ∆S = 2 transitions, consis-

tent with the superweak scenario. However, the

unambiguous measurements of ε′/ε (eq. (1.2))
have established that there is direct CP violation

in Nature. The superweak idea is consequently

excluded.

2.3 Approximate CP

It could be that all CP violating phases are small

and that CP is an approximate symmetry even of

the weak interactions. This idea, in addition to

providing an example for a dramatically differ-

ent picture of CP violation compared to the SM,

is particularly motivated in the supersymmetric

framework. In a generic supersymmetric exten-

sion of the SM, the supersymmetric contribution

to the electric dipole moment of the neutron dN is

naively expected to be about two orders of mag-

nitude above the experimental bound. This is the

supersymmetric CP problem. While the naively

large supersymmetric contributions to εK can be

suppressed by flavor-related mechanisms (such as

universality or alignment), this is not the case

for flavor diagonal observables such as dN . A

possible solution of this problem is that all CP

violating phases are small, say φCP ≤ O(10−2).
If CP is an approximate symmetry, we ex-

pect δKM � 1. Then the standard box diagrams

cannot account for εK which should arise from

another source. In supersymmetry with non-

universal soft terms, the source could be dia-

grams involving virtual superpartners, such as

squark-gluino box diagrams. Define (MK
12)
SUSY

to be the supersymmetric contribution to the

K − K̄ mixing amplitude. Then the K −K mix-
ing constraints give a lower bound on the size of

CP violation:

Re(MK
12)
SUSY ∼< ∆mK ,

Im(MK
12)
SUSY ∼ εK∆mK

=⇒ φCP ≥ O(εK) ∼ 10−3. (2.1)

As mentioned above, the dN constraint [37] gives

an upper bound on the size of CP violation:

dN ≤ 6.3× 10−26 e cm−2 =⇒ φCP ∼< 10−2.
(2.2)

If all phases are of the same order, then dN must

be just below or barely compatible with the present

experimental bound. A signal should definitely

be found if the accuracy is increased by two or-

ders of magnitude.

The main phenomenological implication of

these scenarios is that CP asymmetries in B me-

son decays are small, perhapsO(εK), rather than
O(1) as expected in the SM. Explicit models of
approximate CP were presented in refs. [38, 39,

40, 41, 42, 43]. Some of these models cannot ac-

commodate the value of ε′/ε. We will return to
this question later.

The situation that both the SM and mod-

els of approximate CP are viable at present is

related to the fact that the mechanism of CP

violation has not really been tested experimen-

tally. The only measured CP violating observ-

ables, εK and ε
′/ε, are small. Their smallness

can be related to the accidental smallness of CP

violation for the first two quark generations, as in

the Standard Model, or to CP being an approxi-

mate symmetry, as in the models discussed here.

Future measurements, particularly of processes

where all three generations play a role (such as

B → ψKS or K → πνν̄), will easily distin-

guish between the two scenarios. While the Stan-

dard Model predicts large CP violating effects for

these processes, approximate CP would suppress

them too.
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3. Lessons from ε′/ε

3.1 ε′/ε in supersymmetric models

The ε′ parameter, signifying direct CP violation,
has now been measured with impressive accu-

racy. The theoretical interpretation of this result

suffers from large hadronic uncertainties. Within

the Standard Model, the theoretically preferred

range is somewhat lower than the experimen-

tal range of eq. (1.3) (for recent reviews, see

[44, 45, 46, 47, 48]). Yet, if all the hadronic pa-

rameters are taking values at the extreme of their

reasonable ranges, the experimental result can be

accommodated.

While (1.3) does not provide unambiguous

evidence for new physics, it is still useful in test-

ing extensions of the Standard Model. Models

where ε′ is suppressed and/or εK enhanced are
disfavored. Models that allow significant new

contributions to ε′ may be favored if future im-
provements in the theoretical calculation will prove

that the Standard Model fails to account for its

large value. Investigations of the supersymmet-

ric contributions to ε′/ε in view of the recent
experimental results have been presented in refs.

[49, 50, 51, 52, 53, 54, 55, 56, 57, 58]. Here we

review the work of ref. [53] which focuses on

flavor models with approximate CP. In models

where CP is an approximate symmetry of elec-

troweak interactions, that is, all CP violating

phases are small, it is clear already at present

that the Standard Model cannot explain (1.3).

These models should then provide new contribu-

tions to fully account for ε′/ε. A failure to do
so would mean that the model is excluded. We

review here one such class of models, analyzed

in ref. [53], where a horizontal Abelian symme-

try solves the supersymmetric flavor problems by

means of alignment and approximate CP solves

the remaining CP problems.

