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" Introduction

One of the most intriguing aspects of high energy physics is CP violation. On
the experimental side, it is one of the least tested aspects of the Standard Model.
There is only one CP violating parameter that has been unambiguously measured,
that is the e parameter in the neutral K system [1]. A genuine testing of the
Kobayashi-Maskawa picture of CP violation [2] in the Standard Model [3 — 5]
awaits the building of B factories that would provide a second, independent,

;"ﬂmeasufemeht of CP violation [6]. On the theoretical side, the Standard Model
picture of CP violation has two major difficulties. First, CP violation is necessary
for baryogenesis [7], but the Standard Model CP violating processes seem unable
to produce the observed baryon asymmetry of the universe. Second, an extreme
fine tuning is needed in the CP violating part of the QCD lagrangian in order

" that its contribution to the electric dipole moment of the neutron [8,9] does not

exceed the experimental upper bound [10,11]. This suggests that an extension

of the Standard Model, such as the Peccei-Quinn symmetry [12], is required.

in fhis series of lectures we concentrate on three classes of CP violating pro-
cesses where the Standard Model will be tested and the existence of new physics
may be revealed: neutral K decays into two pions, neutral B decays into final
CP eigenstates, and fermionic electric dipole moments. The best determination
of the CP violating parameters in the Standard Model will come from the neutral

meson decays and we put our emphasis on these.

The first part of these lectures is a general discussion of CP violation in
meson decays.. We define three types of CP violation in neutral meson systems:
CP violation in decay, CP violation in mixing, and CP violation in the interference
of mixing and decay. We describe how each of the three fypes c;m be observed and
we explain the difficulties in the respective theoretical calculations. We analyze
the‘differences between the K and the B systems in both experiment and theory.

é‘,The w'hole discussion is free of phase conventions and uses one language for both

K and B mesons.



The second part of the lectures describes the CKM picture of CP violation
within the Standard Model. We use unitarity triangles to explain the features of
CP violation in K, B and B, decays. We accompany this with a detailed calcu-
lation, updated with recent experimental measurements and theoretical consid-
erations (such as Heavy Quark Symmetry). The predictions for CP asymmetries
in neutral B decays are presented in a novel way which makes comparison to

models of new physics more straightforward.

"™ The third part of these lectures is devoted to theories beyond the Standard
Model. We analyze in detail CP violation in several extensions of the Stan-
dard Model: An extension of the quark sector with an SU(2)r down-like singlet;
Extensions the Higgs sector which maintain Natural Flavor Conservation; Ex-
tensions of the gauge sector into Left-Right Symmetry which allow CP to be

- only spontaneously broken; and Supersymmetry. For each of these models we
analyse the constraints and predictions concerning CP violation. We end this
part by presenting the predictions of various schemes for quark mass matrices for

CP asymmetries in B decays.

In preparing this series of lectures, I have used the following reviews: Ref.
[13] for a general review; Ref. [14] for the K system; Refs. [15 — 18] for the B
system; Refs. [19 — 21] for electric dipole moments; Refs. [22 — 24] for the CKM
picture. In these reviews the reader may find more complete lists of references:
I here included only those references which have actually been used in preparing

these lectures.



I. CP VIOLATION IN NEUTRAL MESON SYSTEMS

1. Formalism and Notations

1.1. CP -CONJUGATE DECAYS

.-. We are interested in pairs of decay processes that are related by a CP trans-
formation. If P and P are CP conjugate mesons and f and f are CP conjugate

states, then we denote by A and A the the two CP conjugate decay amplitudes:
=(fI|H|P), A=(f|H|P). (1.1)

There are two types of phases that may appear in A and A. Weak phases are
parameters in the Lagrangian which violate CP . They appear in A and A with
opposite signs. They usually appear in the electroweak sector of the theory and
hence the name “weak”. Strong phases appear in scattering or decay amplitudes
even when the Lagrangian is real. They do not violate CP and appear in A and A
with the same sign. Their origin is in the possible contribution from intermediate
on-shell states in the decay process, namely in the absorptive part of an amplitude
that has contributions from coupled channels. Usually the relevant rescattering

is due to strong interactions and hence the name “strong”.

It is useful to factorize A into three: the absolute value of A; a strong phase
shift § which is the result of final state interaction (and is CP invariant); and a

weak phbase ¢ which is CP violating. Then, if several amplitudes contribute to
P — f,
A= Z A;etbieiti, A = 2P t2ily Z Ajetdie—1¢i (1.2)

where A are real, ép and &y are phases related to the CP transformation law

ﬁor P and f, respectively (see below). If f is a CP eigenstate then e=2:¢f = £1,



according to whether f is CP even or odd. The notation a; = Aje*® is also

common in literature.

1.2. MIXING OF NEUTRAL MESONS

‘We consider a neutral meson P and its antiparticle P? [25]. An arbitrary

neutral P-meson state

a|P°) +b|P°) (1.3)

- Py

is governed by the time-dependent Schrédinger equation

i% (Z)=H<Z)E(M—%F)<:>. (1.4)

Here M and T" are 2 x 2 hermitian matrices. C PT invariance guarantees Hy, =
' H,o. In H, the anti-hermitian part — :T' — describes the exponential decay of the
P-meson system, while the hermitian part — M — is called a mass matrix. The

nion-diagonal terms would be important in the discussion of CP violation:

°| Hap=1n) (n| Hap=1|P°)

_ P
My = (] Hayea | P+ 3 (L Bt

) (1.5)
T =27 Z Pn <P°| Hpp=1|n) (n| Hap=1 |P°> ,

where P stands for principal value and p, is the density of the state n.

The mass eigenstates are

|P1) =p|P°) +¢|P%),

_ (1.6)
|P2) = p|P%) —q|P°),

with the normalization condition
lg|? + |pl* = 1. (1.7)

.ﬁ(ou rriéy be puzzled by the form of (1.6). First, P and P, are not necessarily



orthogonal states:
(P1|P2) = |pl” — |qI*. (1.8)

If 12 = 0 then H would be the sum of a unit matrix (times a complex num-
ber) and a hermitian matrix and its eigenvectors would be orthogonal. In the
usual treatment of field theory, one indeed diagonalizes M and treats I' as in-
teraction among the orthogonal states. Here we incorporate I' into our effective
~=-hamiltonian which has, therefore, non-orthogonal eigenvectors. In other words,
P; and P, are resonances and not elementary particles. Furthermore, if I'15 # 0
but arg(l';2/M;2) = 0, then P; and P, would still be orthogonal, in the sense
that (1.8) would vanish. This case corresponds to P, and P, carrying different
quantum numbers under a good symmetry (CP). Second, there are no four in-
dependent componentsl pi and g; in (1.6). The relations p; = p2, q1 = —¢2 are a

. result of Hy; = Hs;, namely of CPT.

The eigenvalues of H are
p1,2 = Mz — il , (1.9)

where M; and T'; are the mass and the decay width, respectively, of P;. We
further define

Ap = pg — p1 = AM — AT, (1.10)
The eigenvalue problem,
det (M — il —p1) =0, ~. (1.11)
leads to the condition
"” (Ap)? = 4(Myz — iT12)(M7; — 4T5,) (1.12)



or, equivalently,

(AM)? = H(AT)? =4(|Mi2|” — §IT12|*),

(1.13)
AMAT =4Re(M;2I'7,).
For the ratio ¢/p we find
g —Ap 2(Mf; — 3T1s)
Y - == . = — . 1.14
P 2(Myz2—3T12) Ap (1.14)

Of p and ¢ only the ratio ¢/p has physical significance. First, there is the

normalization condition (1.7). Second, arg(gq/p*) is just an overall common phase

for |P;) and |Pz).
"1.3. PHASE CONVENTIONS

There is some freedom in defining phases which has to be clarified. (We follow
here the discussion in ref. [13].) In particular, each time we define a CP violating
observable, we would like to verify that it is independent of phase conventions.

The states P® and P° are related through CP transformation:

CP|PY) = ¥ |B%), CP|P) = 7 |PY), (1.15)
where £ is an arbitrary phase. The freedom in defining phases is related to the
fact that P° and P° are defined by strong interactions which conserve flavor.

Therefore, a phase transformation,

[Py = e |P%),  |Bg)=e*iC|PY), (1.16)

~ . - hasmno physical effects. This invariance is just the Strangeness, Charm or Beauty

éymméfry of strong interactions for K, D or B, respectively. In the new basis,



CP transformations take the form
(CP)c|P2) = 2= |P9), (CP)|B) = e -0 |poY.  (117)

The various quantities discussed in this chapter transform according to

M1C2 :e2iCM12v I‘§2 = 622.41112’ (Q/P)C = 6—2ic(q/p),

' . _ o (1.18)
- R A =6—1<A, ACZGZCA.

Furthermore, from the transformation of states (1.16), and the transformation of
. ¢/pin (1.18), we find that

|Pic) = €€ |P1), |Py) =€ |Py), (1.19)
namely both mass eigenstates are rotated by a common phase factor, which has

no physical significance.

An alternative common notation is to define € such that

1+¢ - 1-e (1.20)

P= A+ T Rar e

Note that the normalization condition (1.7) is explicitly incorporated and, fur-

thermore, part of the freedom in phases is used to set Im(q) = —Im(p).



2. The Three Types of CP Violation in Meson Decays

We distinguish between three types of CP violation:
() CP violation in decay.

The following quantity is independent of phase conventions and physically
meaningful:

: Al | Aiettiemi

When CP is conserved, the weak phases @; are all equal. Therefore, eq. (2.1)

implies

IA/AI #1 = CP violation. (2.2)

We call this type of CP violation CP wiolation in decay or direct CP violation.
It results from the interference among various decay amplitudes that lead to the

same final state. CP asymmetries in charged meson decays are of this type.
(it) CP violation in mixing.

The following quantity is independent of phase conventions and physically
meaningful:

2
q

D

* LTV
_ | My - sy,

: . 2.3
Mz — 3T (23)

When CPis conserved, the relative phase between M;2 and I'y2 vanishes. There-

fore, eq. (2.3) implies
lg/p| #1 = CP violation. (2.4)

- We call this type of CP violation CP wiolation in mizing or indirect CP violation.

"It results from the mass eigenstates being different from the CP eigenstates.



»

CP asymmetries in semileptonic decays are of this type. In the notation (1.20)

we have
la/pl = (1 —&)/(1 + &), (2.5)

so that CP violation in mixing is related to Re(€) # 0.
(i17) CP violation in the interference of mixing and decay.

We denote by Ay, the amplitude for P° decay into a final CP eigenstate fop.

" Then the following quantity is independent of phase conventions and physically

meaningful:

y=2 AfCP, - (2.6)

When CP is conserved |¢/p| = 1, |Af.»/Afcr| = 1 and the relative phase between
(¢/p) and (Ag,,/Aj.p) vanishes. Therefore, eq. (2.6) implies

A#1 = CP violation. (2.7)

CP asymmetries in neutral meson decays into CP eigenstates are of this type.
There are several important points concerning (2.7):
a. CP violation in decay (2.2) is sufficient for (2.7) through |A| # 1.
b. CP violation in mixing (2.4) is sufficient for (2.7) through || # 1.

c. Neither (2.2) nor (2.4) is necessary for (2.7) to realize. In fact, the the-
oretically favorable situation is when |¢/p| = 1 and |A/A| = 1, yet ImX # 1,
namely A is a pure phase. The point is that in this case there are no hadronic
uncertainties in the calculation of A, as will be discussed in Acha,pter 5. We will

call CP violation of the form

Al=1, Im)3#0, (2.8)

CP violation in the interference of mizing and decay.



d. Take the decay amplitudes of P° into two different final CP eigenstates,
A, and A;. A nonvanishing difference between A\, and A,
q Aa Ab
Aa— == ———=— , .
=L (-2 #0 (29)
would establish the existence of CP violation in AP = 1 processes. Yet, unlike

the case of direct CP violation, no nontrivial strong phases are necessary.

- e

3. I and B Mesons

Discussing CP violation for the most general neutral meson system is ex-
tremely complicated and not very illuminating. Therefore, we will concentrate
in two specific types of neutral meson systems: the case of “small phases” and

~ the case of “small lifetime difference”. In the end, there are three neutral meson
systems useful for our understanding of CP violation, and they correspond to the
two classes: in the neutral K system all relevant phases are small, while in the
r‘1eu~trdl B and B, systems the two mass eigenstates have similar lifetimes. (In
the D system the effects are small and arise mainly from long distance physics.
Top quarks are likely to decay before T mesons form.) Thus, in this chapter we

describe the K and the B systems.

3.1. THE NEUTRAL K SYSTEM

The two neutral K meson states differ significantly in their lifetimes [26]:
s = (0.8922 + 0.0020) x 107 s, 7, = (5.17+0.04) x 107 % s, (3.1)

where the sub-indices S and L stand for Short and Long, respectively. We choose

: K1) =|Ks), |K2)=|KL),
P |K1) =|Ks), |K2) =|KL) 32)
T Al'=I'L, —T's <0.

10



The amplitudes of the states Ks and K, at time ¢ can be written as

as(t) = as(0)e"Mste=2Tst g1 (1) = ag(0)e~iMite=3Tt,  (3.3)
The mass difference between the two neutral kaons is measured to be
AM = My — Ms = (3.522 4 0.016) >< 1071% GeV. (3.4)
Eqgs. (3.1) and (3.4) together imply a useful approximate relation,

- e

AFK ~ —QAMK. (3.5)

Next, we turn to the calculation of

q _2(M1*2 — %sz)

= . . (3.6)
p AM — AT
. We define a phase_ d12 accc:;rding to
My, Miz2| 41,
—= = — | == e**12, 3.7
| PP | BP) (3.7)

As CP violating effects in the K system are known to be small, we have ¢12 < 1.
Solving (1.13) to first order in ¢12 gives

AM = 2|Mi,|, AT = —2|T1a). (3.8)

Consequently, to first order in ¢y, (3.7) is equivalent to

My, AM

T. ﬁ‘—(l + i¢12). (3.9)

In any given phase convention
F12 = |F12|e“2i5. (310)

Using (3.9) and (3.10), we get from (3.6):

2:€ : 1+ ZZﬁIAfl
=e€ 1- Z¢12———_&I‘——2
1+ (zam

RS

(3.11)
‘*:Note that to a good approximation ¢/p is a pure phase. Actually (3.11) implies

1n



that the CP transformation law is CP IK °> = 2% |I§’0>. Indeed we experimen-
tally know that the Ks and K states are to a good approximation CP eigen-
states. The violation of this approximation is of order ¢, = O(1072). In the
calculation of the deviation from |¢/p| = 1 there are significant hadronic uncer-
tainties. They will be discussed in detail later. Here we just mention that they

arise from a parameter called Bg which introduces an overall uncertainty of a

factor of 2-3 in |¢/p| — 1.

3.2. THE NEUTRAL B SYSTEM

The two neutral B mesons are expected to have a negligible difference in

lifetimes,

AT/T = O(1072). (3.12)

-(.N.ote that AT has not been experimentally measured. (3.12) is a theoretical
statement based on experimental evidence, as discussed below.) We choose to
define

|B1) =|Br), |B2)=|Bu),

(3.13)
AM =My — My, > 0,

where the sub-indices L and H stand for Light and Heavy. Note that (1.12) and
(1.14) now lead to

AM =2|Mys|, AT = 2Re(M1,T%,)/| Mya),

(3.14)
q/p = — |Mi2|/Maa2.

thy8>, an initially pure B® (az(0) = ag(0) = 1/(2p)),
and of ‘BO >, an initially pure B® (ar(0) = —ag(0) = 1/(2q)), is given by [27]

The time evolution of

phys

e | Bpnys(t)) =9+(t) | B°) + (a/p)g-(t) | B®), (3.15)

L | Borys()) =(p/0)g-(t) | B°) + 9+(t) | B®) ,

12



where M = 3(My + ML),

: 1
g4 (t) =e~Mtem3T! cos(3AM t),

‘ 1 (3.16)
g—(t) =e~Mte=3TY; sin(2AM t).
The mass difference between the two neutral B mesons is measured to be
zg = AMp/Tp = 0.67+0.10. (3.17)

The calculation of ¢/p in the B system is quite different from the K system.

