A CP Violation Primer

This chapter is a primer on the subject@? violation. Itis intended as an introductory background
for physicists joining the B experiment. Much of the emphasis is on the physics relevant to
that experiment. However other related topics are briefly reviewed and summarized.

The subject ofC’P symmetry and its violation is often referred to as one of the least understood
in particle physics. Perhaps a better statement would be to say that it is experimentally one of the
least constrained.’P symmetry violation is an expected consequence of the Standard Model with
three quark generations, but is one of the least well-tested parts of that model. The only part of
CP violation that currently is considered puzzling by theorists is the lackrobiolation in strong
interactions. That subject is outside the realm of this document andbef &periments. The'P
violation that shows up in a small fraction of weak decays is accommodated simply in the three-
generation Standard Model Lagrangian. All it requires is @ifais not imposed as a symmetry.

However, while it is known that'’P violation occurs, because it has been observéd decays [1],

it is not yet known whether the pattern ©F violation predicted by the minimal Standard Model

is the one found in nature. Thi€-decay observations, together with other measurements, place
constraints on the parameters of the Standard Model mixing matrix (the CKM matrix [2, 3]) but
do not yet provide any test. A multitude 6fP-violating effects are expected B decays, some

of which are very cleanly predicted by the Standard Model. If enough independent observations
of CP violation in B decays can be made then it will be possible to test the Standard Model
predictions forCP violation. Either the relationships between various measurements will be
consistent with the Standard Model predictions and fully determine the CKM parameters or there
will be no single choice of CKM parameters that is consistent with all measurements.

This latter case, of course, would be much more interesting. It would indicate that there is a
contribution of physics beyond the Standard Model. There may be enough information in the
pattern of the inconsistencies to learn something about the nature of the new physics contributions.
Thus the aim of the game is to measure enough quantities to impose redundant constraints on
Standard Model parameters, including particularly the convention-independent combinations of
CP-violating phases of CKM matrix elements.

One may well ask, after the many successes of the Standard Model, why one would expect
violations to show up in such a low-energy regime. The best answer is simply that it has not
yet been tested. Theorists will give a variety of further reasons. Many extensions of the Standard
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Model have additional sources 6%-violating effects, or effects which change the relationship of
the measurable quantities to the-violating parameters of the Standard Model.

In addition there is one great puzzle in cosmology that relatesRoviolation, and that is the
disappearance of antimatter from the Universe [4]. In grand unified theories, or even in the
Standard Model at sufficiently high temperatures, there are baryon number-violating processes.
If such processes are active then thermal equilibrium produces equal populations of particles and
antiparticles. Thus in modern theories of cosmology the net baryon number of the universe is zero
in the early high-temperature epochs. Today it is clearly not zero, at least in our local region.
A full discussion of the cosmological arguments is not possible here. It suffices to remark that
there is large class of theories in which the baryon number asymmetry is generated at the weak-
phase transition [5]. Such theories, however, must inctuBlesiolation from sources beyond the
minimal Standard Model. Calculations made in that model show that it does not generate a large
enough matter-antimatter imbalance to produce the baryon number to entropy ratio observed in
the universe today. This is a hint th@P violation from beyond Standard Model sources is worth
looking for. It is by no means a rigorous argument. There are theories in which baryon number is
generated at a much higher temperature and then protected from thermalization to Beto by
(baryon number minus lepton number) symmetry. Such theories do not in general require any new
low-energyCP-violation mechanism. Neither do they forbid it.

More generally, since there P violation in part of the theory, any extension of the Standard
Model cannot be required to li&” symmetric. Any additional fields in the theory bring possible
additionalCP-violating couplings. Even assumptions such as soft or spontarigdsymmetry
breaking leave a wide range of possibilities. Further experimental constraints, from experiments
such as the3 factory, are needed.

Section 1.1 begins by discussing the W@k violation appears in a field theory Lagrangian [6].
Sections 1.2—1.6, follow the discussion in f7Bection 1.2 turns to the quantum mechanics and

time dependence of neutral meson systems, and Section 1.3 gives a model-independent treatment
of the possible types of P violation. Following that, Section 1.4 presents the Standard Model
version ofCP violation, and Section 1.5 gives the predictions and relationships for various decays
that arise from that theory. Finally, in Section 1.6, the situationfedecays is reviewed.

1.1 CP Violation in Field Theories

1.1.1 Field Transformations

This section provides a basic introduction to the field theory basiSfosymmetry breaking.
The fundamental point is th&P symmetry is broken in any theory that has complex coupling

1For a recent, excellent, and very detailed review see [8].
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constants in the Lagrangian which cannot be removed by any choice of phase redefinition of the
fields in the theory.

Three discrete operations are potential symmetries of a field theory Lagrangian [6]: Two of them,
parity andtime reversahre spacetime symmetries and constitute part of the P&gcatp. Parity,
denoted byP, sendqt, x) — (¢, <x), reversing the handedness of space. Time reversal, denoted
by T, sendqt,x) — (<, x), interchanging the forward and backward light-cones. A third (non-
spacetime) discrete operationdsarge conjugationdenoted byC'. This operation interchanges
particles and antiparticles. The combinat@R replaces a particle by its antiparticle and reverses
momentum and helicity. The combinati@®PT is an exact symmetry in any local Lagrangian field
theory.

What is the status of these symmetry operations in the real world? From experiment, it is observed
that electromagnetic and strong interactions are symmetric with respBctt@nd7’. The weak
interactions violate” and P separately, but preserv&” and7" to a good approximation. Only
certain rare processes, all involving neutkaimesons, have been observed to exflbitviolation.

All observations to date are consistent with ex@&T symmetry. (Gravitation couples to the
energy-momentum tensor and is tiisP, and7 invariant. This is supported by the universality

of the gravitational coupling for different types of matter, with different baryon number to mass
ratios.)

To understand whether a given theory can accommod&teviolation, one needs to know the
transformation properties of the fields under the various discrete symmetries. In particular for a
Dirac spinor:

Pip(t,x)P = y°(t, €x), (1.1)
Ty (t,x)T = <"y’ (&L, x), (1.2)
C(t,x)C = <i(P(t, x)7y"7*)". (1.3)

The Lagrangian, being a Lorentz scalar, can only depend on terms bilinear in fermion fields (and
not on single fermion fields). The transformation properties of various fermion bilinears diftder

are summarized in the table below. Here the shortliasid” = 1 for 4 = 0 and(<1)* = <1 for
p=1,2,3 (namely,(<1)*a* = a,) is used.

term iy W Yy b it
CP«transformed term  §,0;  ih;7%0; (S (1) 15y,

Similarly, theCP transformation properties of scaldf ), pseudoscalar{) and vector boson{’)
fields, and also of the derivative operator are given by

(1.4)

term H A Wtk oy
(1.5)
CP<transformed term H <A &(&)FWTE (<1)k0,
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Taking into account the Lorentz invariance and hermiticity of the Lagrangian, the ali@ve
transformation rules imply that each of the combinations of fields and derivatives that appear in
the Lagrangian transforms und@pP to its hermitian conjugate. However, there are coefficients in
front of these expressions which represent either coupling constants or particle masses and which
do not transform undet'’P. If any of these quantities are complex, then the coefficients in front

of CP-related terms are complex conjugates of each other. In such a(¢ass,not necessarily

a good symmetry of the Lagrangian. When the rates of physical processes that depend on these
Lagrangian parameters are calculated, there carifbeiolating effects, namely rate differences
between pairs of P conjugate processes. Examples are given below.

Note, however, that not all Lagrangian phases are physically meaningful quantities. Consider
the Lagrangian that contains the most general set of complex coupling constants consistent with
all other symmetries in the theory. That is to s@§ symmetry is not imposed, and hence any
coupling is allowed to be complex (unless the Hermitian structure of the Lagrangian automatically
requires it to be real). Now any complex field in the Lagrangian can be redefined by an arbitrary
phase rotation; such rotations will not change the physics, but will change the phases of some set
of terms in the Lagrangian. Consider for example a typical Yukawa-type term,

yi; H;1; + hermitian conjugate. (1.6)

The phase of;; can be changed by redefining the phase of any one of the threeHiglds «; that

enter this term. In general such redefinitions will also change the phase of any other terms in the
Lagrangian that involve these same fields, unless the complex conjugate field appears with the same
power in the same term. Some set of couplings can be made real by making such field redefinitions.
However if any non-zero phases for couplings remain after all possible field redefinitions have
been used to eliminate as many of them as possible, then théi® 1golation. It is a matter

of simple counting for any Lagrangian to see whether this occurs. If all phases can be removed
in this way then that theory is automatically’-conserving. In such a theory it is impossible

to introduce anyCP violations without adding fields or removing symmetries so that additional
couplings appear. (This is the case for the Standard Model with only two generations and a single
Higgs multiplet.)

If some phases survive the redefinitions, there is, in general, convention-dependence as to where
the complex phases appear. One can choose to make certain terms real and leave others complex,
but a different choice, related to the first by field redefinitions, has the same physical conse-
guences. Only those differences between pairs of phases that are unchanged by such redefinitions
are physically meaningful. How such phase differences manifest themselveB-amlating

effects will be shown below. First some conventions and notation for neBtmralesons need

to be established.
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1.2 Neutral B Mesons

1.2.1 Mixing of Neutral B Mesons

This section treats the quantum mechanics of the two state system of neutrasons. Unless
otherwise specified, this discussion is completely model independent and does not depend on
Standard Model specific results. It will however use features of the flavor and weak-interaction
structure of the Standard Model, which will inevitably also be part of any extension of that theory.

