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Abstract

We review six methods for measuring the C'P-violating phases ¢,, and ¢,; of the CKM
matrix via B decays that are free from uncertainties due to strong final-state phases:
1. B decays to D°X, D'X, and DY, X where X # X.
Ex: BT — DK™ and BY — DK*" measure ¢,

2. Neutral B-meson decays to f and f where f # f.

Ex: BY — D*nT measures 2¢,; + ¢, and B? — DF KT measures ¢,.

3. Neutral B-meson decays to D°X, D'X, and D, X where X = X,
Ex: B} — DKY measures ¢, 20, + ¢pq and ¢, + ¢4, and BY — D¢ measures ¢,

4. Neutral B-meson decays to C'P eigenstates.

Ex: B) — J/¢Y K3 measures ¢, B} — 7771~ measures ¢, + ¢, and B? — p'K?
measures ¢,,,.

5. B decays to sets of final states related by isospin.

Ex: BY — ntn~, 7%7% and BT — 7 7% measure ¢,; + ¢,, free from uncertainty due
to penguin contributions.

6. Angular analysis of B decays to mixtures of C'P eigenstates.

Ex: BY — J/YK2n® and D** D*~ measure ¢,;, and B — pTp~ and p°p° measure

Grg + Dup-

All of these except the well-known method 4 involve non-C'P eigenstates. Methods 1-3 allow
extraction of ¢, from B, and B,, and will require greater emphasis on Kaon identification
than methods 4-6. Methods 5 and 6 require photon detection in most cases. Method 1 does
not require tagging of the particle/antiparticle character of the second B, and so could be
used at a symmetric eTe™ collider without the penalty due to mixing of methods 2-6. The
mode B} — J/¢K§ which measures ¢,,; via method 4 is the most accessible of all those
considered here.
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1 Introduction

Discussion of prospects for measurement of C'P violation in the B-meson system has often
centered on analysis of decays to neutral B’s to C' P eigenstates because phases due to strong
final-state interactions do not complicate the interpretation of the data. However, the rates
to some channels of interest, particularly BY — p? K9 which isolates the phase of the CKM
matrix element V,;,, may be too low for practical experimentation. Over the last two years
several papers have appeared that discuss how analysis of certain groups of B decays to non-
C' P eigenstates can separate the strong, C' P-conserving, phases from the weak, C' P-violating
phases of interest.

In this note we review the proposed methods of analysis, based on conversations with
David London, as well as the original papers. Our discussion will emphasize decay modes
that could be analyzed at a hadron collider. Recent reviews covering much of the same
material have been given by Kayser [1] and by Dunietz [2]. Study of non-C'P eigenstates at
ete™ colliders has been examined in refs. [3] and [4].

1.1 The Need for Interference in C'P-Violating Processes

In the Standard Model, C'P violation in a process described by a single graph manifests itself
only as a phase factor. If the amplitude for a single graph B — f is written

A(B — f)= Ay = |Ay| ewe”s, (1)

where ¢y is a phase due to the weak interaction, and dg is a phase due to strong final-state
interactions, then the C'P conjugate process has amplitude

AB—f) = Ay = | Ayl e 70w s (2)

Hence C'P violation cannot be discerned as a rate difference between a decay and its C'P-
conjugate decay if only a single graph contributes to the amplitude.

CP violation can only be revealed in total-rate measurements of B — f and B — f
when there is interference between two or more decay amplitudes with differing weak phases
and differing strong phases. To verify the last remark, consider the case where two graphs
contribute to a decay, written as

A(B — f) = |A] €91 + | Ay| e'%2e2, (3)
so the C'P-conjugate decay has amplitude
A(B — f) = |Ai] e 71 | Ay| e P2eM2, (4)
The corresponding decay rates are given by
D(B — f) = |Ai]* + | Asf* + 2| A1 | Az cos(¢ + 0), (5)

and
(B — ) = [A]* + Ao + 2| A1 | As] cos(6 — 5), (6)
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where ¢ = ¢; — ¢, and 6 = d; —d2. Only if both ¢ and  are nonvanishing can the interference
term be determined from measurements of the two decay rates.

Even if this condition is satisfied the strong-interaction phase difference ¢ and the mag-
nitudes |A;| and ’Z?’ will not typically be known, and the C' P-violating phase cannot be
determined. In this note we examine six methods by which the uncertainties due to strong
phases can be avoided. These are introduced in the following subsection, and then discussed
in greater detail in the subsequent sections.

1.2 Six Methods for Extracting C'P-Violating Phases
1. B decays to DX, ﬁOX, and D%QX where X # X

When a B particle can decay both to D°X and D'x (and so B decays to both D'X
and DX), then the decays

B — D%QX, and B — D%QY, where DY, =

exhibit a CP-violating asymmetry. Measurement of the six (or eight) decay modes
listed will permit isolation of the CP-violating amplitude, both in magnitude and
phase.

The final state D°X need not be self conjugate, and it is actually desirable that it not
be, so that no effects of mixing are present, and no tagging of the second B is needed.
Thus method 1 could be used at a symmetric ete™ collider without the penalty due to
mixing of methods 2-6. This method works both for decays of B-mesons and b-baryons.

The general approach of methods 1-3 was largely anticipated by Carter and Sanda
[5, 6], but recent interest stems from the more specific formulation of Gronau and
London [7]. Method 1 as distinct from method 3 was first examined by Gronau and
Wyler [8], with further discussions given by Dunietz [9, 10]. Application of method 1
to b-baryons was first discussed by Aleksan, Dunietz and Kayser [11].

If C'P violation is found in such an analysis then it cannot be due to to superweak
model, which postulates that C'P violation occurs only in mixing of neutral mesons.
Thus method 1 may be used to circumvent possible ambiguities [12] in the use of
method 4 to prove or disprove the superweak model.

2. Neutral B-meson decays to f and f where f # f

If a neutral B-meson decays to both a final state f and its C' P-conjugate state f, then
the interference of amplitudes needed for measurable C'P violation arises due to mixing
(whether or not there is C'P violation in the mixing). A time-dependent analysis of
the four decay modes B(B) — f, f can isolate the C'P-violating phase.

Tagging of the particle-antiparticle character of the second B in the event is required.

The original paper on method 2 is by Gronau and London [7]. Discussion of method
2 as separate from method 3 was first been given by Aleksan et al. [13]. Method 2 is
an improvement on earlier discussions by Du, Dunietz and Wu [14], and Dunietz and
Rosner [15] in which only two of the four related decays were utilized.
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3. Neutral B-meson decays to D°X, boX, and D%QX where X = X

If a neutral B-mesons decays to both a final state DX and DX where X is self
conjugate (CP(X) = X = £X), then methods 1 and 2 can be combined. In a case of
interest two different C' P-violating phases can be determined from the time-dependent
analysis of six (or eight) related decay modes.