Here we expect model independently

ATp < AMp. (3.18)

The model independent argument for the relation (3.18) goes as follows [15]. On
R _tvhe one hand, there is the experimental measurement (3.17). On the other hand,
“ AT has not been measured and is probably impossible to measure. But AT
is produced _by decay channels which are common to B® and B°. The (upper
bounds on) branching ratios for such channels are at or below the level of 1073,
As various channels contribute to I';2 with differing signs, one expects that their

sum would not exceed the individual level, say
ATl'g/Tp S 1072, (3.19)

Eqgs. (3.17) and (3.19) lead to (3.18) which implies, in turn, |I'12] < |Mi2l.
Therefore, in the B system

q My, [ 1 (Fm )]
T 1—iIm|[—=)1. 3.20
P IM]QI 2 M12 ( )

Note that g/p is a pure phase, up to corrections < O(10~2). However, to study

the deviation from a pure phase, one needs to calculate I'12 and Mj2. This will
involve large hadronic uncertainties, in particular in the hadronization models
L - for T'y2. In ref. [15] it is estimated that this will induce an overall uncertainty of

~“a facf(;f of 2-3 in |¢/p| — 1.

13



4. Experimental Observations of CP Violation
4.1, |A/A|#1

In the decays of neutral mesons, effects of CP violation in mixing are unavoid-
able. Thus, to unambiguously observe direct CP violation, it is best to measure

CP asymmetries in charged meson decays,

L(Pt - f) -T(P~ > f)

= =, 4.
Y= TP S )+ TP = ) -
In terms of decay amplitudes
1-|A/AP
=017 4.2
YT IYA/AR (42)

As di,scussed above.,v as # 0 requires contributions to the decay process which
différ in both their strong phases and their weak phases so that |A/A4| # 1.
Purely leptonic and semileptonic decays are dominated by a single diagram and
thus are unlikely to exhibit any measurable direct CP violation. On the other
hand, nonleptonic decays have often contributions from at least two types of
processes. This has to do with the existence of tree and penguin processes. The

two typeé of diagrams are depicted in Fig. 1.

In penguin processes there is a loop with a W boson, while all other pro-
cesses of order G are tree processes. Penguin diagrams can be further classified
according to the identity of the quark in the loop, as diagrams with different
intermediate quarks may have both different strong phases and different weak
phases. On the other hand, the subdivision of tree processes into spectator, ex-
change and annihilation diagrams is unimportant since they all carry the same
~ weak phase.

There are three particularly promising types of processes [28):

14



(b) ()

252 (d) 70505

- - Figure 1. Meson decays relevant to our discussion divide into tree diagrams ((a) spectator,
(b) exchange, {c) annikhilation) and (d) penguin diagrams. Penguin diagrams muy contain
any number of gluons between the quark lines, but if perturbative QCD holds, the leading
contribution comes from a diagram where the two gluon lines in (d) are connected.

a. Decays with suppressed tree contribution. In this type of decays, the
penguin and the tree contributions may be comparable in magnitude and give
large interference effects. An example is the decay B — pK (where the tree

decay is suppressed by small mixing angles, Vi3 Vys).

b. Decays with forbidden tree decays. Here the interference may come from
penguin contributions with different charge 2/3 quarks in the loop. Examples
are B — ¢K and B — KI.

c. Radiative decays. The mechanism here is the same as in case b except that

the leading contribution to the decay is an electromagnetic penguin.

It is unfortunate that the leading nonleptonic K decay, K T o rEx0 s

- unlikely to have direct CP violation. The reason is as follows. The K+ meson is

™2 member in an isospin doublet, I = 1/2. The final n+#° state has I; = 1, and

15



-

's'With;fhé notation (2.5), (4.8) becomes ay = 2Re(€)/(1 + ||?).

=

from Bose symmetry it cannot be an I = 1 state and therefore must be I = 2.

Consequently, the decay has only one isospin channel, AI = 3/2. As strong

interactions are isospin invariant, there is only one strong phase shift, denoted

by é2. The condition of contributions from different strong phases is not met and

Apt+ g0 = 0.

The same argument holds for Bt — 73x0,

(4.3)

There is no unambiguous experimental evidence for direct CP violation yet.

4.2. |g/pl #1

We now study the-decays P° P° — (¥vX. From the AP = AQ rule,

PY 4e~vX, PO petuX.

~F0f fhe allowed processes, we define the following amplitude:

<€+VX| H |P°> = A, <€_VX| H |13°> = A*.
For the K system, we can measure

_D(Kp — tvX)—T(KL — ¢ vX)
(KL —» v X))+ (K — -vX)

asi

(CrvX|H|KL) =pA, (vX|H|KL)=gA",
we get
= Lo la/el
1+ 1q/pl?

16

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)



as; was measured for both final e and final u. The weighted average is [26)]

ast = (3.2740.12) x 1073, (4.9)

For the B system, we can measure

_ [(BY),s(t) = £¥vX) — T(BY,,.(t) = £~ vX)

- T(BY,,,(t) = £+vX) + T(BY,,,(t) = £-vX)’

(4.10)

sl

As

(VX | H |Bpyo(t)) = (a/p)g-(H)A*, (EtvX|H |Bpyy (1)) = (p/a)g-(t)4,
: (4.11)
‘we get

_1-|q/p*

Ay = ——L
14 g¢/plt

(4.12)

There is no experimental measurement yet of a,; in B decays.

For both the K and the B systems, the CP asymmetry in semileptonic decay
depends on the deviation of |¢/p| from unity.

4.3. A #1

~ The importance of CP violation in neutral meson decays into final CP eigen-
states lies in the possibility of theoretical interpretation free of hadronic uncer-
tainties. Moreover, the two CP violating parameters which have been experi-

mentally measured, € and ¢ /¢, belong to this class of CP violation.

The two CP violating quantities measured in the neutral K system are

T <7r07r0| H|KL) (mtx~ | H|KL)
<o i _ = _ 4.
* 00 = 0| HKs)' T (n¥a-|H |Ks) (413)

17



The experimental results are [26]

700 = (2.253 £ 0.024) x 1073, oo = 46.6 & 2.0°;

(4.14)
In+—] = (2.268 £ 0.023) x 1073, ¢4 = 46.6 +1.2°.
We déﬁne
AQO :<7T07T0|H|I\’0>, A00=<W0WOIHIKO>, ( )
B _ 4.15
Ay =(rtn"|H|K®), Ai_={(x*tn"|H|K"),
_9q Aoo q -"I+—
Ao == —, Ajp_== —/—/——, 4.16
00 P Aoo * b A4 ( )
Then
noo =PAoo - qéoo _ 1— Aoo
- pAoo+qAge 1+ Ao’ (4.17)

_PAy_ — qr§+— _ 1=
PAy_+qA - 14+ A4

N+

As we shall later see in detail, noo and n4_ are affected by all three types of
CP-violation: |¢/p| # 1 and ImA # 0 give O(1073) effects, while |A/A| # 1 gives
an O(107°) effect.

For the B system, we should measure quantities of the form [6, 29, 30]

a — F(thys(t) — fCP) - F(thys(t) — fCP)
for = F(thys(t) - fCP) + P(thys(t) — fCP).

(4.18)

Egs. (3.15) and (3.16) lead to the following form for the time-dependent asym-
metry:

(1 = [A]?) cos(AMt) — 2ImA sin( A M)
afCP = 2 M
14|\

(4.19)

For decay modes such that |A| = 1 (the “clean” modes); (419) simplifies consid-
erably:

afep(|A] = 1) = —ImAsin(AM?). (4.20)
s—The r.fii)dés appropriate for measuring asymmetries of the type (4.20) are those
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dominated by a single weak phase. Likely candidates are wKg, DT D, 7~
¢Ks and others.

5. Theoretical Calculations of CP Violation

In this chapter we point out the hadronic uncertainties that enter the cal-

culations of CP violating phenomena. The reason for hadronic uncertainties is

that we do not understand low energy strong interactions in quantitative detail.
We separafe our calculations into two parts. First, we calculate the effective
Lagrangian in terms of quark and gluon fields at a high energy scale, typically
~ mgz, and use Renormalization Group Equations (RGEs) to run L.y down
to the relevant hadronic scale. This part is well understood and can be calcu-

lated with high accuracy. Second, to calculate physical decay rates (or mixing)

' _We must calculate the matrix elements of L.ss between the relevant physical

states. That is the part where we lack in theoretical technology. In some cases,

.e.g. semileptonic meson decays, approximate symmetries may help us fix the

form and normalization of the matrix element. Known examples are the chiral
symmetry for K decay and heavy quark symmetry for B decay. However, in
nonleptonic decays (and in mixing amplitudes) the quark operators do not corre-
spond to currents and therefore we do not know the normalization of their matrix
elements. We may use phenomenological models to estimate them but have lit-
tle contrél over the resulting uncertainties. Eventually, lattice calculations may
solve the problem, but at present they are also subject to approximations and

uncertainties.

There is a significant difference in the cleanliness of the theoretical calcula-
tions in the three types of CP violation. Furthermore, there are differences in
the cleanliness of predictions for CP violating quantities between the K and the

B systems. In this chapter we clarify these issues.

-From egs. (2.3), (2.1) and (2.6), we see that the relevant quantities that need

to be calculated are q/p and AJ/A. Let us start with the latter one. Recall eq.
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(1.2):

A= Z Ajetdietti, A = 2Ptk Z Ajetbiei%i, (5.1)
- .

)

Notice the following two facts:

a. If all contributing amplitudes had the same strong phase shift, then A/A4

would be a pure phase.

b. If all contributing amplitudes had the same weak phase, then 4/A4 would

be a pure phase.

Thus, for direct CP violation, |A/A| # 1, there should be both non-trivial
CP conserving phases (§; —6; # 0) and non-trivial CP violating phases (¢; —¢; #
0). Conversely, the calculation of direct CP violation requires knowledge of strong

phase shifts and of absolute values of various amplitudes and therefore necessarily

. . TR
involves hadronic uncertainties.

In the previous sections we concluded that for both the K and the B systems,
q/p is of the form ¢/p = €*%(1 + z), where ¢ is a phase which depends purely
on phase convention and electroweak parameters, and z is small, O(1073), but
has hadronic uncertainties. In the K system these uncertainties arise from the
By parameter in the calculation of My;. In the B system the uncertainties arise
from the need to calculate I'y;. But in any case, we are led to one conclusion for
both sysfems: effects of CP violation in mixing, namely |¢/p| # 1, are small and

subject to large hadronic uncertainties for both K° and B°.

This leaves one possibility for a potentially clean CP violating quantity,
namely' CcP violation in the interference of mixing and decay. The condition is
that we have to choose decays into final CP eigenstates which are dominated by
a single CP violating phase. Then A feplAjfcp is a pure phase with no hadronic

uncertainties. Such modes are available in principle for both K and B. For

S

& * In some cases, it is possible to overcome the hadronic uncertainties by measuring several

isospin-related rates [31, 32, 33].
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K?° decays, we look into either 7t7~ or 7°7°. The AI = 1/2 rule implies that
both are dominated by a single strong phase ;. For B? decays we may choose,
for example, »Kg. It is dominated by a single weak phase. Then, in princi-
ple, the phase difference between (¢/p) (neglecting the small deviation from a
pure phase) and (A/A) will determine the CP asymmetry and is free of hadronic

uncertainties!

In practice this observation is useful only in the B system. The reason that it
3 ““Hoes not work in the I system is that the difference in width, I'12, is completely

dominated by the two pion intermediate state and therefore

arg(I‘lg) = a,rg(A;,,/ig,,) = arg(AQ,,/Ag,r). (52)
- In the approximation that (A;,/Az2x) is a pure phase we consequently have

J‘IQW - AF — e—ZiE
Ape  2T%, '

(5.3)

(See eq. (3.10) for the last equation.) However, eq. (3.11) shows that in the
approximation where ¢/p is a pure phase it is given by ¢/p = e*¢. Thus, the
prediction for CP asymmetry in K — 27 which is clean of hadronic uncertainties

is simply zero:

AMEK — ) =1 = ImAyr = 0. (5.4)

It should hold (as it does!) up to O(10~?). To learn something about CP violation

we have to give up this approximation and use

n 1 - AT
v (55)
p Arn 1+( AT )2

2AM

Therefore, we would encounter hadronic uncertainties.
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On the other hand, to take (¢/p) of the B system to be a pure phase means
that we set |I';2/Mj2| — 0. The phase of I'y; or, more important, of any exclu-
sive CP eigenmode, is still different from that of M;2 and we may have (as we

do!) clean predictions for large CP asymmetries in the decays of neutral B into
CP eigenstates.
6. The € and € Parameters

6.1. WHAT ARE € AND ¢€'/e?

There is a possible contribution in (4.17) from direct CP violation [34,35).
This is due to the fact that there are two isospin channels, leading to final (27)7=0¢

- and (27)7=2 states:

(27 =/ {(rm)1mal = y/E ((Rm)ral,
(ra] =y/E(@m)rmol + /3 (rm)1-al.

However, the possible effects are small because (on top of the smallness of all

(6.1)

CP violating phases in the K system) the final I = 0 state is dominant (this is
the AI = 1/2 rule). Defining

= ((rm)f| H |K°> , Ar={((=m);|H |I?°>, (6.2)

we have, experimentally,

|42/ Ao| ~ 1/20. (6.3)

Instead of oo and 74— we may define two combinations, € and €, in such a way

hat the possible direct CP violating effects are isolated into €.
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Our experimental definition of the ¢ parameter is then:

e = 1(noo + 2n4-). (6.4)

To zeroth order in A, /A,, we have 1o = 74—~ = €. However, the specific com-
bination (6.4) is chosen in such a way that the following relation holds to first
order in Az/Ag (see (6.1)):

P ) o € = . (6.5)

As, by definition, only one strong channel contributes to Ag, there is indeed no
direct CP violation in (6.5). Eq. (6.5) may serve as a theoretical definition of e.

The two definitions, (6.4) and (6.5), are identical to an excellent approximation.

Is € a manifestation of CP violation in mixing or in the interference of mixing

’ gmd decay? The answer is that in the K system the two are related, and thus

€ # 0 is a manifestation of both. To be explicit, we examine eqs. (3.11) and
(5.5):

AT 2’

T , AT ;
N q Ao _ ' 3AM
2e 1 — = Z———¢12—E—i.

P Lo 1+ (335

As AT ~. —2AM, the deviation of |¢/p| from 1 (CP violation in mixing) and
the phase deviation of (¢/p)(Ao/Ao) from 1 (CP violation in the interference of
mixing and decay) are both O(¢12) and thus contribute to € at the same order.
One may say that Re(e) # 0 is a manifestation of CP violation in mixing, but that
(6.6) predicts érg(e) ~ /4 and so there is also CP violation in the interference
of mixing and decay. It is amusing to note that, if AT' < AM then e would be

a manifestation of interference between mixing and decay only.