The systems of interest are neutral self-conjugate pairs of mesons. There are two such sys-
tems involvingb quarks: B; mesons, made from orietype quark or antiquark and onktype;

and B, mesons from oné and ones. Like the neutralK mesons, the neutrdd mesons are
complicated by the fact that different neutral states are relevant to the discussion of different
physical processes: there are two flavor eigenstates, which have definite quark content and are most
useful to understand particle production and particle decay processes; and there are eigenstates
of the Hamiltonian, namely states of definite mass and lifetime, which propagate through space
in a definite fashion. ICP were a good symmetry, the mass eigenstates would als@rbe
eigenstates, namely under(& transformation they would transform into themselves with a
definite eigenvaluée-1. But sinceCP is not a good symmetry, the mass eigenstates can be different
from CP eigenstates (see further discussion below). In any case the mass eigenstates are not flavor
eigenstates, and so the flavor eigenstates are mixed with one another as they propagate through
space. The flavor eigenstates 8 are B° = bd andB' = db. (The convention is thaB? is the

isospin partner of3*; therefore it contains thiequark. This is similar to thé& mesons, wher&™®,

the isospin partner ok, contains the quark.) The conventional definitions for thi& system

areB, = bs andB, = 35b. Unless explicitly stated the following general discussion applies to both

B systems, and a similar notation can be used als&foor D° mesons. However, the two neutral

K mesons have very different lifetimes (while their masses are almost identical), so that it is more
convenient to define the states by the half-1fg, and K5 for the long-lived and short-lived state,
respectively. For the neutrdl mesons, the mixing rate is much slower than the decay rate so that
flavor eigenstates are the most convenient basis.

An arbitrary linear combination of the neutr@lmeson flavor eigenstates,
a| B°) + b B"), (1.7)

is governed by a time-dependent Sudtinger equation

%(Z) :H<Z> E(M@%F)(Z) (1.8)

for which M andI” are2 x 2 Hermitian matricesCPT invariance guaranted$,; = Hs.
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The off-diagonal terms in these matricéd;, andI';,, are particularly important in the discus-

sion of CP violation. They are the dispersive and absorbtive parts respectively of the transition
amplitude fromB° to B (Note that both of these can be complex quantities because of complex
coupling constants.) In the Standard model these contributions arise from the box diagrams with
two W exchanges. The large mass of thenakes the QCD calculation of these quantities much
more reliable than the corresponding calculationfomixing. The dispersive pari/,., is clearly
short-distance dominatedd., large-quark momenta in the box diagram) and long-distance effects
are expected to be negligible. For the dispersive part, one calculates the cut of the quark box
diagram and uses the argumentaafark-hadron duality(see Chapter 2) to relate this quantity

to the corresponding hadronic quantity. This is similar to the calculatioR,of -, the ratio of

hadron to leptonic cross-sections fore~ scattering. While there is no rigorous argument that
qguark-hadron duality holds at a single energy scale (known as local quark-hadron duality), it can
be shown to be true when averaged over a sufficient range. However in a region where there are no
thresholds the value of this cut does not vary rapidly with energy and hence one expects the quark
calculation to be reliable. Combining heavy quark behavior with QCD calculation one obtains an
estimate fol',, that is expected to be valid up to corrections of ortle¥N. and/orA/m, where

N¢ = 3 is the number of colors andl is the scale that defines how the QCD coupling evolves with
energy. New physics effects, that is physics from additional diagrams that arise in models beyond
the Standard Model, are not expected to have significant effect§ohecause any additional
particles in such theories are required to be massive and hence do not give new cut contributions at
this scale, but such effects can significantly altép, as is discussed in Chapter 13, Section 13.2.

The light B, and heavyBy; mass eigenstates are given by
|B1) = p|B°) +q[B"), (1.9)
[Bu) = p|B%) ©4/B"). (1.10)
The complex coefficients andg obey the normalization condition
lal* + [p]* = 1. (1.11)

Note thatarg(q/p*) is just an overall common phase foB;) and |By) and has no physical
significance.

The mass differencAmpg and width difference\l’'s between the neutrd® mesons are defined
as follows:

AmB = My <:>ML, AFB =TIy <:>FL, (112)
so thatAmp is positive by definition. Finding the eigenvalues of (1.8), one gets
1 1
(Amp)? <:>Z(A1“B)2 = 4(| M, |? @Z|r12|2), (1.13)
AmBAFB == 4R€(M12FT2) (114)
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The ratiog/p is given by

_ Amp @Al 200, &4 (1.15)
2(M12 <:>§F12) Amp <:>§AFB

q
p
1.2.2 Phase Conventions

(This section follows the discussionin [9].) The stai¥sand B’ are related througb'P transfor-
mation:
CP|B%) = ¢%¢#|B%), CP[B’) = e %¢7|B"). (1.16)

The phasé is arbitrary. The freedom in defining it comes from the fact that flavor conservation
(in particularb-flavor) is a symmetry of the strong interactions. A phase transformation,

1BY) = e7¢|B%, |B,)=¢"|B", (1.17)
has therefore no physical effects. In the new basistransformations take the form
i(Eg—¢) R0 -0 —2i(Ep—
(CP)(|BY) = e¥¢2=O[By), (CP)(|B;) = e 2279 BY). (1.18)

The various quantities discussed in this chapter change with the phase transformation (1.17):

Miy = €My, T, = €T, (q/p)c = ¢ *(¢/p). (1.19)

Decay amplitudes, defined by
Ay = (f|H|B°), (1.20)
A = (f|HB"), (1.21)

are also affected by the phase transformation (1.17):
(Af)e = e Ay, (Ap)¢ =4y (1.22)
From the transformation of states (1.17), and the transformatigpyah (1.19), one learns that
|Bre) = €'|Br), |Buc) = €| Bu), (1.23)

namely both mass eigenstates are rotated by a common phase factor, which has no physical
significance.

Similar phase freedom exists in defining tHE transformation law for a possible final stgtand
its CP conjugatee®¢/ f. The quantity¢; depends on the flavor content pfand is related to the
quark flavor symmetries:( u, s, d) of the strong interactions.
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However, the freedom in defining the phase of the flavor eigenstates (which are defined through
strong interactions only) does not mean that the full Lagrangian, which involves also weak inter-
actions, is invariant under such phase redefinitions. Indeed, the differences of flavor redefinition
phases appear as changes in the phases of the quark mixing matrix elements and of the Yukawa
couplings of quarks to Higgs fields (or any other Lagrangian terms that cause couplings between
different flavor eigenstates in more general models). While Bgth) and A; acquire overall

phase redefinitions when these phase rotations are made, the quantity

_ady

\ =
p Ay

(1.24)

has a convention-independent phase that has physical significance, as will be seen when the possi-
ble types ofCP violations are examined below.

Another subtle point that has to do with the arbitrariness of the phasethe CP transformation

law (1.16) is the following. Ifl¢/p| = 1, it is always possible to choose(@ transformation

(1.16) such that the mass eigenstates (1.9) and (1.10) are eigenstates of this transformation. Such
a definition is, however, not meaningful, because there is no relationship between the so-called
CP quantum numbers for state with different flavor content. For example, theBtatan be

chosen to be odd under such an appropriately defined transformation, but can decay into a final
two-pion state (which is even under the conventionally defifiBdransformation) even without

CP violating phases in the decay amplitude.

1.2.3 Time Evolution of Neutral B; Mesons

The two neutralB; mesons are expected to have a negligible difference in lifetime,
AT, /Tp, = O(10?). (1.25)

Note thatAI' g, has not been measured. The difference in width is produced by decay channels

common toB° andB’. The branching ratios for such channels are at or below the levélof

As various channels contribute with differing signs, one expects that their sum does not exceed the
individual level, hencé\l'p, < I'p, is a rather safe and model-independent assumption [10]. (For
B? mesons the lifetime difference may be significant [11].)

On the other hand\m g, has been measured [12],
From (1.25) and (1.26) one learns that, model-independently,

ATy < Amp. (1.27)
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Equations (1.25) and (1.27) imply that, @®(102) accuracy, Egs. (1.13), (1.14) and (1.15)
simplify into
Amp = 2|Ms|, Al'p =2Re(Mi2I'7,)/[Mis], (1.28)

q/p = €| Mia| /M. (1.29)

Any B state can then be written as an admixture of the st@jeand B;,, and the amplitudes of
this admixture evolve in time

ag(t) = aH(O)e_iMHte_%FHt, ar(t) = aL(O)e_iMLte_%FLt. (1.30)

A state which is created at time= 0 as initially pure B®, is denoted BY, .), it hasa(0) =

phys
az(0) = 1/(2p). Similarly an initially pureB", |§ghys>, hasaz(0) = <ax(0) = 1/(2¢). The time
evolution of these states is thus given by

By (1)) = g1 (£)|B°) + (¢/p)g-(t)[B"), (1.31)
Bonys () = (p/a)g—(1)|B%) + g.(£)|B"), (1.32)
where
gi(t) = e Mg T2 cos(Amp t/2), (1.33)
g_(t) = e ™M T2 5in(Amp t/2), (1.34)

andM = 1 (My + My).

For some purposes, it is useful to go beyond the leading approximati%r,lﬂlme relevant expres-
sionis:

L= e (5]
—=—2|1ls-TInl—]]. 1.35
p |M12| 2 M, ( )

1.2.4 Two-Time Formalism for Coherent B B States

At a B factory, that is are*e™ collider operating at thé&'(4S5) resonance, th&®° and B’ mesons
produced from the decay of theare in a coherent = 1 state. One way to view this state is that
each of the two particles evolve in time as described above for a sthgldowever they evolve

in phase, so that at any time, until one particle decays, there is always exactly’ el one

B present. (This is yet one more particle physics case of the classic Einstein-Podolsky-Rosen
situation.) However once one of the particles decays the other continues to evolve, and thus there
are possible events with tw® or two B decays, whose probability is governed by the time between

the two decays.
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The two particles from the Upsilon decay are identified by the afigihat they make with the™
beam direction in the Upsilon rest frame. Then the /state

Sty ty) = S{Blys(ts,0,0)Bypys by, w 0,6+ )
EBopys (7,0, 8) By (ty, ™ <0, ¢ + 7)) sin(6) (1.36)
can be written as

Sty ty) = Jse /M0 fcos[ Amp (ty <5t,) /2)(BYB, < B} BY)

isin[Amp (t; <) /2)(LBYBY 4By B,)} sin(f)), (1.37)

wheret; is the proper time of thé3;, the B particle in the forward half-space at angly <

7/2, ¢r) andt, is the proper time for the backward-movifty, at (7 <6, ¢; + 7). Since theB’s

have equal (though back-to-back) momenta in this frame, until such time as one or the other of
these particles decays = #, and Eq. (1.37) contains o8’ and oneB’. However decay stops

the clock for the decayed particle. Then the terms that depesthphm g (t; <t,)/2] begin to

play a role.