In generic supersymmetric models, there are

potentially many new contributions to ε′/ε from
loop diagrams involving intermediate squarks and

gluinos, charginos or neutralinos. If there is some

degeneracy between squarks, then a convenient

way to parameterize these contributions is by us-

ing the (δqMN )ij parameters. In the basis where

quark masses and gluino couplings are diagonal,

the dimensionless (δqMN )ij parameters stand for

the ratio between (M2
q̃ )
MN
ij , the (ij) entry (i, j =

1, 2, 3) in the mass-squared matrix for squarks

(M,N = L,R and q = u, d), and m̃2, the av-

erage squark mass-squared. If there is no mass

degeneracy among squarks, then these parame-

ters can be related to the supersymmetric mixing

angles. Defining Kd
L (K

d
R) to be the mixing ma-

trix between left (right) handed down quarks and

the scalar partners of left (right) handed down

quarks, we have, e.g., (δdLL)12 ∼ (Kd
L)12.

For supersymmetry to account for ε′/ε, at
least one of the following six conditions should

be met [59, 60, 61, 62]:

Im[(δdLL)12] ∼ λ

(
m̃

500 GeV

)2
,

Im[(δdLR)12] ∼ λ7
(

m̃

500 GeV

)
,

Im[(δdLR)21] ∼ λ7
(

m̃

500 GeV

)
, (3.1)

Im[(δuLR)13(δuLR)∗23] ∼ λ2,

Im[Vtd(δuLR)∗23] ∼ λ3
(
M2

mW

)
,

Im[V ∗ts(δuLR)13] ∼ λ3
(
M2

mW

)
. (3.2)

Here λ = 0.2 is a small parameter of order of the

Cabibbo angle that is convenient to use in the

context of flavor models.

Let us first discuss the three options of eq.

(3.1). The first of these conditions violates con-

straints from ∆mK and εK . Therefore, indepen-

dent of the supersymmetric flavor model, it can-

not be satisfied. On the other hand, the require-

ments on Im[(δdLR)12] or Im[(δdLR)21] pose no
phenomenological problem. Moreover, we will

see in the next subsection that such values are

possible within our theoretical framework. We

therefore investigate more carefully the uncer-

tainties in the corresponding condition. Using

the expression for the matrix element of the chro-

momagnetic operator from [63] and defining a

parameter BG to account for possible deviations

from its value obtained at lowest order in the

chiral quark model, one can write [64]:

∣∣∣ε′ε ∣∣∣ = 58 BG
[

αs(mg̃)

αs(500 GeV )

]23/21(
158 MeV

ms +md

)
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×
(
500 GeV

mg̃

) ∣∣Im [(δdLR)12 − (δdLR)∗21]∣∣ .(3.3)
Using rather conservative estimates [53], one gets

a lower bound:

Im(δdLR)12 ∼> 7× 10−7, (3.4)

that is O(λ9) or even O(λ10) if λ ∼ 0.24. A
similar bound applies to Im[(δdLR)21].
We now turn to the three options in eq. (3.2).

These contributions to ε′/ε arise by inducing an
effective Zds coupling, where [62]:

LZFC =
GF√
2

em2Z
2π2

cos θW
sin θW

Zdss̄γµ(1−γ5)dZµ+h.c..
(3.5)

The contribution of such an effective coupling to

ε′/ε is given by

ε′

ε
= ImZds

[
1.2−

(
158 MeV

ms +md

)2 ∣∣∣r(8)Z ∣∣∣B(3/2)8

]
,

(3.6)

where B
(3/2)
8 is the non-perturbative parameter

describing the hadronic matrix element of the

electroweak penguin operator and
∣∣∣r(8)Z ∣∣∣ is a cal-

culable renormalization scheme independent pa-

rameter. Using the ranges given in [62], one gets:

−ImZds ∼> (ε′/ε)/16, (3.7)

leading to

Im[Vtd(δuLR)∗23] ∼> 2× 10−3 ∼ λ4,
Im[Vts(δuLR)∗13] ∼> 2× 10−3 ∼ λ4,

Im[(δuLR)13(δuLR)∗23] ∼> λ3. (3.8)

3.2 Abelian flavor symmetries

Models of Abelian horizontal symmetries are able

to provide a natural explanation for the hierar-

chy in the quark and lepton flavor parameters

[65]. The symmetry is broken by a small param-

eter λ which is usually taken to be of the order

of the Cabibbo angle, λ ∼ 0.2. The hierarchy in
the flavor parameters is then a result of the se-

lection rules related to the approximate horizon-

tal symmetry. In the supersymmetric framework,

holomorphy also plays a role in determining the

Yukawa parameters [66].