Our experimental definition of the ¢’ parameter is

¢ = (14— — m00)- (6.7)
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Thus

€

R S YE W

= 31+ hoo)(1F Ap_) Ao A4

where in the last equality we used (4.14) which gives Ay =~ Ago = 1. We can
further evaluate (6.8) in terms of Ag and A;. We use (¢/p)(Ao/A0) = 1, as
discussed in chapter 5, and |A;| < |A¢| and get

- ey

¢ = %mz 1 Ao|ei®2=59) sin(dy — o). (6.9)

~ As in the derivation of (6.9) we find that replacing ¢/p with a pure phase is
a good approximation, there is no CP violation in mixing in €. We can now
ask whether € is a manifestation of CP violation in decay or in the interference
" between mixing and decay. To answer that, we note that ¢’ # 0 does not require
83 # 8o. In this sense, |€¢/| # 0 is not a proof of direct CP violation, but Re(€') # 0

18.

The definitions of € in eq. (6.4) and € in eq. (6.7) give
Ny—=¢€+€, nop=¢€—2¢. (6.10)
The way in which € is determined is actually by measuring
[n00/n+-| = 1 — BRe(€'/e). (6.11)
The experimental result is [26]

Inoo/n+—| = 0.9935 = 0.0032. (6.12)

RN

Actually, there are two recent measurements with somewhat different results
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36, 37):

2.3+0.7) x 1073 NA31,
Re(e'/e) = ( ) (6.13)
(0.6 +0.7) x 10-° E731.
From eq. (6.6) and using —AI'/(2AM) = 1, we have
arg(e) = arctan(—2AM/AT) = 43.67 £ 0.13°. (6.14)
. ..From eq. (6.9) and the experimental values of 62 and 6y, we have
arg(€e') =m/2 + 62 — 8o ~ 47 £ 5°. (6.15)
Thus, we get arg(e’/e) =~ 0. Then
Re(€'/€) ~ € /e. (6.16)

This is why_you may often encounter statements that the ratio (6.11) gives a

measurement of €'/e.

6.2. HADRONIC UNCERTAINTIES IN THE CALCULATION OF €

In a phase convention for the K system where all phases are small, and using

ATl =~ —2AM, we may write

q 2[R6M12(1 + Z) - iIliz — %ImI‘lz]
p AM(1 +7)
1 (zImM12 ImF12>

(6.17)

AM AT

In the limit of CP invariance, ¢/p = €2 so that Kg (K) is a pure CP even
(odd) state. In the notation (1.20), (6.17) translates into

(6.18)

€ =

1 (ZIlig . ImF12>
(1+:) \ AM AT /-

-

To calculate the last term, we use the fact that for the K system I'y2 is dominated
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by the intermediate (77);=¢ state. Eq. (1.5) gives then
ImIl;2/Rel12 = Im(ag)?/Re(af)? ~ —2Im(ao)/Re(ag) = —2to, (6.19)

where ag is the amplitude for neutral K decay into two pions in isospin-zero

state, with the strong phase shift factored out:
((mm)r| H |K°> =are'’®, ((zm)r|H |R°> = a}e'di. (6.20)

»=.The quantity 2o has an upper bound from measurements of the €'/e parameter
to be discussed later. This bound implies that the it is the first term in the
parenthesis in the RHS of (6.17) which dominates. The main theoretical input
is then in the calculation of M;,. There are two main uncertainties in this

calculation:
a. Long distance contributions. These are parametrized by a parameter D,

D= (M12)LD.

6.21
- e (6.21)

The. intermediate states that contribute to (Mi2)Lp include #°, n, 2=, 37, n'
and others. It is important to realize that long distance processes contribute
differently to ImMj, and to ReM;js (see the clear discussion in ref. [38] and
references therein). The contribution to ReMj, could be significant: all the states
mentioned above could contribute to AM at the same order or even dominate
over the short distance contributions, namely D of order 1 is not unlikely. On the
other hand, it is commonly believed that the long distance contributions are not
important in € All the dispersive diagrams involving 7%, 5, 27 and 37 share the
same phase because their amplitudes are related by PCAC and SU(3), and the
PCAC extrapolation is the same for CP conserving and CP violating interactions.

These contributions all obey the relation

Im(M12 )w,n3,27r,37r
AM

= —D'ty, (6.22)

- _."_yg_here D' is the contribution to D from these states. The contribution from

an intermediate no could be important and does not obey (6.22). Still, it is
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proportional to tg,

Im(M12)1lo

T = Nuto. (6.23)

Calculations of N,, are model dependent but do not show any surprising en-
hancement, Ny, < 1. Thus, as long as neither D' nor N, are particularly large,
long distance contributions to ImMj,; are small, while for ReM;; they may be

large.

- e

b. The vacuum insertion approximation. The short distance contributions
depend on a matrix element of a four quark operator between K° and K?° states.
At present, there is no model independent way to calculate it. We parametrize
this uncertainty with a parameter By, which is just the ratio between the true

value of the matrix element and its value in the vacuum insertion approximation:

0l 7. _ 7, _ [0
By = <I{ Id’)’u(l 7s)sdy*(1 75)3|I\> (6.24)

(K dyu(1 = 15)s [0) (0] dy#(1 — 5)s | KO)

Noté that By affects Im(M;2)sp and Re(M)2)sp in the same way.

If D were small, then we would calculate Im(M;2)/Re(Mj2) taking into ac-
count only short distance contributions. In this case, Bx would cancel out of
the calculation and the hadronic uncertainties would be negligible. However, D
is probably not small and, furthermore, we have no reliable way to calculate it.
Thus we prefer to use Im(Mi2)/AM which, though independent of D, has large

uncertainties from By.
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7. Summary

There are three types of CP violation in meson decays:

(i) |A/Al #1.

i Ageibic—id
——22"._ (7.1)
A Yo, Aietbietid

3 “™ CP violation results from interference between direct decay amplitudes. It can
be observed in nonleptonic charged meson decays. There are large hadronic

uncertainties in the calculation.

(¢1) lg/p| # 1.

H _ [Mp, -y, (12)

p M2 — %F12.

CP violation results from the physical neutral meson states being different from
the CP eigenstates. It can be observed in semileptonic neutral meson decays.

There are hadronic uncertainties in the calculation.

(ii1) A # 1.

() ()

CP violation with |A] = 1, Im) # 0, results from interference between mixing and
decay. It can be observed in neutral meson decays into CP eigenstates. There
exist several B decay modes that have only tiny hadronic uncertainties in the

calculation.
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I'. ELECTRIC DIPOLE MOMENTS (EDMs)

8. Why Are EDMs CP Violating

An electric dipole moment (EDM) D of an elementary particle is a manifes-
tation of CP violation [39]. The simple argument for that is as follows. The only
~ ==wvector which characterizes an elementary particle is its spin J;. Therefore, we

must have
D; =dJ;. (8.1)

Under P-transformation D — —D and J — J. Under T-transformation D — D
and J —» —J. Conseqliently, if either P or T (or, equivalently, CP ) is a good
~ symmetry, we must have d = 0. A more formal proof goes as follows [40]. Let us

study the matrix element of Dy for a state with spin S:

S S 1
(S M| Dy |SM)=||D||(M _u 0). (8.2)

Using T invariance we get

(S M|T'TDyTIT|S — M) =(-1)*" (S — M|Dy|S — M)

o \2M425+1 S 5§ 1 (8.3)
=(-1 +”DH<M o 0).

Using S + M = integer (= (—1)2(M+9+1 = _1) we conclude that ||D|| = 0.

Most of our discussion of EDMs will concentrate in the EDM of the neutron,

D,. One may wonder why should the above argument apply to it, as the neutron
is not an elementary pafticle. The answer is that the only feature of the particle
that we used in (8.1) is that it is characterized by its spin only. This certainly
.. applies to the neutron as well. (Otherwise, there should have been degenerate

. S
neutron states.)
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No EDM of an elementary particle has been observed yet. The most useful

upper bound (for our purposes) is that on the EDM of the neutron [10,11],
|Dnl <1.2x 10725 € cm. (8.4)
We also use the upper bound on the EDM of the electron [41],

|De| < 1.5 x 10726 ¢ cm. (8.5)

9. Hadronic Uncertainties in D,,

The current experimental bound on the EDM of the neutron (8.4) provides
one of the most sensitive constraints on CP violating extensions of the Stan-
dard Model. However, the strong interactions are an obstacle to improving the

" constraints from D,. The essential problem is to calculate the neutron dipole mo-
ment induced by a‘given CP violating operator, where the operator is generated
by short distance physics and is expressed in terms of quark and gluon fields. In
s;)me éases, it is possible to make a current algebra calculation of contributions
that diverge in the chiral limit [9] so that they are formally dominant, but for
most operators one has to resort to a non-relativistic approximation [42] or sim-
ply to a naive dimensional analysis [43 —45]. Lattice calculations are still far from
practicality [46]. We discuss three useful examples: current algebra calculation
of the contribution from a two gluon operator, non-relativistic approximation for

a two quark operator, and naive dimensional estimate of a three gluon operator.

A two gluon operator of the form

g2

553068 Gapw (9.1)

can be transformed, using anomaly relations, into [8] CP violating quark opera-

tors:
Im,mams,

Gi(u dvysd + §v5s). 9.2
MyMd + MyMg + MgMmy 7/(“')’5” T +S’758) ( )

[

This can be translated into imaginary part in the mass terms for the meson octet
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in the chiral lagrangian,

2
Ly = ij tr(MU + MUY — M — M), (9.3)
with -
kU—ex 2i¢ A | 9.4
=exp | -%ala |- (9.4)

The most singular contribution to D, in the chiral m, — 0 limit was identified
*™in ref. [9] as coming from a one loop diagram, with the result

_ grNNYxNN — —16
Dn = M In(Myn/mz)=+3.6 x107"° 6 e cm. (9.5)

Here My is the nucleon mass, and g»nn (Grnn) is the pseudoscalar coupling

(CP violating scalar coupling) of the nucleon.

A very different approach was taken in ref. [47] where the Skyrme model was
uséd to calculate the contribution from (9.3) to D,. The results are numerically
similar though the calculated contributions are different: ref. [47] has contribu-
tions of order m2N, while ref. [9] calculates contributions of order m2Inm?2.
This implies that the corrections to either result are of O(1), and they should be

taken only as an order of magnitude estimate, namely within a factor of a few.

In many models, it is simple to calculate the EDM of the elementary fields,
namely D, and Dy for the up quark and the down quark, respectively. Then, a
non-relativistic approximation relates these to the EDM of the nucleon through

SU(6) wavefunction relations:
Dp= 2Dy~ 1Dy, D, =4%D,— ;Da. (9.6)

The result for D, is proportional to m,. An instructive measure of the uncer-
tainty in the calculation is the fact that it is not at all clear whether one should
use running quark masses at the hadronic scale (say, 1 GeV) or constituent quark
.- masses. The difference for the v and the d quarks is about two orders of magni-

tude.
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There is one dimension six operator that is P and CP violating whose coeffi-
cient involves neither light quark masses nor small mixing angles. It is the three

gluon operator [45]

_%Cfacha“pGguéé“’- (9.7)
A naive dimensional analysis gives a contribution to D,, of order

eMC

e : Dn ~
. . 47r 3

(9.8)
where M = 27 F, ~ 1190 MeV is the chiral symmetry breaking scale. A typical

measure of the uncertainty here is that various analyses may differ by a factor of

(47)3, namely by three orders of magnitude.
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II. CP VIOLATION IN THE STANDARD MODEL

10. The CKM Picture of CP Violation

In the Standard Model of SU(3)¢ x SU(2)r x U(1l)y gauge symmetry with
three fermion generations, CP violation arises from a single phase in the mixing

*=-matrix for quarks. Each quark generation consists of three multiplets:

I

I UL I I
QL = pr )= (3,2)1765 Ugp=1(3,1)273; Dg=1(3,1)-1/3. (10.1)
L

The interactions of quarks with the SU(2)1 gauge bosons are given by

—Lw = 39QL A*7°15QL, W, (10.2)
where v# operates in Lorentz space, 7% operates in SU(2)r, space and 1 is the unit
m-atxlix‘operating in generation space. We have written this unit matrix explicitly

to make the transformation to mass eigenbasis clearer. The interactions of quarks

with the single scalar doublet ¢(1,2),/, of the Standard Model are given by
—Ly = G,‘jai_iqsdfgj + F,-,-_@’;q?uﬁj +h.c.. (10.3)

G and F are general complez 3 x 3 matrices. Their complex nature is the source of
CP violation in the Standard Model. With the spontaneous symmetry breaking
SU(2)L x U(l)y — U(Q)gm due to (¢) # 0, the two components of the quark
doublet become distinguishable, as are the three members of the W triplet. The

charged current interaction in (10.2) is given by
~Lw = \/gguTLﬁ”lijdijW; +h.c. (10.4)
7 %Fhe I'ri‘asvs' térms that arise from the replacement of Re(¢%) — \/;(v + H) in
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(10.3) are given by
—Lp = \/vaideLidéj + %vF,-j@uﬁj + h.c., (10.5)
namely _ ,
My =Gv/vV2, M,=Fv/V2. (10.6)

The phase information is now contained in these mass matrices. To transform to

- e

the mass eigenbasis, we find four unitary matrices such that

VdLMdVde = Mc‘liias, VuLMuVTR = M;liag’ (10'7)

u

where M, giag are diagonal and real (but Vg7, and Vg are complex). The charged

- current interactions (10.4) are given in the mass eigenbasis by
- - —Lw = \/%gu—[,_n’“f/ijdLjW: + h.c.. (10.8)

(Quark fields with no superscript denote mass eigenstates.) The matrix V =
Va LVJL is the mixing matrix for three quark generations. It is a 3 x 3 unitary
matrix. As such it generally depends on 9 parameters, of which three can be
chosen real angles and six are phases. However, we may reduce the number of

phases in V by a transformation
V = V=P, VP}, (10.9)

where P, and P, are diagonal phase matrices. This is a legitimate transformation

because it amounts to redefining the phases of the quark mass eigenstates:
qri = (Py)iiqri, 4qRri — (Py)iiqRi, (10.10)

.. whic¢h renders M, ;“ag unchanged (and, in particular, real). The five phase differ-
ences among the elements of P, and Py can be chosen to eliminate five phases
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from V in the transformation (10.9), so that V has one unremovable phase. This
phase [2] is called the Kobayashi-Maskawa (KM) phase and the mixing matrix
[48] is called the Cabibbo-Kobayashi-Maskawa (CKM) matrix.

A similar analysis would show that CP violation cannot arise in this way if
there were only two quark generations. A 2 x 2 unita,ry matrix (V) has three
phases but there are also three phase differences among the elements of two
2 x 2 phase matrices (P, and P;). Thus all phases can be eliminated from the

. ""Lagrangian in the two generation case.

The unremovable phase in the CKM matrix allows possible CP violation. To

_ see that, note that the CP transformation of spinor fields is
Y(2) = —nCP*(&), b(z) = —n"$*(&)C, (10.11)
where 7 is an arbifrary phase, C is the charge conjugation matrix (fulfilling
CyCl=—1 -C=Cct=CcT=cCh,

and #* = z,. The CP transformations of scalar and left-handed currents are

then

pith; —Pjibi,
i A (10.12)
Piv*(1 — vs); — — Yjvu(l = ¥s5)¢i,
where we used
($:T;)* = =;(7T T 70) s (10.13)
Charged vector bosons transform under CP according to
WE(z) — —WF(z). (10.14)

© . Mass terms and gauge interactions can be invariant under (10.12) if the masses
and couplings are real. In particular, consider the coupling of W= to quarks. It
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has the form
gVijuiy, W (1 — vs)d; + gVidiv W H(1 — s )ui. (10.15)

The CP operation interchanges the two terms except that Vi; and V;} are not
interchanged. Thus, CP is a good symmetry only if there is a basis in which all

couplings and masses are real.