From Eqg. (1.37) one can derive the amplitude for decays where one of thB’snecays to any
statef; at timet; and the other decays {fo at timet,. One obtains
A(tl, tz) = %67“‘/2‘”]\4)(“ +t2)C(t1, tz){COS[AmB (tl <:>t2)/2](Ale @ZlAz)
) sin[AmB (tl <:>t2)/2](§A1A2 @%leg)} Sin(Hl), (138)

where A, is the amplitude for a° to decay to the statg, A, is the amplitude for B’ to decay

to thesamestatef; (see Egs. (1.20) and (1.21)). Any state that identifies the flavor of the parent
B (‘tagging decays’) has eithet; or A; = 0. (The fact that sif{r <) = -sin@) is used to
write Eq. (1.38) withd; running over angleg0, 7).) In Eq. (1.38) to keep signs consistent with

Eq. (1.37) the shorthand
. —|—]_ tl - tf, t2 == tb’
C(hsta) = {<:>1 ty = ty, ty =ty

is introduced, but this overall sign factor will disappear in the rate.

(1.39)

It is now straightforward to calculate the time-dependent rate for producing the combined final
statesf;, f». One finds

R(ty, 1) = Ce™" O (| Ay ” + [A,*) (| s + [A,[?) 4 R@(%A’{Zl) Re(gA;Za
cos(Amp(t ©t2))[(|AL? A7) (|As)? & [ + 4Im(%A’{ZI)Im(%A§Z2)] (1.40)

+2sin(Amp(t ©t))[D (%A’{Zl)(maf S a4 <A zm(gA;m)]}.
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Here an integral over all directions for eithBrhas been performed, so the angular dependence
has dropped out of the expressions, and an overall normalization fact@s appeared. The
approximatiori¢/p| = 1 has also been used.

To measure&’P asymmetries one looks for events where égheecays to a final'P eigenstatgp

at timet;, while the second decays to a tagging mode, that is a mode which identificitaitsr,

at timet,,,. For example, take a tagging mode with = 0, 4, = A,,. This then identifies the
other B-particle as &3’ at timet, = t,, at which the tag decay occurs. Note that this is true even
when the tag decay occurs after tHe eigenstate decay. In this case the state of the dtragrany
timet; < t.,; Must be just that mixture that, if it had not decayed, would have evolved to become
aB’ attimet; = t,,. The double time expression reduces to the form

R(ttaga thP) = Ce_r(ttag+tfop)|Ztag|2|Af0P|2{1 + |)\fOP |2
+ COS[AmB (thP <:>tt8bg)] (1 <:>|)‘fop |2) =2 Sin[AmB (th'P <:>t‘ﬂé‘«£’;)] Im()‘f(rp)} (1-41)
where

qu,' qu
Nor = 5 2% = Miop s 1222 (1.42)

The second form fok_,, here uses the property

chp = nfCPZ_ (1-43)

fep?

wherer;., is the CP eigenvalue of the statf.». The amplitudesd;,, andA , are related

by CP and differ only in the signs of the weak phase for each term, wmlg = il so the
second form is useful in calculating the expected asymmetries, and explains the extra minus sign
that appears for &P odd final state.

For the case where the tag final state Has= 0, A, = Atag, Which identifies the second particle

as aB at timet,,,, an expression similar to Eq. (1.41) applies, except that the signs of both the
cosine and the sine terms are reversed. The faci¢liat = 1 means that the amplitudes for the

two opposite tags are the same. Thus the difference of these rates divided by their sum, which
measures the time-dependéfit asymmetry[13], is given by

(1 <A opl?) cos(Ampt) <2Im Ay, sin(Ampt)
L+ |)\fO’P|2

, (1.44)

Afcp =

wheret = ty.,, Sliag-

It is useful to note that the above expressions can be integrated over the vesiatig, which for

t; > 0 andt, > 0 can take values betweéh <t,| and infinity. Thus one can fit the dependence

on the variable; <, without having to measure thHE decay time. The fact that the variable

t; <t can be related to the distance between the locations of the two decays is of course the prime
reason for building an energy-asymmetric collider for théactory. If one had to integrate over
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this variable as well all information on the coefficientsaf(Ampg(t; <)) would be lost in the
above expressions, and the experiment would be sensitive only todiibselating effects that
give |A| # 1. (Note that this is a consequence of the coherent production of th&tstates, in a
hadronic environment, where thgs are produced incoherently, time-integrated rates are always
integrals fromt = 0 to infinity and hence retain information about the(Amzt) behavior.)

1.3 The Three Types ofCP Violation in B Decays

The possible manifestations 6 violation can be classified in a model-independent way:

1. CP violation in decay, which occurs in both charged and neutral decays, when the amplitude
for a decay and it6€'P conjugate process have different magnitudes;

2. CP violation in mixing, which occurs when the two neutral mass eigenstates cannot be
chosen to b&'P eigenstates;

3. CP violation in the interference between decays with and without mixing, which occurs
in decays into final states that are commorBtband B’. (It often occurs in combination
with the other two types but, important forH8Rr, there are cases when, to an excellent
approximation, it is the only effect.)

In each case it is useful to identify a particut@P-violating quantity that is independent of phase
conventions and discuss the types of processes that depend on this quantity.

1.3.1 CP Violation in Decay

For any final statg, the quantity|%§| is independent of phase conventions and physically mean-
ingful. There are two types of phases that may appearfiandZT.

Complex parameters in any Lagrangian term that contributes to the amplitude will appear in
complex conjugate form in th€’P conjugate amplitude. Thus their phases appeat irand

ZT with opposite signs. In the Standard Model these phases occur only in the CKM matrix which
is part of the electroweak sector of the theory, hence these are often called “weak phases.” The
weak phase of any single term is convention dependent. However the difference between the weak
phases in two different terms id, is convention independent; the initial and final states are the
same for every term and thus any phase rotation of the fields that appear in these states will affect
all terms in the same way.

REPORT OF THEBaBarR PHYSICS WORKSHOP
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A second type of phase can appear in scattering or decay amplitudes even when the Lagrangian is
real. Such phases do not violaf#, since they appear i, andZ? with the same sign. Their

origin is the possible contribution from intermediate on-shell states in the decay process, that is an
absorptive part of an amplitude that has contributions from coupled channels. Usually the dominant
rescattering is due to strong interactions, hence the designation “strong phases” for the phase shifts
so induced. Again only the relative strong phases of different terms in a scattering amplitude have
physical content, an overall phase rotation of the entire amplitude has no physical consequences.

Thus it is useful to write each contribution tbin three parts: its magnitud;, its weak-phase
terme’i, and its strong phase teref:. Then, if several amplitudes contribute BY — f, the
amplitudeA ; (see (1.20)) and th€P conjugate amplitudé7 (see (1.21)) are given by:

Af — ZAiei(fSierh‘), ZT — 2il&—¢B) ZAiei(tsi*dh‘)’ (1.45)
where¢; and¢p are defined in 1.2.2. (If is aCP eigenstate thee?s = +1is its CP eigenvalue.)
The convention-independent quantity is then

Ay
Ay

_ > Aiei(fﬁ*dﬁi)

_ ‘—Zi el (1.46)

WhenCP is conserved, the weak phasgsre all equal. Therefore, from Eqg. (1.46) one sees that
|A7/Asl #1 = CP violation. (1.47)

This type of CP violation is here called”P violation in decay It is often also calledlirect

CP violation. It results from theCP-violating interference among various terms in the decay
amplitude. From Eq. (1.46) it can be seen thatraviolation of this type will not occur unless at
least two terms that have different weak phases acquire different strong phases, since:

i.j
Any CP asymmetries in chargeld decays,

(BT = f)eT(B™ = f)
YTIBT S HAB S ) (1.49)

are fromCP violation in decay. In terms of the decay amplitudes

_1eA/AP

_ =AAr 1.50
T A/AR (1.50)

CP violation in decays can also occur for neutral meson decays, where it competes with the other
two types ofCP violation effects described below. There is as yet no unambiguous experimental
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14 A CP Violation Primer

evidence forCP violation in decays. (As explained in 1.6.3, a measuremefot’. # 0 would
constitute such evidence.)

The magnitude and strong phase of any amplitude involve long distance strong interaction physics,
and cannot be calculated from first principles. Thus quantities that depend only on the weak phases
are much cleaner than those that require knowledge of the relative magnitudes or strong phases of
various amplitude contributions. There is however a large literature and considerable theoretical
effort that goes into the calculation of amplitudes and strong phases. In many cases one can only
relate experiment to Standard Model parameters through such calculations. The techniques that
are used are expected to be more accuratdfdecays than folX decays because of the larger

B mass, but theoretical uncertainty remains significant. The calculations generally contain two
parts. First, the operator product expansion and QCD perturbation theory are used to write any
underlying quark process as a sum of local quark operators with well-determined coefficients.
Second, the matrix elements of the operators between the initial and final hadron states must be
calculated. This is where the theory is weakest and the results most model dependent. Ideally
lattice calculations should be able to provide accurate determinations for the matrix elements, and
in certain cases this is already true, but much remains to be done. In the following chapter an
overview of the principal methods used in such calculations is given. Further details on the status
of various theoretical approaches are presented in relevant chapters and in the appendices.