As previously mentioned, method 3 was first discussed by Gronau and London [7].

4. Neutral B-meson decays to C'P eigenstates

If a neutral B-meson decays to a final state f that is a C'P eigenstate, then as in
method 2, C'P violation becomes observable via the interference due to mixing. But
since only a single final state is involved the strong-interaction phase does not appear.
Thus we recover the well-known result that a time dependent analysis of the two modes
B(B) — f can isolate the C' P-violating phases.

The advantages of measuring decays to C'P eigenstates were first noted by Bigi and
Sanda [16]. The important relation between decays to C'P eigenstates and unitarity
of the CKM matrix was first emphasized by Bjorken [17, 18], and will be reviewed in
the following sec. 1.3. The measurement of the three angles of the unitarity triangle
by three specific decays to C'P eigenstates was first proposed by Krawczyk et al. [19].

5. B decays to sets of final states related by isospin

In decays B — f* and B} — f° where the final states each arise due to the inference
of two amplitudes, and f* and f° are related by isospin, the C P-violating phase can
be isolated by a detailed isospin analysis.

The utility of the isospin analysis in removing uncertainties due to penguin diagrams
in B decays was first demonstrated by Gronau and London [20]. Further discussions
have been given by Nir and Quinn [21], by Lipkin et al. [22] and by Gronau [23].

6. Angular analysis of B decays to mixtures of C'P eigenstates

If a neutral B-meson decays to a self-conjugate state f, but this is not a pure C'P
eigenstate (as holds when f consists of two spin-1 mesons) method 4 cannot be carried
out. However, a detailed analysis of the angular distribution of the secondary-decay
products can separate the final state into C'P(even) and C'P(odd) components and the
C P-violating phase extracted.

Methods of angular analysis for B decays to mixtures of C'P eigenstates have been
presented for several years [24, 25, 26|, with recent discussion by Kayser et al. [27], by
Dunietz et al. [28], and by Kramer and Palmer [29, 30].

1.3 The Unitarity Test

In view of the variety of methods of measuring the phases of the CKM matrix elements it is
useful to have an overall goal in pursuing an experimental program. This has been elegantly
defined by Bjorken [17, 18] as a test of unitarity of the CKM matrix. This will provide a



comprehensive test of the Standard Model view of C'P violation as arising from phases in
the transformation between the three generations of strong and weak quark base states.
We will discuss the CKM matrix in the Wolfenstein notation [31]:

Vud Vus Vub
Vekm = | Vea Ves Vo
Viae Vis Va
(8)
1—A%/2+2\"/24 A AN (p —in)
~ )\ 1—A%/2 —\'(A2/8 — 1/24) AN? :

AN (1 —p—in) —AN+ANY1/2—p—in) 1—A2\')2

carrying the expansion in the parameter A (= the Cabibbo angle) to fourth order [19]. From
measurements of the B-meson lifetime it is known that A ~ 1. C'P violation arises in the
Standard Model because 1 # 0.

The unitarity of Vog s implies that

D ViV =05=> ViVi;. (9)
k k

Of these 18 conditions the one obtained using the first and third rows (or almost equivalently,
the first and third columns) is especially suitable for testing via measurements of weak phase
angles:

0="VVia + ViVis + Vi Vs = Via + AVis + Vi, (10)

Regarding Vi4, A\V;s and Vi, as vectors they form a closed triangle in the complex plane [32].
On dividing their lengths by AX*) we obtain the picture of Figure 1 in the (p,7n) plane.

Im} /Y
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td 3
’\'V* ‘W>WA' .
ub 3 | Re \-ct U'Mr ‘Y‘Q'b ("

\ Q ’\,\ﬁ L \,rr 11\-—_

'\.-”}\V's e

-

Figure 1: a) The unitarity triangle in the notation of the present work.
b) The unitarity triangle as sketched by Bjorken when he first proposed
the unitarity test [17].

The unitarity test then consists of measuring the magnitudes and phases of these three
vectors to confirm that they form a closed triangle. It is anticipated that measurement of
the magnitude of Vj4 via its role in the box diagram governing B} mixing [33] will remain
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subject to theoretical uncertainties due to strong-interaction effects for some time to come.
The insight of Bjorken was that a test of the closure of the unitarity triangle can be based
on measurement of the three interior angles ¢,, ¢,, ¢4, which should sum to m. These
three angles, and the area A2\°)/2 of the unitarity triangle are invariant under the choice
of representation of the CKM matrix [34].

In the Wolfenstein parametrization the three angles ¢, can be related to phases of CKM
matrix elements according to

o1 =21 — ¢(Via) =27 — Oy,
Py =T — P — P3 = =T+ Qyq + Dups (11)
Y3 = QS( u*b) = _¢(VUb) = _¢ub‘

A favorable theoretical result is that method 4, the study of neutral B decays to C'P
eigenstates, can in principle determine all three angles ¢, by measurement of three different
decays [19]. However, the anticipated difficulty in measuring ¢,, via decays such as B? —
p° K2, due to the small branching ratios (and poor signal of B, at eTe™ colliders), has been
a motivation to explore the additional methods of analysis of C'P violation reviewed in this

paper.

-0
2 Method 1: B Decays to D'X, DX, and D!, X where
X+4X
When a B meson (i.e., one that contains a b-quark) decays to DX via a spectator graph
(graphs I and II of fig. 3 in the Appendix) this involves a b — € transition, and hence no
weak phase:

-0 16+
A(B = D'X) = |Ag| €7, (12)

where 5? is a final-state strong-interaction phase. But when a B meson decays to D°X this
involves the transition b — % and hence the weak phase —¢,, appears in the amplitude:

A(B — D°X) = |Ay| e 0ueis, (13)

The two amplitudes Ay and Ay interfere when the D forms one of the C'P eigenstates
DY, = (D" +D")/V2

A(B — D9,X) = (|Ag] e +|A5|e"7) /V2. (14)

In egs. (12-13) we have supposed that all graphs contributing to each decay have the same
weak phases (which is not necessarily true, as discussed below).

When X # X the decays are self-tagging as to whether the parent was a B or a B. Then
even for neutral B’s there is no effect due to mixing on the observed decay rates. Method 1
could be used at a symmetric ete™ collider without the penalty due to mixing of methods
2-6.