CP is not necessarily violated in the three generation Standard Model. If two

- e

quarks in either sector (up or down) were degenerate, one mixing angle and the

phase could be removed from V. Thus CP violation requires
(mf —m2)(m? —mi)(mi — mi)(m§ — m3)(m3 — mY)(mi —mg) #0. (10.16)

. If the value of any of the three mixing angles is 0 or 7/2, then again the phase
| 1s removable Finally, CP would not be violated if the value of the single phase
were 0 or m: These last eight conditions are elegantly incorporated into one,
parametrization independent, condition [49]. To find this condition, one notes

that unitarity requires that for any choice of ¢, j, k,! (between 1 and 3)

3
Im[Vi; ViV Vil = J D €itm€jin. (10.17)

m,n=1

Then, the conditions on the mixing parameters are simply summarized by
J #0. (10.18)

The fourteen conditions incorporated in (10.16) and (10.18) can all be written as

a single requirement of the mass matrices in the interaction eigenbasis [49],
Im{det{M;M}, M, M}]} # 0 <= CP violation. (10.19)

- The quantity J is of great interest in the study of CP violation from the CKM

matrix. The maximum value that J may assume is 1/(6+/3), but in reality it is
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known to be smaller than 10~*, providing a concrete meaning to the notion that

CP violation in the Standard Model is small.

The unitarity of the CKM matrix is manifest when using an explicit parametriza-

tion. There are various useful ways to parametrize it, but the standard choice

[26]‘is a parametrization due to Chau and Keung [50]:

—ié

C12€C13 S12€13 S13€
) _ 5 i6
ve V= | —s12023 — c12823813€° C12C23 — S12523513¢€" sgsc1s |, (10.20)
1) 1)
812823 — €12C23813¢€" —cC12823 — S12C23513€" €23C13

- where ¢;j; = cos8;; and s;; = siné;;. In the standard parametrization
J_ = 612623033312823313 sin 6. (10.21)

This explicitly shows the requirement that all mixing angles are different from

0,7/2 and the phase different from 0, 7.

The unitarity of the CKM matrix implies various relations among its el-
ements. We will find three of them very useful to our understanding of the

Standard Model predictions for C'P violation:

VaaVe + VeaVe + VadVit = 0, (10.22)
Vs Vi + Vo Vi + Vi Viy = 0, (10.23)
VaaViy + VeV + ViaVis = 0. h (10.24)

Each of these three relations requires the sum of three complex quantities to
vanish and so can be geometrically represented in the complex plane as a trian-
- gle. These are “the unitarity triangles”, though the term “unitarity triangle” i

ﬁsually reserved for the relation (10.24) only (for reasons to be soon understood)
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Figure 2. The three unitarity triangles of the CKM matrix: (a) E’. ViaVs = 0; (b)
E‘. Vis V3 =05 (c) E‘. ViaV;3 = 0. The three triangles are drawn at a common scale.

It is instructive to draw the three triangles, knowing the experimental values
of the various |V;;|. This is done in Fig. 2. In the first two triangles, one side
is much shorter than the other two, and so they almost collapse to a line. This
would give an intuitive understanding of why CP violation is so small in the K

. system (the first triangle) and why certain CP asymmetries in B, decays vanish

. (the second triangle). The most exciting physics of CP violation lies in the B
system, related to the third triangle. Its overall smallness is related to the long

lifetime of the B meson. To observe CP asymmetries in B decays, we would
_.-‘li;ig,-ye‘to produce many B%’s because the relevant branching ratios are small. But

the ope-rl-néss of the third triangle guarantees that once we produce them, we are
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likely to observe large CP asymmetries.
Eq. (10.17) has striking implications for the unitarity triangles:
(¢) All unitarity triangles are equal in area.
(i7) The area of each unitarity triangle is given by $|J|.
(2¢7) The sign of J gives the direction of the complex vectors.

The rescaled unitarity triangle (Fig. 3) is derived from the triangle (10.24)
. by S

a. Choosing a phase convention such that (V.4V}) is real. This aligns one side

of the triangle along the real axis.

b. Dividing the lengths of all sides by |V.4V}}|. This makes the length of the

real side 1. The form of the triangle remains unchanged.

‘Two vertices of the rescaled unitarity triangle are thus fixed at (0,0) and
(1 0) The coordinates of the remaining vertex are denoted by (p,n) [51]. The
three angles of the unitarity triangle are denoted by «, f and ~v:

Ltalit,i Lcd‘ [‘ud['u*b
= —_— = = —_— 2
a = arg [ % V*b y ,B = arg W Y = arg V c"i, (10 5)

They are physical quantities and, as we will see later, can be independently

measured by CP asymmetries in B decays.
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Figure 3. The unitarity triangle Z’. ViaV3 = 0. (a) shows the original triangle while (b)
depicts the rescaled unitarity triangle.

11. Measuring CKM Parameters with CP Conserving Processes

Six of the nine absolute values of the CKM entries are measured directly,

namely by tree level processes. Nuclear beta decays give

B

& 0 - |Vual = 0.9744 + 0.0010. (11.1)
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Semileptonic kaon decays, K — Tev, and hyperon decays give
|Vus| = 0.2205 £ 0.0018. (11.2)

Semileptonic D decays, D — mev, and neutrino and antineutrino production of

charm off valence d quarks give

[Vea| = 0.204 + 0.017. (11.3)

Semileptonic D decays, D — Kev, and neutrino and antineutrino production of

charm off sea s quarks give
|Ves| = 1.06 £ 0.18. (11.4)
" Semileptonic B degays, B — D*ev, give
|Ves| = 0.040 £ 0.007. (11.5)
T;he.eﬁdpoint spectrum in semileptonic B decays, B — Xev, give
|Vus/Ves| = 0.10 + 0.03. (11.6)

(We take the various ranges for |V;;| above from ref. [26], except for |Vcp| where
we use an update of ref. [52].) Using unitarity constraints, one can narrow some
of the above ranges (most noticeably, that of |V,,|) and put constraints on the
top mixings |Vi;|. The full information on absolute values of the CKM elements

(at one sigma) from both direct measurements and unitarity is summarized by

0.9749 — 0.9754 0.2187 — 0.2223  0.002 - 0.006
V] = 0.218 — 0.221  0.9735—0.9752  0.033 — 0.047 | . (11.7)
0.003 — 0.016 0.032 — 0.048  0.9986 — 0.9993

3 - Note that the only large uncertainties are in |V,3| and |Vi4|. However, the two

a‘;ire related through eq. (10.24). Thus, the unitarity triangle is a very convenient
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* Figure 4. The quark diagram description of M12(B) and T'12(B).

tool for presenting constraints from indirect measurements on the most poorly

determined parameters.

The most useful CP conserving indirect measurement, namely a loop-level

process, is that of mixing in the B% — B? system. The experimental result is [53]

___AMB

T4 = = 0.67 £ 0.10. (11.8)
s

The theoretical calculation is on more solid ground than in the K° system, be-
cause short distance physics dominate M;,. Thus, it can be reliably calculated

from the box diagram (Fig. 4) with intermediate top quarks [54],

9

&

G . x
B Mp(Bp fh)md fa(m? miy) ViVl (11.9)

& ] S . xd=Tb
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where

' A =1- T s B (11.10)

Note that, typical of loop processes, there is a strong dependence on m; which
affects our ability to constrain the CKM parameters. Recently, there has been
improvement in the determination of the two most uncertain parameters in (11.9)
due to heavy quark symmetry considerations [52], [55, 56]:

- e

V75|Ves| = 0.040 £ 0.05, (11.11)
fB =190 £ 50 MeV. (11.12)

The end results is that the lower bound on |V4| is raised to 0.006 (compare
to (11.7)). However, for any specific value of m, the information on the CKM

parameters is more detailed, as presented later.

The constraints from (11.7) on the mixing angles of the standard parametriza-

tion are:
812 = 0.2205 + 0.0018, s93 = 0.040 4 0.007, s13/s23 = 0.10 £0.03. (11.13)

From (11.13) we find

= (3.5 £ 1.5) x 107° siné. (11.14)

43



12. The € Parameter

As discussed in section 6.2, an approximate expression for € (in a phase

convention where A, is real) is

ei”/4ImM12
€= 12 12.1
V2AM (12.1)

) ‘—Furthefmor'e, ImAM;i2 is dominated by short distance physics and thus can be

reliably calculated from the box diagrams [57):

Hisen =2 (Ljég)zz(v Vv [ et (p—mw)

HJ

() (a4 )

2
p —m; J

(12.2)

There are several suppression factors in (12.2). First, it is fourth order in the weak
coupling. Second, there are small mixing angles. And third, there is the GIM
mechanism which guarantees that when any two up quark masses are equal, M2
vanishes. These three ingredients suppress M, by a factor of g43§2;m§v— which
explains why AMg/mp is such a tiny quantity. However, there is an extra

suppression factor for ImM;, from the mixing parameters:

ImM;. J _3
1 2 ) 12.
ReM;2 2, 510 (12.3)

Eq. (12.3) is related to the first unitarity triangle (Fig. 2(a)): it is the ratio

between its area and the length of its long basis squared or, in other words, the

ratio between the height and the basis of the triangle. It is the ratio (12.3) which
_determines the size of ¢ in the Standard Model.

Let us make these arguments more rigorous. The phase convention indepen-
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dent expression for € is

€ =

i G% MK (BKf m}
TN si‘;) - {myeIm{(VeiVea VaaVil, )]

1291 Fa (9 (Vi Vo Vaa V2] + 20 (e ye) ImlVi Vo Vi Vi (Vad Vi, 21}

| , (12.4)
where y; = m2/m?%,, fa(y) is given in eq. (11.10), and
y 3y Y

=In(=) - . .
- sen=n(l) -5t |1+ T 1a)| (125
Well measured parameters in (12.4) are
Gr =1.166 x 1073GeV ™2, mw = 80 GeV,
(12.6)

fx =0.165 GeV, AMy/mg =17 x 10715,

The factors ;3 = 0.7, n2 = 0.6 and 13 = 0.4 are QCD correction factors [58, 59].
. The only signiﬁcant uncertainty (apart, of course, from the CKM parameters

which we try to determine) is in
Bg =2/3+£1/3. (12.7)

We can write (12.4) in a way which makes the dependence on J manifest:

€ =4 x 10**/* B J{[ns f3(ye, ) — mlye + n2ye f2(ye)Re(VigVis VaaViiy) /512 }-
(12.8)
The terms in curly brackets are O(1073). If |¢| were much larger than O(1073),
it would have contradicted the Standard Model explanation of CP violation as
arising from the single phase in the CKM matrix. But as long as |¢] $ O(1073)
it does not really test the CKM picture but merely fixes the value of siné. Yet,

the fact that the experimental value is
© |e] = (2.258 £0.018) x 1073, (12.9)

implying sin§ ~ O(1) and not much smaller, makes the CKM picture phenomeno-
. logically attractive: CP violation as observed in the neutral kaon system is con-

w/enien'tiy accommodated in the Standard Model.
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Figure 5. Constraints on the unitarity triangle from e (solid curves), z4 (dashed curves)
and [Vy3/Vep| (dotted curves) for various top masses. The dotted area gives the final allowed
range.

The detailed constraints on the Standard Model parameters are presented in
Fig. 5. The € constraint (12.4) requires that the vertex A of the unitarity triangle
lies between two hyperbolae. The width of the allowed band is determined mainly

by the anértainty in Brg. The bounds on the mixing parameters depend on
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the yet unknown mass of the top, so we give the constraints for various top
masses within the experimentally allowed range, 91 < m; < 180 GeV. Also
presented are the direct measurement of |Vy3/Ves| (eq. (11.6)), and the indirect
measurement of |V;4Vs| from B — B mixing (eq. (11.9)). The phase é of the
stanndard parametrization is the same as the angle v of the unitarity triangle. We
see that indeed all constraints can be met consistently in the Standard Model;

the measurement of € is the one which requires § # 0, or more explicitly

-

20° < 6 < 178°. (12.10).

~ Note that sign[Re(e)] reveals that J is positive or, equivalently, that § is in one
of the first two quadrants. For the rescaled unitarity triangle, this means that

. the vertex A lies in the upper half plane or, equivalently, that 7 is positive.

13. The €'/e Parameter

The most recent measurements of €' /e give [36, 37]

Re(é' /) (2.3+0.7) x 1073 NA3IL, (15,0
ele je)= .
(0.6 £0.7) x 10~ E731.

Thus, there is yet no compelling evidence for direct CP violation: while consistent
with the Standard Model predictions, the weighted average for €'/e is only two

standard deviations from zero.

The calculation of €' /e has many theoretical uncertainties. Let us first isolate
the important ingredients in the calculation and try to get an order of magnitude
estimate. There are sevéral types of diagrams that contribute to K — w=. First,
there are tree diagrams of both exchange and spectator types. The exchange

.- diagram contributes only to the final I = 0 state, while the spectator diagrams

(;bntriB{lté to both I = 0 and I = 2 final states. All tree diagrams have a common

47



weak phase,
¢T = arg(VJqus)- (132)

Second, there are three penguin diagrams, one for each intermediate charge 2/3
quark. They all contribute to the final I = 0 state only. However, each depends

on a different CKM combination:
e R b = arg(ViyVes)- (13.3)

A difference in the weak phases between Ag and A; is then a result of the fact that
" Ap has contributions from penguin diagrams with intermediate ¢ and ¢ quarks.

- Consequently, ¢’ is suppressed by the following factors:

. b, |APensuin /A“ee| ~ 0.05. (There is no relative weak phase between the tree

contrlbutlons to Ao and to Az.)

c. |( 5 Vis)/ (V25 Ves)| ~ 1073, (The penguin diagrams with intermediate u or
¢ quarks give a contribution which is dominated by the same weak phase

as the tree diagrams.)

The last factor is O(J/s%;) ~ €. Thus, it cancels in the ratio €' /e, and we are

left with (the very rough) order of magnitude estimate, €'/e ~ 1073,

The actual calculation is very complicated. It can be cast into the form (see

ref. [60] and references therein)

G
€ /e~ 300 J \/Ii R 1‘:0 Y (Q6) [1 — QLytn — QEWP — (Qs + 927 + Qp)]. (13.4)

The ye¢ factor is the Wilson coefficient for the operator

< Qs =-8 > (Snqr)(grdr) (13.5)
g=u,d,s
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which describes the strong penguin contribution. The matrix element of Qs,

(13.6)

(Q6) = —1.16 GeV® [175 MeV] (m%, — m2)

™
m,(p) Az 7
(given here in the 1/N approach) is very sensitive to the mass of the strange
quafk, and introduces large uncertainties into the calculation. The various s
give the relative contribution of other four quark operators. The three Q’s in

parenthesis are small (S 0.2 in absolute value). €2, represents isospin breaking

3 “effects in quark masses and does not depend on my,
Qn+nl ~ 0-3- (13.7)

However, the contribution from electroweak penguins is rather large and depends

sensitively on my. For Agcp = 100 MeV and m, = 200 MeV, ref. [60] quotes

—0.04 m, =100 GeV,
) Qewp ~ +0.21 m, =150 GCV, (138)
+0.56 ms = 200 GeV'.

Thug, for large m; (~ 200 GeV) there is a cancellation among the various con-
tributions in (13.4), providing yet another, somewhat accidental, suppression
factor for €'/e. It leads to the conclusion that the Standard Model would not
be excluded if €' /e ~ 0. The calculation is consequently even more sensitive to

hadronic uncertainties.