A typical structure of the quark mass matri-

ces in such model is as follows:

Mu ∼ 〈φu〉

λ7 λ5 λ3

λ6 λ4 λ2

λ4 λ2 1


 ,

Md ∼ 〈φd〉λ3 tanβ

λ4 λ3 λ3

λ3 λ2 λ2

λ 1 1


 . (3.9)

A similar hierarchy appears also in the (LR) blocks

of the corresponding squark mass-squared matri-

ces:

(M2
ũ)
LR
ij ∼ m̃(Mu)ij , (M2

d̃
)LRij ∼ m̃(Md)ij .

(3.10)

Eqs. (3.9) and (3.10) allow us to estimate

the values of the δLR parameters of eq. (3.1) and

(3.2). We get:

(δdLR)12 ∼
ms|Vus|
m̃

∼ λ6 mt

m̃
,

(δdLR)21 ∼
md

|Vus| m̃ ∼ λ
6 mt

m̃
,

(δuLR)13 ∼
mt|Vub|
m̃

∼ λ3 mt

m̃
,

(δuLR)23 ∼
mt|Vcb|
m̃

∼ λ2 mt

m̃
. (3.11)

Taking into account that |Vtd| ∼ λ3 and |Vts| ∼
λ2, we learn that the three options in eq. (3.2)

are of order λ5−7. We compare this to the re-
quirements given in eq. (3.8) and conclude that,

in models of Abelian horizontal symmetries, the

contributions to Zds involving t̃R cannot account

for ε′/ε.
On the other hand, (δdLR)12 and (δ

d
LR)21 are

large enough to allow for a supersymmetric ex-

planation of ε′/ε [49].

3.3 Alignment and approximate CP

It is possible to solve the supersymmetric flavor

problems by the mechanism of alignment [67, 68,

69, 70], whereby the mixing matrices for gaugino

couplings have very small mixing angles. Align-

ment arises naturally in the framework of Abelian

horizontal symmetries. Simple models give su-

persymmetric mixing angles that are similar to

the corresponding CKMmixing angles. However,

for the mixing between the first two down squark

generations, a much more precise alignment is

5
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phenomenologically needed:

(Kd
L)12 ∼< λ2, (Kd

R)12 ∼< λ2,

(Kd
L)12(K

d
R)12 ∼< λ6. (3.12)

To achieve the required suppression, one has to

employ a more complicated Abelian horizontal

symmetry. The models of refs. [67, 68, 69, 70]

use U(1) × U(1) symmetries. Then, it is pos-

sible to retain all the ‘good’ predictions for the

quark mass ratios and the CKM mixing angles

and, at the same time, have Yukawa couplings

that are relevant to (3.12) vanish due to holomor-

phy of the superpotential, that is, (Md)12 = 0,

(Md)21 = 0, either (Md)13 or (Md)32 = 0 and

either (Md)31 or (Md)23 = 0.

The entries in the LR-block of the down-

squark mass-squared matrix, that is (M2
d̃
)LRij , are

suppressed in a similar way to the corresponding

entries in the down quark mass matrix, (Md)ij .

Consequently, the alignment requirements (3.12)

affect directly (M2
d̃
)LR12 and (M

2
d̃
)LR21 that are rel-

evant to ε′/ε. Independent of the details of the
model, we find that in the framework of align-

ment, we have

(δdLR)12 ∼<
ms|Vus|
m̃

λ2 ∼ λ8 mt

m̃
,

(δdLR)21 ∼<
md

|Vus| m̃λ2 ∼ λ8 mt

m̃
. (3.13)

The values in eq. (3.13) should be compared with

the phenomenological input of eq. (3.1). It is in-

teresting that for central values of the hadronic

parameters, the supersymmetric contributions to

ε′/ε in models of alignment can naturally be of
the required order of magnitude. For this to hap-

pen, the models have to satisfy two conditions:

• The alignment has to be minimal, that is ei-
ther |(Kd

L)12| ∼ λ3 or |(Kd
R)12| ∼ λ3 should

hold.

• The relevant phase is of order one.
We now focus on models where all flavor prob-

lems are solved by alignment, but the CP prob-

lems are solved by approximate CP. (In a dif-

ferent class of models, the alignment is precise

enough to solve also some of the CP problems

[70].) The main point is that, independent of the

details of the model, the CP violating phases in

this framework are suppressed by even powers of

the breaking parameter. Consequently, the imag-

inary part of any (δqMN )ij term is suppressed by,

at least, a factor of λ2 compared to the real part.