Assuming equal production rates for B and B the decay rates are proportional to the
number of decays observed. We can therefore measure

N(B —D'X)=T(B — D'X) |4

(B — D'X)=T(B — D'X
(B — DY, X
(B — DY,X

X |Af|2 ’
o< (|A7] +145%)/2% |Ag] |4y | cos(6,y +9).
o (|47] + A7) /2 £ | A7] | A] cos(d,, — 6),

)
X (15)
( )
( )
recalling eq. (2), and defining 0 = 5? — 05 as the strong-interaction phase difference.

Thus there are eight possible measurements depending on the four quantities

cos(¢,, + 0) and cos(¢,, — 0). Therefore we can deduce |¢,, £ 0| and hence determine ¢,
up to a fourfold ambiguity:

The strong phase difference § depends on the particular final state D°X studied, so if these
measurements can be carried out for different X the discrete ambiguity may be removable.

In contrast to sec. 1.1 where only two rate measurements were considered, the use of
4-8 measurements in the present method permits ¢,;, to be determined whether on not the
strong interaction phase difference ¢ is nonvanishing. Indeed, it would be preferable if § were
zero, as the discrete ambiguity is only twofold in this case.

We now consider examples of particular decay modes that might be used to implement
this procedure. First, we consider the question of identifying the CP eigenstates D%Q. From
Table 8 of the Appendix in which the basic two-body decays of the D? are listed we infer
that the C'P(even) state DY can decay according to

DY — atr, KK, KOKO, KOKO, K9 K%, K9%° K%, K%, etc. (17)

(16)

and the the C'P(odd) state DJ can decay to
Db — Kgn®, Kgn, KgKp, Kgp®, Ksw, Kgo, etc. (18)

Several of the decays of the D) have been observed, and the fraction of D%’s that decay as
DY is at least 2%. However, all D decays except K3p® — nta - ntn~ Ko — mrn  KTK~
involve at least two final-state photons. If we suppose that only all-charged final-states
will be reconstructed at a hadron collider, then only about 0.5% of all D%s will decay to
identifiable D9 modes. The DY decays predominantly to all-charged daughters, but again
only about 0.5% of all D°’s will decay to identifiable DY modes. In sum, about 2-5% of D°’s
might be usable for the D%Q analysis at an eTe™ collider, but only about 1% at a hadron
collider.

In principle the decays B — D*°X decays are also usable for the present analysis as
Dy = (D* + D*")/\/2 are CP(even) and (odd) eigenstates, respectively. However, in the
decays D** — D% and D"y the final-state orbital angular momentum is one in both cases
and so the C'P eigenstates decay according to

D0 — D%  but D — DYy, et (19)



Hence the D{?Q states can only be correctly identified if the single v can be distinguished
from the 7¥. As both the v and 7° are quite soft this may be possible at an eTe™ collider
but is problematic at a hadron collider.

Finally we consider specific B-decay modes that are suitable for method 1. Referring to
Tables 2-5 in the Appendix we find the following candidates:

- D'rt [Ip, 11g] DK+ [Ig,11g]
- 9
Dnt [IIp, IIp)] DK+ [, 111g]
-0
D'K* 11
By .
DK (1]
0 orro (20)
o, | DRI
’ DK [IIp]
. D’D+ [IIp, 111g] D’DF [lg, 111g]
- 7
DD+ [Ip,11p)] DD¥  [Ig,11g]

The roman numerals refer to the type of graph, as shown in fig. 3 of the Appendix, and
the subscripts F, S, and D refer to CKM-favored (order \?), -suppressed (order A*), and
-doubly-suppressed (order )\4), respectively. In addition, b-baryons have suitable modes, such
as AY (udb) — ADY(D"), A (udb) — $+D°(D"), X9 (usb) — =°D°(D"), etc. [10], which we
will not discuss further.

Among the candidate B-meson decays, only B} — DO(EO)K*O is ideally suited for
method 1, as only one graph contributes to each decay and these are both singly CKM-
suppressed type-II (color-suppressed) spectator graphs. These decays have not yet been
observed, but should have branching ratios of order 10~>. If only about 1% of the decays are
useful for the DY, analysis, the effective branching ratio is about 107", So at least 10° B’s
must be produced to carry out method 1. Some advantage is gained by considering several
channels, but since the strong phase difference varies from channel to channel, there must
be enough events in each channel to carry out the analysis separately before results for ¢,
can be combined. Hence method 1 may be out of range of et e~ B factories with luminosity
of 3 x 10** cm2sec™!, even though the method is well-suited in principle to them.

The other five candidate decay pairs listed above all suffer from the rate for D°X being
at least an order of magnitude less than that for D°X (or wice versa), so the interference
term in D%QX is quite small. However, the branching fraction for B¥ — DK™ is likely
to be very similar to that for B — DYK*?. Since the statistical accuracy of method 1 is
largely set by the number of events of whichever of D°X or DX has the lower branch, we
conclude that B* — D°(D’)K* is about as useful as B — D°(D°)K*".

If B. mesons were produced as copiously as BT and BY then the decay pair B} —
DY (ﬁo)D;L would be also be useful. However, B. production is likely to be suppressed at
both eTe™ and hadron colliders.



3 Method 2: Neutral B-Meson Decays to f and f
where [ # f

In the second method the needed interference arises from mixing of a B® and B’ The
analysis is more straightforward if the final state f is not self conjugate (f # f), but then
both the B® and B must decay to both f and f.

As for decay pairs suitable for method 1, one of the decay pairs (here called f) proceeds
via a b — € transition, and the other (f) via b — %. So we may write

A(B = F) = |Ag e,

A(BY = f) = |As|etwenr, 21)
AB’ = ) = |Ag e,

AB° =) =|Ag e,

using eq. (2). In writing this we must be able to assume that each amplitude is dominated
by a single weak phase.