To summarize, €' /e gets contributions from many four quark operators. The
hadronic matrix elements of these operators involve large uncertainties. The
fact that various operators contribute with similar order of magnitude but with
differingksigns, enhances the uncertainties. The result is very sensitive to the top
mass. A wide range of €' /¢ values can be accommodated in the Standard Model.

Ref. [60] finds, for example,

2x107* S €/e$3x 107 my =100 GeV,

A (13.9)
— 3x107° S €/e$2x107* my =200 GeV.
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14. CP Asymmetries in Neutral B Decays
14.1. MEASURING THE ANGLES OF THE UNITARITY TRIANGLES

As mentioned in section 3.2, in the B system we expect model independently
thaf I'i2 < M. However, within the Standard Model and assuming that the
box diagram (with a cut) is appropriate to estimate I'12, we can actually calculate
the two quantities from the quark diagrams in Fig. 4. The calculation gives (see

3 “"Tef. [15] and references therein)

F]g _ 3T 1 m% ( §mg Vcb cti)

= — —_— —_— 14.1
My 2 fa(ys) m? 3m} Va Vi (14.1)

This confirms our order of magnitude estimate, IT12/Mi2] < 1072, Thus, to a

E very good approximation,

) " q MY, VitV
2 —_ = . 14.2
(p)B M12 I/tb‘/t’:; ( )

We will use this result in our calculations of CP violation in the interference of
mixing and decay. However, before doing that we note that (14.1) allows an

estimate of CP violation in mixing, namely

~ 1073, (14.3)

q 1 F]Q 47 mg J

=l -1=-Im = — 5
p 27 Mz faly) mi [Va Vil

Notice that the last term is the ratio of the area of the unitarity triangle to the
length of one of its sides squared, so it is O(1). (For the B, system, J/|VisV;4|2 ~
1072, as can be seen from the unitarity triangles in Fig. 2.) The only suppression

factor is then (m2/m?).” The uncertainty in the calculation comes from the use

of a quark diagram to describe I';2, and could be a factor of 2-3.

Now we turn back to decays into CP eigenstates. We would like to choose

-

Todes dominated by a single diagram because these, as explained above, are
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theoretically clean. However, most channels have contributions from both tree

and penguin diagrams. The ratio between the two for a decay b — ¢§'q’ is
[61,62,63]

penguin _ ( @ m_f) VoV (penguin) (14.4)

~ n

tree \127  m Vq;bVq",‘q - (tree)
The factor in parenthesis is (9(0.02), but it may be partially compensated by the
ratio of matrix elements. Thus, there are three appropriate classes:

T () Modes with lv“’g.

and B, —» v Kgs.

< 1. Examples are B — nw, B — DD, B, — pKg

(¢2) Modes with no tree contribution. Examples are B — ¢Kg, B — KsKg,
B; — n'n' and B, — ¢IKs.

(zzz) Modes with arg(vt—"g""—> =0, m. Examples are B — ¢ Kg and B, — ¢.

a'q

Our first example is B — ww. The quark subprocess is b — uud which is

dommated by a W-mediated tree diagram. Thus, to a good approximation

Amr VubV d
= ve, 14.5
A1r1r Vu*bvud ( )
Combining (14.2) and (14.5), we find
AB - ntr) = (thv“‘) (Vudv"*”) = ImArr = sin(2a). (14.6)
VoV \VuaVy,

The penguin contribution to this decay has a weak phase, arg(V; Vi), different
from the tree diagram, so it may modify both |A| and ImA. We estimate that the
resulting hadronic uncertainty is < 0.1, but it can be eliminated using isospin
analysis [31, 32, 33].

The analysis of B — D% D~ proceeds along very similar lines. The quark

subprocess here is b — céd, and so

AB - DtD™) = (&:V’:) Gﬁz“) = ImApp = —sin(28).  (14.7)
: . t

Again, there may be a small hadronic uncertainty due to penguin contributions.
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The same weak phase can be measured without hadronic uncertainties in
B — ¢Ks. A new ingredient in the analysis is the effect of K — K mixing. For
decays with a single Kg in the final state, K — K mixing is essential because
B® — K° and B® — K9, and interference is possible only due to K — K mixing.
This adds a factor of

q VCS cti
1 = 8 cd 14.8

““into (A/A). The quark subprocess in B — 99 is b — c&s which is, again,

dominated by a W-mediated tree diagram:

‘LLZJKS (Vcb‘/;“g> (Vcsv’:i)
= — cd ), 14.9
Aszs c*l; Vcs VC*;‘/cd ( )

' The minus sign on the right hand side of (14.9) is a result of ¥ K's being a CP odd
state. Combining (14.2) and (14.9), we get

VigVia
Ve Vi

AMB - ypKg)=— < ) <V°§V°f> = ImAyx, = sin(20). (14.10)

Vcd ch

The theoretical advantage of using this mode is the following. As in previous
cases, there is a small penguin contribution to the direct decay in this process
as well. However, its weak phase, arg(VypVy%), is similar (mod =) to the weak
phase of the tree decay and thus affects neither |A| nor ImA. Thus, eq. (14.10) is
clean of hadronic uncertainties to O(1073) — This gives the theoretically cleanest
determination of a CKM parameter, even cleaner than the determination of sinfc

from K — =nlv.

The third angle of the unitarity triangle () can be measured in B, decays.

Calculations in the B, system are very similar to the B® system. One finds,

& % This method for measuring v seems to be experimentally very difficult. Various alternative

ways were suggested [64, 65, 66].
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similar to (14.2),

q M7, Vit Vis
= = = . 14.11
(P> B V M1z VaV3 ( )

8

It is then straightforward to show that

‘ VAVee\ (VEV ( ViV

M B, Kc) = thVts ud’ub cs¥ed ~ — gi )

(Bs = pks) (mbv,:) (Vudvu*b Vv ) = ImAeks & —sin(2y)
(14.12)

. .In the last equation we neglected a small correction of ('), where 3’ is an angle

in the unitarity triangle (10.23):

) Ves Vb
= arg | — 3 14.13
= ons |- (419

Another interesting possibility is the study of tree-forbidden B decays, for

-~ example B — ¢Ks. The quark subprocess b — s3s involves flavor changing

neutral current and cannot proceed via a tree level Standard Model diagram. The
leading contribution comes then from penguin diagrams. In general (as is the case
ii) K decays), each of the three penguin diagrams is of different magnitude and
phases, inducing direct CP violation. But here, to a very good approximation,
the diagrams with intermediate u and ¢ quarks are of similar magnitude except

for their CKM factors and their strong phases are very small. Using unitarity

one finds that
Asics (Vt*;th) (szVcs)
= c , 14.14

Agks VisVig ) \VedV ( )

which leads to (neglecting O(') corrections)

ImAgrs = —sin(28). (14.15)

Our final example is B, — D} D . The quark subprocess is b — c¢s, so that

MB, - DIfD;) = (VZZ“;?> (KZV;{) = ImAp,p, = —sin(24'). (14.16)

or—

There are five quark subprocesses in each of B and B, decays which are
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expected to be dominated by a single CKM phase, so that the leading CP vio-
lating effect is interference between mixing and decay. We list them in tables 1
and 2. The list of hadronic final states gives examples only. Other states may be
more favorable experimentally. We always quote the CP asymmetry for CP even
states, regardless of the specific hadronic state listed.  In previous analyses in the

literature, the approximation ' = 0 is used.

TABLE 1
CP Asymmetries in B Decays
Final Quark SM
state |sub-process prediction
YvKs | b— écs —sin2p
DtD-| b—ecd —sin2j
atr=| b— uud sin 2
¢Ks | b—3s5 |—sin2(8—p3)
KsKs| b— 3sd 0
TABLE 2
C P Asymmetries in By Decays
Final Quark SM
state |sub-process prediction
DfD7| b— écs —sin 24’
YKg b — ccd —sin2p8'
pKs | b—aud |—sin2(y+ f')
n'n' b — 585 0
R ¢oKs b—38sd | sin2(8— 73"
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14.2. THE ALLOWED RANGES FOR THE ASYMMETRIES

The allowed ranges for the angles a, 3, v and 8’ are found from the various
constraints on the form of the unitarity triangles [67, 68,69, 70, 56]. The simplest
to study is B'. Note that B’ is the angle in the triangle related to (11.6) and
therefore it is very small. Explicitly

|sin28'| = 2|(siny)VusVus/(Ves Ves)| < 0.06. (14.17)

e

The bound is saturated when siny = 1 and |V,3/Ves| = 0.13. However, from the
lower bounds on these quantities, we find that sin 24’ could be as small as 1073,

in which case the hadronic uncertainties, which we neglected, become important.

Experimentally, CP-asymmetries in B decays are likely to be measured long

. before those in Bs‘ decays. A Thus, we now concentrate in the Standard Model
I;redictions for sin2a and sin23. We will present our results directly in the
sin 2a — sin 28 plané- [71]. These are the quantities measured (see Table 1) and,
furthermore, it allows a direct comparison of the Standard Model predictions
with models of new physics where the asymmetries are not necessarily related to

angles of the unitarity triangle [72].

We use the following relations to transform from the (p,n) coordinates of the

free vertex A of the unitarity triangle to (sin 2a, sin 24):

__ 2n[n*+p(p—1)]
7?2 + (1 = p)2][n? + p?)’
on . 2n(l—p)
sin 23 ——————772 YT

(14.18)

Note that these coordinate transformations are highly nonlinear; hence the pre-
dictions in the sin 2a — éin 28 plane will be very different from the more familiar
constraints in the p — n plane. Furthermore, since (14.18) are not invertible, we
‘ ~ . may not simply map the regions in the p — 7 plane allowed by each of the vari-

ous constraints into corresponding regions in the sin 2a — sin 23 plane, and then
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assume that the overlap in the latter is allowed. To see this, note that a single
point in the overlap region in the sin 2a — sin 23 plane may correspond to two
different points in the p — n plane. If each of these two points is allowed by one
constraint but forbidden by the other, then the original point in the sin 2a—sin 23
plane is in fact forbidden though it is in the overlap of two regions allowed by
the individual constraints. We therefore form the overlap in the p — n plane first,

and then map this overall-allowed region into sin 2a — sin 23 coordinates.

- e

Since the x4 and € constraints depend on m¢, we have carried out our analysis
for various m; values within the range 90 GeV< my < 185 GeV. We present
our analysis in Fig. 7 in two ways [71]. First, the solid curves encompass all
values of (sin2a,sin2f) which satisfy all three constraints using values of the
input parameters within their 1 — o ranges (or within the theoretically favored

- ranges for the parameters Byx and fp). That is, the SM can accommodate

| a B factory result anywhere within these curves without stretching any input
parameter beyond its 1 — o range. We will refer to these regions as the “allowed”

areas of the SM.

Second, in order to get a sense of the expected value of (sin 2a,sin28) given
our current knowledge of the various input parameters, we generated numerous
sample values for these parameters based on a Gaussian distribution for |V4/,
78|Ves|?, |Vus/Vebl, 7B, 4, m. and |e|, and a uniform distribution (= 0 outside
of the “1 = ¢” range) for fg. For each sample set we used the constraints (11.6)
and (11.9) to determine p and 7, and then rejected those sets which did not meet
the constraint (12.4) for 1/3 < Bx < 1. We binned the sets which passed in
the sin2a — sin2f plane, and thus obtained their probability distribution. We
show in fig. 6 the resulting 90% probability contours in dashed curves. Since
we do not know the true origin of the CKM parameters and ‘thus do not know
the true probability distribution from which the experimental inputs result, and
since the theoretical restrictions on fp and Bk cannot be posed statistically, we

- can only interpret these probability contours as an indication of likely outcomes

for B—i't-xct.ory results based on the SM. For example, the “tail” of the allowed
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areas which extends towards small values of (sin 2a, sin 2/) requires many of the
parameters to be stretched to their 1 — ¢ bounds and so seems unlikely and lies

outside the probability contour.

We find that sin 2« can have any value in the full range from —1 to 1, while

sin2f is always positive and has a lower bound [71]

sin23 > 0.15. (14.19)

Note that none of the angles is allowed to vanish due to the € constraint. The fact

that sin2¢ may vanish for a certain angle is actually a result of the possibility

‘ ¢ = /2. However, due to |Vyus/Ves| < |Ved|, 8 < 7/2 (actually, 8 < #/5) and
hence the lower bound in (14.19).

We further find that sin 2a is likely to be positive if the top mass is near
its present lower bound, and most importantly the favored values for sin23 are
above 0.5. We also find that the bounds on the two quantities are correlated. In

particular, we note that:

a. The magnitude of at least one of the two asymmetries is always larger than

0.2, and probably larger than 0.6.
b. If sin28 < 0.4, then sin 2a must be positive—in fact, above 0.2.

Once the top mass is measured firmer predictions will of course be possible, based

on one of the graphs in fig. 6.

We conclude that neutral B mesons provide many decay modes into final
CP eigenstates which have CP violation purely from interference between mix-
ing and decay. The asymmetries are expected to be large, and the hadronic

uncertainties enter only at O(1073).
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15. The EDM of the Neutron

The Standard Model prediction for the EDM of the neutron is extremely
small. First, we discuss the contributions from quark EDMs. One loop diagrams
do not contribute. The reason is that any one loop diagrams that contributes to
Dy (¢ = d,u) is proportional to V;;Viy; the phase cancels out and no CP violating
effects are possible. Two loop diagrams do not contribute either [73]. Here there

”1s no 1ntu1t1ve reason. Actually, individual two loop diagrams do not vanish. But
;Ln expl1c1t calculation shows that the sum of all two loop diagrams vanishes. Con-
sequently, the leading contribution to D,, comes from three loop diagrams. There

. 1s no explicit calculation available, but only an order of magnitude estimate:

Graa, m;

242
4 2 J<107% ¢ cm. (15.1)
T miy,

Dyn ~ emy

Thé calculation of diagrams other than D, is subject to even larger uncertainties.
It seems unlikely, however, that Standard Model mechanisms give D,, larger by
more than three orders of magnitudes than (15.1). It seems then that, if the
KM phase is the only source of CP violation, the EDM of the neutron is much
too small to be experimentally observed in the foreseeable future. (This feature

makes it a very sensitive probe of physics beyond the Standard Model!)

As mentioned in our introductory discussion of the EDM of the neutron, the

QCD lagrangian will generally include a CP violating term of the form

Lo= 33329GWGW. (15.2)

We found that the upper bound on D, requires that 6 is extremely small, § <

107°. The important point about the Standard Model of electroweak interactions

in this regard is that it makes it impossible to avoid this problem by requiring

: CP symmetry so that there is no term of the form (15.2). The reason is that

.?n the Standard Model, CP is explicitly broken. The actual parameters which
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contributes to D,, is not 8 but rather the combination
6 = 8 + arg[det M. (15.3)

Thus, without extending the Standard Model, there is no natural way to suppress
the effects of 8.

16. Summary

The Standard Model predicts that all CP violating phenomena in neutral

" meson decays are related to the single phase of the Cabibbo-Kobayashi-Maskawa
matrix. Consequently, the model is very predictive. CP violation as observed in
the K system (the € pafameter) is conveniently accommodated in the Standard
Model. Together with other (CP conserving) measurements of CKM parameters
it gives clean predictions for large CP asymmetries in neutral B decays. Their
mesurement in the future will stringently test the CKM picture of CP violation.
Ti'le KM phase gives tiny electric dipole moments for the neutron and the electron.
If either of them is found in near future experiments, it will unambiguously require
a source of CP violation additional to §xar. On the other hand, the smallness of
D,, requires extreme fine tuning of fgcp and implies that our understanding of

CP violation is incomplete.
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III. CP VIOLATION BEYOND THE STANDARD MODEL

17. Extending the Quark Sector

Z-Mediated FCNC

- e

17.1. INTRODUCTION

In this chapter, we update the analysis of refs. [74,75]. We study a model
with an extended quark sector. In addition to the three standard generations
of quarks, there is an.SU(2)r-singlet of charge —1/3. For our purposes, the

. important feature of this model is that it allows for CP violating Z-mediated
Flavor Changing Neutral Currents (FCNC).