1.3.2 CP Violation in Mixing

A second quantity that is independent of phase conventions and physically meaningful is

WhenCP is conserved, the mass eigenstates muétfbeigenstates. In that case the relative phase
betweenM, andl';, vanishes. Therefore, Eq. (1.51) implies

(1.51)

]Llf} 3 Iﬂi2
]Vfiz &L F12

l¢/p| #1 = CP violation. (1.52)

This type of CP violation is here called’'P violation in mixing it is often referred to asdirect
CP violation. It results from the mass eigenstates being different fromCtReeigenstatesCP
violation in mixing has been observed unambiguously in the neutral kaon system.

For the neutraB system, this effect could be observed through the asymmetries in semileptonic

decays:
D(Bppys(t) — CrvX) ST (BYy
ag) = —0

[(B s (t) = (v X) + T'(B)

phys

() = 0 vX)

(t) = t-vX) (1.53)
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1.3 The Three Types ofCP Violation in B Decays 15

In terms of|q/p|,

_ Lee/p*
sl — Wa (154)
which follows from
(v X |H|By () = (a/p)g-(1)A*, (CTvX|H|Bpy(t)) = (p/q)g- () A. (1.55)

As can be seen from the discussion in Section 1.2.3, effeat§’ofiolation in mixing in neutral
By decays, such as the asymmetries in semileptonic decays, are expected to b& grtiat).
Moreover, to calculate the deviation@fp from a pure phase, one needs to calculateand M.
This involves large hadronic uncertainties, in particular in the hadronization moddls,fofhe
overall uncertainty is easily a factor of 2-3|ifyp| <1 [10]. Thus even if such asymmetries are
observed, it will be difficult to relate their rates to fundamental CKM parameters.

1.3.3 CP Violation in the Interference Between Decays With and Without
Mixing

Finally, consider neutraB decays into finalUP eigenstatesf.p [14, 15, 16]. Such states are
accessible in bottB° and B’ decays. The quantity of interest here that is independent of phase

conventions and physically meaningfuhisf Eq. (1.42) A = nfopz%iiof’ WhenCP is conserved,
lg/p| = 1, |A ./Ajc»| =1, and furthermore, the relative phase betweg/p) and (A5 onl Ator)

vanishes. Therefore EqQ. (1.42) implies
A#+1 = (P violation. (1.56)

Note that bothCP violation in decay (1.47) and'P violation in mixing (1.52) lead to (1.56)
through|\| # 1. However, it is possible that, to a good approximatigrip| = 1 and|4/A4| = 1,
yet there igCP violation:

A =1, ZmX#0. (1.57)
This type of CP violation is calledCP violation in the interference between decays with and
without mixinghere; sometimes this is abbreviated as “interference between mixing and decay.”
As explained in Section 1.6, this type OF violation has also been observed in the neutral kaon
system.

For the neutraB system'P violation in the interference between decays with and without mixing
can be observed by comparing decays into fir¥dleigenstates of a time-evolving neutfalstate
that begins at time zero d’ to those of the state that begins aBa

F(thys( ) — fCP) <:>F(Bphys( ) - fCP)

. (1.58)
[(BYys(t) = for) + T(Bops(t) — for)

Afcp =
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16 A CP Violation Primer

It was shown above (1.44) that this time-dependent asymmetry is given by:
(1 €| Afop|?) cos(Ampt) ©2Tm Ag,, sin(Ampt)
fop = 5 . (1.59)
1+ |)\fCP|

This asymmetry will be non-vanishing if any of the three typeé&'Bfviolation are present. How-
ever, for decays such thgt| = 1 (the ‘clean’ modes — see below), (1.44) simplifies considerably:

arop = SIm g, sin(Amp t) . (1.60)

One point concerning this type of asymmetries is worth clarifying. Consider the decay amplitudes
of BY into two different finalCP eigenstates4, andA,. A non-vanishing difference betweep\,
andnb)\b, . .

s mhs = 4 (j— @%ﬁ 0, (L.61)
would establish the existence 6P violation in Ab = 1 processes. For this reason, this type of
CP violation is also called sometimes “direcf’ violation.” Yet, unlike the case af’P violation
in decay, no nontrivial strong phases are necessary. The richness of possililé&fieigkenstates
in B decays makes it very likely that various asymmetries will exhibit (1.61). (A measurement
of B(K; — mvw) 2 10! can establish the existence [17, 18, 19] of a similar effectsa= 1
CP violation that does not depend on strong phase shifts.) Either this type of observation or the
observation of’P violation in decay would rule out superweak modelsd@®t violation.

CP violation in the interference between decays with and without mixing can be cleanly related to
Lagrangian parameters when it occurs with(1® violation in decay. In particular, foB; decays

that are dominated by a singl&’-violating phase, so that the effect 6f violation in decay is
negligible,a;,, is cleanly translated into a value f@m A (see (1.60)) which, in turn, is cleanly
interpreted in terms of purely electroweak Lagrangian parameters. (As discussedmeloy,
which describe€'P violation in the interference between decays with and without mixing in the
K system, is cleanly translated into a valuesef, the phase betweel,,(K) andl'»(K). Itis
difficult, however, to interprep,, cleanly in terms of electroweak Lagrangian parameters.)

When there igCP violation in decay at the same time as in the interference between decays with
and without mixing, the asymmetry (1.58) depends also on the ratio of the different amplitudes
and their relative strong phases, and thus the prediction has hadronic uncertainties. In some cases,
however, it is possible to remove any large hadronic uncertainties by measuring several isospin-
related rates (seeg.,[20, 21, 22]) and thereby extract a clean measurement of CKM phases. This

is discussed in further detail in Chapters 5 and particularly 6.

There are also many final states fddecay that have'P self-conjugate particle content but are not

CP eigenstates because they contain admixtures of different angular momenta and hence different
parities. In certain cases angular analyses of the final state can be used to determine the amplitudes
for each differentCP contribution separately. Such final states can then also be used for clean
comparison with theoretical models [23]. This is discussed in more detail in Chapter 5.
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1.4 CP Violation in the Standard Model 17

1.4 CRP Violation in the Standard Model

1.4.1 The CKM Picture of CP Violation

In the Standard Model (SM) [24] ofU (3)c x SU(2); x U(1)y gauge symmetry with three
fermion generationg,P violation arises from a single phase in the mixing matrix for quarks [3].
Each quark generation consists of three multiplets:

UI
Q= (pf) = B2 vh=BDiya. dy=(1) 1, (1.62)

where(3, 2) 1/ denotes a triplet afU (3), doublet ofSU(2), with hyperchargé” = Q 715 =
+1/6, and similarly for the other representations. The interactions of quarks withtie)
gauge bosons are given by

1 —
Ly = @ig@iﬂ“TalijQijWﬁa (1.63)

wherey# operates in Lorentz space, operates ir6U(2);, space and is the unit matrix operating

in generation (flavor) space. This unit matrix is written explicitly to make the transformation to
mass eigenbasis clearer. The interactions of quarks with the single Higgs scalar g¢outagt, /,

of the Standard Model are given by

Ly = @GijQ—iigzﬁd%j @F}jQ—iigz;uf{j + Hermitian conjugate, (1.64)

whereG and F' are generatomplex3 x 3 matrices. Their complex nature is the source” bt
violation in the Standard Model. With the spontaneous symmetry breakin@), x U(1)y —
U(1)gy due to(¢) # 0, the two components of the quark doublet become distinguishable, as are
the three members of th&* triplet. The charged current interaction in (1.63) is given by

1 N
Ly = %guiiv”lijdijwj the. (1.65)

The mass terms that arise from the replacerfi@it’) — \/g(v + HY) in (1.64) are given by

1 — 1 —
Ly = ﬁ\/;vGijdiidéj ﬁ\/;vﬂjuiiuf{j + Hermitian conjugate, (1.66)

namely
My =Gv/V2, M, = Fu/V2. (1.67)

The phase information is now contained in these mass matrices. To transform to the mass eigen-
basis, one defines four unitary matrices such that

Voo MgV, = MO#8 Vo MV, = M3, (1.68)
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WhereM;1iag are diagonal and real, whilg,;, andV,; are complex. The charged current interac-
tions (1.65) are given in the mass eigenbasis by

1 —
Ly = %gu—muvij%wj +hec.. (1.69)

(Quark fields with no superscript denote mass eigenbasis.) The rW&&iWuLVdJ‘L is the (unitary)

mixing matrix for three quark generations. As such, it generally depends on nine parameters: three
can be chosen as real angles (like the Cabibbo angle) and six are phases. However, one may reduce
the number of phases in by a transformation

where P, and P, are diagonal phase matrices. This is a legitimate transformation because it
amounts to redefining the phases of the quark-mass-eigenstate fields, as was discussed earlier:

qri = (Py)iqri, qri — (Py)iiqri, (1.71)

which does not change the real diagonal mass matifs. The five phase differences among

the elements of’, and P; can be chosen so that the transformation (1.70) eliminates five of the
six independent phases from; thus V' has one irremovable phase. This phase is called the
Kobayashi-Maskawa phase [3]xy, and the mixing matrix is called the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [2]. It is interesting to note that the same procedure applied to a two-
generation Standard Model Lagrangian with a single Higgs field would remov&alliolating
phases — that theory could not accommodakeviolation without the addition of extra fields.

It was this observation that led Kobayashi and Maskawa to suggest a third quark generation long
before there was any experimental evidence for it.

The irremovable phase in the CKM matrix allows possilifeviolation. To see this, recall théP
transformation laws (1.4) and (1.5),

iy — ijia V' W1 Sy5)0; — Ejfyuwu(l E75) . (1.72)

Thus the mass terms and gauge interactions are obvi@iBigvariant if all the masses and
couplings are all real. In particular, consider the couplinglof to quarks. It has the form

gVijﬂi%W“L“(l <:>’Y5)dj + g\/;;dj%W_“(l <:>’}/5)ui. (173)
The CP operation interchanges the two terms except thaandV;* are not interchanged. Thus,
CP is a good symmetry only if there is a mass basis and choice of phase convention where all

couplings and masses are real.