Due to mixing, a particle that was created as a B° (or EO) at t = 0 has evolved by time
t to the state we label as BY(t) (or Eo(t)) according to

BO(t) = e~Mte=t/2[cos(zt /2)| BY) + ie2®m sin(xt/2)[B")],

L | | 0 (22)
B (t) = e ™Mtemt/2[je=2m sin(xt/2)| B°) + cos(xt/2)|B")],

where throughout this paper we measure time in units of the relevant B lifetime, x = AM/T’

is the mixing parameter, and the relative amount of |B°) and |§0> in the weak eigenstate
BY is given by a pure phase coming from the box diagram [33], where

QS d> fOI’ Bg
¢M = ' (23)
¢ts ~ 07 fOI’ Bg

The four time-dependent decay rates are then

D(BY(t) = F) o< e[| Ag] cos?(wt/2) + |Af|*sin®(xt/2) — Ssin(at)],
D(B(t) — f) o e '[|As]” cos?(xt/2) + ’A? ’ sin?(2t/2) — Ssin(xt)], (24)
PB(t) — f) oc e[| A5] cos?(at/2) + | Al sin®(wt/2) + Ssin(et)],
T(B(t) > F) o e [|Af]* cos®(at/2) + ’A? ’ sin®(zt/2) + Ssin(xt)],

where 0 = d7 — d; is the strong-interaction phase difference, and

S =|Ag]|Ag|sin(2py + 6, —0),  and S =|As||Ag|sin(20, + 6,5 +0).  (25)



For eventual Fourier analysis it is preferable to write eqs. (24) as

[(B°(t) — f) o e [K + Ccos(xt) — Ssin(zt)],
[(B(t) — f) o< e ![K — Ccos(xzt) — Ssin(wt)], (26)
I(B’(t) — f) o e '[K + Ccos(at) + Ssin(zt))],
F(Eo(t) — f) o e [K — C cos(xt) + Ssin(xt)],
where
K =(4g +14;%/2,  and O = (45| —14/%)/2 (27)

From measurement of these four time-dependent decay rates one deduces the four quan-
tities |Ayl, ’A?’, sin(2¢,, + ¢, + 9), and sin(2¢,, + ¢, — 9). Thus we can measure
|7/2 = 2¢,; — ¢ £ 9] and thereby determine 2¢,, + ¢, up to a fourfold ambiguity:

Sous + 6 = T2 20 b O /2= 200 = b 2]
As for method 1, the use of four rate measurements permits the weak phase 2¢,, + ¢, to
be extracted even when the strong phase difference ¢ vanishes.

To carry out the above analysis we must know for each decay whether the B was created
as a BY or a B'. The decays are not self tagging since both B° and B’ can decay to both
f and f, so in method 2 (as well as methods 3-6) one must tag the particle/antiparticle
character of the second B in the event. As that B may also be subject to mixing, a dilution
of the statistical power of the method results. In particular, it is well-known that at an ete™
collider when the B-B pair is produced in a C(odd) state the interesting terms in sin(xt) in
egs. (28) cannot be measured unless the B’s have relativistic velocity in the lab frame. This
‘penalty’ due to mixing can only be overcome by use of an asymmetric eTe™ collider if the
center-of-mass energy is that of the Y(45).

From Tables 3 and 4 of the Appendix we find that there are 4 candidate decays pairs for
implementing method 2:

(28)

D=t [Ip, IVg] DK+ [IVp]
By — , ,
D¥n= [Ip, IVp)] DfK~ [IVp)] )
DK+ [Ig, IVg] D-mt [IVg]
B,(S)—) 9 9
DY K~ [Ig, IVg] D*r= [IVg]

In each example the lower decay depends on the weak phase —¢,;,. The type-IV W-exchange
graphs (fig. 3) may well be highly suppressed compared to the type-I spectator graphs.
Thus of the four candidates, only B? — D KT is likely to have reasonably large (~ 107%)
branching ratios for both channels. This renders method 2 largely unsuitable for an ete™
collider, where production of By mesons will be low. At a hadron collider where only all-
charged daughters are used in reconstructing the By about 5-10% of the D, decays will be
useful. Accounting for dilutions due to mixing of the second B at a hadron collider, some
108-10° B, are needed to implement method 2.

If method 2 is used for the decays BY — DT KT the weak phase that is measured in just
b, since the mixing phase ¢,, vanishes for BY.
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4 Method 3: Neutral B-Meson Decays to DX, ﬁOX,
and D},X where X = X

Aspects of methods 1 and 2 are combined when a neutral B-meson decays to final state D°X
where X is self conjugate (X = X). Now interference arises both from mixing and from the
use of Df, channels.

Following eqs. (12-14) and (21) we write the eight related decay amplitudes as

A(B* - D'X) = |Ag] e,
A(B? — D°X) = |A;| e Pueids,
AB’ - D°X) = |Ag] €7,
0 — o (30)
AB" = D X) =|Af|eiPuwels,
A(B® — DY,X) = (|Af| e wes £ | A7 ) /\/2 = Ay,
AB’ = DU,X) = (|Ag| €7 £ |Ag|eweds) [v/2 = Ay 5.

Because both D°X and D X can be reached from both B° and EO, mixing must always be
taken into account. In addition to the four time-dependent decay rates given in eq. (26),
there are four more involving DY, obtained by combining egs. (22) and (30):

P(B(t) — DY,X) o e[| Araf* cos®(at/2) + [Ara| sin®(at/2) — Syzsin(at)],
= e ![Ki9 — Cracos(xt) — S asin(zt)],

X) oc e[ Ara] cos?(xt/2) + [Arof sin?(xt/2) + Sy asin(et)],
e K12+ Chacos(xt) + Sy gsin(xt)],

T(B'(t) — DY,X) oe (31)

where
Aol = (A7 + 1452 /2 £ |A] | 4] cos(d, + ).
Ao = (g + 14 /2 |Ag] 1A cos(6,, - 6),
Ko = (’A?r +|Af%) /2 + ’A?’ |A¢| cos ¢y, cos 6, (32)

Cio ==+ ’A?’ |A| sin ¢, sind,
2
Si12 = 2]Ay] ’A?’ SN2, + Gu) €O O £ |Af|*sin2(dy, + dyy) £ ’A?’ sin 2¢,,,

[\

and 0 = 07 — 0y is the strong-interaction phase difference.

From analysis of the four time-dependent rates (26) we deduce |Ay|, ’A?’, sin(2¢,, +
G +0) and sin(2¢,, + ¢, — ). Then from the coefficients K; 2 and C1 5 of egs. (31) we also
extract cos ¢, cosd and sin ¢, sind. Finally, from the coefficient of sin(xt) we can extract

sin(2¢,; + ¢,;) cos 6, sin2(¢p,, + ¢,,) and sin2¢,,.

10



Thus method 3 leads to the simultaneous measurement of @, ¢, Py +0, a0d 2¢ 1,40,
In case of B} mesons for which ¢,, = ¢,, (see eq. (23)) ¢,, and ¢, and ¢,,+ ¢, are measured
at once. It is remarkable that all three of the phase angles of the unitarity triangle can be
extracted from the analysis of a single family of BY decays.