To understand how these FCNC arise, it is convenient to work in the basis
where the up sector interaction eigenstates are identified with the mass eigen-
states. The down sector interaction eigenstates are then related to the mass
eigenstates by a 4 x 4 unitary matrix K. Charged current interactions are de-

scribed by

- ut -
Ly, =L (wrget s W),

V2 (17.1)
JHT =VijuspydjL.
The charged current mixing matrix V is a 3 x 4 sub-matrix of K:
Vij=K; for 1=1,...,3; 7=1,...,4. ~ (17.2)

Note that V is parametrized by six real angles and three phases, instead of three
- angles .and one phase in the original CKM matrix. As we shall see, all three

f)haseé may affect CP asymmetries in B decays.
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Neutral current interactions are described by

z g i
JH = — %UPquL’Yuqu + %6ijaiL7ﬂujL'

The neutral current mixing matrix for the down sector is U = VV. As V is not

unitary, U # 1. In particular, its non-diagonal elements do not vanish:

Upg = —Kj,K4q for p#yq. (17.4)
- The three elements which are relevant for our study are

’ Udsk= ;qus + VCTchs + .Vt:l‘Vtsa
Uap =V iVus + V2 Ve + Vg Vs, (17.5)
Uss =V, Vi + ViVes + Vi Vs,

The fact that, unlike the SM, the various Uy, do not necessarily vanish, allows
FCNC at tree level. This may substantially modify the analysis of C P asymme-

tries.

17.2. EXPERIMENTAL CONSTRAINTS ON THE U,, ELEMENTS

The flavor changing couplings of the Z contribute to various FCNC processes:

(¢) AMk, the mass difference between the neutral kaons.

V2GrBk fE Mkm
6

(AMK)z = |Re[(Ud3)?]| : (17.6)

(37) €, the C P violating parameter in the K system.

,_, » L G .B 2'M ¢
& o lelz = FJZIMKW | Im[(Uas)?]] - (17.7)
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(i11) K — ptp=.

T(KY)BR(Kp — ptu~)z L 2. \2 . 2, 2] (Re Ugs)?
S(ROBRET = t0) — 2 [(5 — sin® Ow)” + (sin® Ow) ] Vo
| (17.8)
(iv) B — £t¢~X.
_ BR(B — (Y4~ X)g L .2 2 . 9 2] |Uas)? + |Ugs|?
- TBR(B - wX) [(§ = sin? ow)" + (o 6’| Vs |2 + Fpol Vo
(17.9)
(v) z4, the mixing parameter in the B system.
. 2GrBpf}
R L (17.10)

The expeérimental measurements of these processes puts severe constraints

[:76, 77,.74, 75] on the flavor changing couplings of the Z boson (Up,):

|IRe Ugy| < 2.4x107%, |Im Uyy| < min{6.4x107%, 1.3x107%/|Re Uas|}, (17.11)

|Uas/Ves] < 0.037, |Usp/Ves| < 0.041. (17.12)

17.3. IMPLICATIONS OF Z-MEDIATED FCNC

If the Upq elements are not negligibly small, they will affect many aspects of

physics related to C' P asymmetries in B decays:
() Mixing of neutral mesons.

... The experimentally measured values of mixing in the K and B systems can be

ekplaix;.éd by SM processes. Still, the uncertainties in the theoretical calculations
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(such as in the values of By, fp or V;4) allow a situation where SM processes do

not give the dominant contributions to various mixing processes. For example,

VBafs |’ 75| Ve |? [Via/Ves|]?
= 0.02
(@a)box = 0.024 ye fa(ye) [0.14 GeV] [23x10° Gev-1|| 0.09 |°
(17.13)

namely, the Standard Model box diagram could contribute as little as 3% of the

experimental value of z4, and even less if unitarity of the CKM matrix does not
_ .'hhold, in which case the lower bound |V;q/Ves| > 0.09 can be violated. Instead, it

is possible that the dominant mechanism is Z-mediated FCNC. We will now find
A how large should the elements of the neutral current mixing matrix be in order

that this would be the case.

For K — K mixing to be dominated by Z-mediated tree level diagrams, eq.

- (176) requires

|Re[(Uas)?]| > 1.4 x 1077. (17.14)

For e to be dominated by Z-mediated tree level diagrams, eq. (17.7) requires
IIm[(U4s)?]| = 0.9 x 107°. (17.15)

For B, — B, mixing to be dominated by Z-mediated tree level diagrams, eq.
(17.10) requires

|Uas/Ves| = 0.014; |Uas/(VigVas)| 2 0.08; [Uss/(ViiVis)| = 0.08.  (17.16)

Note that if unitarity is only weakly violated, so that |VisVis| ~ |VesVes|, then the
last requirement in (17.16) is in contradiction with (17.12) and cannot be fulfilled,
implying that the dominant mechanism for B, mixing is still the Standard Model
“box diagram.

SN

= (43) Unitarity of the 3 x 3 CKM matrix.

64



Within the SM, unitarity of the three generation CKM matrix gives:

uds = Jqus + Vctilvcs + V{:}V}s =0,
Uib = V) Vs + Vg Ve + Vi Vs =0, (17.17)
usb E'Vu*svub + ‘/c*;vcb + ‘/t:th =0.

However, eq. (17.5) shows that now eq. (17.17) is replaced by

> e

Uis = Uge; Uap = Ugp; Ugp = Ugp. (17.18)
A measure of the violation of (17.17) is given by
|Uasl/|V.2 i Vus] S 10—%; Uabl/|VEVes] <0.04; |Ugsl/|VEVes| <0.17. (17.19)

" These bounds follow from the experimental bounds given above. The first of
the SM relations is practically maintained, while the second is violated by less
than 5%. However, the Ugy = 0 constraint may be violated by 0(0.2) effects: it
should be replaced by a unitarity quadrangle. A geometrical presentation of the
new relation is given in Fig. 7. It should be stressed that, at present, only the
magnitudes of Ugy and Uy, are experimentally constrained, but not their phases.

Each of the angles @ and § could be anywhere in the range [0, 2~].

(i12) Z-mediated B decays.

Our main interest is in hadronic B® decays to C'P eigenstates, where the
quark sub-process is b — @;u;dj, with u; = u,c and d; = d,s. These pro-

cesses get additional contributions from Z-mediated FCNC. The ratio between

the magnitudes of the Z-mediated amplitude and the W-mediated amplitude is:

[(1/2) — (2/3)sin? 0] UL/ (Vs V)| = (D) U3/ (Vis V)| . (17.20)

... To bound this ratio, we use the experimental constraints in eq. (17.12), our

requirement that mixing of By mesons is dominated by Z-mediated FCNC in eq.
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Figure 7. The unitarity quadrangle in a model with a fourth, SU(2).-singlet, charge -1/3
" quark. V;; are elements of the charged current mixing matrix while Uy is an element in the
neutral current mixing matrix.

(17.16), and the range 0.07 < |Vy3/Ves| < 0.13. We find that the Z-mediated
diagrams cannot dominate the relevant B decays. They can be safely neglected

for b — s transitions, but may be significant for b — d (3-18%).

On the other hand, diagrams with no SM tree contributions [78] now have

comparable contributions from penguin and Z-mediated tree diagrams.
(iv) New contributions to '12(By).

The difference in width comes from decay modes which are common to B, and
Bq. As discussed above, there are new contributions to such decay modes from
Z-mediated FCNC. It is important to note, however, that while the contributions
to the difference in mass, Mi2, are from tree level diagrams, namely O(g?), those
to the difference in width, I';2, are still of O(g*). Consequently, no significant
enhancement of the SM value for I';2 is expected, and the relation I'12(By) <
Mlg(Bq) is maintained.

*® In summary, the dominant mechanism for mixing in neutral By systems could
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be Z-mediated FCNC. The conditions for that are given in eq. (17.16). But the
hadronic B decays of relevance are still dominated by SM W-mediated diagrams
and I'2(By) < Mi2(By), so that CP asymmetries can be cleanly interpreted.
Mixing in the B, system cannot be dominated by Z-mediated FCNC. Mixing in
the neutral K system can be dominated by Z-mediated FCNC if eq. (17.14) is
satisfied. C' P violation in the neutral K system can be dominated by Z-mediated

FCNC if eq. (17.15) is satisfied.

- e

17.4. AN EXPLICIT PARAMETRIZATION

It is convenient to use an explicit parametrization for the mixing matrices.
We use the parametrization of refs. [79,80] (appropriately modified to the 3 x 4
case). Assuming that all mixing angles 6;; are small, we put cos §;; = 1. We use
- the following constraints from SM tree-level processes and from the unitarity of
K: |
o 512 =0.22; 93 & 0.04; 515 & 0.004;

S14 5007, S24 S 0.5.

(17.21)

(sij = sinf;j.) We further assume that the unmeasured mixing angles fulfill the

hierarchy s14 < s24 < s34. More specifically, we assume that

@24 = 524/(823834), q14 = S14/(812523834), (17.22)

are both O(1). We remind the reader that a similar relation for the three gener-

ation mixing angles is experimentally verified:
q13 = 313/(812323) = 0.45+ 0.15. (1723)

Thus, V has the approximate form:

1 s12 size”13 5y e
s V= —S812 1 S$23 3246—16“ . (1724)
= AR ib1a
$12823 — S13€ —S823 1 834
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This gives for the relevant Up,, elements:

Uas =512553534 [(1 — qu3e ™% — goqe™024 4 g1pe®®14)(1 — Q246i624)] )
Uap = — s12823854 [1 — quae "7 — gage "% 4 g1qe™014] | (17.25)

5 .
Ugsp =s23534 [1 — ga4€ '5“] .

All the experimental constraints in eqs. (17.11) and (17.12) as well as the condi-
tion on |Ug| in eq. (17.16) can be fulfilled with

» P

534~ 0.04, ga~1, qua~3 (17.26)

In this case, the dominant mechanism for By mixing will be the Z mediated
FCNC, while B; mixing is dominated by the Standard Model box diagram. On
the other hand, we expéct Im Uy, to be of the same order of magnitude as Re Uys,.
' Consequently, eq. (17.14) is not satisfied, so that AMg gets no significant con-
tributions from the Z-mediated FCNC, but eq. (17.15) may still be satisfied, in

which case € does get significant contributions from the Z mediated diagrams.

Eq. (17.25) implies that the phases in the mixing of By and B, may depend
on phases of the mixing matrix other than the single phase of the SM. This may
give C P asymmetries which are very different from those predicted by the SM.

17.5. CP ASYMMETRIES IN B DECAYS

Our study involves the three types of C P asymmetries in B decays for which
the direct decay is dominated by the W-mediated tree level diagram: ayks, app
and ar.: These asymmetries still arise almost purely from interference of mixing
and decay. Furthermore, as the first unitarity relation is practically maintained,

we still have (taking into account C P-parities)

ayKs = —ADD- (17.27)
ﬁ:iowe\;ér,'as the dominant mechanism of mixing in the B system is the Z-
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mediated tree level diagram,

q UJb
1 = —~ab 17.28
<P)B Uas ( )

It ié now straightforward to evaluate ImAykg and VIm)\,,,,. We find that the

various asymmetries simply measure angles of the unitarity quadrangle shown in

Fig. 7:

- e

ayks = —app = —sin2B, anr = —sin2a, (17.29)

~ where

a = arg (%) ; B=arg (Vu;db*> : (17.30)
: db cdVep

" The important point about the modification of the Standard Model predictions
is not that the angles o, 8 and v may have very different values from those
predlcted by the SM, but rather that the C'P asymmetries do not measure these

angles anymore.

As there are no experimental constraints on @ and § so that the full range
[0,27] is allowed for each of them, the full range [—1, +1] is possible for each of
the asymmetries. This is clearly seen when using the explicit parametrization

given in eqgs. (17.24) and (17.25):

1 — gize®is — gyue?24 4 gyqet®rs
1 — qize01s — gpqe~i824 + g1qe—i014
e—-i613(1 _ q13ei613 _ q246i624 + ql4ei614)
ei513(1 - q138“5613 - q246_i524 + q146—i614)

Im )‘¢Ks = —1Im )‘DD = —Im [

] , (17.31)

Im Arer =Irh [

It is rather obvious that our ignorance of the phases 614 and &4 allows any
value for the various asymmetries. This model demonstrates that there exist
-extensions of the Standard Model where dramatic deviations from the Standard

ﬁ/[odel predictions for C'P asymmetries in B decays are not unlikely.
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Finally, let us mention an interesting point about this model. As mixing of

the B, system is dominated by the Standard Model process, we have, as in the

Standard Model,
<9> (M> 2 0. (17.32)
P/ B, \AB,—y¢ '

As shown in ref. [81], this is a sufficient condition for the angles extracted from
B — ¢Kg, B — nm and B, — pKs to sum up to m. This happens in spite of
""the fact that the first two measurements do not correspond to B and a of the

unitarity triangle.

18. Extending the Scalar Sector

‘Neutral Higgs Exchange

18.1. INTRODUCTION

CP violation could appear in neutral scalar exchange in models with at least
two Higgs doublets [82,83]. If we require both spontaneous CP violation and
NFC then at least three scalar doublets [84] (or two doublets and a singlet) are

required. (For a discussion of CP violation in multi-scalar models and no NFC,

see refs. [85 — 88].)
We denote scalar doublets by ®;, with
¢F .
®;, = \/; ( qﬁz‘-’ , ¢V =wv;+ R; +1I,. (18.1)
The normalization of the VEVs v; i1s such that
» k
L v? =) o = (V2Gr)™! ~ (246 GeV)’. (18.2)

i=1
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We assume NFC with only ®; coupled to Dg and only ®; coupled to Ug:
—Ly = QL,Gi;®:1dk; + QL F;j®sub; + hec.. (18.3)

The quark mass matrices are then

Mi=/3Gvi, Mi=\[1F v (18.4)

- e

The neutral Higgs interaction with quark mass eigenstates is

—L} = EI—DM:}“‘SD + leM;}iaSmD + EzﬁM,‘}“‘gU + £2—I7M3ia5z’75U. (18.5)
V1 U1 V2 V2
We now rotate to the scalar mass eigenbasis,
AN
HY I
R
ol |, (18.6)
I
\¢e/ \.)

where G° is the would-be Goldstone boson eaten by the Z°. The Yukawa La-

grangian for neutral Higgs, bottom and top mass eigenstates is given by [89]
2k—1
—LY = Z . [(m,,/vl)b(Oil + 2")’50,'2)17 + (mt/vg){(O,-g + i’)’sO,};)i] H?, (18.7)
=1
and similarly to other quarks. (Another common notation in the literature is
v v v v
g1i = ——0i1, g2i = ——0i, g3i=——0i3, gsi=——0is.) (18.8)
(%] U1 v2 U2

R

CP violation in the neutral Higgs sector comes from mixing of CP even and
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CP odd fields. The quantities that appear in CP violating observables are

0; Oz
Im Ai(q) = QZ —

102
Im Ay(q) = ZZ 2 4.

q—m

(18.9)

There are two more CP violating quantities, g;;¢94; and ¢2;93i, which correspond

»=to combinations of Ag and Ag in ref. [90]. Dimensionless quantities Z ; are defined

through
V2GFrZ;
Aj(gh) =) 2L (18.10)
;. T A,

It has been shown [90,91] that in a two doublet model, there is a unitarity bound,

3 2\ 1/2
Vu Vu V2 v Vy
“ImZ, | =_2|Zg1,-gz,-| < | <1+ Yu ) :{ lva| = |val,

i=1 vd lvu/val®  |va] < |val,

v v V2 va| = |vul,
|Tm Z, | =2|ngi94i| <=2 (1+ e ) :{ lva| = |vu|
=1 Vu lva/vel  |vd] <€ |val.