CP is not necessarily violated in the three generation Standard Model. If two quarks of the same
charge had equal masses, one mixing angle and the phase could be removed frbis can be
written as a condition on quark mass differencég: violation requires

(mi mg)(mg <my) (mf <my) (my <mg)(mg <myg)(my <mg) # 0. (1.74)
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1.4 CP Violation in the Standard Model 19

(The squared masses appear here because the sign of a fermion mass term is not physical.) Like-
wise, if the value of any of the three mixing angles were 0 &, then the phase could be removed.
Finally, CP would not be violated if the value of the single phase were @.ofhese last eight
conditions are elegantly incorporated into one, parameterization-independent, condition [25]. To
find this condition, note that unitarity of the CKM matriX,V’'' = 1, requires that for any choice
ofi,jk1=1,2,3

3
Im[Y/”Vkﬂ/;’ﬂ/};;] =.J Z e,-kmejln. (175)

m,n=1

Then, the conditions on the mixing parameters are summarized by
J #0. (1.76)

The fourteen conditions incorporated in (1.74) and (1.76) can all be written as a single requirement
of the mass matrices in the interaction basis [25]:

Im{det[MyM}, M, M} #0 < CP violation. (1.77)

This is a convention-independent condition. The quantitg of much interest in the study of
CP violation from the CKM matrix. The maximum value thdtcould in principle assume is
1/(6v/3) ~ 0.1, but it is found to be< 4 x 10~?, providing a concrete meaning to the notion that
CP violation in the Standard Model is small.

The fact that the three generation Standard Model with a single Higgs multiplet contains only
a single independer@P-violating phase makes the possildl&-violating effects in this theory

all very closely related. It is this that makes the patterr'6f violations in B decays strongly
constrained in this model. The goal of tBefactory is to test whether this pattern occurs.

1.4.2 Unitarity of the CKM Matrix

The unitarity of the CKM matrix is manifest using an explicit parameterization. There are various
useful ways to parameterize it, but the standard choice is the following [26]:

—id
C12C13 S512C13 513€

V = | 512023 @012323312,?“5 C12C23 @3128235136@ S23C13 |, (1.78)
812523 <:>C12023813€“5 125923 <:>812023813€“5 C23C13
wherec;; = cos ;; ands;; = sin §;;. In this parameterization

J = 0120230%3812823813 sin 0. (179)

This shows explicitly the requirement that all mixing angles are different fromi2 ands # 0, .
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The unitarity of the CKM matrix implies various relations among its elements. A full list of these
relations can be found in Ref. [8]. Three of them are very useful for understanding the Standard
Model predictions folCP violation:

VadVis + VeaVes + ViaVis = 0, (1.80)
VsV + VesVay + VisVip = 0, (1.81)
VuaVap + VeaViy + ViV = 0. (1.82)

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 triangle. These are “the unitarity triangles.”
Note that the term “Unitarity Triangle” is reserved for the relation (1.82) only (for reasons soon to
be understood).

@)

(b)

D

7-92 (C) 7204A4

Figure 1-1. The three unitarity triangles &)4V;; = 0, b)V;,V;; = 0, and c)V;4V;;, = 0, drawn to
a common scale.

It is instructive to draw the three triangles, knowing the experimental values (within errors) for the
various|V;;|. This is done in Fig. 1-1. 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 small in the leading decays (the first triangle) and in the leadiBgdecays (the
second triangle). Decays related to the short sides of these triangles (for example, Tv7)

are rare but could exhibit significantP violation. The most exciting physics ¢fP violation

lies in the B system, related to the third triangle. The openness of this triangle predictsl&rge
asymmetries irB decays.

Equation (1.75) has striking implications for the unitarity triangles:

1. All unitarity triangles are equal in area.
2. The area of each unitarity triangle equiglt/2.

3. The sign of/ gives the direction of the complex vectors.
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Figure 1-2. The rescaled Unitarity Triangle, all sides dividedgyV..

The rescaled Unitarity Triangle (Fig. 1-2) is derived from (1.82) by (a) choosing a phase convention
such that(V,,V;) is real, and (b) dividing the lengths of all sides by,V.;|; (a) aligns one side

of the triangle with the real axis, and (b) makes the length of this side 1. The form of the triangle
is unchanged. Two vertices of the rescaled Unitarity Triangle are thus fixed at (0,0) and (1,0). The
coordinates of the remaining vertex are denote@sby). It is customary these days to express the
CKM-matrix in terms of four Wolfenstein parametdrs A, p, n) with A = |V,;| = 0.22 playing

the role of an expansion parameter an@presenting thé'P-violating phase [27]:

1o A AN (psin)
V= )\ 11X AN +O(M). (1.83)
AN (1 &psin) ©AN? 1

A is small, and for each elementin the expansion parameter is actualty Hence it is sufficient
to keep only the first few terms in this expansion. The relation between the parameters of (1.78)
and (1.83) is given by

s19= N, s93 = AN s13¢70 = AN3(p <in). (1.84)

This specifies the higher order terms in (1.83).
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The definition of §, A, p, n) given in (1.84) is useful because it allows an elegant improvement of
the accuracy of the original Wolfenstein parameterization. In particular, upX¢) ©g¢rrections,

Vis = A, Vi = AN, Vi = AN3(p i), (1.85)
Vig = AN} (1 &P &i7), (1.86)
Im Vg = <A’ Ny, ImV,, = @AM, (1.87)
where
p=p(1&X/2), 71=n(l=)/2). (1.88)

These are excellent approximations to the exact expressions [28]. Depicting the rescaled Unitarity
Triangle in the(p, 77) plane, the lengths of the two complex sides are

1 <:>)\2/2 Vub 1 Wd

Ry=\/p?+7m> = —"—|—|, Ri=+/1&p?2+1n?=~|—|. 1.89
b= \PP T N, (1=p)?+7 i (1.89)

The three angles of the Unitarity Triangle are denotedhy and~ [29]:
o = arg l@&ti’] , [ =arg [<:>V0d—cf] , (1.90)

VudViy ViaViy
The third angle is then
v = arg l@%d—vufl =1 Sa s, (1.91)
VeaVih

These are physical quantities and, as discussed below, can be measdrBdabymmetries in
various B decays. The consistency of the various measurements provide tests of the Standard
Model.

The angles gives, to a good approximation, the Standard Model phase between the rieutral
mixing amplitude and its leading decay amplitudes. It is interesting to define the analog phases for
the B, meson 3, and theK meson 5y

VisVi Ves Vi
Bs = arg [@%1 , [x = arg [&ﬁ] . (1.92)
csVeb us ¥ ud

The anglesi; andx can be seen to be the small angles of the second and first unitarity triangles,
(1.81) and (1.80), respectively.

It is straightforward to express the angles of the triangle in termsaid7. For example, the
following two relations are useful:

20[7° + p(p 1))
7 + (1 <p)?Im* + 77

sin 2a =

sin 2 = - 27(1 <7) (1.93)

2+ (1ep)*
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Note that unitarity is a fundamental property of any field theory. When one speaks of testing the
unitarity of the CKM matrix one is not looking for violations of unitarity, but for violations of

the consequences of unitarity in the three generation theory. Such violations would simply imply

the presence of other channels, particles not included in the Standard Model theory, contributing
in some way to the decays under study. To call these effects “unitarity violations” is perhaps

misleading, but it is the common terminology of the field.

1.4.3 Measuring CKM Parameters withCP-Conserving Processes

Six of the nine absolute values of the CKM entries are measured directly, namely by tree-level
processes. (All numbers below are taken from [12].) Nuclear beta decays give

|Vaua| = 0.9736 = 0.0010. (1.94)
Semileptonic kaon and hyperon decays give
|Viis| = 0.2205 + 0.0018. (1.95)
Neutrino and antineutrino production of charm off valedaguarks give
|Vea| = 0.224 £ 0.016. (1.96)

SemileptonicD decays give
[Ves| = 1.01 +0.18 (1.97)

Semileptonic exclusive and inclusivgdecays give
V.| = 0.041 £ 0.003. (1.98)
The endpoint spectrum in semileptor¥adecays gives
Vis/Vis| = 0.08 £ 0.02. (1.99)

Using unitarity constraints, one can narrow some of the above ranges (most noticeably, that of
|Vs|) and put constraints on the top mixings;|. The full information on the absolute values of

the CKM elements (as given by [12]) from both direct measurements and three generation unitarity
is summarized by

0.9745 <0.9757  0.219 <0.224 0.002 <0.005
[V|=1 0.218<0.224 0.9736 <0.9750  0.036 <0.046
0.004 <0.014 0.034 <0.046  0.9989 +<0.9993

(1.100)

Note that the only large uncertainties argif),| and|V;,4|. However, the two are related through
(1.82). Thus, the unitarity triangle is a very convenient tool for presenting constraints from indirect
measurements on the most poorly determined parameters.
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The most usefu’P conserving indirect measurement, namely a Standard Model loop level pro-
cess, is mixing in thes® B’ system. The experimental result is

AmB
Ty =

= 0.73 £ 0.05. (1.101)

BO
Note that this value averages over measurements at(the) of

_I'B"—=("X)
METB X))~ 2(1+43) (1.102)

and measurements at tié of
Amp = x4/Tpo. (1.103)

The Standard Model accounts for this quantity by the box diagrams with intermediate top quarks
[30]:

G> .
My = %UWB(BBfé)m?fz(m?/m%v)(th ) e e, (1.104)
Tg = 27| Mys|. (1.105)

In EQ. (1.104) the quantity is a QCD correction factor anfl(y) is a kinematic function calculated
from the box diagrams. Both are positive quantities. Using [B2)f2 = (1.2 + 0.2)(173 +
40 MeV)? andm,; = 174 + 16 GeV as input, (1.105) gives

Vs Vial = 0.009 + 0.003, (1.106)

which significantly improves over the unitarity constraint (1.100).