In particular, we have

Im(δdLR)12 ∼<
ms|Vus|
m̃

λ4 ∼ λ10mt

m̃
,

Im(δdLR)21 ∼<
md

|Vus| m̃λ4 ∼ λ10mt

m̃
. (3.14)

These are rather low values. They are consistent

with the experimental constraint of eq. (3.4) only

if all the following conditions are simultaneously

satisfied:

• The suppression of the relevant CP violat-
ing phases is ‘minimal’, φCP = O(λ2).

• The alignment of the first two down squark
generations is ‘minimal’, |(Kd

M )12| = O(λ3)
where M = L or R.

• The mass scale for the supersymmetric par-
ticles is low, m̃ ∼ 150 GeV .
• The hadronic matrix element is larger than
what hadronic models suggest, BG ∼ 5.

• The mass of the strange quark is at the
lower side of the theoretically preferred range,

ms(mc) ∼ 110 MeV .

• The value of ε′/ε is at the lower side of the
experimentally allowed range.

While such a combination of conditions on

both the supersymmetric models and the hadronic

parameters is not very likely to be realized, it

cannot be rigorously excluded either. We con-

clude that models that combine alignment and

approximate CP are disfavored by the measure-

ment of ε′/ε.

4. Lessons from aψKS

4.1 Introduction

Experiments are closing in on the value of the

CP asymmetry in B → ψKS [11, 12, 13]. The

CP violating quantity aψKS is defined through

AψKS (t) ≡
Γ[B0(t)→ ψKS ]− Γ[B0(t)→ ψKS ]

Γ[B0(t)→ ψKS ] + Γ[B0(t)→ ψKS ]

= aψKS sin(∆mBt). (4.1)

6
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Within the Standard Model, aψKS is related to

the angle β of the unitarity triangle,

aψKS = sin 2β, β ≡ arg
[
−VcdV

∗
cb

VtdV
∗
tb

]
. (4.2)

Based on the determination of the CKM parame-

ters throughmeasurements of |Vub/Vcb|, εK , ∆mB

and ∆mBs , the Standard Model prediction is

0.59 ∼< sin 2β ∼< 0.82. (4.3)

Thus, the measurement of aψKS (1.5) is consis-

tent with the SM prediction (4.3). Yet, the al-

lowed range in (1.5) leaves open the possibility

that aψKS is actually significantly smaller than

the SM prediction. This possibility was recently

investigated in refs. [71, 72, 73, 74]. Here we

review the work of ref. [73]. For the sake of con-

creteness, it was assumed in ref. [73] that aψKS
lies below the 1σ upper bound of the BaBar mea-

surement [12],

aψKS ∼< 0.5. (4.4)

If, indeed, aψKS ≤ 0.5, there are two ways in
which the conflict with (4.3) might be resolved:

• The SM is valid but one or more of the
hadronic parameters which play a role in

the analysis that leads to (4.3) are outside

their ‘reasonable range’.

• New physics affects the CP asymmetry in
B → ψKS and/or some of the measure-

ments that lead to (4.3).

Below we discuss these two possibilities.

4.2 Hadronic uncertainties

The computations that relate experimental ob-

servables to CKM parameters suffer, in general,

from theoretical uncertainties [75]. In very few

cases, the calculation is made entirely in the frame-

work of a systematic expansion and it is possible

to reliably estimate the error that is induced by

truncating the expansion at a finite order. This is

the case with the relation between the observable

aψKS and the CKM parameter sin 2β: Within

the SM, the relation (4.2) holds to an accuracy

of better than one percent (for a review, see [76]).

Thus, if we assume that (4.4) holds, we have

2η̄(1− ρ̄)
η̄2 + (1− ρ̄)2 ≤ +0.50. (4.5)

In most cases, however, the calculation in-

volves models or, on occasion, educated guesses

and there is no easy way to estimate the errors

that are involved. This is the case with almost all

the observables that are involved in the predic-

tion (4.3). We follow the treatment of this issue

of ref. [77]. We will quote ‘reasonable ranges’ for

the parameters that involve uncontrolled theoret-

ical uncertainties, and compare them to the val-

ues that are required for consistency with (4.4).

As mentioned above, the prediction in eq.

