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ABSTRACT

The implications of the massive top quark on heavy flavor transitions
are explored. We review the generation of quark masses and mixings
and the determination techniques, and present the status of the el-
ements of the weak mixing matrix. Purely leptonic decays of heavy
mesons are briefly summarized. We present a general introduction
to flavor changing neutral currents and an extensive summary of ra-
diative and other rare decay modes. The physics of neutral meson
mixing is reviewed and applied to each meson system. We describe
the phenomenology of CP violation and how it may be measured in
meson decays. Standard Model predictions are given in each case and
the effects of physics beyond the Standard Model are also discussed.
Throughout, we contrast these transitions in the K and B meson sys-
tems to those in the D meson and top-quark sectors.
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1 Introduction ‘

One of the outstanding problems in particle physics is the origin of the fermion
mass and mixing spectrum. Despite the success of the Standard Model (SM) of
particle physics, it does not provide any clues on the source of these parameters.
In contrast to the case of electroweak symmetry breaking, we have no information
about the relevant energy scale where these parameters originate; in fact, the
relevant scale could lie anywhere from 1 TeV to the Planck scale. Other issues
(besides quark mixing) related to the multifamilies of fermions are the suppression
of FCNC effects and the CP-violation phases in fermion gauge couplings. Since
the top quark has a mass at the electroweak symmetry breaking scale, it is believed
that it may reveal some hints to these questions. In these lectures, we examine
its role in heavy flavor transitions.

At present, the best approach in addressing these questions is to study the
properties of all heavy fermions in detail. Detailed measurements of heavy quark
systems are best realized at high precision, high luminosity machines, and several
dedicated heavy flavor factories and experiments will be coming on line in the
next decade. We will learn a wealth of new and precise information which will
hopefully result in the development of a theory to explain the existence of families.

In these lectures, we review the generation of quark masses and mixings and
the determination techniques, and present the status of the elements of the weak
mixing matrix. Purely leptonic decays of heavy mesons are briefly summarized.
We present a general introduction to flavor changing neutral currents and an
extensive summary of radiative and other rare decay modes. The physics of neutral
meson mixing is reviewed and applied to each meson system. We describe the
phenomenology of CP violation and how it may be measured in meson decays.
Standard Model predictions are given in each case and the effects of physics beyond
the Standard Model are also discussed. Throughout, we contrast these transitions
in the K and B meson systems to those in the D meson and top-quark sectors.

2 Quark Masses and Mixing

In the Standard Model (SM), a single complex scalar doublet is responsible for
the spontaneous symmetry breaking SU(2); x U(1)y — U(1)¢m. The fermions
are massless before the symmetry breaking, with their masses being generated via

- 188 -

Yukawa couplings after the spontaneous symmetry breaking occurs. Denoting the
gauge (or weak or flavor) quark eigenstates as ¢} (g%) for the left-handed doublet
(right-handed singlet) quark fields, one can form the most general renormalizable

quark-Higgs interaction
vor
Cmau ~ _\/—E [ug',h:-;-ul}tj + &l}uhzd%,] + h.c. R (1)

with v being the vacuum expectation value of the Higgs field, 7, j are generation
indices, and h}‘j’ are 3 x 3 matrices of bare complex couplings which form the mass

matrices for the up- and down-quarks

v v oy
Y e, M, = —=hd. 2
V32 5} @

The mass matrices are completely arbitrary and contain 36 unknown parameters!

M, =

These matrices can be diagonalized by a bi-unitary transformation,

m, 0 0
M¥9 = UlMUz=| 0 m. 0 |,
0 0 my
my 0 0
M¥9¢ = D'MyDp=| 0 m, 0 |, (3)
0 0 my

where we have performed distinct rotations of the left- and right-handed fields,
and the m; represent the quark masses. Hence, six of the above 36 parameters
become quark masses. The interaction Lagrangian can now be written as (where
the generation indices have now been dropped)

Lonass ~ WULUSMURUL WS, + d) DL DLMyDpDydy + hoc., (@)
which is just given by
['masa ~ ﬁLM.:“aguR + JLMgiagdﬂ + h.c. y

6
~ Y miq + hec., (5)

i=l]

in the mass (or physical) eigenstate basis with u;, = U},u‘,’,, etc., being the physical
quark fields. Note that the Higgs-quark Yukawa couplings are manifestly diagonal



in the physical basis; this is a consequénce of the fact that there is only one Higgs
doublet in the SM. The SM charged current interaction in the weak basis,

Lo~ %ﬁ%yyd‘,’lW“ +he., (6)

then becomes

9 -
['cc ~ ﬁuL'y,,U,tDLdLW“ (7)

in terms of the physical fields. The product U{DL is known as the Cabibbo-
Maskawa-Kobayashi (CKM) weak mixing matrix Voxy. Since there are no right-
handed charged currents in the SM, there is no analogous right-handed weak
mixing matrix. In extensions of the SM which enlarge the gauge group to SU(2) g x
SU(2) x U(1), such as the left-right symmetric model,! the quantity Vi, =
Uk Dp is similarly defined.

' The CKM matrix contains information on all quark flavor transitions and is
the source of CP violation within the SM. Writing the charged current interaction
explicitly in matrix form yields

‘/ud Vus ‘/ub dL
cx~%[uwum“ Vi Ve Vo || s [W*+he (8)
Vu Vis Vi by

Note that by construction, the CKM matrix is unitary, i.e., ¥;ViiVi = éi.
Unitarity tests thus provide an excellent probe of the SM. In general, any unitary
N x N matrix can be expressed by N? parameters, N(N — 1)/2 of which are
rotation angles, and N(N + 1)/2 phase angles. Here, the phases are associated
with the quark fields, and 2NV — 1 of them may be arbitrarily redefined, leaving
(N — 1)(N — 2)/2 independent phases. For three generations of quarks, this
leaves three rotation angles and one independent phase. Extrapolation to four
generations would then require six rotation angles and three phases. A common
parameterization of the three generation CKM matrix,

Cy —851C3 —81S53

i c1ca83 + sacae® |, 9

i§

Verm = | 8162 cicocs — 52536

§182 C159¢3 + Cps3€ 18953 — Cacze

is based on three Euler angles for the flavor rotations and was first given by
Kobayashi and Maskawa? in 1973. Note that this was postulated before the dis-

covery of the third generation (as well as charm}, in order to introduce a potential
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source of CP violation. Here, ¢; = cosf;,s; = sinf; with 0 < 6; < n/2 and
—n < § < 7. An instructive parameterization, which is based on an expansion of
the elements in powers of V,,, = }, is given by Wolfenstein®

1-% A AX(p — in + inA2/2)
Vekm = Y 1% —inA2x AX(1 + inA?) (10)
AN(1 = p—in) AX2 1

to' O(X%) in the Real terms and O()®) in the Imaginary terms. This parame-
terization illustrates the approximate diagonal nature of the CKM matrix, and
exhibits which elements (and hence measurements thereof) are most sensitive to
the various parameters A, A, p, and 7.

We now review the status of the experimental determinations of the CKM ma-
trix elements.*® We stress that the values of the CKM elements are fundamental
input parameters within the SM and precise knowledge of these parameters may
provide some insight into their origin.

o V,a: This element is determined from super-allowed 0% — 0+ nuclear 8 de-
cays. These transitions have large radiative corrections as well as some nuclear
Z dependence. Recent analyses® of the nuclear structure dependent radiative
corrections are inconsistent with each other within the level of the estimated
uncertainties. Taking an average value of these results yields the PDG value*
|Vud| = 0.9736 £ 0.0023, where the error is dominated by the theoretical un-
certainties. Neutron f decay is less dependent on these nuclear uncertainties;
however, the present determination® of |V,4] from this process is larger than the
above value by several sigma. Pion 8 decay, 7t — n%*v,, would in principle
yield the cleanest measurement of V,,4, but the branching fraction is of order 10~8,
making a precision determination difficult.

¢ V,,: This element is cleanly determined from the K3 decays Kt — 7%y, and
K} - nteFv,, giving |V,,| = 0.2196 £ 0.0023 (Ref. 7). Hyperon decays yield” a
slightly larger value of [V,,| = 0.222 % 0.003, but are plagued with uncertainties
from SU(3) breaking effects. The average of these two measurements result in the
PDG value* |V,,| = 0.2205 + 0.0018.

o Viu: The explanation of CP violation within the SM, i.e., the phase in the CKM
matrix, requires a nonvanishing value of V,;. It can be measured at the Y(4S)
by examining the endpoint region of the lepton momentum spectrum in inclusive



é
B — Xty decays and counting the excess of leptons beyond the kinematic limit

for B = X fv,. While data has established that V,; is nonzero, converting the’

measured rate into a value of V,,;, introduces substantial errors. This conversion is
highly model dependent due to the small phase space available at the endpoint,
and to details in the hadronization from the large uncertainties in the calculation
of the rates for the resonant modes, and the relative size of the contributions of
resonant and nonresonant modes in this region. The subtraction of background
from the small data sample injects an additional large source of error. The present
experimental error on the ratio {V,4|/[Va] is comparable to the theoretical uncer-
tainty, yielding*® |Vis/Va| = 0.08 £ 0.02, and thus new, less model-dependent
techniques in extracting this CKM element are necessary.

~ Exclusive semileptonic decays, B — X,fv, where X, = =,p, or w, have re-
\cently been observedAby CLEO.? Interpretation of these results in terms of V,,
relies on the evaluation of the shape of the contributing form factors, as well as
uncertainties in the size of the contributions from nonresonant decays such as
B — wnty,. A fit to the data and averaging over the form factor models yields®
[Vis} = (3.3+0.2233 £ 0.7) x 1073, where the errors are due to statistics, system-
atics, and estimated mode] dependence. Reductions in the theoretical errors can
be obtained via direct measurements of the form factor ¢? distributions in ¢ — d
transitions such as D — nfy,.

An alternative method'® of extracting V.4 from semileptonic B decays is to
measure the invariant mass spectrum of the final state hadrons below the charm
hadron threshold, i.e., mx < mp. More than 90% of the B = X, /v, decays lie
within this region, yielding almost an order of magnitude increase in data sample
over the endpoint region. The theoretical uncertainties associated with the deter-
mination of the total semileptonic spectrum are significantly smaller within this
kinematic region, and are less than those associated with exclusive semileptonic
decays which rely on form factor calculations. In addition, the B = X, fv, transi-
tions are largely nonresonant and multiple jetlike final states dominate, making the
inclusive decay theoretically well-understood throughout this kinematic region.

e Vi This element is evaluated by examining charm production in neutrino
and antineutrino scattering off valence d-quarks and folding in the semileptonic
branching fraction of charm weighted by the ratio of D®/D* production in neu-
trino scattering. Averaging the experimental results and including the scale de-
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pendence from the NLO QCD corrections leads to the PDG value®!! V4| =
0.224 + 0.016.

e V,,: In principle, this element can also be determined in neutrino induced charm
production. Here, the scattering of interest clearly takes place off of strange quarks
and the results are quite dependent on the s-quark parton density distributions.
The most conservative assumptions about the parton densities set! the constraint
|V.s| > 0.59, which is not very restrictive. A better determination can be obtained

- from D,3 decay, D - Ke*v,, although this process is form factor dependent and

hence contains theoretical uncertainties. Combining various form factor calcula-
tions with the measured decay rate gives the PDG value* |V,,| = 1.01 & 0.18,
which is still not very well-determined. Employing the three generation unitar-
ity constraint on the CKM matrix results in the most precise evaluation of this

element.

o V;: Considerable theoretical and experimental progress has been made recently
on the extraction of V4 from exclusive and inclusive decays. Exclusive semilep-
tonic decays offer a reliable model-independent détermination of V3 within the
framework of heavy quark effective theory as the heavy quark symmetry normal-
izes the g°>-dependent hadronic form factors with good precision at zero recoil for
the charm hadron system. This technique is best suited for the process B — D*{v,
as the leading corrections to the HQET result arise only at higher order, 1/ mza.

The inclusive semileptonic branching fraction B¢y can be determined from
(i) measurement of the inclusive lepton momentum spectrum. This technique
vields significant data samples, but the procedure used to fit the observed spec-
trum to the expected shape for primary and secondary leptons from B and charm
decay, respectively, introduces a large model dependence. (ii) Charge and angular
correlations in dilepton events. This offers less model dependence as the measured
correlations can be used to separate the primary and secondary lepton spectra,
instead of relying on theory. (iii) Separate measurement of By, for charged and
neutral B meson decay. Here, one B in the event must be reconstructed in order
to tag the charge of the other. Determination of V3 from Bgy, via technique (i) at
CLEO and LEP is already saturated by the theoretical error, while methods (ii)
and (iii) still offer room for improvement experimentally.

Combining the results*12
gives [Vi3| = 0.040 £ 0.003.

on the exclusive and inclusive semileptonic decays
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¢ Vig, Viy: These elements can be determined from flavor changing neutral current
processes which contain one-loop top-quark contributions. The value of |Vi4] can
be deduced from B ~ BY mixing and from the decay K — nvw, with K — nvw
ultimately offering the theoretically cleanest technique. The ratio [Vi4/V;,| can
be found from the ratio of By to B, mass differences, as well as from the ratio
of exclusive rates B(B — py)/B(B — K"v), if the long-distance physics can
be cleanly separated out. Each of these processes will be thoroughly discussed
below; however, we note here they all depend on the assumption that there are no
large contributions from new physics. At present, three-generation CKM unitarity
constraints offer the best restrictions on these elements within the SM.

o Viy: The b-tagged events observed in top-quark decays at the Tevatron'® have -

afforded the first direct measurement of V;3. CDF and D@ measure the ratio of
events with zero, one, and two b-tags to extract the ratio B(t — Wb)/B(t —
W X), which has the advantage of being independent of the ## production cross
section and the W boson branching fractions. Within the three-generation SM,
this procedure yields |Vys| = 0.97 & 0.15 £ 0.13. The most precise determination
of this element is obtained from employing unitarity together with the direct
measurements of V,,;, and V.

Combining the above data with the constraint of three-generation unitarity,
results in the 90% C.L. bounds on the full 3 x 3 CKM matrix*

0.9745— 09757 0.219-0.224  0.002 - 0.005
0.218 - 0.224 0.9736 — 0.9750 0.036 — 0.046 . (11)
0.004 —0.014  0.034—0.046 0.9989 — 0.9993

Verum =

These ranges differ slightly from those itemized above due to the inclusion of the
unitarity constraint. However, it is important to note that the data does not
preclude the existence of more generations.