The above ranges for thg;’s give the following 90% CL range for théP-violating measureJ|:
|J| = (3.0 1.3) x 107° sind. (1.107)

1.5 ExpectedCP Asymmetries — Standard Model Predictions

1.5.1 CP Violation in Mixing

As mentioned above, in thB, system the resulf,, < M, is model independent. Moreover,
within the Standard Model and assuming that the box diagram (with a cut) is appropriate to
estimatel';,, one can actually calculate the two quantities from the quark diagrams of Fig. 1-3.
The calculation gives [10]

Ty _ 3 1 m%( gmzv;bv;z> (1.108)

My~ 2 folmZ/mi)ymi " 3mZ ViV
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This confirms the order of magnitude estimdie,/M;2| S 1072, The deviation ofig/p| from
unity is proportional taZm(T";5/M;,) which is even further suppressed by another order of mag-
nitude. Thus, to a very good approximation,

9_ Mo _ ViV sie, (1.109)
p M| ViV
Note that (1.108) allows an estimate@® violation in mixing, namely
q 1 F12 4 m2 J 3
le|=|==Im = — ~107°. 1.110
‘p‘ 2 Mz fo(mi/miy) mi Vi Vigl? ( :

The last term is the ratio of the area of the Unitarity Triangle to the length of one of its sides
squared, so it i€)(1). The only suppression factor is thém?/m?). The uncertainty in the
calculation comes from the use of a quark diagram to deséhband could easily be of order
30%, but not three orders of magnitude. (A similar expression to (1.109) holds fexcept that

the last terms ig/|V;,V,%|* ~ 1072, as can be seen from the relevant unitarity triangle in Fig. 1-1.)

1.5.2 Decay-Amplitude Weak-Phase Structure

Most channels have contributions from both tree and three types of penguin diagrams [31]. The
latter are 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, exchange, and annihilation diagrams
is unimportant in this respect since they all carry the same weak phase. In addition to gluonic
penguins there are also electroweak penguin contributions, with a photériboson. In certain

cases the latter contribution can be significant because it is enhanced by ald¢fai? which

partially compensates the relative suppression of electroweak versus QCD couplings.
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Tree Diagrams:

QCD Penguin Diagrams:

Figure 1-3. Quark diagrams contributing todecays.

Figure 1-3 shows the quark diagrams for tree, penguin and electroweak penguin contributions.
While quark diagrams can be easily classified in this way, the descriptiéhdecays is not so

neatly divided into tree and penguin contributions once long distance physics effects are taken into
account. Rescattering processes can change the quark content of the final state and confuse the
identification of a contribution. There is no physical distinction between rescattered tree diagrams
and long-distance contributions to the cuts of a penguin diagram. While these issues complicate
estimates of various rates they can always be avoided in describing the weak-phase structure of
B-decay amplitudes. The decay amplitudesifer ¢gg' can always be written as a sum of three

terms with definite CKM coefficients:

Alqqq’) = Ve Vi P;, + VeV Tz 6ge + Py) + Vas Vi (Tuwg 6qu + Py ) (1.1112)
Here P and1" denote contributions from tree and penguin diagrams, excluding the CKM factors.

As they stand, thé” terms are not well defined because of the divergences of the penguin diagrams.
Only differences of penguin diagrams are finite and well defined. (However, as will be seen,
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introduction of a common high momentum cut off in the loop diagrams does not affect the final
answer, since it depends only on differences of penguin amplitudes. This can be seen by using
Egs. (1.81) and (1.82) to eliminate one of the three terms, by writing its CKM coefficient as minus
the sum of the other two.

In the case ofigs decays it is convenient to remove thgV: term. Then

A(cEs) = Vi Vi (Tizs + PC < PY) + Vip Vi (PY < PY),
A(utis) = Vi Vi (PE <P + Vi Vi (Tuas + PP & PY), (1.112)
A(sss) = VaVi(Py &P + Vi Vi (P <F;).

In these expressions only differences of penguin contributions occur, which makes the cancelation
of the ultraviolet divergences of these diagrams explicit. Further, the second term has a CKM
coefficient that is much smaller than the first. Hence this grouping is useful in classifying the
expected direa®P violations. (Note that terms — dds, which have only penguin contributions,

mix strongly with theuus terms and hence cannot be separated from them. Phtesms in

A(ums) include contributions from bottids anduas diagrams.)

In the case ofjgd decays the three CKM coefficients are all of similar magnitude. The convention

is then to retain thé&},V;, term because, in the Standard Model, the phase difference between this
weak phase and half the mixing weak phase is zero. Thus only one unknown weak phase enters
the calculation of the interference between decays with and without mixing. One can choose to
eliminate whichever of the other terms does not have a tree contribution. In theqcasesor

d, since neither has a tree contribution either term can be removed. Thus the amplitudes can be
written

A(ced) = Vi V(P& PY) + Vi Vi (Teea + P§ < PY),
A(uad) = Vi Vi (P & PS) + Vi Vi (Tuzg + PY < P5), (1.113)
A(ssd) = VaVig(PpePy) + VaVy(Pi < PY).

Again only differences of penguin amplitudes occur. Furthermore the difference of penguin terms
that occurs in the second term would vanish if the charm and up quark masses were equal, and thus
is GIM (Glashow-llliopoulos-Maiani) suppressed. However, particularly for in modes with no tree
contribution,(s3d), the interference of the two terms can still give significant di&@tviolation,

and thus complicate the simple predictions for the interference of decays with and without mixing
[32] obtained by ignoring this term.

The penguin processes all involve the emission of a neutral boson, either a gluon (strong penguins)
or a photon orZ boson (electroweak penguins). Excluding the CKM coefficients, the ratio of
the contribution from the difference between a top and light quark strong penguin diagram to the
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contribution from a tree diagram is of order

PlePE
TPT = ~ n .
Tqaql 12'/T mg

2
My

(1.114)

This is a factor of0(0.03). However this estimate does not include the effect of hadronic matrix
elements, which are the probability factor to produce a particular final state particle content from
a particular quark content. Since this probability differs for different kinematics, color flow, and
spin structures, it can be different for tree and penguin contributions and may partially compensate
the coupling constant suppression of the penguin term. Electroweak penguin difference terms are
even more suppressed since they have an additiQpdlr or «,, /7 compared to tree diagrams, but
certainZ-contributions are enhanced by the large top quark mass and so can be non-negligible [33].

1.5.3 Low-Energy Effective Hamiltonians

The most efficient tool to analyzB decays is that of the low-energy effective Hamiltonian. The
meaning and use of this tool is discussed further in the following chapter. Here the conventional
notations used for th&8 decay Hamiltonian are simply noted. This section is based on Ref. [34],
where a more detailed discussion can be found.

Low-energy effective Hamiltonians are constructed using the operator product expansion (OPE)
which yields transition matrix elements of the structure

(FIHenli) oc D _(FIQu(10)]i) Cilp), (1.115)
k
wherep denotes an appropriate renormalization scale. The OPE allows one to separate the “long-
distance” contributions to that decay amplitude from the “short-distance” parts. Whereas the
former pieces are not calculable and are relegated to the nonperturbative hadronic matrix elements
(f1Qr(1)]7), the latter are described by perturbatively calculable Wilson coefficient functions

Ci(n).
In the case ofAB| = 1, AC = AU = 0 transitions one finds

Het = Heit(AB = 1) + Heg(AB = <1)7 (1.116)
with
Gr 2 ) 10
Ha( 3B = 1) = S| 5 v, {z QU Culi) + 3. Q! ck(m} S @)
j=u,c k=1 k=3

Here G denotes the Fermi constant, the renormalization sgake of O(m;,), the flavor label
qin{d,s} corresponds té — d andb — s transitions, respectively, an@;! are four-quark
operators that can be divided into three categories:
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(z) current-current operators:
Q1" = (@ads)v-a(J gba)vn

B (1.118)
3 = (Gaa)v-a(J5bs)v-a
(¢7) QCD penguin operators:
Q3 = (Taba)von X g (T5)v-a
Q= (Tabs)vea Xy (T30 )v-a (1.119)
Qf = (Qoba)v-n Xy (T5qs)v+a
Q8 = (@ubs)vea g (Tsqh)vea
(1i1) EW penguin operators:
7 = 5(Gaba)v-A 2.q €q (Q3d5)v+A
Q7 b g e (T5q5)
Tobs) vea Xy eq (T, ) vea
’ B (1.120)

aba)v-a g e (Taas)v-n

qa __
10 —

Q
o
I
N[W Nw NIw  Nw

)
)
Taba)
Tubp) ven Xy e (Tp0)vA-
Here o and 5 denoteSU(3)c color indices, \AA refers to the Lorentz structureg,(1 £ 7s),
respectivelyg’ runs over the quark flavors active at the sgale O(my), i.e., ¢ in{u,d,c,s,b},

ande, are the corresponding electrical quark charges. The current-current, QCD, and EW penguin
operators are related to the tree, QCD, and EW penguin processes, depicted in Fig. 1-3.

In the case of transitions of the type— quc andb — gcu with ¢in{d, s}, only current-current
operators contribute. The structure of the corresponding low-energy effective Hamiltonians is
completely analogous to (1.117). To obtain it, one replaces both the CKM factars, and

the flavor contents of the current-current operators (1.118) straightforwardly with the appropriate
guark flavor structure, and omits the sum over penguin operators.

1.5.4 Decay Asymmetry Predictions in the Standard Model —
General Patterns

As mentioned above, dire¢tP violations require two contributions to the decay process which
differ in both their strong phases and their weak phases so|#yat| # 1. Purely leptonic

and semileptonic decays are dominated by a single diagram and thus are unlikely to exhibit any
measurable directP violation. Nonleptonic decays often have two terms that are comparable in
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magnitude and hence could have significant di€gewiolations. The theoretical calculation 6P
asymmetries of the type (1.50) requires knowledge of strong phase shifts and of absolute values of
various amplitudes, as can be seen from (1.46). The estimates therefore necessarily have hadronic
uncertainties. In contrast, a clean relationship between measured asymmetries and CKM phases is
obtained when studyingP violation in the interference between decays with and without mixing

for CP eigenstate modes dominated by a single term in the decay amplitude.