(4.3) is based on four observables:

(i) Charmless semileptonic B decays de-

termine the Ru parameter:

Ru ≡
√
ρ̄2 + η̄2 =

1

λ

∣∣∣∣VubVcb

∣∣∣∣ . (4.6)

There is a large uncertainty in this determina-

tion, coming from hadronic modeling of the de-

cays. On the other hand, the fact that one gets

consistent results from both inclusive and vari-

ous exclusive measurements makes it reasonable

to think that the error on |Vub/Vcb|2 is not larger
than order 40%. A reasonable range is then Ru =

0.39 ± 0.07. If, however, the inconsistency be-
tween (4.4) and (4.3) comes entirely from the

hadronic modeling of charmless semileptonic B

decays, the failure of these models should be such

that |Vub/Vcb| is about 30% lower than the presently
most favorable value, Ru ∼< 0.27.
(ii) The mass difference between the

two neutral B mesons, ∆mB, determines the

Rt parameter:

Rt ≡
√
(1 − ρ̄)2 + η̄2 = 1

λ

∣∣∣∣VtdVts
∣∣∣∣ . (4.7)

This determination suffers from a large hadronic

uncertainty in the matrix element of the relevant

four quark operator which is parameterized by√
BBdfBd .

The ratio ∆mBs/∆mBd can also be used to

determine Rt. Since at present there is only a

lower bound on ∆mBs , this ratio provides only

an upper bound on Rt. This upper bound is

stronger however than the one derived from∆mBd

alone. Moreover, it suffers from smaller hadronic

uncertainties since the ratio

ξ ≡
√
BBsfBs√
BBdfBd

(4.8)
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is one in the SU(3) limit. Lattice calculations

have only to determine the SU(3) breaking effect,

that is the deviation from ξ = 1. This calculation

is believed to be under better control and an un-

certainty of order 50% on the deviation from one

seems reasonable. The one sigma range is then

ξ = 1.14 ± 0.08. If, however, the inconsistency
between (4.4) and (4.3) comes entirely from an

error in the estimate of ξ, the failure of lattice

calculations should be such that ξ − 1 is at least
a factor of three larger than the presently most

favorable value, ξ ∼> 1.4.
(iii) CP violation in neutral kaon mix-

ing, εK gives another constraint in the (ρ̄, η̄)

plane. The main source of uncertainty is in B̂K
which parameterizes the matrix element of the

four quark operator. While each method for its

determination suffers from uncontrolled theoret-

ical errors, the fact that many different methods

give similar ranges makes it reasonable to assign

to it a theoretical error of order 15-20%. The

reasonable range is then B̂K = 0.80 ± 0.15. If,
however, the inconsistency with aψKS comes en-

tirely from the εK constraint, the failure of the

various calculations should be such that B̂K is at

least 50% larger than the presently most favor-

able value, B̂K ∼> 1.3.
To summarize: assuming that the CP asym-

metry in B → ψKS is below the 1σ upper bound

of BaBar measurement, the SM could still be

valid if some of the hadronic parameters are out-

side of their ‘reasonable’ ranges. If the apparent

discrepancy is related to an error in the theo-

retical estimate of just one parameter, then it

requires either a small value of |Vub|, or a large
value of ξ or a large value of B̂K . The first of

these, |Vub/Vcb| ∼< 0.06, is perhaps the least un-
likely deviation from our ‘reasonable ranges.’

4.3 New physics

New physics can explain an inconsistency of aψKS
measurement with the SM predictions. It can do

so provided that it contributes significantly ei-

ther to B−B mixing or to the CP violating part
of K −K mixing or to both. In this section we
examine each of these possibilities.

It is also possible, in principle, that the dis-

crepancy is explained by a new contribution to

b→ u`ν decays or to b→ cc̄s decays. We find it

unlikely, however, that these SM tree level decays

are significantly affected by new physics.

(i) B0 −B0 mixing:
The effects of new physics on B0−B0 mixing

can be parameterized as follows [78, 79, 80, 81,

82]:

M12 = r
2
de
2iθdMSM

12 . (4.9)

HereM12 (M
SM
12 ) is the full (SM) B

0−B0 mixing
amplitude.

If the new physics modifies the phase of the

mixing amplitude, 2θd 6= 0, then the CP asym-
metry in B → ψKS is modified. Instead of eq.

(4.2) we now have:

aψKS = sin 2(β + θd). (4.10)

If the new physics modifies the magnitude of the

mixing amplitude, r2d 6= 1, then ∆mB is modi-

fied, ∆mB = r2d∆m
SM
B . In addition, if the new

physics modifies the Bs − Bs mixing amplitude,
and we parameterize this modification with cor-

responding parameters r2s and 2θs, then

∆mBs/∆mBd = (rs/rd)
2(∆mBs/∆mBd)

SM.

(4.11)

If there is no new physics in the Ru and εK
constraints, then to achieve consistency with the

measurements concerning B−B mixing, it is re-
quired that either (i) rd/rs 6= 1, or (ii) 2θd 6= 0 or
(iii) both. In particular, consider models where

there is a new contribution to both B0−B0 mix-
ing and Bs − Bs mixing, but at least the first

of these carries the same phase as the Standard

Model contribution. With 2θd = 0, we need

0.5 ∼< rd ∼< 1, rs/rd ∼> 1.1. (4.12)

We conclude that if the new physics contribution

carries no new phase, then it must be flavor vio-

lating in the sense that rs 6= rd. In other words,
the flavor structure should be different from the

CKM one.