3 Leptonic Decays

Pseudoscalar mesons can decay to a purely leptonic final state, P*(Qg) — £*,
through the annihilation diagram. The matrix element for this process can be
written as (for m% <« M%)
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X
|

(el |LesglP7), (12)
G _ _ -

75 Vad8(p 7 (1 = 75)0(pe) 010(pR) (1 = 15)u(pa) 7).

The hadronic matrix element must be of the form

01Qu 59l P~ (p)) = ifppf, , (13)

since p‘f is the only four-vector associated with the initial state. The factor fp is
known as the pseudoscalar meson decay constant. Assuming massless neutrinos,
the transition rate is then calculated to be

L GalVell m?)?
0 - 5 = Lol gy (122 (14)
n md

and is helicity suppressed due to the overall m? factor. In the case of pion decay,
the inclusion of the radiative corrections and a comparison with the experimental
value for 7= = p~ b, + p i,y yields the well-known value for the pion decay
constant of f, = 131 MeV. Similarly, the kaon decay constant is measured to be
fx = 160 MeV with a roughly 1% error due to the uncertainties associated with
the value of V,,.

The leptonic decays of D and B mesons have not yet been observed (except
for the case D; — p~,), and will be discussed further below. Assuming that the
relevant CKM matrix elements for these heavier quark systems are well-known,
these decays would provide important information on the value of their associated
pseudoscalar decay constants, which in turn are essential for the study of D? — D°
and B® — B° mixing, CP violation in the charm and bottom sector, and in non-
leptonic decays.

3.1 Leptonic Decays of Charm Mesons

The SM transition rate for the purely leptonic decay of a pseudoscalar charm
meson is given by Eq. (14) with the substitutions P =+ D, and @ — c. The
resulting branching fractions are small due to the helicity suppression and are
listed in Table 1 using the central values of the CKM parameters given in Ref. 4
and assuming fp = 200 MeV and fp, = 230 MeV. The existing upper limit
for fp is fp < 290 MeV, and is derived from the 90% C.L. bound!® B(D* —



Meson D, D,
D~ 352x 1074 |9.34 x 10~
D7 421x107%}4.11 x 10~?

Table 1: SM branching fractions for the leptonic decay modes, assuming fp = 200 MeV
and fp, = 230 MeV.

#%v,) < 7.2 x 107 from MARK III. One D — pb, event has been observed*s
by the BES Collaboration, leading to fp = 30015 *3 MeV. This is consistent
with the MARK 1II upper bound. Several measurements of fp, have now been
performed, and they are all consistent within the present level of accuracy. CLEO
has observed!® the process D;* — D}~y — pvy by examining the mass difference
0M = M,,, — M, and have obtained

(D} = utv)

W = 0.245 4+ 0.052 £ 0.074 . (15)

Using T'(D} — ¢nt) = 3.7 £ 0.9%, they find fp, = 344 + 37 £ 52 & 42 MeV
where the last error reflects the uncertainty in the ¢n+ branching fraction. Two
emulsion experiments have measured'? fp, = 232+ 45+ 20+ 48 MeV and fp, =
194 £ 35+ 20 £+ 14 MeV, respectively. And, the BES Collaboration has reported!®
the observation of candidate events in ete™ — DFD; with the subsequent decay
D, - up, yielding fp, = 430f}§3 + 40 MeV. Here, the errors are expected to
improve once more statistics are obtained. The current world average'? value for
the branching fraction is B(D; — u~5,) = (4.6 +0.8+1.2) x 1073, corresponding
to fp, = (241 £ 21 £ 30) MeV.

L3 has recently reported?® the observation of D; — 77p, with a branching
fraction of (7.4 £2.8 + 1.6 £ 1.8)%, allowing the determination fp, = 309 + 58 +
33 & 38 MeV. Folding this determination with the world average fp, obtained
from the p, channel gives!® fp, = (255 4+ 20 + 31) MeV.

A variety of theoretical techniques have been employed to estimate the value
of fp and fp,. Lattice QCD studies® calculate these quantities in the quenched
approximation through a procedure that interpolates between the Wilson fermion
scheme and the static approximation. The nonrelativistic quark model is used
to relate the decay constant to the meson wave function at the origin, fy =
v/ 12/Mys |9(0)|, which is then inferred from isospin mass splitting of heavy mesons.??
Other approaches employ the relativistic quark model®® or QCD sum rules.?* For
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Quark Model | Quark Model
Decay Constant Lattice Nonrelativistic | Relativistic | Sum Rule
fo 205+ 15 207 £ 60 240 £ 20 170 - 235
fo, 235+ 15 259 + 74 290 £+ 20 204 - 270
fo.lfo 115+ 0.05 1.25 1.21+0.06

Table 2: Theoretical estimates of the weak decay constants in units of MeV (taking
m, = 1.3 GeV in the sum rule approach).

each of these calculational methods, the resulting ranges for the values of the pseu-
doscalar decay constants are presented in Table 2. A more complete collection of
results is given in Ref. 23. Given the large errors, it is clear that these approaches
are consistent. We also see that the theoretical predictions tend to be lower on
average than the present experimental determinations. Once the experimental
precision improves, discrimination between the various theoretical models should
be possible, allowing for a better extrapolation to the B system. The theoreti-
cal uncertainties associated with the ratio fp,/fp are much smaller, as this ratio
should deviate from unity only in the presence of broken SU(3) flavor symmetry.

Non-SM contributions may affect the purely leptonic decays. Signatures for
new physics include the measurement of non-SM values for the absolute branching

ratios, or a deviation from the SM prediction

2
B(Dy,, - p5,) 3 m2 (1 - m?‘/m%(.))

B(Dyy = 70) " mz (1—m2fm} )"

(16)

This ratio is sensitive to violations of 4 — 7 universality.

As an example, we consider the case where the SM Higgs sector is enlarged
by an additional Higgs doublet. As we will see below, these models generate im-
portant contributions®® to the decay B~ — 7~7,, and it is instructive to examine
their effects in the charm sector. Two such models, which naturally avoid tree-level
flavor changing neutral currents, are Model I; where one doublet (¢) generates
masses for all fermions and the second (¢, ) decouples from the fermion sector, and
Model II, where ¢, gives mass to the up-type quarks, while the down-type quarks
and charged leptons receive their mass from ¢,. Each doublet receives a vacuum
expectation value v;, subject to the constraint that v? + vZ = vg,,. The charged
Higgs boson present in these models will mediate the leptonic decay through an
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effective four-Fermi interaction, similar to that of the SM W boson. The H*
interactions with the fermion sector are governed by the Lagrangian

g _ _
L = mHi[Vijmu.-Auui(l - 75)(1]' + V,-jmd,,Adu;(l + ’)‘5)dj

meAe(1 + 715)€] + hoc., (17

with A, = cot 3 in both models and A3 = A, = — cot B(tan 3) in Model I(II),
where tan § = v2/v;. In Models I and I, we obtain the result

2 2
B(D™ = € %) = Bsy (1 + 5k ) , (18)
m”*

where Bgy is the SM value of the leptonic branching fraction. In Model II, the
D, decay receives an additional modification

m2 ms\1°
B(D; - €)= Bsy [1 + 2D (1 —can2;3—’)] . (19)
Mmys m.
We see that the effect of the H* exchange is independent of the leptonic final
state and the above prediction for the ratio in Eq. 16 is unchanged. This is
because the H* contribution is proportional to the charged lepton mass, which
is then a common factor with the SM helicity suppressed term. However, the
absolute branching fractions can be modified; this effect is negligible in the decay
D~ = £y, but could be of an order of a few percent in D] decay if tan 3 is very

large.

3.2 Leptonic Decays of B Mesons

The SM transition rate for the purely leptonic decays B~ — £~i is again given
by Eq. (14), with appropriate substitutions. Here, the resulting SM branching
fractions, shown in Table 3, are even smaller than in the case of charm mesons
due to the value of V,;. These SM predictions are somewhat imprecise due to the
uncertainty in fp and V., and hence can vary over the range

B s\ ( Vi )2 (20)
SM\180Mev, \0.0035/ °
where Bgy is the result listed in the table. We see from the table that the 90%
20,26

C.L. experimental bounds are roughly one to two orders of magnitude above

the SM predictions for the cases of B~ — u~p,,777,. The B factories presently
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Mode | SM Prediction | Experimental Bound
e | 69x1072 |<15x10-% (CLEO)
w o, | 29%x1077 | <21 x10-5 (CLEO)
5, | 66x10°5 < 5.7 x 1074 (L3)

Table 3: SM branching fractions for the B~ leptonic decay modes, assuming fg =
180 MeV and taking the central value? of the CKM matrix element Vis. The results of

experimental searches!%25 are also shown.

Quark Model | Quark Model
Decay Constant | Lattice | Nonrelativistic | Relativistic | Sum Rule
fa, 175+ 25 140 £ 40 155+ 15 155 - 185
fa, 200 £ 25 175 £ 50 210+ 20 195 - 220
fs,/f8, 1.15+£0.05 1.25 1.22 4+ 0.02

Table 4: Theoretical estimates of the weak decay constants in units of MeV (taking
my = 4.67 GeV in the sum rule approach).

under construction at SLAC and KEK should be able to observe B — 7v, (and
potentially the ui,y mode as well). This measurement will require the full (or
partial) reconstruction of the other B’s in the event as well as a large statistical

sample. Theoretical estimates for fg, , are tabulated in Table 4 using the same

approaches as in the cases discussed above in charm decays. See Ref. 23 for a
more complete compilation.

Observation of these decays would, of course, provide a classic measurement
of the decay constant fg (assuming V,, is known from other sources), but only if
no new physics contributes to the decay. For example, in two-Higgs-doublet mod-
els (2HDM), tree-level charged Higgs exchange can again mediate this transition.

In the 2HDM of Type II, the branching fraction is now modified by

2
B(B™ — € 5) = Bsy (1 - tanzﬁf—,fg—) . 21)
mi,
Taking the SM and L3 bound on B~ — 777, listed in Table 3 implies tan 8 /my: <
0.38 GeV~!, assuming fg = 190 MeV and |V,s| = 0.0033 £ 0.0008. Once this
decay is detected, tests for this type of scalar exchange can be performed by mea-
suring the helicity of the final state 7. The measured branching fraction from



LEP for the decay B —+ X1v yields?®?® a similar constraint of tan 8/mpys < 0.52
GeV~!, which is independent of the uncertainties in fp and V.

4 Flavor Changing Neutral Current Decays

Flavor changing neutral current (FCNC) decays only occur at the loop level in the
SM. Tree-level neutral currents are flavor diagonal due to the fact that all fermions
with the same charge and helicity have identical transformation properties under
the SU(2); x U(1)y gauge group,”” so that the flavor to mass eigenstate rota-
tion matrices commute with the neutral current operator. In fact, this property
provided the original motivation for Glashow, Iliopoulos, and Maiani® (GIM) to
introduce the charm quark in order to suppress phenomenologically unacceptable
large values of FCNC processes in the kaon system. This allowed for the strange
quark to have the same electroweak quantum number assignments as the down
quark; hence eradicating the tree-level strangeness changing neutral current. The
GIM mechanism thus achieves this tree-level cancellation without any artificial
adjustments to the parameters of the theory and also provides additional sup-
pression for FCNC that are induced at the loop level.

The one-loop processes which mediate FCNC’s can generally be classified as
electromagnetic, weak, or gluon penguin diagrams and box diagrams. Samples of
these classes of diagrams are displayed in Fig. 1. The generic amplitude for a
diagram of this type can be written as

3

A~ Zl VigVigF(m?/My), (22)
where the sum extends over the three generations of quarks of mass m; contribut-
ing internally to the diagram, the V;; are the relevant CKM elements appearing
at the vertices, and the function F represents the result of the loop integrals for
the diagrams. Using the unitarity property of the three-generation CKM matrix,
3 VigVi; = 0, allows one to rewrite the amplitude as

A~ VaQVy, [F(m3/M7y) - F(m}/MR)] + VagVs, [F(m3/ME) ~ F(m/M3)] .
(23)
This clearly demonstrates that the amplitude would vanish if all the contributing
internal quarks were degenerate! Hence, the magnitude of FCNC transitions is
related to the size of the internal quark mass splittings. This point is illustrated in

- 194 -

Meson/Quark | Branching Fraction
K 10730 . 10-8
.D 10—18 - 10—10
B 10-8 — 107*
t 10712 - 10~°

Table 5: Typical values of FCNC branching fractions in the SM.

Table 5 which displays the typical SM range of FCNC branching fractions for each
meson/quark system. As we would expect, the B meson system has the largest
FCNC rates due to the large degree of mass splitting in the up-quark sector and
due to the diagonal structure of the CKM matrix, whereas the charm mesons and
top-quark rates are very suppressed by the efficiency of the GIM mechanism.

d s d s
w \iJ
u,ct (1A uyet u,et
g Y>Z
q q q q
d v{l) d bs
w \\J
u,Gt (v) u,c,t u,ct
w w
s v() bs d A

Figure 1: Feynman diagrams.

QCD corrections to these rare processes can be quite important. They are
computed? via the Operator Product Expansion combined with renormalization
group evolution. This procedure allows for an efficient separation of short-distance
physics (corresponding to scales higher than p) and long-distance contributions
(scales lower then p). Within this framework, the exclusive transition M — F



can be expressed as

AM = F) = %VCKM E Ci(p)(F|O{w)| M), (245

where O; represents the complete set of effective operators which govern the tran-
sition, the C; are the Wilson coeflicients which are related to the Inami-Lim func-
tions at the scale u = My, and p corresponds to the scale at which the transition
takes place. The pu dependence of the Wilson coefficients is given by the renor-
malization group equations (RGE) and must be cancelled by the u dependence
contained in (O;). The use of the RGE allows for the summation of the large log-
arithms log(Mw/u) at a given order in perturbation theory. The long-distance,
or nonperturbative, contributions are contained in the evaluation of the matrix
“elements of the operators.