B decays can thus be grouped into five classes. Classes 1 and 2 are expected to have relatively
small directCP violations and hence are particularly interesting for extracting CKM parameters
from interference of decays with and without mixing. In the remaining three classes, @irect
violations could be significant and the neutral decay asymmetries cannot be cleanly interpreted in
terms of CKM phases.

1. Decays dominated by a single terin— c¢¢s andb — sss. The Standard Model cleanly
predicts zero (or very small) dire¢tP violations because the second term is Cabibbo sup-
pressed. Any observation of large diréd®-violating effects in these cases would be a clue
to beyond Standard Model physics. The mo#es— K+ andB™ — ¢K* are examples
of this class. The corresponding neutral modes have cleanly predicted relationships between
CKM parameters and the measured asymmetry from interference between decays with and
without mixing.

2. Decays with a small second terin=— céd andb — uud. The expectation that penguin-only
contributions are suppressed compared to tree contributions suggests that these modes will
have small direcCP violation effects, and an approximate prediction for the relationship
between measured asymmetries in neutral decays and CKM phases can be made.

3. Decays with a suppressed tree contributior> vus. The tree amplitude is suppressed by
small mixing angles},,V,’,. The no-tree term may be comparable or even dominate and
give large interference effects. An examplésis— pK.

4. Decays with no tree contributiori: — ssd. Here the interference comes from penguin
contributions with different charge 2/3 quarks in the loop. An examplg is K K.

5. Radiative decaysh — sv. The mechanism here is the same as in dasgrcept that the
leading contributions come from electromagnetic penguins. An exampleisK *~.

Recent CLEO results oB(B — Kr) andB(B — =) [35] suggest that the matrix element of
penguin operators is enhanced compared to that of tree operators. If this enhancement is significant,
then some of the decay modes listed in Class 2 might actually fit better to Class 3; that is it
becomes more difficult to relate a measured asymmetry to a CKM phase. For example, itis possible
thatb — wud decays have comparable contributions from tree and penguin amplitudes. On the
other hand, this would also mean that some modes listed in Class 3 could be dominated by a
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single penguin term. For such cases an approximate relationship between measured asymmetries
in neutral decays and CKM phases can be made. This is discussed in greater detail in Chapter 5.

It is useful to summarize all this discussion in two tables. The first table shows all cases for
b — ¢q's while the second givels— ¢q'd.

The lastline in the first table of Table 1-1 are methods to measure theqaimgl®, — D K decays.

These modes have no penguin contributions, but can have difeetolation due to interference

of D and D" in decays to common final state€? decays tac-flavor-distinguishing states are

then used to measure individual amplitude strengths. Thus the valueasf be extracted, up to

a fourfold ambiguity, via these modes if rates are high enough to make the relevant measurements
accurately. These methods are discussed in more detail in Chapter 7. Again in the second table
of Table 1-1 the final entry refers to dire€tP violation studies inB; — D7m or B, — DK

decays through interference of commbf andD’ channels [36, 37]. Here one of tli&-decay
amplitudes is doubly Cabibbo suppressed, so the only hope for large interference effects is in a
channel which is a doubly Cabibbo-suppressed decay of the btetate. Rates will be small, but

the directCP violation could be a large effect. Tagging via the secéhi$ necessary to identify
b-flavor. Charged3 — D= can be similarly studied (with no tagging needed) [38].

1.5.5 Decay Asymmetry Predictions in the Standard Model —
Some Sample Modes

The decayB — ¢ Ky is an example of Class 1. A new ingredient in the analysis is the effect of
K <K mixing. For decays with a singl& in the final stateX <> K mixing is essential because
B - K° andB° — K", and interference is possible only dueRos K mixing. This adds a

factor of
p VesVea —2fg
— =_—¢ 1.121
(2), ~vir A
into (A/A). The quark subprocess B — YK isb — ccs which is dominated by th&V -
mediated tree diagram:
Ayks <VcbV*> <Vcs Z) 9iep
= — <L) e 7B, 1.122
Ayres VgV ) Vi (1122
The CP eigenvalue of the stateig x, = <1. Combining (1.109) and (1.122), one finds
VieVia \ [ VeoVis\ [ VesVeb :
AMB = pKg) = o 2t e ) [ e — Im \yk. = sin(20). 1.123
o o) (157) (152) = o =sen. a2

The second term in (1.112) is of order sin® §. for this decay and thus Eq. (1.123) is clean
of hadronic uncertainties t@(10~*). This measurement will thus give the theoretically cleanest
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Table 1-1. Decay modes fos — qq's andb — qq'd
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determination of a CKM parameter, even cleaner than the determinatiandpf from K — 7/v.
(If B(K; — mvv) were measured, it would give a comparably clean determinatisim ¢f[39].)

The channeB — ¢ K* has a similar amplitude structure, but, since the two vector particles can
have either even or odd relative angular momentum, the final state is not @pwigenstate. The

two differentCP states can be separated by an analysis of the angular distribution of the decays
[23]. This requires more data to get a comparable accuracgyirf@rs, but on the other hand the
branching ratio to this channel is somewhat higher and it appears to be dominated by &Bingle
eigenstate [40], so it may in fact give comparably accurate and equally clean results.

A second example of a theoretically clean mode in ClassA is ¢Ks. The quark subprocess
involves flavor changing neutral current and cannot proceed via a tree-level Standard Model dia-
gram. The leading contribution comes from penguin diagrams. The two terms in Eq. (1.112) are
now both differences of penguins, but the second term is CKM suppressed and thus of@der
compared to the first. ThusP violation in the decay is at most a few percent and can be neglected
in the analysis of asymmetries in this channel. The analysis is similar to Ahecase, and the
asymmetry is proportional tan(243).

The same quark subprocesses give theoretically cléaasymmetries also i, decays. The list
of clean modes is given in Table 1-1.

The best known example of Class 2is — nw. The quark subprocess bs— uud which is
dominated by thél’-mediated tree diagram. Neglecting for the moment the second, pure penguin,
term in Eqg. (1.113) one finds

Zﬂ'ﬂ' VubV*d —2i€p
= N e 5B, 1.124
A?Tﬂ' 1 VJqud ( )
The CP eigenvalue for two pions i$-1. Combining (1.109) and (1.124), gives
ViV VeV,
AB—rtr7) =2 td) ( ud “”) — T Ay = sin(20). 1.125
( )= (T (s o). (125)

The pure penguin term in Eq. (1.113) has a weak phagél;V},), different from the term with

the tree contribution, so it modifies bafim A and (if there are nontrivial strong phases) Recent

results from CLEO suggest that tile— K rate is comparable to or larger than the— 7 rate.

This in turn indicates that the penguin contributiole— w7 channel is significant, probably%

or more. This then introducé&s” violation in decay, unless the strong phases cancel (or are zero, as
suggested by factorization arguments). The resulting hadronic uncertainty can be eliminated using
isospin analysis [20]. This requires a measurement of the rates for the isospin-related channels
Bt — 77 andB® — 7°7° as well as the correspondidg”® conjugate processes. The rate for
770 is expected to be small and the measurement is difficult, but even an upper bound on this rate
can be used to limit the magnitude of hadronic uncertainties.

Related but slightly more complicated channels with the same underlying quark structére-are
p’7® andB — a{7°. Again an analysis involving the isospin-related channels can be used to help
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eliminate hadronic uncertainties fro@P violations in the decays. Channels suctpasanda,p
could in principle also be studied, using angular analysis to determine the mixiife @en and
CP-odd contributions.

The analysis ofB — DD~ proceeds along very similar lines. The quark subprocess here is
b — céd, and so the tree contribution gives

ViV VaVe
AB — D*D") = () [ ) — T A pp = ©sin(2 1.126
(B — ) =Np+p (thV}Z TV m App sin(203) ( )
sincenp+p- = +1. Again, there are hadronic uncertainties due to the pure penguin term in

(1.113), but they are estimated to be small. (See, however, [41].)

Now consider Class 4 decays, for example the dase ¢=°. Here both terms in (1.113) are sig-
nificant, though the second is GIM suppressed; that is it would vanish if charm and up quark masses
were equal. Neglecting this term early studies predictR@asymmetry in this channel in the Stan-

dard Model. However it has been shown that the presence of the second term can introduce asym-
metries that may be as large as 10% [32]. Hence this channel cannot readily be used to look for vio-
lations of Standard Model predictions, unless one can reliably bound the size of the penguin effects.

In all cases the above discussions have neglected the distinction between strong penguins and
electroweak penguins. The CKM phase structure of both types of penguins is the same. The only
place where this distinction becomes important is when an isospin argument is used to remove
hadronic uncertainties due to penguin contributions. These arguments are based on the fact that
gluons have isospin zero, and hence strong penguin processes have ddfinRbotons and’ -

bosons on the other hand contribute to more thanohéansition and hence cannot be separated
from tree terms by isospin analysis. In most cases electroweak penguins are small, typically no
more than ten percent of the corresponding strong penguins and so their effects can safely be
neglected. However in Cases 3 to 5, where tree contributions are small or absent, their effects may
need to be considered. A full review of the role of electroweak penguiis decays has been

given by Fleischer [34].

1.5.6 Effects of Physics Beyond the Standard Model

A more detailed examination of the effects in a variety of theories beyond the Standard Model
is given in Chapter 13 of this book and in various reviews [42]. Here only some very general
observations are in order.

By now the Standard Model and its particle content are so well established that any future theory
will certainly contain them. However extensions that go beyond the Standard Model inevitably
introduce additional fields. Along with them there often come additional coupling constants
and hence the possibility of addition@P-violating phases. Even if no new phases occur there
can be changes in the relationship between various physical quantities and CKM matrix element

REPORT OF THEBaBarR PHYSICS WORKSHOP



1.6 Some Comments about thé( System 35

magnitudes and phases. Effects of physics beyond the Standard Model can manifest themselves
in two ways, as additional contributions to the mixing®f and B’ states, and/or as additional
contributions to some set of decays.