Another interesting point is that, to accom-

modate (4.4), the contribution of the new physics

to the mixing amplitude cannot be much smaller

than the Standard Model one,

|MNP
12 /M

SM
12 | ∼> 0.1. (4.13)

(ii) K0 −K0 mixing:

8
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A value of aψKS below the SM prediction

can arise even if there is no new physics in B−B
mixing and in b → cc̄s decay, the two processes

that are relevant to the CP asymmetry in B →
ψKS . The explanation must then be related to

processes (other than ∆mB) that play a role in

constraining the sin 2β range. The prime suspect

is CP violation in the neutral kaon system, that

is εK .

With no significant new physics contributions

to the mixing and the relevant decays of the B-

mesons, the Ru, ∆mBq and aψKS constraints

hold. In such a case there is a small region around

(ρ̄, η̄) = (0.25, 0.20) that is marginally consistent

with all of these constraints when the hadronic

parameters reside within our ‘reasonable ranges.’

In this region, the new physics has to add up con-

structively to the SM contribution to εK , with

Im MNP
12 (K)/Im MSM

12 (K) ∼> 0.3. (4.14)

The situation where the Ru, ∆mBs/∆mBd

and aψKS constraints are valid but the εK and

∆mBd constraints are not arises in models of new

physics where all flavor violation and CP vio-

lation are described by the CKM matrix. This

class of models was defined and analyzed in ref.

[83]. Ref. [73] finds that, if (4.4) holds, new

physics should play a role in both εK and ε
′/ε.

(iii) Neutral meson mixing:

In a large class of models, there could be

significant contributions to both B − B mixing
and K − K mixing. However, b → u`ν decays

are dominated by the W -mediated tree level de-

cay. The implications of measurements of aψKS
in such a framework were recently investigated

in refs. [84, 85]. In such a framework, only the

Ru constraint holds leading to

| sin 2β| ≤ 0.82. (4.15)

There is a large range of r2d and 2θd that can

accommodate a low aψKS .

Further complications in the analysis occur

if there are extra quarks beyond the three gener-

ations of the SM. In such a case, there are more

ways in which the CKM constraints can be mod-

ified [85]. However, the dominant effect is always

a new contribution to the mixing [86].

Finally, we note that the presently allowed

range for aψKS is consistent with zero asymmetry

at the 1.75σ level and certainly does not exclude

the possibility that the asymmetry is small. This

leaves viable the framework discussed in section

2.3 where CP is an approximate symmetry of the

full theory, that is, CP violating phases are all

small.

5. Lessons from D − D Mixing Pa-
rameters

5.1 Formalism

Recent studies of time-dependent decay rates of

D0 → K+π− by the CLEO collaboration [17]
and measurements of the combination of D0 →
K+K− and D0 → K−π+ rates by the FOCUS
collaboration [24] have provided highly interest-

ing results concerning D0 −D0 mixing. Each of
the two experiments finds a signal for mixing at

a level that is close to 2σ. It is not unlikely that

these signals are just the results of statistical fluc-

tuations and the true mixing parameters lie well

below the experimental sensitivity. It is inter-

esting however to analyze the implications of the

experimental results assuming that their central

values are not far from the true values and that

D−D mixing has indeed been observed. Such a
task has been taken in ref. [87] which we review

here.

We investigate neutral D decays. The two

mass eigenstates, |D1〉 of mass m1 and width Γ1
and |D2〉 of mass m2 and width Γ2, are linear
combinations of the interaction eigenstates:

|D1〉 = p|D0〉+ q|D0〉,
|D2〉 = p|D0〉 − q|D0〉. (5.1)

The average mass and width are given by

m ≡ m1 +m2
2

, Γ ≡ Γ1 + Γ2
2

. (5.2)

The mass and width difference are parameterized

by

x ≡ m2 −m1
Γ

, y ≡ Γ2 − Γ1
2Γ

. (5.3)

Decay amplitudes into a final state f are defined

by

Af ≡ 〈f |Hd|D0〉, Āf ≡ 〈f |Hd|D0〉. (5.4)

9
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It is useful to define the complex parameter λf :

λf ≡ q

p

Āf

Af
. (5.5)

Within the Standard Model, the physics of

D−D mixing and of the tree level decays is dom-
inated by the first two generations and, conse-

quently, CP violation can be safely neglected. In

all ‘reasonable’ extensions of the Standard Model,

the relevant tree level D decays are still dom-

inated by the Standard Model CP conserving

contributions [88, 89]. On the other hand, there

could be new short distance, possibly CP violat-

ing contributions to the mixing amplitude M12.