4.1 Radiative Decays

We start our discussion of FCNC transitions with the study of radiative decays,
Q — ¢v. The most general Lorentz decomposition of the radiative amplitude is

AQ - dv) MHTIISQ) (25)
@)ty (p — @) lig"os (A + Bys) + 12(C + D)

+q:(E + Fys)) ug(p),

where €* is the photon polarization, ¢ represents the outgoing photon’s momen-
tum, and A~ F are the invariant amplitudes for each case. Electromagnetic gauge
invariance, which dictates 8*J{™ = 0, yields the condition

- m,:(C + D"/s) + mQ(C — Dys) + qz(E + Fvs) =0. (26)

For an on-shell photon {g? = 0), this gives C = D = 0. Folding in the property
€* - g = 0, we are left with the magnetic dipole transition amplitude

AQ = d7) = @)ty (p — q) lig"or (A + Bys)] uo(p) . (27)

This amplitude is represented by a gauge invariant set of loop diagrams (in this

case, electromagnetic penguin diagrams) which sum to a finite result as there are

Quark F ViVl Fy WVaVilF
d |157x10-?]3.36 x 1010
s |292x1077| 6.26 x 10~8
b (331x10*]3.17x108
u | 227x10-® 1.29 x 10712
c 2.03x10* 7.34 x 10~
' t 0.39 1.56 x 10-2

Table 6: Contributions to ¢ = uy and b — sv.

no counterterms to absorb the infinities. The perturbative calculation of these
diagrams yield the familiar result (neglecting the mass of the final state quark)

m5
F@-7) = S5 ViV, [Fa(md /M) — Fulm /43
+VigVs, [Falm3/M3) - Fa(m3 /M3 (28)

where the function Fb is given in Inami and Lim.3? It is instructive to compare the
magnitude of these functions for the decays ¢ & uy and b — sv, for the various
internal quark states; this is presented in Table 6. Dominance of the t-quark
intermediate state in b — s is evident, even upon including the CKM factors.
Its effect is so large that the other intermediate states are numerically negligible
and hence are typically omitted. The amplitudes for ¢ — u~y differ from that of
b — sv in two important respects: (i) there is no single intermediate state which
dominates, and (ii) the overall magnitude is much smaller. The effectiveness of
the GIM mechanism is clearly demonstrated.

4.1.1 Radiative B Decays

Radiative B decays have become the benchmark FCNC process and provide one
of the best testing grounds of the SM. The CLEO Collaboration has reported!
the observation of the inclusive decay B — X,y with a branching fraction of
(2.32 4 0.57 + 0.35) x 10~* and 95% C.L. bounds of 1 x 10* < B(B —+ X,v) <
4.2 x 1074, as well as an updated measurement®? for the related exclusive process
B(B - K*y) = (4.2£ 0.8 £ 0.6) x 1075, This yields a value of 0.181 + 0.068
for the ratio of exclusive to inclusive rates. On the theoretical side, the reliability
of the calculation of the quark-level process B — X,y has improved with the
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completion of the next-to-leading logarithmic QCD corrections. It has thus pro-
vided strong restrictions on the parameters of several theories beyond the SM.33
This constitutes the first direct observation of a penguin mediated process(!) and
demonstrates the fertile ground ahead for the detailed exploration of the SM in
rare B transitions. ‘

In the SM, the quark-level transition B — X,v is mediated by W-boson and
t-quark exchange in an electromagnetic penguin diagram, as discussed above. To
obtain the branching fraction, the inclusive rate is scaled to that of the semi-
leptonic decay B — X €0,. This procedure removes uncertainties from the overall
factor of mj and reduces the ambiguities involved with the imprecisely determined
CKM factors. The result is then rescaled by the experimental value for the semi-
leptonic branching fraction,

T'(B - X,v)

B(B = 27
(B = X0 = 555 %)

B(B = Xt). (29)

The QCD corrections are calculated® via an operator product expansion based
on the effective Hamiltonian

—4G 8
Heyy = —=VaVis 3 CilmOih) (30)
i=1

which is then evolved from the electroweak scale down to u ~ m, by the Renor-
malization Group Equations (RGE). The O; are a complete set of renormalized
operators of dimension six or less which mediate b — s transitions. They consist
of the two current-current operators Oy 5, the four strong penguin operators O;_g,
and the electro- and chromo-magnetic dipole operators O; and Og, respectively,
and can be written as

01 = (CaVuPrbs)(557* Prca),
0, = (Ea7uPLba)(§ﬂ7“PLcﬂ) ,

O3 = (5avuPrba)d (357" Prgs),
q

04 = (5amuPrbs) Y (37" Piga),
q

Os = (5a7uPrba) Y (337" Prap) s (31)
q

Os = (§o7nPLbﬁ) Z(@W“PH‘I‘:) 3
q
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€ y
Or = mmb(gnayvpkba)F” y

where the terms proportional to m, in O7g have been neglected. We note that
the magnetic and chromomaguetic dipole operators, Oy g, contain explicit mass
factors which must also be renormalized as shown below.

The C; represent the corresponding Wilson coefficients which are evaluated
berturbatively at the electroweak scale, where the matching conditions are im-
posed and then evolved down to the renormalization scale u. The expressions for
the coefficients at the W scale are

Cia-6(Mw)=0 |, Co(Mw) =1, (32)
1
Ci(Mw) = =5F(z) , Co(Mw) = -3D(z1),

with z = m?/M% and

F) = Q 23 —522 -2z 3z%lnz 228+ 52—z 32'lnz
A8 = Az—1p8 " 2@-14]" 4e-1pF  2E-DF
28 -5z -2z 3r%Ilnz
= 33
Diz) o1 T (33)

where Q represents the charge of the internal quark.

The leading logarithmic QCD corrections to the decay width have been com-
pletely resummed, but lead to a sizable u dependénce of the branching fraction,
and hence, it is essential to include the next-to-leading order corrections to reduce
the theoretical uncertainty. In this case, the calculation of the perturbative QCD
corrections involves several steps, requiring corrections to both the Wilson coef-
ficients and the matrix elements of the operators in Eq. (30) in order to ensure
a scheme-independent result. For the matrix elements, this includes the QCD
bremsstrahlung corrections®® b — sy + ¢, and the NLO virtual corrections which
have recently been completed in both the naive dimensional regularization (NDR)
and 't Hooft-Veltman schemes.?® Summing these contributions to the matrix ele-
ments and expanding them around p = my, one arrives at the decay amplitude

4GFVaVy,
M(b — S’)‘) = —'L\/-;-LLD(S'Y|O7(mb)Ib)tree ) (34)
with
D = €377 (s) + 2L (L0110 1og T 4 001 ) . (a9
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Here, the quantities v;; are the entties of the effective leading order anomalous

dimension matrix, and the r; are computed in Greub et al.,% fori = 2,7,8. The

first term in Eq. (35), Cs// (1), must be computed at NLO precision, while it is
consistent to use the leading order values of the other coefficients. The explicit
logarithms a,(m,) log(m;/p) in the equation are cancelled by the p dependence of
C;o)d f (u). This feature significantly reduces the scale dependence of the resulting
branching fraction. The contribution to the inclusive width including these virtual
corrections is then

M3 pote G+ Cem| Vs Vs |*

32m

where the factor F = m}(my)/m},,, = 1 — 8a,(m;)/3n arises from the mass

I'ito(B = X.7)= F|DI?, (36)

factor present in the magnetic dipole operator. This should be compared to the

familiar leading order result (which omits the virtual corrections to (O7))

mg,polccg'aem
3274

For the Wilson coefficients, the NLO result entails the computation of the

O(a,) terms in the matching conditions, and the renormalization group evolution

I(B = X,7) = VaVaPIC: (WP (37)

of the C;(1) must be computed using the @(a?) anomalous dimension matrix.
The former step has been computed in Ref. 37. The latter step is quite difficult,
since some entries in the matrix have to be extracted from three-loop diagrams,
and has recently been completed,® with the conclusion being that in the NDR
scheme the NLO correction to C//(u) is small.

The total inclusive width is then given by the sum of the virtual and bremsstrah-
lung corrections, I'(B — X,y) = I 4 I'*"*™ where '™ is given in
Greub et al.,%% and the branching fraction is calculated by scaling to the semilep-
tonic decay rate. The leading order power corrections in the heavy quark expan-
sion are identical for B — X,y and B — X{p,, and hence cancel in the ratio.?®
This allows us to approximate I'(B — X,7) with the perturbatively calculable
free quark decay rate. For m?™* = 175 4+ 6 GeV (Ref. 13), mp/2 < p < 2my,
a, = 0.118 £+ 0.003 (Refs. 4, 40), B, = (10.23 £ 0.39)% (Ref. 41), and m./m; =
0.29 + 0.02, we find the branching fraction

B(B - X,v) = (3.25+£0.30 £ 0.40) x 1074, (38)

where the first error corresponds to the combined uncertainty associated with
the value of m; and p, and the second error represents the uncertainty from the
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other parameters. This is well within the range observed by CLEO. In Fig. 2,
the inclusive branching fraction is displayed as a function of the top mass from
Ref. 42. The dashed lines indicate the error in the branching ratio if we fix
u = my and vary all the other parameters over their allowed ranges given above.
The solid lines indicate the error for my/2 < g < 2m;, with all other parameters
fixed to their central values. This visually demonstrates that the error in the
theoretical calculation of B —+ X,7 is not overwhelmed by the scale uncertainty;
other uncertainties are now comparable. Within the SM (and assuming Vj = 1),
comparison with the experimental result gives |Vi,/Vis| = 0.85 £ 0.12(exp) £
0.10(th), which is consistent with unity.*3
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Figure 2: The branching ratio of B = X,v vs m;. The dashed lines indicate the error in
the branching ratio if we fix u = m; and vary all the other parameters over their allowed
ranges: a,(Mz) =0.118 + 0.003, By = 10.23 = 0.39%, and m./mj = 0.29 £ 0.02.
The solid lines indicate the error for m;/2 < p < 2my and all other parameters fixed to
their central values.

Before discussing explicit models of new physics, we first investigate the con-
straints placed directly on the Wilson coefficients of the magnetic moment oper-
ators from the CLEO measurement of B — X,v. Writing the coefficients at the
matching scale in the form Ci{(Mw) = CS¥ (Mw) + CP**(Mw), where C*(Mw)
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represents the contributions from new interactions. Due to operator mixing, the

CLEO measurement of B — X, then limits the possible values for CP**(My)

for i = 7,8. These bounds are summarized in Fig. 3, where the allowed regions
lie inside the diagonal bands.*? We note that two bands occur due to the overall
sign ambiguity in the determination of the coefficients. Here, the solid bands cor-
respond to the constraints obtained from the current CLEQ measurement, taking
into account the variation of the renormalization scale mpf2 < p < 2my, as well
as the allowed ranges of the other input parameters. The dashed bands represent
the constraints when the scale is fixed to u = m,. We note that large values of
C3**(Mw) are allowed even in the region where C7*“(My) = 0. Experimental
bounds on the decay b — sg are needed to constrain Cj.
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Figure 3: Bounds on the contributions from new physics to C7,8. The region allowed
by the CLEO data corresponds to the area inside the solid diagonal bands. The dashed
bands represent the constraints when the renormalization scale is set to # = my. The
diamond at the position (0,0) represents the Standard Model.

e Fourth Generation

In the case of four families, there is an additional contribution to B — X5
from the virtual exchange of the fourth generation up-quark ¢ (Ref. 44). The
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Wilson coefficients of the dipole operators are then modified by
Ve Vis
Vi;j represents the 4 x 4 CKM matrix which now contains nine parameters; six an-
gles and three phases. The values of the elements of the 4 x 4 CKM matrix

Cra(Mw) = CTg! (mi /M) + G (m (M) (39)

are much less resiricted than their three-generation counierparis, as one can no
longer apply the three-generation unitarity constraints.* Hence, even the overall
CKM factor in the B — X, branching ratio, |V;V,;/Va), can take on different
values. Figure 4(a) displays the resulting branching fraction as a function of my
for m, = 180 GeV; here the vertical lines represent the range of possible values
as the CKM elements are varied. These ranges were determined by generating
108 sets of the nine parameters in the 4 x 4 CKM matrix and demanding consis-
tency with (i) four-generation unitarity and the extraction of the CKM elements
from charged current measurements, (ii) the value of the ratio |V, /Va|, (iii) €,
and (iv) B? — B° mixing. We see that there is little or no sensitivity to the ¢'-
quark mass, and that the CLEO measurement places additional constraints on
the 4 x 4 CKM matrix. In fact, we find that consistency with CLEO demands
0.20 < |VisVio| < 1.5 x 102 and 0.23 < [VpVirs| < 1.1 x 1073,

¢ Two-Higgs-Doublet Models

In 2HDM, the H* contributes to B —+ X, via virtual exchange together with
the top quark. At the W scale, the coefficients of the dipole operators take the
form (in Model II described above)

A /), )

CilMw) = CPM (m} /M) + AR (m}/m}s) +
where ¢ = 7, 8. The analytic form of the functions A,,, A2, can be found in Refs. 45,
and 46. In Model II, large enhancements appear for small values of tan 3, but
more importantly, we see that B(B — X,v) is always larger than that of the
SM, independent of the value of tan 3 due to the presence of the Aﬁ* term. This
leads to the familiar bound®! mys > 260 GeV obtained from the measurement of
B(B — X,v) by CLEO. However, this constraint does not make use of the recent
NLO calculation. We remind the reader that a full NLO calculation would also
require the higher order matching conditions for the H* contributions. Neverthe-
less, we recall that the results on the NLO corrections to C§// (1) indicate they are
small,3® and a good approximation is obtained by employing the uncorrected H*
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matching conditions. Since the NLO cdrrections to the matrix element drastically

reduces the p dependence of the branching fraction, we would expect the resulting .

H#* constraints to improve. Indeed, we find that?? the CLEO bound excludes the
region to the left and beneath the curves in Fig. 4(b). For mP"* = 169 GeV, we
see that mys+ > 300 GeV. This is calculated by using the same procedure that
produced the previous charged Higgs mass bound by CLEOQ, i.e., all the input
parameters (e.g., a,, i, m./msy, and B(B — X{,)) are varied over their allowed
ranges in order to ascertain the most conservative limit. This bound holds in the
general two-Higgs-doublet-model II, and in supersymmetry if the superpartners
are all significantly massive.

¢ Supersymmetry

. There are several new classes of contributions to B — X,~ in supersymmetry.
The large H* contributions from Model I1 discussed above are present; however,
the limits obtained in supersymmetric theories also depend on the size of the
other super-particle contributions and are generally much more complex. In par-
ticular, it has been shown?**8 that large contributions can arise from stop-squark
and chargino exchange (due to the possibly large stop-squark mass splitting), as
well as from the gluino and down-type squark loops (due to left-right mixing in
the sbottom sector). The additional neutralino-down-squark contributions are
expected to be small. Some regions of the parameter space can thus cancel the
H%* contributions resulting in predictions for the branching fraction at (or even
below) the SM value, while other regions always enhance the amplitude. In min-
imal supergravity models with radiative breaking, the sign of the sparticle loop
contributions is found to be correlated with the sign of the higgsino mass pa-
rameter ¢ (Refs. 48, 49). A scatter plot in the R; — Rg plane is presented*? in
Fig. 4(c), where R; = %ﬁ—‘%} -1= —q':-;r-((#% Each point in the scatter plot
is derived from the minimal supergravity model with different initial conditions,
and is consistent with all collider bounds and is out of reach of LEPIIL. The first
thing to note from the figure is that large values of R; and Ry are generated, and
the R; and Rg values are very strongly correlated. The diagonal bands represent
the bounds on the Wilson coefficients from the observation of B — X, as deter-
mined previously. We see that the current CLEO data already places significant
restrictions on the supersymmetric parameter space. Further constraints will be
obtainable once a 10% measurement of B(B — X,v) is made, and the sign of
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C; is determined from a global fit described below. In this case, if no deviations
from the SM are observed, the supersymmetric contributions will be restricted to
lie in the dashed band. It is clear that these processes can explore vast regions
of the supersymmetric parameter space. In fact, it is possible that spectacularly
large deviations in rare B decays could be manifest at B factories, while collider

experiments would not detect a hint of new physics.