From Tables 3 and 4 of the Appendix we find that there are six candidate decays pairs
for implementing method 3:

B9 D'KY, [l | D’ [lp, IVp] | D’J/y IV |
DYKY,  [II4] D0 [Ilp, IV p] D°J/¢ [IVp)] )
B, D¢ [llg] | D'KY, [1p) | D’J/y [IVs]
DY [I1g] DOKY, [Ip)] D J/p [IVg]

In each example the lower decay depends on the weak phase —¢,;,. The type-IV W-exchange
graphs (fig. 3) may well be highly suppressed compared to the type-II spectator graphs,
although in view of the easy trigger for J/1#) D these modes should be searched for. Among
the eight candidates, B} — DKg; and BY — D¢ are the best in terms of size of the smaller
branching ratio of the pair, which should be of order 107°. Since a very intricate time-
dependent analysis is required to extract the full information from method 3, the B decays,
for which the mixing parameter x, is expected to be 10 or more, are likely to be less useful
than the B, decays.

At a hadron collider where only all-charged daughters are used in reconstructing the B°
about 1% of the DY decays will be useful. Accounting for dilutions due to mixing of the
second B at a hadron collider, some 10'°-10'! B’s are needed to implement method 3. At
an eTe” collider, result of comparable statistical precision can likely be had with one order
of magnitude less B’s, but still a rather large number.

5 Method 4: Neutral B-Meson Decays to C'P Eigen-
states

The most well-known method for extracting C' P-violating phases uses neutral B mesons that
decay to C'P eigenstates f. In this case

_ +1  CP(even)
[f) = CPIf)=nlf)  where 5= : (34)
1 CP(odd)

The decay amplitude can be written
A(B® — f) = |A]e "pe?, (35)

where 0 is a strong-interaction phase, and the weak-interaction phase ¢, depends on whether
the decay proceeds via a b — € or w transition:

¢D _ ¢cb = 07 b—c ‘ (36)

¢ub> b—u

11



Table 1: The 23 basic neutral-B decays to C'P eigenstates. The graphs
associated with each decay mode are shown in fig. 3. The subscripts F'; .S, and
D refer to CKM-favored (amplitude oc A?), -suppressed (o< A*), and -doubly-
suppressed (o )\4), respectively. The weak-interaction phase ¢, + ¢ is shown
in parentheses after each graph type, where ¢,, is the phase due to mixing and
¢p is the phase due to b-quark decay. Penguin graphs (V-VII) are included
in classes 1-4 if they lead to the same final state as the nominal graphs for
that class, even though their topology is different. Classes 1a and 4a are pure
penguin graphs. Within each class the modes are ranked roughly in order of
decreasing branching ratio. A final-state 7° could be replaced by an 7, p°, w,
etc., and a J/1¢ could be replaced by an 7., x, ¢', etc., but final states with
two spin-1 particles must be analyzed according to method 6.

Class BY

(=l

—q  Modes Graph(¢,, + ¢p)

1 By b=t JKY  Te(¢), Vie(dy)

DD~ IS(¢td)> Iv5(¢td)> VS, VIIS
J/w’/TO IIS(QStd)? VIS

Dy Dy IVs(¢w), Vs

¢K(5)‘,L VIF(¢td)> VIIF(¢td)

2 Bl b—u 7t Is(¢g + Gup)s V(@ + dup)s Vs, VIlg
o7’ s(¢q + Gup)s IVs(da + Gup)s Vs, VIg, VIIg
pOKg‘,L p (g + Oup)s VIF(drg), V1IIE(P4g)
DD’ V(g + bu)s Vs
KTK~- Iv5(¢td + ¢ub)> Vs

3 B b—u Ky s(duw), VIs(ya), VILs(dyg)
KTK~ ID(¢ub)> IvD(¢ub)> Vi, VlIp
¢7T0 IID(QSub)? VIF
mrmT IVDS(¢ub), VF,

’/TO’/TO IVDS(¢ub), VF,

4 BO b—7¢ D:DS_ IF, IVF, VF, VIip
J/¢Kg,L g, VIg(¢sq)

DD’ Vi, IVp(0,), Vi, Vs
DTD~ IVF, Vi
KK’ Vr, Vg

la Bg b—75 ¢K(5)‘,L VIs(d1a), Vis(¢yq)

4a BY b—u  ¢r’ Vig
KK’ Vg, Vllg

12



Following eq. (2) we can write the amplitude for the C'P-conjugate process as
A(EO — f) = nA(EO — f) =|A]e”Pe®  and hence A(EO — f) =n|Ale“Pe® (37)

using eq. (34). Combining eqs. (35-37) with (22) we arrive at the time-dependent decay rates

P(B(t) —

B ) o [A] e [1 = psin(at) sin2(dy + dp)),
I'(B(t) —

! (38)
f) o |A[ e 1+ psin(at) sin2(¢p + 6p)]-

If, as we have assumed, only a single graph contributes to B° — f, then there is only a single
strong-interaction phase ¢ in both this and the conjugate reaction B - f. This single phase
does not appear at all in the interference term in eq. (38).

Both ¢,, and ¢, can take on two values depending on the decay considered, according
to egs. (23) and (36), so there are four classes of phase angles explored by method 4 as listed
in Table 1. Classes 1, 2 and 3 provide measurements of ¢, ¢, and 5, respectively, of the
unitarity test. Class-4 decays should show very little C'P violation, but not necessarily zero,
as they depend on Vs which has a C'P-violating phase at higher order (see eq. (8)). Any
difference in the size of the C'P violation between class 1 and class 2, or between class 3 and
class 4 would indicate that the superweak model is not the source of that effect.

The class-1 decay BY — J/¢ K is particularly easy to trigger on and identify, and may
provide the first evidence for C'P violation in the B system. The most prominent class-2 and
-3 decays, B} — 7T~ and B? — pYK2, respectively, both have smaller branching ratios
and in particular it may prove elusive to measure 5 with BY — pPK2.

Another potential difficulty is that with the exception of BY — J/¥ K2, all other decays
to C'P eigenstates have admixtures of penguin diagrams with different weak phases than the
dominant tree diagram [35]. Hence it is useful to have other procedures than method 4 to
measure @, and @s.

6 Method 5: B Decays to Sets of Final States Related
by Isospin

In Table 1 we see that the decay B} — 777~ that can be used to determine ¢, has contribu-
tions both from spectator diagrams and penguin diagrams. However, the penguin diagrams
have no weak phase [35] in this case, and to the extent that they are significant, the mea-
surement of ¢, is compromised.

By measurement of the related decays B — 777, BY — 777~ 7%°, the weak phase
¢, can be isolated from the strong phase of the penguin diagram (which latter phase is not
determined). The separation is aided by the fact that the spin-0 77 final states can only be
in isospin I = 0 or 2 states due to Bose statistics, and by the result that the penguin graphs
can only lead to the I = 0 states [36].