(18.11)

It was further shown that a plausible value of the couplings is close to this uni-

tarity bound [90, 92].

18.2. CP VIOLATION IN NEUTRAL MESON DECAYS

With NFC, neutral Higgs exchange cannot mediate flavor changing processes.
Thus it cannot contribute to € at O(G%) and to € /e at O(GF). Similarly, it
cannot contribute significantly to either B~ B mixing or B decays. Neutral Higgs
exchange in models that incorporate NFC is then irrelevant for CP violation in

neutral meson systems.
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18.3. Dy

7204A10 g

Figure 8. A contribution to the three gluon operator in a two scalar doublet model.

- A-two loop diagram involving a top quark and neutral Higgs (see Fig. 8)

would contribute to Dy ﬁhrough the three gluon operator [45, 93],

2v2Grg?
C = ——W—ImZQh(mt,mH),

* so that
Dy ~ 4 x 10'216CImZ2h(mt,mH) cm.

¢ is a QCD correction factor [94],

The function h(m¢, mpy) is a result of the two loop integration [93],

1 1

4 3p3(1 —
o h(my,my) = %/dm/du uiz’( z)
S o ) J
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mie(l — uz) - my(l —w)(1 - 2)F

(18.12)

(18.13)

(18.14)

(18.15)



For my not much larger than mq, h(m,,my) = O(0.1). If, furthermore, ImZ, is
indeed close to the unitarity bound (18.11), then

Dn ~ 4 x 1072%|vg/v,] e cm, (18.16)

for |va] < |vu], and even larger (~ 6 x 10~26 e cm) for |vg| = |vy|. Other
operators induced by neutral Higgs exchange give contributions comparable to

(18.16) [95,42].

> e

Neutral .Higgs exchange could also contribute to D, the EDM of the electron.

Two loop diagrams may induce values close to the experimental bound [96 — 99].
18.4. SUMMARY

- CP violation from neutral Higgs exchange in models with NFC is negligible
~for the neutral kaon system. It could however give Dy (and D) close to the

experimental upper bound.

It was recently realized that, due to the large Yukawa coupling of the top
quark, neutral Higgs exchange could induce interesting CP violating phenomena

in top physics [100].

Charged Scalar Exchange

18.5. INTRODUCTION

CP \}iolation could arise in charged scalar exchange if there are at least three
Higgs doublets [83]. This is also the minimal number of doublets required when
CP breaking is spontaﬁeous only and NFC is maintained [84]. In this case,
Skm = 0 and all CP violation comes from the mixing of scalar fields. It is, of
- course, possible that CP is explicitly broken, in which case both quark and Higgs

mixings provide CP violation.
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The charged Higgs interaction with quark mass eigenstates is

—LS = _?LU VMd‘aSD + ¢2 2 UpM328YV Dy + hec.. (18.17)

We now rotate to the scalar mass eigenbasis,

e (HEY (9
f o ¢F

HY
=v| - |, (18.18)

o) )

. where GV is the would-be Goldstone boson eaten by the W+. The Lagrangian

for. charged Higgs mass eigenstates coupling to quark mass eigenstates is

: k—1
1 - . —
£y == > (a;ULVM{* Dg + B;UrM{*8V D1 )H}f +h.c., (18.19)
=1
where
v v Y
L VF* — - __Y* = ) 18.
Ot] 1 j1 = Yk*l’ IBJ 'U2Y;2 Yk*z ( 820)

CP violation in the charged Higgs sector comes from phases in the mixing matrix
for charged scalars (and requires, therefore, at least three doublets). The quantity

that appears in CP violating observables is

2

Im A(q) = 2v2 GFZ zlmo"ﬂz . (18.21)
"

1]

With only two physical charged scalars, there is only one CP violating parameter

75



in the charged Higgs sector,

ImZ = 2Im(a;1 7) = —2Im(a285), (18.22)

Where; again, a dimensionless quantity Z was defined through

AP =) ﬁﬁf“—f— (18.23)

i ¢ - mH;"

There is an interesting question of whether charged Higgs exchange could

~ be the only source of CP violation. In other words, we would like to know
whether a model of extended Higgs sector with spontaneous CP violation and
natural flavor conservation is viable. The answer has been subject to controversy

" [t101 — 104]. In recent years, there have been two attempts [105,106] to show
that this possibilify is not yet ruled out. We repeat the analysis (incorporating
new data) and find that CP violation cannot result from charged Higgs exchange

only; thus confirming the conclusion of ref. [107].

18.6. THE € PARAMETER

In this framework, neither short distance contributions nor long distance
contribution from an intermediate 27-state can produce large enough €. Thus, to
account for €, one needs to assume that the dominant contribution comes from

an intermediate 79 (the SU(3)-singlet component of the pseudoscalar nonet):

IOk 1m<K°| Has=1|no) (0| Has=1|K")
: V2AMg T Mo |

(18.24)

We followed the analyses of refs. [105,106]).° We find that, to account for the

* We were unable to reproduce the result of eq. (16) of ref. [106]. It seems to us that

) ‘they may have used a numerically wrong value for <K°l H |7r°>. In ref. [105], in their

3 definition of G(z), there is an overall factor of 1/(1 — ) missing. This may have enhanced
the top contribution in their calculation.
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experimental value of €, the Higgs parameters should fulfill

ImZ [I m% 3
2

ST, n g - —] =0.11 GeV ™2 (18.25)

c

With mpy+ > 42 GeV, this gives

ImZ 2 80. (18.26)

18.7. Dn

A large contribution to Dy comes from the electric dipole moment of the

down quark:

2g9ce N _ [ m? _ _ [ m?
Dy =5 mglm(ap*) [UcchdPg (-HE—) + e Vea|*§ (m—%{ ,  (18.27)
with
z 52 1-—3z/2 3
9(z) = (1—z)? ['[[ I Inz — Z] . (18.28)

We neglect the contribution of the top quark (it adds to the charm contribution)
and we take the current mass at 1 GeV for mg (mg = 9 MeV). It is more
plausible that we should actually use the constituent mq ~ 330 M ev! Thus, we

may be underestimating Dy by as much as a factor ~ 40. The result is
Dy ~2.5x 1072° ¢ cm. (18.29)

We conclude that in a model where € arises from charged Higgs exchange, Dy is
at least two times larger and more probably two orders of magnitude larger than
“the experimental upper bound.

c -

t See a discussion of this point in ref. [108].
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Figure 9. CP violating contributions from charged scalar exchange: (a) A contribution
to AS =1 processes. It affects both ¢ and ¢’. (b) A contribution to the three gluon operator.
(c) A contribution to B — B mixing.

.._CP violation in the charged Higgs sector would also contribute to the three

gﬁ{lon operator with [93]

78



C = 4vV2(Grgi(4r) *Im(af*)h' (my, m¢, mp), (18.30)

where h' is a function of my, m#and my which, for m; > my is given by

’ 2,4 2 2 2
T _ mimy my 3 my; 1myg
R'(my > my) = T e m——_ [ln m T3 + 2;@1— — 5-@] . (18.31)

For m%, « m?, b’ =~ h/2, while for m¥% > m?, ' & h. The QCD correction

““factor ( is given by [109,110]

e e R o

where v, = —18, v, = ~14/4 and B, = (33 — 2n)/6. It follows then from (18.25)

- that, if charged Higgs exchange accounts for e,

Dy ~ 1072 ¢ cm, (18.33)

two orders of magnitude above the experimental upper bound.

18.8. /e

Early calculations of € /¢, using PCAC relations for the physical Ky — 27
amplitude, found €' /e = —1/22 [101, 102]. It was later realized [103] that actually

the contribution to ImA(K° — =r) is chirally suppressed,
(ntr~| Lo |K°) = —212/-?-2 (r°| L |K°). (18.34)

The suppression factor D is expected to be of O(m?%,/4w2f2), and leads to €'/e
of O(107%). Note that in this framework the value of €'/¢ is independent of

(x| £L_ |K) and consequently of the CP violating parameters of the Higgs sector.
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18.9. CP ASYMMETRIES IN B DECAYS

The Y-matrix introduces new phases into the charged scalar couplings to
quarks. However, the leading contribution from qﬁ;"-exchange diagrams to B — B
mixing comes from the term proportional to m;. This gives (Y}’éth)(Yj’;th)*,
and has exactly the same phase as the Standard Model W-exchange box dia-
gram. Consequently, (¢/p)p = (Mfy/Mi2) remains unchanged, and there is no
_ﬂﬂmodiﬁcation to the Standard Model predictions for CP asymmetries in B de-

cays [111]. Note that this conclusion is independent of whether charged scalar

exchange contributes significantly to B — B mixing or not.

18.10. SUMMARY

A relative phase befween VEVs in a multi-Higgs model with NFC cannot be
the only source of CP violation. Of course, in a model with explicit CP violation,
such that 6 kM # 0, a relative phase between VEVs could be an additional source
of CP violation. It would not affect € significantly, but it may saturate the upper
bound on Dy. An order of magnitude estimate suggests that if the contribution
to € is small, so is the contribution to €' /e independently of the Higgs parameters.

There is no effect on CP asymmetries in B decays.

19. Extending the Gauge Sector

Left-Right Symmetry (LRS)

19.1. INTRODUCTION

We study a specific version of LRS models, where P, C and CP are sym-
metries of the Lagrangién that are spontaneously broken [112 — 117]. The elec-
troweak gauge group is SU(2)r x SU(2)r x U(1)p—r. Left-handed quarks reside

) 1n 2, 1)1 /3 representations and right- handed ones in (1,2);/3. The scalar con-
ﬁent [118] of the minimal LRS model is ®(2,2)o, AL(3,1)2 and Ag(1,3)2.
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model with only minimal scalar content and spontaneous CP violation predicts
unacceptably large FCNC [119]. To avoid this, one has to add scalar singlets or
triplets but these do not affect our analysis. The only specific assumption about
the scalar sector that we make is the existence of a single ®-field. (At least one

such field is necessary to induce fermion masses.) The VEV of @ is

| | a=(" ° 19.1
e ) <>— 0 ke ) ( )

The relative phase n between k and k' spontaneously breaks CP : in principle,
it is the only source of CP violation in this model. Eventually there are seven
CP violating phases in the mass eigenbasis. They all vanish when n = 0 but they

are independent parameters.

~ The phase n appears explicitly in the mixing of the charged gauge bosons:

Wy =cosé Wi + e siné Wk,

: (19.2)
Wy =—e'"sinf Wi + cosé Wg,
where
kk'
(= —. (19.3)
YR
The Yukawa couplings are given by
Lyukawa = _i(A@ + BT2¢*7'2)Q{{ + h.c., (19.4)

where Qi(R) are quark doublets of SU(2)r(gr), T2 is the Pauli matrix acting in

the SU(2)L or SU(2)r space, A and B are matrices in generation space.

P symmetry requires that A and B are hermitian; C symmetry requires that

A and B are symmetric; and C P invariance implies that A and B are real. The
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mass matrices,

M, =kA+k'e”""B,

‘ (19.5)
My =k'e’"A + kB,
are symmetric. The symmetry of the mass matrices implies
Vg = F,V;F], (19.6)

> e

where Vi and Vg are the mixing matrices for left-handed and right-handed

quarks, respectively, and F, and Fy are diagonal unitary matrices:
F, = diag(e™®, €%, e'?);  Fy = diag(e'®, e, ei?). (19.7)
. On top of the single CP viblating phase of Vi there are 5 CP violating phase

differences in F,, and Fy.

For the purpose of studying new contributions to €, Dy and €' /¢, it is simpler
to work in a two generation framework. In this case V is real and there are three

phases in F, and Fy. We define:

7=(¢c+¢u - ¢s "‘¢d)/2+7],
61 =(¢c - ¢u + ¢a - ¢d)/2a (198)
62 =(¢c - ¢u - ¢s + ¢d)/2

Choosing a basis where V, is real and the mixing of W — Wpg is real, these

phases appear in Vg only:

/ —ib3 —i6,
ce 8¢ co S ) e %2¢cy € 39
Vw = ;- VL= ; VeR=e" 5 i5 .
—Sg C¢ —Sg Co —e'lsy e“2¢cy

(19.9)
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" Figure 10. CP violating diagrams in a LRS framework. (a) Contributions to ¢ from a
box diagram with Wx and from a tree diagram with neutral scalar. (b) A contribution to the
EDM of the down quark. (c) A contribution to €.

19.2. THE € PARAMETER

For ¢, the dominant contributions come from the diagrams of Fig. 10(a).

W1 — Wg mixing can be safely neglected. The value of M;2(K) in this model is
[114,117]

12 _ — 1 ¢i%2=5) [4308 — 1581n B + Q% (116008y — 158y In Bx)] , (19.10)

where
2 2 2 12
= I ! Rk 19.11
B m%vz, Bu m%{O, Qu = L2 _ 2’ ( . )

_-and we assumed mpyo ~ mgo ~ mpy+. The factor of 430 was first calculated in ref.

ﬁQO and is the product of three factors of O(1): a factor of 2 since two diagrams
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contribute, a factor of 4[In(m}y, /m2)—1] ~ 28 from loop integration and a factor
of 7.6 due to the Lorentz structure of the relevant matrix element. The factor of
11600 arises because H® contributes at tree level. Requiring 2ReMR° < AM

gives

mw, > 1.7 TeV, mpy > 8.8 TeV. (19.12)

Note that the bound 8 < 1/430 implies

£<2.2x1073, (19.13)

- Eq. (19.10) leads to

sin(52 — 51 )

275 [4308 — 1581n 8 + Q% (116008y — 158y InBx)] . (19.14)

e =

To derive an upper bound on sin(é; — 6;), we take m%{/m%vg < 47’/912? ~ 30.

Then

2v/2|e|
820

2
~ 1075 = sin(6; — 6;) < (—M) . (19.15)

Bsin(és —61) S 30 TV

Conversely, for € to be dominated by the LRS contribution, we need (assuming

mH 2 Mw,)

Bsin(62—61) R 21‘2/3(!3 ~5x1077 => mw, < 120 TeV [sin(82 —6:1)]*/2. (19.16)
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19.3. Dn

The most important LRS contributions to D, arise from quark EDMs (see
Fig. 10(b)). All phases in Vg contribute to Dy [121], but (v + ;) which con-
tributes to Dy proportionally to m, is the most important one. A recent calcu-

lation [122] gives

__Dn=2x 107 23¢[4.5 sin(y—82)+ T4 sin(y+61)— 1.1 sin(y—61)+ 16 sin(y+82)]e cm.

(19.17)
The upper bound (19.13) implies Dy < 4 x 1072* ¢ cm. Assuming no strong

_ cancellations among the various terms in (19.17), we get

Esin(y 4 6;) S 1074, (19.18)

There are also LRS contributions to D, through the three gluon operator. These
qontributioné are estimated to be an order of magnitude smaller than those from

the quark EDMs [123].