¢ Anomalous Top-Quark Couplings

If the top quark has anomalous couplings to on-shell photons or gluons, the
rate for B = X,7y would be modified. The effect of an anomalous magnetic and/or

electric dipole moment in the Lagrangian
1
[Qt'ﬁ« Uyu("v + ”‘775)‘1”] tA*, (41)
on the Wilson coefficients is

Cra(Mw) = CEM (m? /M) + Ky gF1, o (m? M) + Ry g For o (m} [MF,) . (42)

The functions Fy» can be found in Ref. 50. The effects of anomalous chromo-
dipole moments arise from operator mixing. When the resulting branching frac-
tion and the CLEO data are combined, the constraints (at leading order) in
Fig. 4(d) are obtained® for m; = 180 GeV. In this figure, the allowed region
is given by the area inside the solid (dashed) semicircle when x,, &, = 0(= &, &, ).
These bounds are considerably weaker than those obtainable from direct top-quark
production at colliders.®

One of the goals of a high-taminosity B physics program is to extract the ratio
of CKM elements |V.4|/|Vis| from a measurement of

B(B~ = p7™7) _
B(B- = K*v)

B(B® = ™) + B(B® = w) Vm'

55 5 K] €, (9

where £ accounts for SU(3) symmetry breaking and € represents the phase space
ratio. CLEO has recently placed®? the bounds on the exclusive branching frac-
tions, B(B® = p%) < 3.9 x 1075, B(B~ = p™) < 1.1 x 10-%, and B(B® —
w®y) < 1.3 x 1075, Combining this with their measurement of B — K™ and the-
oretical estimates® of the SU(3) breaking factor places the 90% C.L. constraint
[Vial/|Ves] < 0.45 — 0.56. However, this technique of determining this ratio of
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Figure 4: (a) The range of values for B(B — X,7) in the four-generation SM as a
function of m,. (b) Constraintsin the charged Higgs mass - tan B plane from the CLEO
bound on B(B — X,v). The excluded region is that to the left and below the curves.
The top line is for m{** = 181 GeV and the bottom line is for mP"* = 169 GeV. We
also display the restriction tan 8/my+ > 0.52 GeV~1 which arises from measurements

of B —+ X7v as discussed in Ref. 25. (c) Parameter space scatter plot of Ry vs Rg ,

in minimal supergravity model. The allowed region from CLEO data, as previously
obtained, lies inside the two sets of solid diagonal bands. The dashed band represents the
constraints from a potential 10% measurement of B = X,7. (d) Bounds on anomalous
top-quark photon couplings from B — X,v. The solid and dashed curves correspond
to the cases described in the text. In each case, the allowed regions lie inside the
semicircles.
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CKM elements depends critically on the assumption that these exclusive decay
modes are dominated by short-distance penguin transitions. If this assumption is
false, and the long-distance contributions to these decays were found to be large,
this method would be invalidated. In fact, it has been pointed out by numerous
authors® that long-distance contributions to B —+ Xzv may be significant, and
hence, these decays may not yield a good determination of the CKM element
Via. These long-distance effects originate from annihilation diagrams and from
‘the inclusion of the light-quark intermediate states in the penguin amplitudes.
However, separate measurements of charged and neutral B decays into py and wy
may be useful in sorting out the magnitude of the long-distance contributions. In
contrast, long-distance effects in exclusive B — X,y decays are estimated to be
small.

4.1.2 Radiative Charm Decays

It is instructive to compare radiative decays in the charm system, D =&+ X, + 7,
with those of B mesons. While separation of the long- from the short-distance
contributions is somewhat difficult in the B sector, radiative charm decays provide
an excellent laboratory for the determination of the long-distance effects and would
hence test the calculational models. In the charm case, it should be possible
to directly determine the rate of the long-distance reactions which are expected
to dominate. For example, the inclusive ¢ — w7y penguin transitions do not
contribute to D® — K*%y, and this mode would be a direct measurement of the
nonperturbative effects. Before QCD corrections are applied, the short-distance
inclusive rate is extremely small with B(c — uy) = 1 x 10~7; however, the QCD
corrections greatly enhance this rate.’® These corrections are calculated via an
operator product expansion, where the effective Hamiltonian is evolved at leading
logarithmic order from the electroweak scale down to the charm quark scale by the
Renormalization Group Equations. This procedure mirrors that used for b — sv,
except that two effective Hamiltonians must be introduced in order to correctly
account for the evolution above and below the scale u = m,. We thus have
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4G .
———\/—55 qu"‘b Vo VulC1(w)Of + Ca(w)0]], (44)
y 8
~ 5 Y VaVulCOT+ CaWOL+ 3 GOl
g=d,s.b

i=3

Hers(Mw > p > mp)

Hesr(my > p > me)

where the operators are as defined in Eq. (32) with the appropriate substitu-
tions. This procedure results®” in the inclusive branching fraction B(D — X,7) ~
(2 — 5) x 1078, with the range corresponding to the difference between neutral
and charged D decay. (We note that these radiative branching fractions have
also been scaled to semileptonic charm decay in order to reduce the CKM and m,
uncertainties.) We see that in this case, the rate is given entirely by operator mix-
ing! The penguin contributions to the exclusive channels would then be typically
of order 107, which is still significantly smaller than the long-distance estimates
presented in the following text in Table 8. We note that for radiative charm de-
cays, the predicted values of the exclusive branching fractions from long-distance
effects are within reach of B factories.

4.2 Other Rare B Decays

As discussed above, FCNC processes in the B sector are not as suppressed as in
the other meson systems and can occur at reasonable rates in the SM. This is due
to a sizable loop-level contribution from the top quark, which results from the
combination of the large top mass (giving a big GIM splitting) and the diagonal
nature of the CKM matrix. Long-distance effects are expected to play less of a role
due to the heavy B mass, and hence rare processes are essentially short-distance
dominated. Many classes of new models can also give significant and testable
contributions to rare B transitions.

Other FCNC decays of B mesons include By, — ¢*4~,vy, B & X,q +
¢+, X, gvi, with € = epr. In the SM, they are mediated by appropriate combina-
tions of electromagnetic and weak penguins as well as box diagrams, and generally
have larger rates, as discussed above, due to the heavy top quark and the diag-
onal nature of the CKM matrix. The SM predictions and current experimental
situation?5859 for these decays are summarized in Table 7, taking m, = 180 GeV.
The purely leptonic decays, B® — £+¢~, can be enhanced by contributions from
new physics at both the loop-level (for example, in Extended Technicolor models? -
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B® - K*%e/up
B~ o K*~ee/up
Bt = Ktetu¥®
BY » K*0e*y¥

< 1.6/2.5 x 10-% (CLEO/CDF)
< 6.9/11 x 10~ (CLEO)
< 1.2 x 10~ (CLEO)
< 2.7 x 10~% (CLEO)

Decay Mode Experimental Limit Bsy

BY = ete” < 5.9 x 10-% (CLEO) 2.6 x 10-13

BS - ptp- < 1.6 x 10~® (CDF) 1.1 x 10-1°

BY 5 7 — 2.1 x 1078

B? = ete” — 5.3 x 10~

bg - utp < 8.4 x 107% (CDF) (3.6+1.8) x10°°

B% — rtr- — 5.1x 1077

B® & utu- < 8.0 x 1076 (D@)

BY 3 et p¥ < 5.9 x 1078 (CLEO) 0

B? o et7¥ < 5.3 x 10~* (CLEO) 0

B® o p*r7 < 8.3 x 107 (CLEO) 0

BY - vy <3.9x107%(L3) 1.0 x 10-8

B? 5 vy < 1.5x10™4 (L3) 3x1077

B X,+7 (2.3240.57 £ 0.35) x 10~* (CLEO) | (3.25+0.30 £ 0.40) x 10~*
B - K*y (4.2 4 0.8+ 0.6) x 10~% (CLEO) (4.0 £ 2.0) x 105

B — p% < 3.9 x 1075 (CLEO) (0.85 4 0.65) x 10~¢
B - w'y < 1.3 x 105 (CLEO) (0.85 + 0.65) x 108
B- 9 py 1.1 x 107 (CLEO) (1.9+1.6) x 1076

B X, +ete” — (6.2513%) x 108

B X, +ptu < 3.6 x 1075 (D@) (5.73¥373) x 1078

B X, +1tr — (3.24234) x 1077

B = K%e/up < 1.5/2.6 x 10~4 (CLEO) (5.0+£3.0)/(3.0+£1.8) x 1077
B~ - K eefup < 1.2/0.9 x 10~° (CLEO) (5.0£3.0)/(3.0+1.8) x 10°7

(2.0 + 1.0)/(1.25 + 0.62) x 10-8
(2.0 £ 1.0)/(1.25 + 0.62) x 10~6
0
0

B X, +vp

< 7.7x 10~* (ALEPH)

(3.8 £0.8) x 10~°

Table 7: Standard Model predictions for the branching fractions for various rare B me-

son decays with fg, = 180 MeV. Also shown are the current experimental limits.

4,57,58
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or by virtual H* exchange® in 2HDM), and at tree-level, e.g., with leptoquark
exchange.52 However, as can be seen from the table, the experimental probes of
these purely leptonic decays, are orders of magnitude above the expected rates,
and hence only potentially large tree-level contributions can currently be tested.
Indeed, the most stringent constraints on tree-level leptoquark contributions in
B decays are obtained from the exclusive reaction B — Kep (Ref. 62). However,
in this case, there exist large uncertainties associated with the hadronic matrix
elements, yielding some sloppiness in the resulting bounds.

The transition b — sf*£~ merits further attention as it offers an excellent
opportunity to search for new physics. For example, it has been found® that
Extended Technicolor models with a GIM mechanism already violate(!) the ex-
perimental upper bound on B = X,uu, but more traditional ETC models yield a
rate which is close to the SM prediction. The decay proceeds via electromagnetic
and Z penguin as well as by W box diagrams, and hence can probe different cou-
pling structures than the pure electromagnetic process b — sy. For B — X,¢+¢~
the Hamiltonian of the effective field theory [see Eq. (30)] is expanded to include
two additional operators, Oy 9. This formalism leads to the physical decay am-
plitude (neglecting the strange quark mass)

M(B - X,0t07) = ﬁf“"

VsV [C 51 7,b8r € + CrosL b By st
eff = @ 5,
—2C3 mbsLta,,yq—2bB€'y £] , (45)

where ¢? represents the momentum transferred to the lepton pair. The expressions
for Ci(Mw) are given by the Inami-Lim functions.3® A NLO analysis for this decay
has recently been performed, where it is stressed that a scheme-independent re-
sult can only be obtained by including the leading and next-to-leading logarithmic
corrections to Co(y) while retaining only the leading logarithms in the remaining
Wilson coeficients. The residual leading 4 dependence in Cy(y) is cancelled by
that contained in the matrix element of Oy. The combination yields an effective
value of Cy given by

C5'1(5) = Colwn(8) + Y (5) (46)

with Y'(3) being the one-loop matrix element of Oy, 7n(3) represents the single
gluon corrections to this matrix element, and § = ¢°/m? is the scaled momentum
transferred to the lepton pair. The effective value for C//(u1) refers to the leading
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order scheme-independent result obtained by Buras et al. 3 The corresponding
formulae for C;(1), Y (3), and 7(8) are collected in Refs. 43 and 64. The operator
010 does not renormalize, and hence its corresponding coefficient does not depend
on the value of i (except for the u dependence associated with the definition of the
top-quark mass). The numerical estimates [in the naive dimensional regularization
(NDR) scheme] for these coefficients are then (taking mi™® = 4.87 GeV, mP™* =
175 GeV, and a,(Mz) = 0.118)

Ci(p=my Tm/? = -0312;8%%,
Colp=my 7m/?) = 421403, (47)
and
Clo(ﬂ) = —4.55. (48)

The reduced scale dependence of the NLO versus the LO corrected coeflicients is
reflected in the deviations ACe(y) < + 10% and ACS (1) = + 20% as p is var-
ied in the range m;/2 < p < 2m;. We find that the coefficients are much less sensi-
tive to the values of the remaining input parameters, with ACy(my), ACEf (m}) <
3%, varying a,(Mz) = 0.118 £ 0.003 (Refs. 4 and 41), and m*** =175+ 6 GeV
(Ref. 13) corresponding to m,(m,) = 166+ 6 GeV. The resulting inclusive branch-
ing fractions (which are computed by scaling the width for B — X,€*£~ to that
for B semileptonic decay) are found to be (6.2573.5%) x 107, (5.734373) x 10-%, and
(324734 x 1077 for € = e, u, and T, respectively, taking into account the above in-
put parameter ranges, as well as B,y = B(B —+ Xfv) = (10.23 £ 0.39)% (Ref. 19),
and m./my = 0.2910.02 (Refs. 36 and 4). There are also long-distance resonance
contributions to B = X,¢+¢~, arising from B = K™y}  K()g+¢~, These ap-
pear as an effective (5,7,b.)(Z7,f) interaction and are incorporated into C§// via
the modification Y (5) = Y'(3) = Y(5) + Y..,(5), where Y,.,(3) is given in Ref. 65.
These pole contributions lead to a significant interference between the dispersive
part of the resonance and the short-distance contributions. However, suitable cuts
on the lepton pair mass spectrum can cleanly separate the short-distance physics
from the resonance contributions.