13



The exchange-symmetric 77 isospin states of interest are

Valmta®) + ) = [2,1),
V) + ) = 312,00+ /210,0), (39)
|7070) = \/§|2>0> - \/§|0’0>’
)

\/\/

VE(rm®) + [7077)) =12, -1),
via the relevant Clebsch-Gordon coefficients. The decays of a Bd = |27 —%} or Bl = %, %}
to these states involve Az = % which can occur via either AT = 3 or 3 tran51t10ns We use

the ‘spurion’ notation to write the weak Hamiltonian for these transmons as

Hyeax = H1/2|%,%>+H3/2|%,%>- (40)

Then the 77 isospin states obtained in the B decays are

H1/2% % )| Ba) \/7H1/2|1 0) +\/7H1/2|0 0),

Hypo 3,59 BY) = \/1Hs /2,0 + /1 Hs [0, 0), "
Hipl3, 3)IB5) = Hypll,1),

Hypol5,5)|BY) = \/§H3/2|2> 1) — \/;H3/2|1> 1)

The transition amplitudes are then

ABY - 1rn™) = AT = \/%(’N?T,I = 2|Hs)s|B) + \/g (rm, I = 0|Hy 2| B),
A(BY — 77%) = A" =\ [Har I =2|Hyp|B) — \[Lar, I = 0|Hyp|B), (42)
ABf — %) =AY =\ [3(rn I = 2|Hyp|B).

Following ref. [20] we define

Av= \fElrm, I =2|Hsp|B), and A= —\/Ham, [ =0|Hp|B), (43)

so we can write the three B-decay amplitudes (and the corresponding three B amplitudes)

as
-0

A0 = 34,, A0 = 34,
AV =V2(A - Ay), AT =V2(A - Ay), (44)
A = 94, 4 Ay, A" =24, + A,

Thus the six decay amplitudes are related by the two constraints

\/g/ﬁ_ A0 — ATO, \/gZ“L_ + A=A (45)

14



As isospin amplitudes A, and A, contain only spectator graphs their phase structure can
be written

Ay = |Ay| €2 = | Ay e Pub iz Ay = | Ay ez = | A efuweid2 (46)

noting that the spectator graphs for A, involve a b — @ transition, and defining d, as the
strong-interaction phase of the isospin-2 spectator graph. The amplitudes A, (later written

| Ag| €1%0) and Ay (= ’A()’ 6Z¢0) contain both spectator and penguin graphs, but it will not be
posmble to separate these amplitudes in this analysis, so we do not write the equivalent of
q. (46) for them.

The decay rates are

=T(B~ — 7 7°) o |Ay]?,
x e ' [KT™ — C" cos(at) — ST~ sin(xt)],

x e ' [KT™ 4+ C* cos(xt) + ST~ sin(at)], (47)
o e K — C% cos(wt) — SP sin(zt)],

eI [K% + C% cos(xt) + S%sin(zt)],

using eq. (22) and defining

K= = (A 4 142,
T
ct = (AT - 14 P2,
St = Im(A*t et AT)
. . A, T =
A Tm [62z(¢m+¢ub) (1 — Lol gitos—o0)) (1 _ %6—%—%))]

Y

(48)
KO = (A% +14%P) /2,
o = (A% — a0y /2,
S0 _ Im ( A*ooem%zoo)

=4 |A2|2 Im [62i(¢m+¢ub) (1 + %%6“‘1’2—‘1’0)) (1 _|_ 1 |AO| 6—Z(¢2 ¢0)>] ,

where we have used egs. (44) in obtaining the second forms for the coefficients S.
Assuming the Fourier analysis of the time-dependent neutral B-decays rates (47) can

be performed, the coefficients K and C determine the magnitudes |A™|, [A" 7|, |4%| and
’ZOOI. From I'(B* — 7t7%) we know |AT0| = ’Z_()’ = |Ag|. Thus the magnitudes of all
six quantities in the constraint equations (45) are known. Interpreting these constraints
as triangles in the complex plane as shown in fig. 2, we can calculate the phase differences
’¢2 — ¢t - $+_’ and ’52 - 500’ using the cosine law. Then using the second
(or third) of eqs. (44) we can calculate |Ag|, [¢y — ¢!, |A ’ and ’52 — 50’.

Thus we know the magnitudes of all quantities appearing in the expressions for S™= and
S% but there remains a fourfold ambiguity as to the phase, since only the absolute values

15



Figure 2: Temp

of ¢y — ¢y and ¢, — P, have been determined. Therefore we can obtain two sets of four
solutions for sin2(¢,; + ¢,;,) = sin 2p,. The true solution should be the only common value
in both sets. In principle this method removes the uncertainty in the measurement of ¢,
due to penguin graphs.

In practice method 5 will be difficult to implement. The spectator graph for B} — w79 is
type-1II, color-suppressed so the branching ratio may well be an order of magnitude smaller
than that for BY — w«t7n~. As method 5 depends heavily on reconstruction of B decays
with final-state 7%’s for which no secondary-vertex information will be available, it may be
impossible to implement it at a hadron collider and it will be experimentally challenging at
an eTe” collider. Searches for other final states than w7 for use with the isospin method
have, however, not yielded any better candidate thus far [21, 22, 23].

7 Method 6: Angular Analysis of B Decays to Mix-
tures of C'P Eigenstates

When applying method 4 to neutral B-mesons decays to C'P eigenstates we cannot immedi-
ately use self-conjugate final states that consist of a pair of vector mesons (such as D*b*),
or of three or more mesons (such as J/1¥Kor"). Depending on whether the orbital angular
momentum is even or odd the C'P of the final state changes sign. If we know the fraction p
of decays to the C'P(even) final state we can write eq. (38) as

D(BO(t) — f) o< [A]e™'[1+ (1 — 2p)sin(wt) sin 2y + 6p)].

49

DB (t) = f) o [AP e[l (1= 2p) sin(at) sin2(6,; + 6p)], )
and a measurement of sin2(¢,,; + ¢,) can be made subject to the dilution factor 1 — 2p.
The fraction p can in general be determined by analysis of the angular distribution of the
sequential decays of the final-state mesons, as discussed in detail in ref. [28] and references
therein. Such an angular analysis will require sizable event samples, perhaps an order of
magnitude larger than needed for method 4.
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A simplified angular analysis will suffice if the final state consists of a vector meson
plus two spinless mesons. When all three mesons are self conjugate (such as J/¢K2r°),
helicity-zero decays have definite C'P and their abundance determined from a single angular
distribution [27]. When the spin-0 mesons come from the decay of a spin-1 meson, and the
two spin-1 mesons are each self conjugate (such as D**p° or J/1¢), or the two vector mesons
are antiparticles (such as D** D*7) the so-called transversity analysis can be used to extract
p [28].