19.4. €'/e

The contribution to €' /e (Fig. 10(c)) comes from all phases in Vg but the
phases in the first row, (y—6;) and (y—62), contribute at tree level with Wi, —Wg
mixing [112,113]. A recent calculation [122] gives

' /€| = 276¢| sin(y — 82) + sin(y — 81) — 0.1sin(y + 8;) — 0.1 sin(y + 62)|. (19.19)

The bound (19.13) implies |¢'/¢| < 1.3. Assuming no strong cancellations among

the various terms in (19.19), we get

E[sin(y — 6;) + sin(y — &2)] S 107°. (19.20)
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19.5. CP ASYMMETRIES IN B DECAYS

The effect of LRS on CP asymmetries in B decays is very small because LRS
contributions to B — B mixing are small in magnitude. The reason for that is as
follows. One of the enhancement factors for LRS contribution to K — K mixing

is the hadronic matrix element,

+_

<K0|JLSRJRSL |I§’°) _3 [( me )2 ~ 7.6 (19.21)

(KO (dpyrsp)? |KO) 4 [\ m,+my

However, as mp = my, there is no similar enhancement in the B system. (The
corresponding factor in B is very close to 1.) This implies that if LRS con-

tributions to I — K mixing are as large as the Standard Model contribution,

. then the LRS contributions to B — B mixing are 0(0.1) of the Standard Model

;:ontribution.
19:6. SUMMARY

Even though all the phases in the LRS model with spontaneously broken
CP arise from the single phase 1 in the VEV (@), it is difficult to relate their
values unless one makes additional assumptions. Thus, the three bounds that we

found could all be saturated simultaneously [124]:

|Bsin(8; — 61)] < 107°,
|€ sin(y + 61)] <1074, (19.22)
|E[sin(y — 61) + sin(y — 62)]] < 1075,

However, without (at least mild) fine-tuning, saturation of the €' /e bound would

imply that the contribution to Dy is one to two orders of magnitude below the

3 ~ .-_present experimental limit. If £'/k < 0.1 and all phases are of the same order of

magnitude, then the e-bound is the strongest.
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For k'/k < 1, one can find rélations among the various phases:

1k me .
by = —5?;1—5 sinn, 6 = —362, v =1n—6. (1923)

If, fufthermore, k'[k < mg/m., then (19.22) gives

|€(mc/m,)sing| < 107°%, |€sinn| < 1074, |€sinn| <5 x 1078, (19.24)

e

namely, the e-bound is the strongest. Furthermore, ¢/ /e and Dy are related in

this case [113,122]

|Dn| = 3.6 x 1072*|¢'/¢| € cm. (19.25)

20. SUSY
.20.1. SOURCES OF CP VIOLATION IN MINIMAL SUSY

CP violation in SUSY theories has been the subject of intensive theoretical
study [125 — 133]. Our discussion here follows for the most part the very clear

discussion in ref. [126].

The simplest and most predictive among SUSY models is the low energy
effective theory of the minimal N = 1 supergravity. The low energy gauge
group is SU(3) x SU(2) x U(1). There are three generations of left chiral matter
fields, Q(3,2)1/6, U(3,1)-2/3, D(3,1)1/3, L(1,2)_1/2, E(1,1);, and a pair of
Higgs supermultiplets, Hy(1,2)/2 and H4(1,2)_1/,. The Yukawa couplings and

scalar potential in the supersymmetric limit are derived from the superpotential,

W = ﬁAuQHu + D)\DQHD + EAgLHp + pH, Hy. (20.1)

T .. The ); are general 3 x 3 matrices. The SUSY breaking is due to the hidden sector

X S .
and gives rise to three types of soft SUSY breaking operators:
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(¢) Trilinear scalar self couplings (£; are general 3 x 3 matrices):

[U¢vQHy + DEPQHy + E¢gLH, + uBH, Hy) + h.c.. (20.2)

(i¢) Gaugino Majorana masses:

%Ml)‘l)\l + %Mg)\g)\g + %M3)\3)\3 + h.c. (203)

- e

(717) Masses for the scalar fields z, of the chiral superfields

M2,z 2z, + hee. (20.4)

It became a common practice to restrict

at the renormalization point of the Planck scale. This is essentially a phe-
nomenological requirement: in order that the contribution from box diagrams

with squarks and winos does not exceed the measured value of AMg, one needs

M2
(v* V) <~ 82 (20.6)
12

(M3 is the mass matrix (20.5) for the scalar partners of left-handed quarks; V
is the CKM matrix.) One could also implement (20.5) as a requirement on the
properties of the Kahler potential. A second phenomenological constraints is

that, if we write

£i = mgp AN + &, (20.7)

then .f, are small. Otherwise, large contributions to AMk from strong superbox

dlagrams with LR current structure arise. If the superpotential is separable into
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a hidden sector piece (which breaks SUSY) and observable sector piece, then
E = (0. We put

e
il
L

(20.8)
and. assume grand unification,
M, = M, = M;. (20.9)

Then the theory at the Planck scale can be written as

[ﬁAuQHu + D)\DQHD + E'AELHD + ,LtHqu]F + h.c.
v +m3/2[A[7AuQHu +lAD)\DQHD + AEMAgLHp + uBH, Hila + h.c. (20.10)

- +%T7l()\1)\1 + A2 Ao + /\3/\3) + h.c. + mg/zz;za.

Note that even with the constraints (20.5), (20.8) and (20.9) imposed at the
Planck scale, they do not hold at low energy. The RGEs generate flavor changing
and CP violating contributions to the squark mass matrices and to the trilinear
scalar self couplings. The crucial point in analyses of FCNC and CP violation in
minimal SUSY is that the deviation of the mass matrices for down squarks from

a unit matrix is almost negligible for Dy while it is o« MM, for Dy:

ma/z In(M3 /miy)
]2

AM} ~ (3 + AP Av. (20.11)

This relates FCNC and CP violation in the K° and B° systems to the CKM

parameters. Let us count the number of CP violating phases in (20.10).

e While Ag can be made real and diagonal, there is one unremovable phase

in Ay and Ap which we call ép. This is the usual KM phase, with a subscript P

ﬁo denote the renormalization point of the Planck scale.
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e The strong CP parameter how gets contributions from gaugino masses:

0 = 8 — argdet A\yAp — 3argm. (20.12)

e There are four more complex parameters: A, B, y and /. But two of these
phases are removable. Thus, in the low energy supersymmetric model described

by (20.10), there are two new phases beyond the Standard Model:
e : $a = arg(Am*), ¢p = arg(Bm*), (20.13)
(where we fixed the phase of u to give arg(uB)=0). The simplest hidden sector
_ yields ¢4 = ¢p = 0.
To summarize, SUSY effects on CP violation are of three types:

a. The values of CKM parameters deduced from experiments may change,
because there are additional contributions to the relevant (CP violating as well

as CP conserving) processes.

b. The two Standard Model sources, § and 6 may contribute in new ways,
either because they appéar in interactions of SUSY particles, or because of their

effects through radiative corrections.

¢. There may be two new sources of CP violation, ¢4 and ¢p.

20.2. Dy FROM ¢4 AND ¢p

The most stringent bound on the phases ¢4 and ¢p comes from their con-
tribution to the finite renormalization of § (through their contribution to quark
mass matrices) [126]:

6&3

60 ~ Z?(¢A + ¢B). ) (20.14)
This leads to
|¢a+ ¢B| S 1077, (20.15)

ﬁbhis s';iggests that, if ¢4 and ¢p are different from zero, the theory should
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have an axion. In such a case, the most stringent bound comes from the direct

contribution of ¢4 and ¢p to quark EDMs (Fig. 11(a)) [126]:

L Eas | Mamyp (Ha) / (Hu) |
dr mg/z max(m§/2, |M;3]2)

as  |Mzéui /vl
4mm3 max(m3 ,, |M;s|?)

Dn

arg(M3 B)
(20.16)

arg(MQ‘{Un )

Taking all supersymmetric parameters to equal mg/,, this gives

- o

0-%% ¢ cm. (20.17)

100 Gev]2 [arg(M;B) + arg(M3¢y) 1

Dn ~
N ,: mg/2 10-3

For m3/y ~ 100 GeV this gives a bound of O(1073) on ¢4 and ¢p. For a higher
SUSY breaking scale, m3;; ~ 1 TeV, the bound is milder, 0(0.1). The SUSY
* contributions to the three gluon operator give similar bounds [131]. In any case,
(20.17) implies that ¢ 4 and ¢ p have no interesting role in CP violation in neutral

meson systems.
20.3. THE NEUTRAL K SYSTEM

There are several supersymmetric contributions to Mj5(K) (Fig. 11(b)):

1. The supersymmetric partners of the Standard Model box diagrams: For
this not to exceed the experimental value of AMg, near degeneracy among

squarks is required (see (20.6)) and £ is required to be small.

2. The strong superbox diagrams with LR current structure: The experi-

mental values of AMy and e require [126]

M2 M*2 m2
Re (——'LSI—S-Q> $2 x 1075 =2

M3 /9 myy

e A -y (20.18)
Im | —2S-5D | <6 x 1078 —4L2.
M3 /2 myy

ﬁ‘br £ = 0 so that A¢p arises from RG scaling only, the contribution is negligible
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Figure 11. CP violating diagrams in the minimal SUSY framework. (a) A contribution
to the EDM of the down quark. (b) Contributions to ¢ from box diagrams with (1) winos and

squarks, (2) gluinos and squark doublets and singlets, and (3) gluinos and squark doublets. (c)
R A contribution to €.
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because there is an extra power of small of quark mass,

Aép = (~m—DV’f my V) (20.19)

Actually, the phase ¢4 discussed in the previous section contributes through a

similar diagram, and it is this extra suppression which renders its effect negligible.

3. The strong superbox diagrams with LL current structure: The contribu-

“tion to AM i is small. The contribution to € is estimated to be

mi  Tm{(ViVin)?)

l€lsusy = 300m§/2m%v ARE (20.20)
This leads roughly to -
FES —m——3£4 x 1074, (20.21)

t

whlch is weaker than direct bound on |J|. Conversely, the strong superbox dia-
gram does not dominate over the Standard Model contribution to €, but may be

comparable for large m;,.

Supersymmetric penguin diagrams (Fig. 11(c)) give additional contributions
to €' /e. While the GIM mechanism gives a logarithmic dependence on m, for the
Standard Model penguin, it gives a quadratic dependence on m; for the SUSY
penguin:

' 2 2
(€/€)spen 1 (23> ——(mt/m?’/z)z. (20.22)
(€/€)peng 5\ g In(m¢/me)
Again, for large m; the SUSY contribution to €' /e may be large but will not

change the order of magnitude estimate from the Standard Model.
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20.4. CP ASYMMETRIES IN B DECAYS

The strong superbox diagrams contribute to B — B mixing. However, in the
minimal SUSY models as defined above, the weak phases are exactly the CKM
phases of the Standard Model. Consequently, (¢/p)s = (M},/Mi3)'/? remains
unchanged and the Standard Model predictions are not modified. This conclusion

is independent of whether the SUSY contributions to M;3(B) are large or not.
20.5. SUMMARY

The two new sources of CP violation that appear in minimal SUSY models,
¢4 and ¢p, may saturate the upper bound on the EDM of the neutron even
if the SUSY breaking scale is a few TeV. However, they have no impact on

- CP violation in neutral meson systems.

-‘There are additional contributions to CP violation in the neutral K system
which arise from § K M due to the existence of supersymmetric box diagrams that
contribute to € and supersymmetric penguin diagrams that contribute to €'/e.
However, these contributions are at most comparable to the Standard Model con-
tributions, and thus no significant constraints on the relevant parameters arise.
If the SUSY breaking scale is above the electroweak breaking scale, then SUSY
contributions to FCNC processes and, in particular, to CP violating processes are
too small to have observable effects. The same seems to hold for models where
electroweak breaking is induced radiatively, even if the SUSY breaking scale is

not particularly large.

In the minimal SUSY model, the Standard Model predictions for CP asym-

metries in B decays remain unchanged.

In extensions of the minimal SUSY models, such that é # 0, or where
Mgb /o< 845, most of the above considerations do not hold and many different

supersymmetmc effects on CP violating observables may occur (see e.g. refs.

7132 133 ). In ref. [130] it was shown that in non-minimal SUSY models there
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could be significant modifications of CP asymmetries in B decays. All asymme-

tries may have any value in the full range [—1,1].

21. Reducing the Number of Parameters

Schemes for Quark Mass Matrices

Various schemes for mass matrices predict relations among parameters of the
»=~quark sector. The hope is that, if these relations are experimentally verified, it
will lead us to find symmetries that operate differently on different generations

“horizontal symmetries”).
y

Some of these schemes are very powerful in their predictions for CP asymme-

tries in B decays. Instead of the Standard Model allowed range for the asymme-

- tries depicted in Fig. 6, a much smaller range is allowed when the various mass
and mixing paraméters are related. Thus, the measurement of ayx,; and ap, will
ﬁrovide a stringent test for these schemes. In Fig. 12 we present the predictions

of five schemes of quark parameters [71].

The Fritzsch scheme [134] assumes that the quark mass matrices have the

following form:

0 agettt 0 0O a O
My = ade"i‘f’l 0 bdeiqs’ , My=1]la, 0 b,1]. (21.1)
0 bge 192 Cd 0 b, cu

The scheme by Giudice [135] assumes that, at the GUT scale, the fermion mass

matrices have the following form:

0 fei* 0 0 0 b 0 f O
Mg=|fe** d 2d|, My=|0 b 0], M¢=]|f —-3d 2d
0 2d c b 0 a 0 2d c

(21.2)

*The scheme by Dimopoulos, Hall and Raby [136] assumes that, at the GUT scale,
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Figure 12. The predicted range for CP asymmetries in B — ¢ K5 and B — wt 7~ in the
-Standard Model (dashed curves) and in various schemes for quark mass matrices. (a) m: =90
1A The black area gives the Fritzsch scheme prediction. (b) m: = 130 GeV. The solid curve
gives the Giudice scheme prediction. (c) m: = 160 GeV. The solid curve gives the symmetric
CKM prediction, while the dot is the prediction of Kielanowski’s scheme. (d) m; = 185 GeV.
"The solid curve gives thie symmetric CKM prediction, the dot is the prediction of Kielanowski’s
scheme and the black area corresponds to the DHR scheme.
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the fermion mass matrices have the following form:

0 fe* 0 0 ¢ 0 0 f 0
My=|fe* e 0], My=|c 0 b, M¢=|fFf -3¢ 0
0 0 d 0 b a 0 0 d

' (21.3)

The “symmetric CKM” ansatz [137] assumes for the elements of the CKM matrix

Vis| = Vil (21.4)

The ansatz by Kielanowski [138] assumes, in addition to (21.4),

|Vi2Vis|
|Vi2|? + [Vas|?

|Vas| = (3 — [Vaz|? — |Vaa[H)'/2. (21.5)

Taking into account the expected experimental accuracy in a B factory (O(0.05)
in ayks and O(0.10) in arr), we conclude that each of these schemes may be

clearly excluded when the asymmetries are measured.

22. Conclusions

Most extensions of the Standard Model suggest that there are many new
sources of CP violation, beyond the single phase of the CKM matrix. Such

additional phases have two typical consequences:

(2) If the phases occur in flavor changing couplins to quarks, the very strong
Standard Model relation between CP violation in the K system and in the B
system is lost. Instead of the narrow range allowed by the Standard Model for
CcP asynimetriés in neutral B decays, the whole possible range may be allowed

in such extensions.

(i7) If the phases occur in flavor-diagonal couplings, the value of the electric

dipole moment of the neutron is orders of magnitudes above its Standard Model

- - value. In many models the experimental bound on Dj, is almost saturated. Sim-

:flarly, the value of D, may be very close to the experimental bound.
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The conclusion is that constructing a B factory to measure the CP asymme-
tries in neutral B decays, and the experimental efforts to improve the sensitivity
to the EDMs of the neutron and the electron may be well rewarded: it is not

unlikely that new physics will be discovered in these experiments.
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