Allowing for only such effects of new physics, the

picture of CP violation is simplified since there is

no direct CP violation. The effects of indirect CP

violation can be parameterized in the following

way [76]:

|q/p| = Rm,

λ−1
K+π− =

√
R R−1m e−i(δ+φ),

λK−π+ =
√
R Rm e−i(δ−φ),

λK+K− = −Rm eiφ. (5.6)

We further define

x′ ≡ x cos δ + y sin δ,

y′ ≡ y cos δ − x sin δ. (5.7)

The processes that are relevant to the CLEO

and FOCUS experiments areD0 → K+π−,D0 →
K+K−,D0 → K−π+, and the three CP-conjugate
decay processes. We now write down approxi-

mate expressions for the time-dependent decay

rates that are valid for times t ∼< 1/Γ. We take
into account the experimental information that

x, y and tan θc are small, and expand each of

the rates only to the order that is relevant to the

CLEO and FOCUS measurements. With our as-

sumption that there is no direct CP violation in

the processes that we study, and using the pa-

rameterizations (5.6) and (5.7), we can write:

Γ [ D0(t)→ K+π−] = e−Γt|AK−π+ |2
×
[
R+
√
RRm(y

′ cosφ− x′ sinφ)Γt

+
R2m
4
(y2 + x2)(Γt)2

]
,

Γ [ D0(t)→ K−π+] = e−Γt|AK−π+ |2
×
[
R+
√
RR−1m (y

′ cosφ+ x′ sinφ)Γt

+
R−2m
4
(y2 + x2)(Γt)2

]
, (5.8)

Γ [ D0(t)→ K+K−] = e−Γt|AK+K− |2
× [1−Rm(y cosφ− x sinφ)Γt] ,

Γ [ D0(t)→ K+K−] = e−Γt|AK+K− |2
× [1−R−1m (y cosφ+ x sinφ)Γt] , (5.9)

Γ[D0(t)→ K−π+] = Γ[D0(t)→ K+π−]

= e−Γt|AK−π+ |2. (5.10)

5.2 Experimental results

The FOCUS experiment [24] fits the time de-

pendent decay rates of the singly Cabibbo sup-

pressed (5.9) and the Cabibbo favored (5.10) modes

to pure exponentials. We define Γ̂ to be the pa-

rameter that is extracted in this way. The above

equations imply the following relations:

Γ̂(D0 → K+K−) = Γ [1 +Rm(y cosφ− x sinφ)],
Γ̂(D0 → K+K−) = Γ [1 +R−1m (y cosφ+ x sin φ)],

Γ̂(D0 → K−π+) = Γ̂(D0 → K+π−) = Γ. (5.11)

Note that deviations of Γ̂(D → K+K−) from Γ
do not require that y 6= 0. They can be accounted
for by x 6= 0 and sinφ 6= 0, but then they have
a different sign in the D0 and D0 decays. FO-

CUS combines the two D → K+K− modes. To
understand the consequences of such an analy-

sis, one has to consider the relative weight of D0

and D0 in the sample. Let us define Aprod as the

production asymmetry of D0 and D0:

Aprod ≡ N(D0)−N(D0)
N(D0) +N(D0)

. (5.12)

Then

yCP ≡ Γ̂(D → K+K−)
Γ̂(D0 → K−π+)

− 1

≈ y cosφ− x sinφ
(
Am

2
+Aprod

)
.(5.13)

We defined Am through R
2
m = 1 +Am and used

the experimental fact that all Ai are small. The
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one sigma range measured by FOCUS is given in

eq. (1.7),

yCP = (3.42± 1.57)× 10−2. (5.14)

The CLEO measurement [17] gives the coef-

ficient of each of the three terms (1, Γt and (Γt)2)

in the doubly-Cabibbo suppressed decays (5.8).

Such measurements allow a fit to the parameters

R, Rm, x
′ sinφ, y′ cosφ, and x2 + y2:

R = (0.48± 0.13)× 10−2,
y′ cosφ = (−2.5+1.4−1.6)× 10−2,

x′ = (0.0± 1.5)× 10−2,
Am = 0.23+0.63−0.80. (5.15)

5.3 Theoretical Interpretation

We now assume that the true values of the vari-

ous mixing parameters are within the one sigma

ranges measured by FOCUS and CLEO. That

means in particular that we hypothesize thatD−
D mixing is being observed in the FOCUS mea-

surement of yCP and in the CLEO measurement

of y′ cosφ. The combination of these two results
is particularly powerful in its theoretical impli-

cations.