Referring to Table 1 we see that the most interesting candidates for angular analysis are
the decays B} — J/YK2r® and D*"D*~ from class 1, BY — p*p~ and p°p" from class 2,
BY — p°K27° from class 3, and BY — D*TD*~ and J/v¢ from class 4. It is notable that
most of these decays require photon detection.

8 Appendix: Nonleptonic Decay Modes of the B Mesons

A survey of seven possible graphs describing B-meson decay indicates that the B, will have
21 basic 2-body nonleptonic decays, the By will have 27, the B will have 29, and the B, will
have 21 (see Tables 2-5). This contrasts with the case for the K, (= K) and K, (= K°)
which each only have 2 such decays (not all distinct!). In the B system there are 24 basic
decays to C'P eigenstates compared to the 2 in the K system. All 98 of the basic two-
body decays of the B-meson system have all-charged final states (at some price in secondary
branching fraction), while only 1 of the basic K decays is all charged.

We have not displayed the catalog of decays of the B (= bc), in which the charm quark
decays before the b-quark, as is expected to happen in the majority of decays. Both the B,
and the B, will be better studied at a hadron collider than at a low-energy e*e™ collider.

The Tables refer to seven kinds of graphs, two spectator, annihilation, exchange, pen-
guin/annihilation, and two penguin/spectator, as shown in Fig. 3. We can roughly estimate
that for spectator graphs I:

CKM-favored decays have amplitudes oc A\?, and branching fractions of 1072-10~%;

CKM-suppressed decays have amplitudes o< A*, and branching fractions of 3 x 107*-
3% 107°;

CKM-doubly-suppressed decays have amplitudes o< A*, and branching fractions of 107°-

1079,
Graphs II, IIT and IV are ‘color suppressed’ in that only 1/3 of the quark pairs created by
the W or gluons will have the proper color to match the other final-state quark pair, and so
the rates are typically suppressed by a factor of 1/10 compared to graph I at the same order
in \.

The annihilation graph III and the exchange graph IV are controversial and both amy
be heavily suppressed.

Graphs V-VII are ‘penguins,” which have yet to be observed in the laboratory. This
suggests that they are suppressed by a factor of order 0.01 compared to graphs I and II at
the same order in A. Graphs V and VII are color-suppressed compared to graph VI. The
weak phase of the amplitude for a penguin graph is ¢,, if the transition is b — d (CKM
suppressed), and 1 for b — 3, as discussed by London and Peccei [35].

The two-body final states listed in the Tables are representative of the particular ¢g/qq
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Figure 3: Seven graphs for the nonleptonic decays of B mesons.

combination for each entry. All final states could be augmented by n(7t7~), with possibly
larger branching fractions. Likewise, every spin-0 final-state particle could be replaced by
its spin-1 partner, and wvice versa. Typically the branch to the spin-1 meson will be 3 times
that to the spin-0 partner.

The secondary decays used in constructing the last column of the Tables are:

Decay Mode . ... ... Branching Ratio
Kg o T T 0.69
R 1.00
K s K 0.67
O — K K 0.50
D K T 0.08
DO o K Tt 0.04
D I 0.03
D — O T T 0.04
R 0.07

For completeness will list the basic two-body nonleptonic decays of the D*, D, and D°
mesons in Tables 6-8.
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Table 2: The 21 basic 2-body nonleptonic decays of the B (= bu). Figure 3 illustrates the
seven types of graphs. The subscripts F', S, and D to the type of graph in this and following
three tables refer to CKM-favored (ampli oc A\?), -suppressed (ampli oc A?), and -doubly-
suppressed (ampli o )\4), respectively. If the decay amplitude depends on a C P-violating
phase, the relevant phase of a CKM matrix element is indicated in parentheses. The decay
modes are listed roughly in order of decreasing branching fraction.

Graph Final Final All-Charged
Quarks State Daughters

Ip, IIp uc/ud Dlnt Kot

I, Hp(by,), Vg csjuc DD’ KtK-ntK*tmo

IIr, VIig cc/us JIWKT ete " KT

Is cs/u DFp° KtK-ntntr

Is, IIg we/us ~ D'Kt  Ktn K+

Is, ls(¢,,), Vis(dyy) cdjuc DD’ K- ntrtK+tno

Ls(b), Ws(6), Mls(6y), Vip, Vg wifud — pont mtrrt

ITs, VIs(pyy) ce/ud J/rt ete

(), Ils(b) cifus DK+ K ntK*

In(b)s Lp(6,), Ulp(éy,), Vip, VIIp  wafus — PK* e

Ip(dy), p (o) cd Jut D+p° K-ntntatn

p(dy), Hp(dy) c/ud DOt K-ntrt

s(dy,), Vs(d,y,) us/sd ~ K*K®  KtK-rt

s (pys) cd/ds DTK* K rntat Kt~

L) s5/s5 Dt KTK-mt K+ K-

MIs(p,,) cc/cs J/WwDF ete” KTK— 7t

MIp(¢,,), VIIE ds/ud K7+ Ktn—nt

[Ip(¢,), Vg, Vg s5/us oK+ KKK+

I () s/sd  DIK"  KtK 7K n'

Ip(¢u) ce/cd J/yp D+ ete " K—ntnt

Vis(dyy ssfud ¢t KTK-7t
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Table 3: The 27 basic 2-body nonleptonic decays of the BY (=

Bd).

The numbers in the

‘C'P Eigenstate’ column refer to the classification described in sec. 1.3 regarding the relevant
CKM phases governing the decay asymmetries. Graphs leading to C'P eigenstates includes
a phase factor in ¢,; due to mixing. However, in penguin graphs with b — d transitions to
C'P eigenstates, the two phase factors in ¢,,; cancel.