Various kinematic distributions associated with the final state lepton pair ren-
der B — X,£*¢~ an excellent SM testing ground. These distributions include
the lepton pair invariant mass distribution,®® the lepton pair forward-backward
asymmetry,5” and the tau polarization asymmetry® in the case £ = 7. They
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are presented in Fig. 5, with and without the resonance contributions. Note

that both asymmetries are large. As an example of how new physics can affect

these distributions, we display in Fig. 5(d) the tau polarization asymmetry for
various changes of sign of the contributing Wilson coefficients. Measurement of
all three kinematic distributions as well as the rate for B =+ X,y would allow
for the determination of the sign and magnitude of all the Wilson coefficients
for the contributing operators and thus provide a completely model-independent
analysis. A 95% C.L. Monte Carlo fit to these coefficients has been performed+?
in order to ascertain how much quantitative information will be obtainable at
future B factories. In this fit, “data” has been generated assuming the SM is
realized, and by dividing the lepton pair invariant mass spectrum into bins, where
six of the bins are taken to be in the low dilepton invariant mass region below
the J/ resonance, and three of the bins above the ¥/ pole. The “data” has been
statistically fluctuated using a normalized Gaussian distributed random number
procedure. The errors in each bin are expected to be statistics dominated. How-
ever, for B — X,'y, the statistical precision will eclipse the possible systematic and
theoretical accuracy, and a flat 10% error in the determination of the branching
fraction is thus assumed. A three-dimensional x? fit to the coefficients Cz,g,10(1)
is performed for three values of the integrated luminosity, 3 x 107, 10%, and 5 x 108
BB pairs, corresponding to one year at ete~ B factory design luminosity, one
year at an upgraded accelerator, and the total accumulated luminosity at the end
of the program. Hadron colliders will, of course, also contribute to this program,
but it is more difficult to assess their potential systematic and statistical weights
without further study.

The 95% C.L. allowed regions as projected onto the Cy(n) — Cio(p) and
Cf(u) — Cyo(u) planes are depicted in Figs. 6(a) and 6(b), where the diamond
represents the expectations in the SM. We see that the determinations are rela-
tively poor for 3 x 107 BB pairs and that higher statistics are required in order to
focus on regions centered around the SM. Clearly, Cg and Cj are highly correlated,
whereas C;f / and Gy are not. We see that the sign, as well as the magnitude, of
all the coefficients including C;’ ! can now be determined.

Supersymmetric contributions to B — X,¢*¢~ have recently been analyzed

in Refs. 42 and 69. In Fig. 7, the correlation between Ry and Ry, (recall R; =

%';7:—({%7) — 1) is displayed using the same supersymmetric parameter space as in
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4aB(B -~ X,1%17)/d8

om |

i=q/m} i=q'/m}

Figure 5: (a) Differential branching fraction, (b) lepton pair forward-backward asym-
metry, and (c) tau polarization asymmetry as a function of § for £ = 7 (solid and dashed
curves) and £ = e (dotted and dash-dotted curves), with and without the long-distance
contributions. (d) Tau polarization asymmetry with changes in sign of the Wilson co-
efficients at the electroweak scale, corresponding to C¢,Co,Co,10, SM, and Crg from
bottom to top.



Figure 6: The 95% C.L. projections in the (a) C9—C}p and (b) C;f I —Co planes, where
the allowed regions lie inside of the contours. The solid, dashed, and dotted contours
correspond to 3 x 107, 108, and 5 x 108 BB pairs. The SM prediction is labeled by the

diamond.

Fig. 4(c). We see that Ry is always positive since the charged Higgs boson and
chargino contributions always add constructively. We see that the values of Ry
and Ry are bounded by about 0.04, a small number compared to the range found
for Ry in Fig. 4(c), and rendering the minimal supergravity contributions to Ry 10
essentially unobservable. The solid lires in this figure correspond to the 95% C.L.
bounds obtainable with very high integrated luminosity (5 x 108 BB pairs) at
B factories from the global fit shown above.

4.3 Other Rare D Decays

While investigations of the K and B systems have and will continue to play a
central role in our quest to understand flavor physics, in-depth examinations of
the charm-quark sector have yet to be performed, leaving a gap in our knowledge.
Since charm is the only heavy charged +2/3 quark presently accessible to experi-
ment in copious amounts, it provides the sole window of opportunity to examine
flavor physics in this sector. In addition, charm allows a complementary probe of
SM physics (and beyond) to that attainable from the down-quark sector.
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Figure 7: Parameter space scatter plot of Ry vs Ry in minimal supergravity model.
The global fit to the coefficients obtained in Fig. 6 with 5 x 10° BB pairs corresponds
to the region inside the diagonal bands.



Due to the effectiveness of the GIM mechanism, short-distance SM contribu-

tions to rare charm processes are very small. Most reactions are thus dominated .

by long-range effects which are difficult to reliably calculate. However, for some
interactions, there exists a window for the potential observation of new physics.
In fact, it is precisely because the SM flavor changing neutral current rates are so
small that charm provides an untapped opportunity to discover new effects and
offers a detailed test of the SM in the up-quark sector.

FCNC decays of the D meson include the processes D — £+£~, vy, and
Do X+8¢,X+vp, X + 7, with £ = e, u, and with the radiative decays
being discussed above. The calculation of the SM short-distance rates for these
processes is straightforward and the transition amplitudes and standard loop in-
tegrals, which are categorized in Ref. 30 for rare K decays, are easily converted
to the D system. The loop integrals relevant for D — vy may be found in
Ref. 70. Employing the GIM mechanism results in a general expression for the
loop integrals which can be written as

A =V, V. [F(z,) — F(za)] + VaVa[F(zs) — F(zd)], (49)

with z; = m?/M% and F(z,) usually being neglected (except in the 2y case).
The s- and b-quark contributions are roughly equal as the larger CKM factors
compensate for the small strange quark mass. The values of the resulting inclusive
short-distance branching fractions are shown in Table 8, along with the current
experimental bounds.*?! The corresponding exclusive rates are typically an order
of magnitude less than the inclusive case. We note that the transition D® — £+¢-
is helicity suppressed and hence has the smallest branching fraction. The range
given for this branching fraction, (1 — 20) x 1019, indicates the effect of varying
the parameters in the ranges fp = 0.15 — 0.25 GeV and m, = 0.15 — 0.40 GeV.
It is clear that the typical branching fraction is indeed much smaller than that in
the B meson system, illustrating the effectiveness of the GIM mechanism when
there is no heavy top quark contributing inside the loop.

The calculation of the long-distance branching fractions are plagued with the
usual hadronic uncertainties, and the estimates listed in the table convey an up-
per limit on the size of these effects rather than an actual value. These esti-
mates have been computed by considering various intermediate particle states
(e.g., 7, K,K,n,7,7n, or KK) and inserting the known rates for the decay of
the intermediate particles into the final state of interest. In all cases, we see
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Br.p.

Decay Mode Experimental Limit Bsp.

DO - ptp~ < 7.6 x 107 (WA92) {1-20)x10719| <3 x 10715
D% 5 eter < 1.3 x 1073 (CLEO)

P — pEe¥ < 1.9 x 1075 (CLEO) 0 0

D o vy — 10-16 <3x10?
D X, +~ 1.4x 10777

D° — p%y < 1.4 x 1074 (CLEO-prelim.) <2x107%
D% — ¢% < 2.0 x 104 (CLEO-prelim.) <10~
D+ - pty — <2x10™*
Dt o Kt~ — 3x 107
DO o K*0y — 1.6 x 104
Do X, +ete . 4x107°

DY - nl%e/pp | < 4.5/18 x 10~% (CLEO/E653)

D% o K%e/up | <1.1/2.6 x 10~* (CLEO/E653) <2x10°18
D® 5 pPee/up | <1.0/2.3 x 10~* (CLEO/E653)

D° — nee/up < 1.1/5.3 x 10~ (CLEO)

D* o wteefup | <6.6/1.8 x 10~% (CLEO/E653) fewx10-10 <1078
D* — Kteefup | < 480/3.2 x 10~° (MRK2/E653) <1015
D* = ptpp < 5.6 x 104 (E653)

D% 5 X, +vb 2.0 x 10718

D® 5 n%vp — 49x107% | <6x 10716
D® - K%p — < 10712
DY 5 X, +vb — 4.5 %1071

Dt 5 ntup — 39x10°% | <8x1071
Dt 5 K*ui — <10

Table 8: Standard Model predictions for the branching fractions due to short- and

long-distance contributions for various rare D meson decays. Also shown are the

90% C.L. current experimental limits.”




that the long-distance contributions 6verwhelm those from the SM short-distance
physics. .

Lepton flavor violating decays, e.g., D° — up*e¥ and D — X + p*e¥, are
strictly forbidden in the SM with massless neutrinos. In a model with massive
nondegenerate neutrinos and nonvanishing neutrino mixings, such as in four-
generation models, D® — u*e¥ would be mediated by box diagrams with the
massive neutrinos being exchanged internally. LEP data restricts’? heavy neu-
trino mixing with e and ¢ to be |Un Uy, |* < 7 x 107® for a neutrino with mass
my > 45 GeV. Consistency with this bound constrains the branching fraction
to be B(D® — pte¥) < 6 x 10722, This same result also holds for a heavy sin-
glet neutrino which is not accompanied by a charged lepton. The observation of
this decay at a larger rate than the above bound would be a clear signal for the
existence of a different class of models with new physics.

Examining Table 7, we see that there is a large window of opportunity to
discover the existence of new physics in rare charm decays. Although the SM
short-distance contributions are completely dominated by the long-distance ef-
fects, there are some modes where the size of the two contributions are not that
far apart. The observation of any of these modes at a larger rate than what
is predicted from long-distance interactions would provide a clear signal for new
physics.

4.4 Rare Decays in the Kaon System

The SM level for the theoretically clean decay K+ — w+up should be reached
in the next decade, with the present bound”® on the branching fraction being
B(K* — n*1D) < 2.4 x 107 from E787 at Brookhaven. This transition is theo-
retically clean as it is short-distance dominated;™ the relevant hadronic operator
is extracted from K+ — #%%v, and the next-to-leading order QCD corrections
are fully known.”™ The SM processes responsible for this decay are Z-mediated
penguin graphs and W box diagrams with both charm and top quarks contribut-
ing internally. The full NLO expressions for this decay are given in Ref. 75. The
impact of the NLO corrections are to reduce the scale uncertainties from +22%
to £7%. Here we present the approximate result recently given by Buras,!2
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B(Kt - atvD)

2 2 2.3
—10 |V¢d' ]Vcbl 7”:(”‘!) ¢
0.7x10 [(0.01) (0.04 T0Gev) Tt

(9.1+3.2) x 1071, (50)

where the cc and tc terms represent the pure charm and charm-top contributions,
respectively. Measurement of this rare decay would provide a sensitive and direct
determination of V4. The theoretical error'®™ on an evaluation of Vi from this
channel is at the £4% level. Hence, this mode represents the most promising
technique of determining V4.

An enhancement over the SM rate would clearly signal new physics although
such enhancements are not expected in most minimal extensions of the SM once
the constraints from B — B mixing, €x, and b — sy are taken into account.”®
These processes are to a large extent governed by the same parameters, limiting
the impact of new physics in this case. A possible exception concerns the MSSM
with SUSY particles in the 100 GeV range where there can be some enhance-
ment.”? There remains the possibility of large enhancements in SUSY models
with broken R-parity, models with family symmetry producing a new type of neu-
trino, as well as certain leptoquark models.” Typically, these models are more
weakly constrained overall and could also lead to nonstandard signals in other
rare processes (for example, B or D decays). The Three-Higgs-Doublet model
also can lead to a moderate enhancement (by a factor of three) of the standard
rate for this decay.”™ This is to be contrasted with the 2HDM where the existing
constraints preclude any significant effect in future kaon decay measurements.46

The process K — utu~ shares several features of the preceding one as far as
sensitivity to new physics is concerned. However, the bounds obtained are not as
reliable due to large and uncertain long-distance contributions. One interesting
aspect of this process is the sensitivity to other sources of CP violation in the
measurement of the longitudinal polarization of the muon, which is expected to
be Pp ~ 2 x 1072 in the SM.

Extensive discussions of other rare K decay modes can be found in Ref. 79.

4.5 Rare Decays of the Top Quark

Loop-induced flavor changing top quark decays are small in the SM, as in the
charm-quark system, due to the effectiveness of the GIM mechanism and the
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small masses of the Q = —1/3 quarks. However,' these transitions are anticipated
to be theoretically clean as long-distance effects are expected to be negligiblé.
The SM rates for t = ¢y, cZ,cqg are given by 4.9 x 10713, 1.4 x 10713, 4.4 x 10~11,
respectively, for m; = 180 GeV (Ref. 80). The branching fraction for ¢t — ch as
a function of the Higgs mass is represented by the solid curve in Figs. 8(a) and
8(b). We see that this rate is also tiny, being in the 10~ range over the entire
kinematically allowed region for the Higgs mass. Loop contributions from new
physics have been studied in 2HDM®%®! and in SUSY,?? and generally can enhance
these transition rates by three to four orders of magnitude for some regions of the
parameter space. The effects of virtual H* exchange in 2HDM of Type II on the
reactions t =& cV, V = +,Z, g, are displayed in Fig. 8(c) for m; = 180 GeV.
We see that, indeed, enhancements are present for large values of tan 3. We
also examine the decays ¢ — ch,cH in Model II, where h and H respectively
represent the lightest and heaviest physical neutral scalars present in 2HDM. The
resulting rates are depicted in Figs. 8(a) and 8(b) for the demonstrative case of
my: = 600 GeV and tan # = 2(30), corresponding to the dashed (solid) curves.
Here, we have made use of the SUSY Higgs mass relationships in order to reduce
the number of free parameters. We note that the effects of super-partner virtual
exchange should also be included (with, of course, a corresponding increase in the
number of parametcis!). We have also studied these modes in Model I and found
similar rate increases for regions of the parameter space. Even if new physics were
to produce such enhancements, the resulting branching fractions would still lie
below the observable level in future experiments at an upgraded Tevatron, the
LHC, or the NLC.

On the other hand, if these FCNC decays were to be detected, they would
provide an indisputable signal for new physics. Hence, a model-independent ap-
proach in probing anomalous FCNC top-quark couplings has recently been taken
by a number of authors.®® By parameterizing the general tcV vertex in a manner
similar to that presented in Eq. (6), and performing a Monte Carlo study of the
signal rate versus potential backgrounds, Han et al.# have found that such anoma-
lous couplings can be probed down to the level of x, z = /9} + g}/,,z ~ 0.1(0.01)
at the Tevatron (LHC). This corresponds to values of the branching fractions for
t = cZ, cy at the level of fewx10~3 for the Tevatron bounds and 10~* for the
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LHC. CDF has, in fact, already performed a search for these FCNC decays from
their present top sample, and has placed the bounds® B(t = ¢y + u7) < 2.9%
and B(t = ¢Z + uZ) < 90% at 95% and 90% C.L., respectively.