Let us first focus on the FOCUS result (5.14).

We argue that it is very unlikely that this result is

accounted for by the second term in (5.13). Even

if we take all the relevant parameters to be close

to their one sigma upper bounds, say, |x| ∼ 0.04,
| sinφ| ∼ 0.6, |Am/2| ∼ 0.4 and Aprod ∼ 0.03,
we get yCP ∼ 0.01, about a factor of two too
small. We can make then the following model

independent statement:

• if the true values of the mixing parameters
are within the one sigma ranges of CLEO

and FOCUS measurements, then y is of or-

der of a (few) percent.

Note that this is true even in the presence of

CP violation, which does allow a mass difference,

x 6= 0, to mimic a deviation from the average
lifetime. Practically, we can take the FOCUS

result to be given to a good approximation by

y cosφ ≈ 0.034± 0.016. (5.16)

This is a rather surprising result. Most theoreti-

cal estimates are well below the one percent level

(for a review, see [90]). These estimates have

however been recently criticized [91].

Second, we examine the consistency of the

FOCUS and CLEO results. The two most signif-

icant measurements, that of y cosφ in eq. (5.16)

and that of y′ cosφ in eq. (5.15) are consistent if

cos δ − (x/y) sin δ = −0.73± 0.55. (5.17)

This requirement allows us to make a second

model independent statement:

• if the true values of the mixing parameters
are within the one sigma ranges of CLEO

and FOCUS measurements, then the dif-

ference in strong phases between the D0 →
K+π− and D0 → K−π+ decays is very
large.

For δ = 0 we get y′/y = 1 instead of the range
given in eq. (5.17). To satisfy (5.17), we need,

for example,

cos δ ∼<
{
+0.65 |x| ∼ |y|,
−0.18 |x| � |y|. (5.18)

The result in eq. (5.18) is also rather surpris-

ing. The strong phase δ vanishes in the SU(3)

flavor symmetry limit [92]. None of the models in

the literature [93, 94, 95] finds such a large δ. Eq.

(5.18) implies a very large SU(3) breaking effect

in the strong phase. For comparison, the exper-

imental value of
√
R ∼ 0.07 in eq. (5.15) is en-

hanced compared to its SU(3) value of tan2 θc ∼
0.051 by a factor ∼ 1.4. On the other hand,
there are other known examples of SU(3) break-

ing effects of order one in D decays. (For exam-

ple, Γ(D0 → K+K−)/Γ(D0 → π+π−) = 2.75±
0.15±0.16 experimentally, while the ratio is pre-
dicted to be one in the SU(3) limit.) So perhaps

we should not be prejudiced against a very large

δ. Furthermore, such a strong violation of SU(3)

might help explain why y is not much smaller

than sin2 θc [87].

6. Conclusions

Measurements of CP violation provide tests of

the Standard Model and sensitive probes of new

physics. While the information from near-future

experiments will be richer, more accurate and
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less subject to hadronic uncertainties, there are

several lessons that can already be drawn from

recent measurements:

• While it is difficult to translate the mea-
sured value of ε′/ε into reliable constraints
on the CKM parameters, it is possible to

use it in the investigation of new physics.

Some models which predict values that are

substantially smaller than the SM are ex-

cluded. In particular, the superweak sce-

nario is excluded and some models of ap-

proximate CP are disfavored.

• The measurement of aψKS is not yet accu-
rate enough to test the Standard Model. It

is clear however that the theoretical clean-

liness of this observable will make future

measurements very useful. The situation

will be particularly intriguing if the final

result will reside in the lower part of the

presently allowed range.

• The measurements of D − D mixing pa-

rameters are not yet accurate enough to

test the Standard Model. The values of

these parameters may be below the present

experimental sensitivity. But even if they

are within the reach of near future exper-

iments, present data suggest that they are

related to large width difference and large

SU(3) breaking in strong phases rather than

to large mass difference and CP violation.

Consequently, there is no hint of new physics

in present data.

Hadronic uncertainties play a major role in

our various analyses. We would like to emphasize

the following points:

• It is very important to improve our knowl-
edge of various hadronic parameters, par-

ticularly |Vub|,
√
BBfB, ξ and BK .

• Observables that are very small in the stan-
dard model but likely to be much larger in

well-motivated extensions, e.g. the electric

dipole moment of the neutron, are very use-

ful.

• The very few observables that are clean
of hadronic uncertainties, such as the CP

asymmetries in B → ψKS and inK → πνν̄

are crucial in clarifying the picture of CP

violation.
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