Graph Final Final CcP All-Charged
Quarks State Eigenstate Daughters

Ip, IVE de/ud D7t Ktr—nnt

I, VIIg és/de  DFD~ KK ntK n n~

Iy, IVp ue/dd  D°p° K*tnntn~

Ur(dyy); VIE(dy) ce/ds J/VKY 1 etemtnT

Is dé¢/us D™ KT Ktn n KT

Is(¢10), IVs(01a), Vs, VIIg cd/de  DtD~ 1,4 K rntotKtn—n~

[5(0 + Gu)s IVs(b+ 60), Vs, Vs wdfda won- 2,4 ©tr

Is(dw) és/da  Dfn~ KtK rntn~

IIg ue/ds D K* Ktn~ K*r~

s () cu/ds D'K*° K-ntK*tr~

s(d,y), Vs ce/dd  J/p° 1, 4 etemtnT

s (g + b)), IVs(dg + bu)s Vs, Vs, VIIs  wa/dd  p°p° 2,4 atowtn

ID(¢ub)> VIlg Ug/dﬂ Ktg~ Ktn~

Ip(dy), IVp(dy) cd/dau Dt~ K-ntatn™

p (G + B, VIF(61a), VI (01) wi/ds PKS 2,1 wtmomtn

p(du), IVD(dw) cua/dd D°p’ Kntntn~

IVp sc/us Dy KT KtKn KT

IV &/ue  J/WD' ete Kn~

IVs(dyy + ¢ub) Vg cijuc DD’ 2,4  K-atK+tn

Vs(dyy), V s/sc DD 1,4 KK n K K 7

IVs(¢,y + ¢ub) us/su KtK~ 2,4 KTK~

IV () /si DK~ KTK-ntK-

V() cé/cu  J/pD° ete" Kt

Vip(dy), Vp(d,,) s5/ds  SKY 1 K+K-mtn-

S SS/ss  ¢p 4 KtK-KtK~

Vig ss/dd  ¢p° 4 KtK-7ntm

Vg, VIlg sd/ds K'K* 4 K-ntK+n
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Table 4: The 29 basic 2-body nonleptonic decays of the BY (= bs).

Graph Final Final cpP All-Charged
Quarks  State Eigenstate = Daughters
Ip se¢/ud  D;mt KK 7™t
Ip, IVp, Vi, VIIg C§/$E D:DS_ 4 KK n"KTK 7~
Iz uc/sd D' Ko~ K—n*
g, Vg cc/ss  J[vo 4 ete " KTK~
Is, IVg SE/U? DS_K+ K K7 K"
Ls, VIIs(¢.y) sé/ed D7Dt KK n K ntng*
15, v115(¢td) SU/UE K7t K7t
Ls(duw), IVs(dus) cs/su  DIK™ KTK-nt K~
Ilg ue/ss D' K+tr KTK-
ILs(¢,) ci/ss D Kt KV K-
g, Vis(g,,) ce/sd  J/HKY 4,1 etemTT
1s(¢y,), Vis(n), Vils(by) —wifsd K 3, 1 rtaata
ID(¢ub)> IVD(¢ub)> Vg, VIIp u§/sﬂ KTK~ 3,4 KTK~
In(dy,) cdfsi  DVE- K-ntnt K-
Up(o,,), Ve ss/ua  ¢p° 3, 4 KtK-—ntn~
Ip(Pys) ci/sd DK K-ntK-n™t
Ve, IVp(dy,) Vi, Vs cijuc DD’ 4,3 K-mtK+r-
IVp, Vi cd/de  DTD- 4 K rntatKtn—n~
IVg de/ud  D~w* Ktp—n—nt
Vg we/ui D' p° Ktratn™
IV c/uc  J/YD’ ete K+n~
V(o) cd/di  Dtr~ Kntntn~
WVs(ou) cufuu  D°p° K rnratn™
WVs(o,,) ce/cu  J/pD° ete" Kt
IVp(oy), Vi ud/du 77 3,4 Tt
IVp(py), Vi wa/uu  p°p° 3,4 ntr ata
Vi, VIIp s3/55 6 4 KK KtK-
Vi, VIIp ds/sd KK 4 K+ K-t —
Vis(dy,), Viis(y,) ss/sd KD 1 K+K-ntn
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Table 5:  The 21 basic 2-body nonleptonic decays of the BY (= bc) in which the b-quark
decays before the ¢ quark.

Graph Final Final All-Charged
Quarks State Daughters

Ip ce/ud J/mt ete T

IF, IIF, IIIF, VIF, VIIg CE/C? J/QﬂD: ete T KTK—nt

IIp, 11k cd/uc D+D’ K ntntKtn~

Is cc/us JIWKT ete KT

Is, g, g, VIg(@,,), VIis(0,y) ce/cd J/wD* ete " K ntn™t

Ls(du), 11, VIIs(dyy) c/ud DOr K-rntgt

Ls(Pus), s (Pyp) és/cu DfD° KK ntK-nt

I, 11T s /uc DD’ Ktr KtK-nt

s(é,), lls, Vis(d,), Vs(d,)  cdjua  D*p° rta K-mtot

Ip(¢,). Llp, VI cifus DK+ K-nti+

In(Pus)s IIn(d) cd/cu DT D° K-rntotK-—nt

p(gy), Vg cs/ut Dfp° KtK ntrta™

Iz utl/ud Pt rtr—nt

I us/sd KTKY Ktntm™

IIIp, VIIg cd/ds DYK? Krntetantnr™

[lg, VIgp, VIIg (5/ss Df¢ KK 7t KTK~

g L/ us PP KT rtn KT

Ig ds/ud Kont mtn ot

IIg ss/us oK™ KtK-K+

Ig, VIIs(¢,,) cs/sd DIK? KtK ntntr~

Vis(6y,) odjss Do Kntnt KTK-

Table 6: The 7 basic 2-body nonleptonic decays of the D (= cd). In this and the following
two tables penguin contributions are ignored.

Graph Final Final All-Charged
Quarks State Daughters
Ip, Ip sd/ud K Ort K—ntnt
Is, IIIg sd/us KK+ K-rtK+
Ig, ITg, I1g dd /ud POt atrnt
g s3/ud ot KtK—n*
Ip, IIp dd/us PP KT Tt Kt
IIp, IIIp ds/ud K*Or+t K n—nt
IIIp sS/us oK™t KtK-K+
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Table 7: The 6 basic 2-body nonleptonic decays of the DI (= ¢3).

Graph Final Final All-Charged
Quarks State Daughters
Ip s5/ud omt KtK—rn*
Iy, 11, sd/us KK+ K-rtK+
Ig, Ilg, g sS/us oK™t KtK-K+
Ig, g ds/ud KX+ Kto—rnt
Ilg, I1Ig dd/us PP KT Tt Kt
Iz uti/ud POt rtr—nt

Table 8: The 11 basic 2-body nonleptonic decays of the D° (= cu).

Graph Final Final All-Charged
Quarks State Daughters

Ip, IVE sﬂ/ua K7t K7t

g ss/ut op° KtK—ntn~

Is, IVg ud/du mta™ Tt

Is, IVg U?/Sﬂ KK~ KTK~

Ilg, IVs sd/ut KO0 K-ntntr™

IIg, IVg ds/uu K*0p° Ktn—atm~

IIg, IVg du/ud p°p° U

Ip, IVp us/du Ktr~ Ktm

Ve s5/sd OE K*K-K—n*

IV ds/sd KK K+r~ K-+

IVp ss/ds HK*O KtK-K*tr
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