Potential non-SM tree-level decays of the top quark could feasibly occur at
measurable rates in future colliders. Examples of these possible transitions are:
(i) the decay of top into a charged Higgs, ¢ & bH* in multi-Higgs models,®®

l(ii) the tree-level flavor-changing decay ¢ — ch, which can occur, if kinematically

accessible, in multi-Higgs models without natural flavor conservation 7 (iii) t &
tX® which can take place in supersymmetry if the top-squark is sufficiently light®8
(this possibility is related to the large value of the top Yukawa coupling, and is
thus special to the top system), and (iv) t = £*d in SUSY models with R-parity
violation.8® For favorable values of the parameters, each of these modes could be
competitive with the SM decay ¢ — bW*. The observation of the top quark by
CDF and D@, which relies heavily on the expected signal from SM top decay,’® can
thus restrict the values of the branching fractions for these potential new modes.
The possible constraints that could be obtained on the models which would allow
the decays (i) ¢t & bH* and (ii) t = ch to occur, if these collaborations were
to make the statement that the observed tf production rate is 50~-90% of that
expected in the SM, are given in Fig. 9. We have examined the case of the
decay into a H* in Model 11, taking m; = 180 GeV, and find that the potentially
excluded regions lie below the curves. Clearly, large regions of the parameter
space have the potential to be ruled out. In the case of t — ch decay, we have
parameterized the tree-level tch coupling as (v2GFr)'/*m,(a — B7s) and displayed
the restrictions in the k = /a? + f% — m;, plane. The region above the curves
would be excluded.

5 Neutral Meson Mixing

For a neutral meson system, the mass and lifetime eigenstates, Pp, Py, with
masses m y and widths Iy g, are conventionally defined as mixtures of the two
weak CP-conjugate eigenstates P?, P as

plP%) + q|P%),
p|P%) — q|P°), (51)

|PL)
| Prr)
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Figure 8: Branching fractions for (a) ¢t = ch and (b) t — cH as a function of the
neutral Higgs mass in 2HDM of Type II. The SM rate is represented by the solid curve.
(c) B(t = cV) where V = g,v,Z as a function of tan 3 in Model II. In all cases, the
top-quark mass is taken to be 180 GeV.
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Figure 9: Constraints placed on the nonstandard decays (a) ¢t — bH * and (b) t = ch
from demanding that the observed event rate for top-quark pair production is at least
50,60, 70,80, and 90% of that expected in the SM, corresponding to the dashed-dot,

solid, dotted, dashed, and solid curves. m; = 180 GeV is assumed.

with the normalization |pj? + |g|> = 1, and the subscripts L and H denoting the
light and heavy states, respectively. Here, P° generically represents the pseu-
doscalar neutral meson systems K®, D®, B}, and B?. Note that there is no top-
meson mixing as the top-quark decays too rapidly to form neutral meson bound .
states. There is also the equivalent definition

|P) = [(1+ep)lP%)+ (1 —ep)|PO)]/y2(1 + [erl?),
1Pr) = [(1+ep)iP’) = (1—ep)|PO))/y2(1 +erf?). (32)

The mixing parameters are related by ¢/p = (1 —€p)/(1+¢€p). In the limit of CP
invariance, |p|®> = |g|?, Reep = 0, and a phase convention can be found such that
Znep = 0 and p = ¢ = 1/v2. Throughout our discussion, we will assume CPT
invariance.

The Hamiltonian eigenvalue equation

My — iy My =40 ]
1,1 ? 11 12 ? 12 P _ (ML.H _ -1-1"1,,”) p (53)
M3, — 5[‘12 Moo — §F22 +q 2 +q



K| D B B

x| 0476 | <0.083 | 0.72+0.03 | > 13.8

Table 9: Experimental measurements and constraints®!2 on the parameter z = AM /T
for the various meson systems.

has the solution

. 1 .
q_ (M- %Fiz] P —2Mip — 5T (54)

D - Mn - %FIZ AM — %AF ’
where AM = My — My = 2|Mys| and AT =Ty — T = 2|T'j2|. M, describes
transitions between P® and P® via virtual states, and Ty, represents contributions
to decay channels which are common to both P® and P°. The parameter r =
AM]JT is often used to describe the competition between the P? — P® mixing
and decay. The experimental measurements and constraints on r for the various
meson systems are listed in Table 9.

The proper time evolution of an initially pure P® or P° state is

[P(t)phye) = e TH2ZemiME [cos (A12\/It) |P?)

+iZon (22) |f>°)] , (55)
|PP(E)phys) = e TH/2emiMt [i%sin (Alzm) |P%)

+cos (Alzwt) |P°)] s

where M is defined as M = (My+M_.)/2. In systems where AT can be neglected,
the probability of mixing can then be written as

P@) = %e-“ [1 — cos (AMY)] . (56)

Time-dependent measurements of mixing in the By system have only recently
been performed at SLD, LEP, and the Tevatron with new vertexing technology,!?
and provide a direct determination of AM. Previous results relied on the time-
integrated mixing parameter

oo 1.2
x= /0 Pl = 5y (57)
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which is bounded to be x < 0.5, and determines the parameter z. T(4S) exper-
iments measure the pure time integrated x4 parameter of the B, system, while
high-energy experiments off the T(45) measure the mixture

x8 = faxd + faXs, (58)

where f4, represent the fractions of produced b-quark hadrons that are BY and B?,
réspectively. The values of these hadronization fractions are not precisely known,
they are approximately fs ~ 0.39 and f, ~ 0.12 at SLC/LEPI energies, and hence
introduce a source of uncertainty to the time-integrated mixing measurements. If
x approaches its upper value of 0.5, as is expected for the B, system, it clearly
does not provide a good determination of z, and one must then rely on the time-
dependent approach.

As in the case of rare decays, both short- and long-distance physics processes
contribute to meson mixing within the SM. The short-distance contributions are
mediated by box diagrams with internal quark and W-boson exchange and are
calculated via the operator product expansion in Eq. 24. The AQ = 2 effective
Lagrangian for a pseudoscalar meson P = Qg is

GEMy mg ™y
=9) = VyoV: s S| =5, —+ , 5
Logf(8Q=2) =~ zJ: @VisVaeVaawS | 5 3 | O 69

where the sum extends over the two contributing internal quarks ¢ ;, 7 summarizes
the QCD corrections, and S represents the Inami-Lim functions® from the evalu-
ation of the box diagrams. Note that the GIM mechanism may be employed here
as well, and hence we would expect sizable short-distance mixing in cases where
the top quark contributes internally, such as in the K°, BY, and B? systems. The
matrix element of the AQ = 2 operator can be evaluated as

(PY|OLLIP)

(P°lg7,(1 — 15)Qa* (1 — 15)QIP°),
= %f};BrmP, (60)

with fp (mp) being the pseudoscalar meson decay constant (mass), which is mea-
sured in the purely leptonic decays as discussed above, and Bp being the so-
called bag factor which represents the nonperturbative factors associated with
the hadronic matrix element and comprises the major source of theoretical uncer-
tainty in the calculation of meson mixing. These bag factors are estimated using



nonperturbative techniques such as lattice gauge theory, QCD sum rules, 1/N
expansion, or chiral perturbation theory, with the lattice gauge results giving the
most accurate evaluations.?!

The long-distance contributions may be generally represented as the sum of
common intermediate states I, which interact with the pseudoscalar mesons via
an effective weak Hamiltonian .z,

mé —m} + i€

The dominant classes of contributions of this type arise from (i) single particle
intermediate states, called pole contributions, and (ii) two particle intermediate
states, denoted as dispersive contributions. Due to the effectiveness of the GIM
mechanism in reducing the size of the short-distance effects in the charm system,
one expects long-distance processes to dominate D° — D° mixing.

5.1 K°- K% Mixing

The neutral kaon system provides a special laboratory for the study of mixing.
The dominant CP conserving decays of the two physical states are Ky — 3«
and Kg — 27. Due to the strong phase space suppression for the K decay,
K, and K have very different lifetimes, providing a clean separation of these
two eigenmodes in the laboratory. The SM short-distance contributions to the
K — K5 mass difference arises from top- and charm-quark contributions to the
W box diagram, giving

GLM}, feBxm . .
e [(VaVia) neS () + (ViaVid)*meS (1)
+2Ve Vo Vis Vi S (e, 22)] - (62)

Mlg(AS = 2) =

Here, S(z) represents the Inami-Lim functions,® z; = m?/MZ,, and the 7; cor-
respond to the QCD correction factors which have been computed®?! to NLO
for each contribution, with their numerical values being 7. = 1.38 £ 0.20, 7., =
0.47 + 0.04, and 7, = 0.57 & 0.01. The hadronic matrix element (or bag factor),
By, represents a large uncertainty in the computation of M2, with the results
from various approaches being summarized in Table 10. Buras'? advocates use of
the value Bg = 0.75 £ 0.15. The mass difference is then AMy = 2|M,|.
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Approach By
Lattice 0.90 £ 0.06
1/N 0.70+0.10
QCD Sum Rules ~ 0.60

Chiral Quark Model | 0.87 +0.25

QCD Hadronic Duality | 0.39 + 0.10
SU(3) Symmetry 1/3

Table 10: Compilation of various determinations?!'92 of By.

The calculation of AMy is unfortunately plagued with uncertainties from the
potentially sizable long-distance contributions.®® Even so, the K; — K mass
difference has played a strong and historical role in constraining new physics. For
example, the strongest bound™ (albeit assumption dependent) on the mass of a.
right-handed W boson in the Left-Right Symmetric Model of My, 2 1.6 TeV,
the requirement of near degeneracy of the squark masses in supersymmetry,% and
severe constraints on technicolor model building® such as the introduction of the
Techni-GIM mechanism, are all obtained from K° — K° mixing.

5.2 BY - B} and B! — B? Mixing

The quark level process which is dominantly responsible for B® — B° mixing in

the SM is that of top-quark exchange in a W box diagram. The mass difference

for B, meson mixing is then given by

G’prEVm B
6n2

with ng, = 0.55 £ 0.01 being the QCD correction factor which is calculated to

NLO,* and F(x) being the usual Inami-Lim function.3® For consistency with the

AMy = f2.Bo. |V Vil F(mi /M), (63)

NLO QCD calculations, the running top-quark mass evaluated at m, should be
used. An equivalent expression for B, mixing is obtained with d — s. This yields
the SM values of AM, = (3.0139) x 10713 GeV and AM, = (7.4¥55) x 10712 GeV,
where the ranges correspond to taking mP™* = 17516 GeV, |Vi4] = 0.009 £ 0.005
and |V, = 0.040 & 0.006 as given in Ref. 4, and fp, = 175 £ 25 MeV, B, =
1.31 + 0.03, (the combined quantity is quoted to be fB‘\/B: = 207 + 30 MeV)
fB, = 200425 MeV, and B, = (1.01£0.01) Bg, as suggested by a global summary
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of lattice gauge theory results.?! This’agrees well with the experimental bounds!?
of AMy = (0.464+0.012+0.013) ps—! and AM, > 9.2 ps™!, corresponding to the
z parameter values in Table 9. This situation is summarized in Fig. 10.

BY — BY mixing is measured with impressive accuracy and can be used to
determine the value of V.4, giving!? (in the Wolfenstein CKM parameterization)

Wl = AN[(1 =) + 772, (64)
= 854x103 |2 Mev [170 GeV]o'76 [ AM, ] fo_fé
fB. yBs. ity (my) 0.464 ps-! 7

Setting the input parameters at their 1o values gives the range |V,4| = 0.007 —
0.010. Unfortunately, this evaluation of V;4 is dominated by the uncertainties
associated with the hadronic matrix elements and assumes that new physics does
not contribute to B — B mixing.

A measurement of B} — BY mixing could also yield a value for the ratio of
CKM elements |V;q/V},| via

AMd - fgdBB‘r’B‘del‘/ldlz
AM, [} Bp,np,ms,|Vel|?

=&X[(1-p)’+77. (65)

The factor which multiplies the ratio of CKM elements, £, measures the amount of
SU(3) breaking effects. The ratio of hadronic matrix elements, fg, \/B_B, /fs,v/Bs,,
is more accurately determined in lattice gauge theory than the individual quan-
tities with the current global value?! being 1.15 + 0.05 in quenched calculations.
However, unquenching is expected to increase this result by 10%. The LEP bound
on AM, then yields!? the 95% C.L. constraint

Vi

Iyl <0.29. (66)

We note that if V,, is relatively large, a sensitive technique®” of extracting [V;a/ V|
could be obtained from a measurement of AT'/T for the B, meson.

Remarkably, the above technique for extracting {V;4/V.,| remains valid in many
scenarios beyond the SM. In this class of models, the virtual exchange of new parti-
cles alters the Inami-Lim function in Eq. (63) above, but not the factors in front of
the function. The effects of the new physics then cancels in the ratio AMy/AM,.
Models of this type include Two-Higgs-Doublet models and supersymmetry in
the super-CKM basis. Notable exceptions to this feature can be found in models
which (i) change the structure of the CKM matrix, such as the addition of a fourth
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generation, or extra singlet quarks, and in Left-Right Symmetric models, (ii) have
couplings proportional to fermion masses, such as flavor changing Higgs models, or
(iii) have generational dependent couplings, e.g., leptoquarks or supersymmetry
with R-parity violation.

It is difficult to use AM; alone to restrict new physics due to the errors on the
theoretical predictions for this quantity from the imprecisely determined CKM
fagtors and B hadronic matrix elements. (This is unfortunate as AMj is so pre-
cisely measured!) In most cases, the restrictions obtained from B — X, surpass
those from B® — B°® mixing.

10 e .
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oo 100 10! 102

AM, (ps™)

Figure 10: The SM expectation for the AMy;— AM, plane, where the predicted region
lies inside the solid curves. The experimental bounds lie in between the solid horizontal
lines and to the right of the solid vertical line.

5.3 D°— D° Mixing

Currently, the limits® on D? — D? mixing are from fixed target experiments, with
zp = Amp/T < 0.083, implying Amp < 1.3 x 1073 GeV, from an analysis which
assumes there is no interference between doubly-Cabibbo suppressed decays and

the mixing amplitude. A more recent result,”® which takes these interference



effects into account, obtains the bound on the ratio of wrong-sign to right-sign
final states of rp = I'(D® — £~ X)/T(D° — €+ X) < 0.50% at 90% C.L., where

21 q2 (Amp 2 (AF)2
rny2‘p|[ T ) + T . (67)
This gives AMp < 1.58 x 10713 GeV, assuming |¢/p|> = 1 and AT =~ 0.
The short-distance SM contributions to Amp proceed through a W box di-
agram with internal d,s,b quarks. In this case, the external momentum, which

is of order m,, is communicated to the light quarks in the loop and cannot be
neglected. The effective Hamiltonian becomes

37 = —SE (VL Vaft (10w — mT30na) + IVaVil? (B0Ls ~ m21i0sa))]

8 \/inzw
(68)

where the I{ represent integrals'® that are functions of m2/M}, and m2/mZ,
and Orr = [i#v.(1 — 75)c)® is the usual mixing operator while Ogg = [@(1 +
vs)c]? arises in the case of nonvénishing external momentum. The numerical
value of the short-distance contribution is Amp ~ 5 x 107!8 GeV (taking fp =
200 MeV). The long-distance contributions have been computed via two different
techniques: (i) the intermediate particle dispersive approach (using current data
on the intermediate states) yields Amp ~ 107 =~ 107! GeV (Ref. 101}, and (ii)
heavy quark effective theory which results in Amp ~ (1 —2) x 10~°T ~ 1017 GeV
(Ref. 102). Clearly, the long-distance contributions overwhelm those from short-
distance SM physics in D® — D° mixing, and both contributions lie far below the
present experimental sensitivity.