An additional contribution to the mixing would have two effects: a change in the relationship
betweenz, and|V,,V;,| which led to Eq. (1.106) and a change in the relationship between the
phase ofy/p and the phase dfy,V};;. However, since all\; have a common factay/p, it would

not change the relative phases between varlgus

Additional contributions to the decays can only be unambiguously and model-independently ob-
served in cases where an amplitude is dominated by a single weak-phase term in the Standard
Model. Then such terms destroy the relationship between the asymmetry and a CKM matrix
phase and so lead to inconsistencies. For example, various modes that have the same Standard
Model asymmetry may actually give different asymmetries [43]. In cases where two competing
terms with different weak phases occur in the Standard Model expression, any additional term,
whatever its phase, can always be absorbed into these two terms, appearing simply as changes in
their magnitudes. Since these magnitudes cannot as yet be calculated in a model-independent and
reliable fashion, this makes it quite difficult to identify changes from the Standard Model in these
cases. However by a systematic study of expected patterns and improved theoretical calculations
of matrix elements, one may be able to identify the impact of contributions beyond the Standard
Model in these cases as well.

1.6 Some Comments about théC System

This section briefly reviews th& system in order to understand (a) the similarities and differences
between neutrak” and neutralB mesons and (b) the implications ©P violation as measured in
K decays for future measurementsifiecays.

1.6.1 The Neutral K System

In marked difference from the neutrBlmesons, the neutrd meson states differ significantly in
their lifetimes:

7¢ = (0.8927 + 0.0009) x 10 s, 7, = (5.174£0.04) x 10 ® s, (1.127)

where the sub-indiceS and L stand for the short-lived and long-lived mass eigenstates, respec-
tively. Indeed, for the< system it is more useful to define the eigenstates by the lifetimes,

|Ks) = plK°) +q|K"), (1.128)
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K1) = p|K°) <q[K), (1.129)

namelyATl'x < 0 by definition. (Thep, ¢ coefficients are of course different in the and K
systems. The notatiofy/p) for the ratio in theK system is used wherever the distinction is
necessary.) The mass difference in fiesystem is measured to be

Amyg = M, & Mg = (3.491 4 0.009) x 10 GeV. (1.130)
Equations (1.127) and (1.130) provide a convenient empirical approximation:
Al ~ L2Amg, (1.131)

which is quite different from thé3, system (1.27).

The calculation ofq/p) x according to (1.15) proceeds a little differently than for fhecase. To
understand the situation in th€ system, it is useful to define a phagg according to
M12 _
FIZ

ez, (1.132)

SinceCP-violating effects in thel{ system are known to be smafl;, < 1, so that¢;, can be
used as a small expansion parameter. To leading ordsgs ifcqs. (1.13) and (1.14) give

Consequently, Eq. (1.132) can be rewritten, to first order inas

My Amy .

In some arbitrary phase convention,
[y = [Tpple %%, (1.135)
Using (1.134) and (1.135), gives from (1.15):
(g) = ¢itx {1 iy i ;
K 1+ (50 )
Thus(¢/p)k is, to a good approximation, a pure phase. Actually, (1.136) implies that i6#he

limit (¢, = 0), the CP transformation law i€ P|K?) = e%¢<|K°). The K and K}, states are
CP eigenstates t®(¢5) ~ 10~2 approximation.

(1.136)

As a result of the large lifetime difference between the neutral kaons, kaon experiments can easily
separate the mass eigenstates and investigatnd K s decays independently. This is impossible
in B experiments, so there one will follow the decaysf, . (1) andﬁghys(t) instead.
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To compare the effects @fP violation in mixing, note that Egs. (1.133) and (1.28) imply that
l¢/p|k and|q/p| g, are both very close to L'P violation in mixing is then small in both systems.
However, while for theB; system the reason for that is the small lifetime difference, inkhe
system the reason is the smallness of the relevV&aviolating phase.

Finally, consideiCP violation in the interference of mixing and decay. This could give a theoret-
ically clean observable, provided that the decay is dominated by a single weak phase or a single
strong phase. It is not difficult to finil’ decays into finaCP eigenstates wherel/A| = 1to a

good approximation: for example, thel = 1/2 rule implies that’ — 7%7° andK — #*7~ are

both dominated by a single strong phase. The difference in wigth,s completely dominated

by the two pion intermediate state and therefore

arg(l) = arg(A’Q‘WZQW) = arg(ZZW/AQW). (1.137)

In the approximation that4,, /A,,) is a pure phase, thus

Zzﬂ— AFK —2i¢
_ — o 2K 1.1
A, oy, © (1.138)

(See (1.135) for the last equation.) However, Eq. (1.136) shows that in the approximation where
q/pis a pure phase, itis given lgyp = €%¢x . Thus, the prediction fofP? asymmetry inkK — 27
which is clean of hadronic uncertainties is simply zero:

AME = 7m) =1 = TmApy =0, (1.139)

It should hold (as it does!) t®(10?). To learn something abodtP violation it is necessary to
go beyond this approximation and use

Zﬂﬂ. 1 + - ATk
q T = L iy —— (1.140)
p m 1 + (QATTLKK)

Thus a value ofy;; can be cleanly extracted from measurementé'Bfviolation in K — 7.
However, the translation af,, into electroweak parameters requires the knowledge of either the
long distance contribution td/;, or the matrix element of the relevant four quark operator between
K° andK’ states. This introduces large hadronic uncertainties into the calculation.

1.6.2 MeasuringCP Violation in the K System

CP violation was first (and so far only) measuredindecays [1]. A number of complementary
measurements have been madg.asymmetries in the semileptonic decays,
D(Kp — 7 ty) T(KL — 70 m)

F(KL — 7T_€+l/z) + F(KL — 7T+€_74) ’

5(0) = (1.141)
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have been measured, giving
§(p) = (3.0440.25) x 1072, d(e) = (3.33£0.14) x 1072, (1.142)

These asymmetries are manifestation§'Bfviolation in mixing:

_ Lelg/plk (1.143)
1+ |g/pl%
hence the statement above thaly| is very close to unity.
The asymmetries in the two-pion channels,
0.0 + -
= TR = ey .144)
have been measured:
00| = (2.275 4+ 0.019) x 1073, g = 43.5 & 1.0°, (1.145)
Ine_| = (2.285 £0.019) x 1073, ¢, _ = 43.7£0.6°. (1.146)
A straightforward evaluation gives
- pAgo <q Ao 1A _ pAL AL _leA (1.147)

) 77 - — - .
pAg +qApy 1+ pA,_+qA,_ 1+ _

As shown belowy),, andn,  are affected by all three types 6P violation: |¢/p| # 1 and
Im )\ # 0 give O(103) effects, while[A/A| # 1 gives anO(109) effect.

1.6.3 Theeg and ¢ Parameters

There is a possible contribution to (1.147) from dirégt violation. This is due to the fact that
there are two isospin channels, leading to fifzal) ;_, and(27),;_, states:

(m°7° = \/7 (77) 1=0] <:>\/7 (77) 1=2], (1.148)
<7['+7T_| = \/g«ﬂ'ﬂ')[ 0|+\/;<(7T7[')[ 2| (1149)

However, the possible interference effects are small because (on top of the smallness of the relevant
CP-violating phases) the final = 0 state is dominant (this is th&l = 1/2 rule). Isospin
amplitudes can be defined by

Ay = ((zm)|H|K), A; = ((x7);|H|K"). (1.150)
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Experimentally,|A;/Aq| =~ 1/20. Instead ofjy, andrn,_ one defines two combinations, and
¢, in such a way that the possible dirédP-violating effects are isolated intq;.

The definition of: x is

1 1)\
= - 2n, ) =
EK 3(7700+ Ne) T+,
where), = (¢/p)x(As/Ao) and the equation holds to first order.in /A, (at zeroth ordery, =
n._ = £g). As, by definition, only one strong channel contributes gpthere is indeed no direct
CP violation in (1.151).

(1.151)

Note that: i is a manifestation af'P violation in both mixing and the interference between decays
with and without mixing (to see this explicitly, examine Egs. (1.136) and (1.140)):

Alg

q 2Am
‘— o1 = gp— 22" (1.152)
A
DPlk 1+ (QAEHKK)
A i <ALk
2~ 1 @G) A—“ = gzsm%. (1.153)
p K 0 1 + (QATTLKK)

As ATk ~ <2Amg, the deviation ofq/p| x from unity (CP violation in mixing) and the deviation

of Zm[(q/p)x(Ao/Ap)] from zero CP violation in the interference between decays with and
without mixing) are bothO(#;2) and thus contribute te, at the same order. One can interpret
Egs. (1.152) and (1.153) to imply thRe(z ) is a manifestation of P violation in mixing while
Im(ck) is a manifestation o€’P violation in the interference between decays with and without
mixing. As (1.153) predictsrg(cx) ~ 7/4, the magnitudes of the two phenomena are similar.

One can define’, by

£k

(14— ©100) = (1.154)

wl|

2(Aoo &A1) _1lq (@ ©Z+>
3(1 + )\00)(1 + )\+,) 6p AOO A+, ’

where the last equality used (1.145) which gigs~ A, =~ 1. One can further evaluate (1.154)
in terms of A, and A, with the help of the relationships given in Eqs. (1.148) and (1.149). The
approximationsq/p)(A4y/Ao) ~ 1 and|A,/A4,| < 1 give

5\’ :Lé
V214

In the derivation of (1.155), since it is a good approximation to replgigewith a pure phase,

one sees that there is M@ violation in mixing in¢%. Equations (1.154) and (1.155) imply
that Re(e'y) is a manifestation of P violation in decay whileZm (<, ) is a manifestation o€’P
violation in the interference between decays with and without mixing. For recent experimental
results, see [44].

') gin () Sy). (1.155)
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