One reason the SM expectations for D® — D® mixing are so small is that
there are no heavy particles participating in the box diagram to enhance the rate.
Hence, the first extension to the SM that we consider is the addition'®® of a heavy

@ = —1/3 quark. We can now neglect the external momentum, and Amp is given
by the usual expression3®
GiMEm
Amp = =B 82 £ Bp|Vey Viy P F (m}, [ M) (69)

The value of Amp is displayed in this model in Fig. 11(a) as a function of the
overall CKM mixing factor for various values of the heavy quark mass. We see that
Amp approaches the experimental bound for large values of the mixing factor.
Another simple extension of the SM is to enlarge the Higgs sector by an addi-
tional doublet. First, we examine two-Higgs-doublet models which avoid tree-level
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FCNC by introducing a global symmetry; such models are discussed above in the
sections on leptonic and radiative decays. The expression for Amp in this case can
be found in Ref. 46. From the Lagrangian in Eq. (17}, it is clear that Model I will
only modify the SM result for Amp for very small values of tan 3, and this region
is already excluded from existing data on B — X,7. However, enhancements can
occur in Model II for large values of tan 3, as demonstrated in Fig. 11(b).

Next, we consider the case of extended Higgs sectors without natural flavor

! conservation. In these models, the above requirement of a global symmetry which

restricts each fermion type to receive mass from only one doublet is replaced!®
by approximate flavor symmetries which act on the fermion sector. The Yukawa
couplings can then possess a structure which reflects the observed fermion mass
and mixing hierarchy. This allows the low-energy FCNC limits to be evaded as
the flavor changing couplings to the light fermions are small. We employ the
Cheng-Sher ansatz,%¢ where the flavor changing couplings of the neutral Higgs are
Moy, = (V2Gp)2 /s Ay, with the my(;) being the relevant fermion masses
and A;; representing a combination of mixing angles. h® can now contribute
to Amp through tree-level exchange as well as mediating D°® — D® mixing by
A° and t-quark virtual exchange in a box diagram. These latter contributions
only compete with those from the tree-level process for large values of A;;. In
Figs. 11(c) and 11(d), we show the constraints placed on the parameters of this
model from the present experimental bound on Amp for both the tree-level and
box diagram contributions.

The last contribution to D° — D° mixing that we consider here is that of scalar
leptoquark bosons. They participate in Amp via virtual exchange inside a box
diagram 52 together with a charged lepton or neutrino. Assuming that there is no
leptoquark-GIM mechanism, and taking both exchanged leptons to be the same
type, we obtain the restriction \

F(CFQ“ 1967('2Am1)
miq  (4mafp)?mp’

(70)

where Fj, parameterize the a priori unknown leptoquark Yukawa couplings as
/\fq /4w = Fya. The resulting bounds in the leptoquark coupling-mass plane are
presented in Fig. 11(e).



1012

1013 10-13 r {b) Two-Higgs—Doublet Model I

0t )
Ty . £
é Ll 13 é 10718
-
3 w0e g 10-18
(a) Fourth Generation
1017 |- : 017
-~ L. | 1 | 1 1 1
L 0.002 0.004 0.008 o0 00 bl s 10 CRE]
NVl tan #
T T
o1t 10718 |
1018 |-
§ 10718 g
3 i,ru |
e
ot
102 w0t
T T M T
10° |- Excluded -3
10t -
]
LY
2
LTS (e) Leptoquarks —J
Allowed Region
10-? N | 1., 1
500 1000 1500 2000
Dy (GeV)

Figure 11: Amp in (a) the four-generation SM with the solid, dashed, dotted, dash-
dotted curve corresponding to fourth generation quark masses My = 100, 200, 300, and
400 GeV, respectively. (b) The two-Higgs-doublet Model II as a function of tan 8 with,
from top to bottom, the solid, dashed, dotted, dash-dotted, solid curve representing
myz = 50,100,250, 500, and 1000 GeV. (c) Tree-level and (d) box diagram contribu-
tions to Amp in the flavor changing Higgs model described in the text as a function of
the mixing factor for my = 50,100, 250,500, and 1000 GeV corresponding to the solid,
dashed, dotted, dash-dotted, and solid curves from top to bottom. (e) Constraints in
the leptoquark coupling-mass plane from Amp.
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6 CP Violation

The symmetries C, charge conjugation (which describes particle-antiparticle in-
terchange), P, parity (which relates left- to right-handed particles), and T, time
reversal (which correlates a process with its time-reversed state), are all preserved
under the strong and electromagnetic interactions. Weak processes, however, are
known to violate each of these symmetries separately, while conserving the prod-

~ uct CPT, which is an exact symmetry of the equations of motion. Weak decays

violate C and P at a fairly large level, while the product CP has been observed
to be violated at a much smaller rate.

CP violation arises in the SM from the existence of the phase in the three-
generation CKM matrix as first postulated by Kobayashi and Maskawa.? Unitarity
of the CKM matrix can be represented geometrically in terms of triangles in the
complex plane. For example, the relation ViV + Va Vg + ViV = 0, can be
depicted as the triangle displayed in Fig. 12. The figure depicts the rescaled
triangle, where the length of all sides are scaled to |V4V3|, and hence the length
of the base is unity. In this case, it can be shown that the apex of the triangle is
located at the point (p, n) in the complex plane, where p and 7 are the Wolfenstein
parameters describing the CKM matrix. Here, the unitarity angles , 3, and v
are related to the magnitudes of the sides of the triangle by

V‘ V. -
a=arg (;‘,/-'u:—"’) , B=arg (‘;:V":) , Y=arg (“/,"T:%) . (71)
ub ¢

The values of these angles are rather poorly constrained at present, as will be

discussed below. The area of the triangle represents the amount of CP violation
in the SM, and can be described by the Jarlskog!%® parameter

J = 2xareaoftriangle, (72)
Vil lVaollVasllVas| sin 6 = 4237 = 0(1079)..

Similar unitarity triangles, representing other orthogonality relations of the
CKM matrix, may also be drawn. All such triangles clearly have the same area in
the SM; however, the remaining triangles involve one side which is much shorter
than the other two, and consequently one of their unitarity angles is extremely
small. This is in contrast to the above triangle, where all three sides are of
comparable magnitude, O()?), and hence all three angles are naturally large.
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Figure 12: The rescaled unitarity triangle.

This explains why CP asymmetries are predicted to be large in neutral By decays.
For example, the triangle representing the neutral K meson system, which is built
from the relation 32, ViV, = 0, has two long sides of length O()) and a third
side of length O(A%). Hence, CP asymmetries in this system are related to the
small angle of this unitarity triangle and are of order 1073

There are many additional sources of CP violation in theories beyond the SM,
such as multi-Higgs-Doublet models, supersymmetry, and Left-Right Symmetric
models.!® It is worth noting that the observed matter-antimatter asymmetry
of the universe may require additional sources of CP violation beyond the CKM
phase.“"

There is a vast literature on CP violation!®® to which we refer the reader
for a more detailed discussion. Here, we now describe the three manifestations of
CP violation and how they are observed in the various meson systems. In all cases,
one should keep in mind the experimentally relevant number for measurement of
a CP asymmetry at the no level,

n?

N= B (73)
where N is the number of identified P mesons required for observation of the
asymmetry (not including efficiency reductions), B represents the branching frac-
tion of the decay mode, and a is the value of the CP violating asymmetry.
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6.1 CP: Violation in Decays

CP violating effects may be observed directly in the decays of charged or neutral
mesons. This is referred to as Direct CP Violation, or CP Violation in Decays.
CPT symmetry assures us that the total width of a particle and its antiparticle
are identical, i.e.,

Cital = f".ot.al . (74)

1 If CP were conserved, this would also hold true for the partial decay width of a
meson to a particular final state, P — f, versus the timeyeversed process, P
For CP to be violated, these two partial widths must be different, i.e.,

TP f#T(P = f). . (75)

In order for direct CP violation to occur, the decay amplitudes must have contri-
butions from (at least) two different weak phases, and two separate strong phases.
This can easily be seen as follows. Let us assume that the decay amplitude to the
final state f has the form

Ap = A€ + Age®, (76)

with A, , being the two weak amplitudes after the strong phases §; 3 have been
factored out. In the SM, all tree-level contributions to a given transition enter
with the same weak phase, whereas penguin diagrams can contribute with a dif-
ferent phase. Here, we identify A, as the tree-level amplitude, while A, represents
the penguin transition. For the CP conjugate amplitude, the weak phases are
conjugated, A)» — Aj,, but the strong phases are not. The CP asymmetry is
then given by

N

[Af2 = Af? 2Im (A7 A;) sin(d, — &2) (77)

(A2 + |/i,—|2 T AL|? + |A2|? 4+ 2Re (A3 Ag) cos(8y — &)

which clearly vanishes if A; 2 contain the same weak phase and if §; = §,. Hence,
direct CP violation arises from the product of the weak phase difference, which is
odd under CP, and the strong phase difference from final state interactions, which
is even under CP. Since this results from the interference between the tree-level
and penguin transitions, the magnitude of direct CP violation is related to the size
of the penguin contributions. Unfortunately, there is at present no unambiguous
experimental signal for direct CP violation.



6.2 CP Violation in Mixing

Indirect CP violation, or CP violation due to miking, is a consequence of the

fact that the mass eigenstates. Pp gy are not CP eigenstates and is represented by
the potential deviation of |g/p| from unity. Clearly, these effects only arise in
neutral meson decays. This process is theoretically clean as it is independent of
the strong phases and thus provides a direct measurement of the CKM phase!%?
(at least within the SM).

The CP violating observable that can be defined in this case is given by

1-lo/pl’ _ 2Reer _ 2Im (M(5T'12/2)
1+|g/pl?  1+|ep[2  [T12/2] + |Mio|? + [(Amp)? + (AT'p/2)%]/4°

vyhere we give the expression in terms of M), and I'y5, which are defined in the
previous sections. This quantity is independent of the phase convention and is
directly observable. As noted by Ma et al. 110 this observable demonstrates that
CP nonconservation is determined by the relative phase between M;, and I';,.
Defining AT p/AMp = a and taking the approximation (which is valid in the SM
only) that AM ~ 2Re M), and AT = 2ReT'5, the above expression can be written
in the more convenient form
2Reep a Inlyy ImM,
1+ IepP = 2(1 +a2/4) Rel'y2 h ReMu] ’

(79)

6.3 CP Violation in the Interference Between Mixing and

Decay

Additional CP violating effects can arise from the interference of a pseudoscalar
meson P° decaying to a final state f at time ¢, with a P° which mixes into
a P9 state which then decays to f at time t. We define the phase convention
independent quantity

T!=——. (80)

When CP is conserved, |¢/p| = 1,]4;/A;| = 1, and the relative phase between
these two quantities vanishes. If any one of these three conditions are not met,
then r; # 1 and CP is violated. As discussed above, if the first condition (the
deviation of |¢/p] from unity) doesn’t hold, then CP violation occurs through
mixing, while if the magnitudes of the amplitudes differ, then CP violation occurs
in decay. However, even if these first two conditions hold, it is possible that the

(78)
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relative phase between these two qua.ntiﬁies is nonzero resulting in Imr; # 0 while
Jrg| = 1. It is this case that we call CP violation in the interference between mixing
and decay. This case is also independent of hadronic uncertainties and hence is
theoretically clean and can be directly related to the CKM matrix elements. We
will discuss the significance and potential measurements of this third type of
CP violation in the kaon and B meson systems separately.

6.4 CP Violation in the Kaon System

The kaon system has provided our only experimental observation of CP violation.
The charge asymmetry in semileptonic decay, K? — fv, + X,
0y = F(KL - f"'l/gX) - P(KL — K_D[X)
T (KL = G X)+T(K, > 6-0,X)’
has been measured? to have the value a,, = (3.27 4 0.12) x 10~2. Since we can
relate (€* v, X|H|K1) = pA, while (¢-7X|H|K.) = gA*, the charge asymmetry
can be identified as a determination of |g/p| # 1 with
_ 2Re €x
T 1+ ek

CP violation has also been measured in the decay of K, — n7. The amplitudes

(81)

(82)

73

in the CP eigenstate basis can be written as
AK® o an()) = Age, (83)
AK® = nn(l)) = A,
where I denotes the isospin of the 77 final state, d; is the final state phase shift,
and A; would be real if CP were conserved. It is interesting to note that exper-

imentally, |.4¢/A2| = 20. The following ratios of CP violating to CP conserving
amplitudes have been measured

_ AK} o ta)
i T g (84)
_ AKDY - 7%
™= AKS = o)
These differences in these quantities can be parameterized as
M- = €+ ¢, (85)

o = e—2¢,



 where ¢ and € are defined by ;

€ = eK+zReﬁz (86)
|€,I - 1 ReAz [Tm A2 ano]
f’Rer ReAz TReAy

These parameters, € and €, are defined so that the potentially direct CP violating
effects are isolated and affect only €. In superweak models,!!! CP violation is
confined to the mass matrix and € is predicted to vanish. As shown by Wu and
Yang,!*? it is possible to adopt a phase convention such that Zm Ay = 0. In this
case, we then have

€ = €k, (87)
¢} = 1 ReA; ImA,
V2ReAgReA -2
€ is then given by the CP violation effects due to mixing and can be calculated as
|1/4
€ ——Im M,
\/—AMK 12, (88)
GZFwa kBxmg
WAzz\sn [ndS(x,;,z,) - T]CS(.’L‘C) + T]gA2/\4(1 - p)S(.’L‘;)] ,

in the Wolfenstein parameterization. We see that the measurement of e guaran-
tees that 7 # 0! The uncertainties in the calculation of ex are equivalent to those
outlined above in the case of K — Ks mixing.

Returning to direct CP violation in K decays, we see that € /¢ can be expressed
in terms of the operator product expansion!!3 by relating Re Ag2 and Im Ag to
the appropriate Wilson coefficients and hadronic matrix elements. The effective
Hamiltonian for this process can then be written as

Heps = ?;Vunvudz Zip) -

i=1

(| 0, (59

where the sum extends over the set of operators given by the current-current op-
erators ), the QCD penguin operators O3_¢, and the electroweak operators
O7_10. The functions z; and y; are related to the Wilson coefficients; their forms
are given explicitly in Ref. 113. In this formalism, it is easy to see that € /e is
governed by both QCD and electroweak penguin transitions. In fact, due to the
large value of the top quark mass, the electroweak penguin amplitudes play an
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important role!** and enter ¢ /€ with the opposite sign of the QCD penguin contri-
butions. This serves to suppress the prediction of € /e within the SM. In fact, for
m, = 200 GeV, the SM prediction for ¢ /¢ is zero! Due to this strong cancellation
for large values of m, and the uncertainties associated with the hadronic matrix
elements, a precise SM prediction for € /e is very difficult. However, a simplified
analytic expression which highlights these uncertainties may be written as!'?

€ _ 11 x 104 [ nASA? ] [ 140 MeV

€ 1.3 x 104 [mq(2 GeV)
where Z(zr,) ~ 0.18{m,/My /)", and Bg 4 represent the hadronic matrix elements
which incorporates

(A9 ][Bs - Z(z)Bs],  (90)

corresponding to operators Jgg. The most recent analysis,'!®
the latest determinations of all the input parameters, predicts the range

—12x107* < /e <16.0 x 107*. (91)

This prediction may be altered, however, if the value of the strange quark mass is
as low as presently calculated in lattice gauge theories.?!

The importance of the measurement of ¢ /e to understand more about the
mechanism of CP violation cannot be overemphasized, although, due to presently
conflicting experimental results, constraints on new physics from €/e will not
be taken into account here. The next round of experiments, which will reach a
precision of 10~%, might settle the issue of whether or not ¢'/e # 0. As shown
above, the SM prediction allows for a wide range of values for ¢ /e. Ultimately,
one wants to establish whether CP violation is milliweak (AS = 1) as in the SM
and/or superweak (AS = 2). The latter occurs in muiti-Higgs doublet models
through scalar interactions, in SUSY models,''® or in the LRM to give a few
examples. 17 '

We note briefly that the decay K — 7%, which is related to K+ — ntvp
discussed above, proceeds almost exclusively through direct CP violation and
would provide a clean laboratory to measure this phenomenon. Unfortunately, the
branching fraction is extremely small in the SM at B(K; — n%vi) ~ 2.8 x 107,
and the present experimental limits* lie above this prediction by roughly six orders
of magnitude.

6.5 CP Violation in B Decays

CP violation in the B system will be examined'!® during the next decade at
dedicated ete™ B factories and at hadron colliders. A theoretically clean technique
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is offered!®® by the measurement of the time-dependent CP asymmetry, which
involves the CP violating effects from the interference of mixing and decay. Given .
the proper time evolution of a neutral pseudoscalar meson state of Eq. (56) and
the definition of r; in Eq. (80), we can write the time-dependent rate for the
decay of initially pure B? or B? states into a CP eigenstate as

F(thys - fCP)

2 _ 2
|A[2eT [“;"' 41 2"" cos(AMt)—znr,sin(AMt)] ,

2 g2
(B, — for) = |APe™ [”"" ] cos(AMt)+Enr,sin(AMt)].

2 2
(92)
The time-dependent CP asymmetry can then be expressed as
’ T(BS,, = fop) — [(BY,, -
af(t) ( phys fCP) ( phys fCP) (93)

F(thya "'),fCP) + P(thys - fCP) ’
(1 — r5?) cos(AMt) — 2Bmr sin(AM¢)
14 |T,|2

’

and hence is directly related to Znry. In fact, for decay modes which have Jry| = 1,
the time-dependent asymmetry reduces to

ay(t) = —Imr;sin(AMt). (94)

Recall that when there is no direct CP violation in a channel, all amplitudes that
contribute to the decay mode have the same CKM phase, denoted generically
here as ¢p, and hence |A;/Aj| = [e~%%2| = 1. In this case, r; can be completely
expressed in terms of the CKM matrix elements as vy = texp—2i(dp + du),
where ¢y represents the mixing phase from q/p = M/My, = e %™ (for
T2 € M)s), and the overall sign is determined by the CP eigenvalue of the final
state f. Clearly, the asymmetry is simply

as(t) = +sin(2(dp + ou)) sin(AME) . (95)

In order to relate the time-dependent CP asymmetry to the CKM parameters,
one needs to examine the CKM dependence of mixing and of the amplitudes of the
relevant decay channels. An extensive summary of these relations for various decay
modes is given in the Particle Data Book.* Here, we briefly discuss two important
cases, By = J/¢YK, and By — 7w. In the first case, the quark subprocess
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responsible for the decay is b —+ ¢Zs, which is dominated by a tree-level diagram
mediated by W-boson exchange. There are small penguin contributions as well;
however, the penguin weak phase, arg(VyV}3), is similar (modulo 7) to the weak
phase of the tree-level contribution. We thus have contributions to the weak phase
from the CKM structure of the decay diagram, from B — BS mixing, and from
K® — K° mixing in the final state. This gives

N
P/ p, Aspers \P/ '’
ViVie VeVy ViV

VoV ' VaVy 'V, V'

t

s

where the minus sign arises since J/¢ K5 is CP-odd. Comparing this with Eq. (71)
yields Imry; = —sin28. This gives the theoretically cleanest determination of a
unitarity angle! In the latter example, B; — 77, the quark subprocess is b = ui#d,
which is again dominated by tree-level W exchange. In this case, we have

(2) Aer 1)
p By Anr

VaVie VeV
VoVia ' VuaVa’

Tf

which then gives Zmr; = sin2a. Unfortunately, this process is not as clean as
By = J/YKs, as both the gluonic and electroweak penguin contributions enter
with a different phase at an unknown size. By — 77 thus suffers from what is
called penguin contamination. The amount of this contamination needs to be
separately determined.!!?

The present status of the unitarity triangle in the p — 7 plane is summa-
rized in Fig. 13(a), where the shaded area is that allowed in the SM. This re-
gion is determined by measurements of the quantities (i) {V,s| and |V), (ii) e,
and (iii) the rates for B — B and B? — B? mixing, as discussed above, to-
gether with theoretical estimates for the parameters which relate these measure-
ments to the underlying theory, such as By, fs, and Bg. The value of i;(m,)
is taken to be consistent with the physical range 175 + 6 GeV. Here we have
employed the scanning technique, where both the experimental measurements
and theoretical input parameters are scanned independently within their 1o er-
rors. This method yields the SM ranges for the angles of the unitarity triangle:
—0.89 < sin2a < 1.00, 0.18 < sin28 < 0.81, and —1.00 < sin2y < 1.00. Since



4
the ratio AMpg,/AMp, is more accurately related to the theoretical predictions
than the separate quantities, we see that a measurement of B? — B? mixing would
be an invaluable tool in detefmining the angles of this triangle.

Figure 13: Constraints in the (a) SM and (b) two-Higgs-doublet Model II in the p— ¢
plane from [Vis|/|Ves| (dotted circles), B} — B} mixing (dashed circles), and ¢ (solid
hyperbolas). The shaded area corresponds to that allowed for the apex of the unitarity
triangle.

It is important to remember that this picture can be dramatically altered if new
physics is present, even if there are no new sources of CP violation. Figure 13(b)
displays the constraints in the p — 7 plane in the two-Higgs-doublet Model II. In
this case, the presence of the extra Higgs doublet is felt by the virtual exchange
B3 and B? — B? mixing
and governs the value of k. For this p— 7 region, the allowed ranges of the angles
of the unitarity triangle become —1.00 < sin2a < 1.00, 0.12 < sin28 < 0.81,
and —1.00 < sin2y < 1.00. In fact, this opens up a new allowed region in the

of the H* boson in the box diagram which mediates B9 —

sin 2a —sin 27 plane, as shown in Fig. 14 from Ref. 120. Similar effects have also
been pointed out in supersymmetric models.!?! Clearly, caution must be exercised
when relating the results of future CP violation experiments to the p — 7 plane.
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The B factories presently under construction should be able to discern whether
new physics contributes to CP violation. Signals for new sources of CP violation
include (i) nonclosure of the three-generation unitarity triangle, (ii) new contri-
butions to B® — B® mixing which yield a nonvanishing phase for this process,
Bg -+ ¢”07K3K(S)1 (iv) in-
consistency of separate measurements of the angles of the unitarity triangle, and
(%) a deviation of CP rates from SM predictions. Models which contain additional

(iii) nonvanishing CP asymmetries for the channels

CP phases include nonminimal Supersymmetry, Multi-Higgs Doublets, Left-Right
Symmetric Models, and the Superweak Model. A concise review of the effects

of these models on CP mnlahng observablss is g\n;n l-“y Grossman et al. 106 We

present here, as an example, the case of multi-Higgs models with three or more
Higgs doublets. In this scenario, B® — B® mixing receives additional contributions
from the Hi. 12 exchange which depends on the phase in the charged scalar mix-
ing matrix. Interference between these contributions and the SM yield an overall
nonzero phase in AMp,. Denoting this phase as 8y, the unitarity angles measured

I o JPUNSS (o na___ e 11

by CP asymmetries in B decays are thus shifted by
acp(B = J{YKs) = —sin(28 + 8y), acp(B = n7) =sin(2a+60y).  (98)

The magnitude of this effect depends on the size of 8, which has recently!?® been
constrained by B — X,7. Another interesting example is provided in models
with an extra iso-singlet down quark; in this scenario, it has been found!?? that
measurements of the unitarity angles o and J alone are not enough to distinguish
and bound the new contributions, and that observation of both the third angle y
and B, mixing are also needed. In summary, the large data sample which will
become available will provide a series of unique consistency tests of the quark

sector and will challenge the SM in a new and quantitatively precise manner.

6.6 CP Violation in the D Meson System

CP violation in the @ = 2/3 quark sector is complementary to that of the K and B
systems, but has yet to be explored. In the SM, the CKM phase is responsible for
generating CP violation, and in the charm system, the resulting rates are small.
However, new sources of CP violating phases could greatly enhance the rates, thus
rendering CP violation in the charm system a sensitive probe for physics beyond
the SM.
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Figure 14: The allowed region in the sin2c — sin 28 plane in the SM (solid) and in
2HDM (dot-dashed). From Ref. 120.

¢ Indirect CP Violation

However, since Amp is extremely small in the SM, the induced CP violation
is negligible. 1f new physics were to enhance D® — D° mixing, as seen to occur
in the previous section for some models, then this mechanism could yield sizable
CP violating effects. This interaction between mixing and CP violation in the
D meson system has recently received attention in the literature.123.124
¢ Direct CP Violation

Before estimating the typical size of this asymmetry in the SM, we first note
that in contrast to B decays, the branching fractions for the relevant modes, i.e.,
wta~, K* K~ etc., are rather sizable in the charm system, and for once, the large
effects of final state interactions are welcomed! The size of the CP asymmetry
in the SM is estimated!? to be at most a few x10~3. The present experimental
sensitivity for various modes is in the vicinity of 10% (Ref. 126).

An interesting example of the potential size of CP violating effects from new
physics is that of left-right symmetric models.!?” In this case, reasonably large
values for CP asymmetries can be obtained for the Cabibbo allowed decay modes.
This occurs due to the existence of an additional amplitude from the Wy, exchange,
which carries a different weak phase from that of the W, mediated decay. The
estimated values of the CP asymmetries in these models is of an order of a few

x10~2. CP asymmetries at the percent level are expected!?® in some nonminimal
SUSY models for the decays D® — K3, K3¢.
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6.7 CP Violation in the Top-Quark Decays

CP violation in top-quark production and decay is expected to be very small in
the SM;!? however, numerous models with new interactions, such as multi-Higgs
models and supersymmetry, can give rise to CP violation in the top system at
interesting levels. Since the top-quark decays before it has time to hadronize, it
provides a particularly good laboratory for the study of such effects. Searches for
{CP violating effects can be carried out by studying CP-odd spin-momentum cor-
relations in the top-quark decay products. ete~ colliders, with polarized beams,
are especially suited to carry out such investigations. Numerous studies of CP

symmetry tests can be found in Refs. 130 and 131,

7 Conclusion

Rare processes in the kaon sector will be investigated with more precision with
the large data sample which will be collected at DAPHNE. In particular, the
CP violating parameter € /e will be explored at the 104 level. Future runs of the
AGS at Brookhaven could increase their total integrated luminosity by a factor of
three to six, and hence, finally place the SM prediction for the long sought-after
decay K* — n*vD within experimental reach.

A large amount of data on the B-meson system has been and will continue to
be acquired during the next decade at CESR, the Tevatron, HERA, the SLAC
and KEK B factories, as well as the LHC, and promises to yield exciting new
tests of the SM. FCNC processes in the B sector are not as suppressed as in the
other meson systems and can occur at reasonable rates in the SM. This is due
to a sizable loop-level contribution from the top quark, which results from the
combination of the large top mass (giving a big GIM splitting) and the diagonal
nature of the CKM matrix. Long-distance effects are expected to play less of
a role due to the heavy B mass, and hence rare processes are essentially short-
distance dominated. Many classes of new models can also give significant and
testable contributions to rare B transitions. The benchmark process for this type
of new physics search is the inclusive decay B — X,y (and the related exclusive
process B — K*v) which has been recently observed by CLEO.3! It has since
provided strong restrictions on the parameters of several theories beyond the SM.
This constitutes the first direct observation of a penguin mediated process and



demonstrates the fertile ground ahead for the detailed exploration of the SM in
rare B transitions.

FCNC in the Q@ = 2/3 quark systems will also be explored at a deeper level
within the next decade. Increased statistics in the D meson sector will be collected
at the e*e™ B factories and in a possible fixed target run of the Tevatron main
injector or at a possible new dedicated heavy flavor experiment for the Tevatron
collider. While it is not expected that the data sample will be large enough
to reach the miniscule SM rates for the D meson FCNC transitions, important
restrictions on new physics can be placed.

And, lastly, the physics of the top quark is just beginning to be explored. In
the near future, the Tevatron main injector will produce roughly 7 x 10° ¢ pairs
with 1 fb~! of integrated luminosity, while in the longer term, the LHC and NLC
will be top-quark factories. Since the top quark is the heaviest SM fermion with
a mass at the electroweak symmetry breaking scale, it might provide a unique
window to new physics. ‘

In summary, we look forward to an exciting future in heavy flavor physics!
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